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Abstract

The sense of proprioception allows us to keep track of our limb posture and movements and the
sense of touch provides us with information about objects with which we come into contact. In
both senses, mechanoreceptors convert the deformation of tissues—skin, muscles, tendons,
ligaments, or joints—into neural signals. Tactile and proprioceptive signals are then relayed by the
peripheral nerves to the central nervous system, where they are processed to give rise to percepts
of objects and of the state of our body. In this review, we first examine briefly the receptors that
mediate touch and proprioception, their associated nerve fibers, and pathways they follow to the
cerebral cortex. We then provide an overview of the different cortical areas that process tactile and
proprioceptive information. Next, we discuss how various features of objects—their shape,
motion, and texture, for example—are encoded in the various cortical fields, and the susceptibility
of these neural codes to attention and other forms of higher-order modulation. Finally, we
summarize recent efforts to restore the senses of touch and proprioception by electrically
stimulating somatosensory cortex.

Introduction

How do we distinguish our body from the rest of the world? How do we keep track of its
posture and movements? How do we sense objects or other organisms that we come into
contact with? These abilities rely on somatosensation, a collection of senses that convey
information about the state of the body and its physical interactions with the environment.
Here, we examine in detail two of these senses: proprioception—the sense of the posture and
movements of our body in space— and touch—the sense originating from our skin when we
make contact with objects, with a specific focus on the hands. Proprioception and touch are
critical for our ability to plan and execute movements and manipulate objects. Indeed, the
elimination of proprioception results in severe movement deficits (324), and the elimination
of touch severely impairs our ability to grasp and manipulate objects (8, 184, 385). The
sense of touch is also critical to our sense of embodiment: in fact, an extracorporeal device,
like a robotic arm, can be made to feel like part of our body if it is endowed with a sense of
touch (236). Moreover, touch plays a key role in emotional communication (153): we touch
the people we love, and the absence of normal affective touch in childhood has devastating
consequences on emotional development (147, 148, 378). Touch is also essential to sexual
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function, as evidenced by the severe sexual dysfunction that follows sensory loss in
erogenous zones (121, 262, 317).

Touch and proprioception rely on a variety of different mechanoreceptors embedded in the
skin, muscles, tendons, joints, and ligaments. These receptors are activated any time the skin
is deformed or the limb moves. Primary afferents carry signals from these receptors to the
spinal cord, brain stem, and ultimately to the neocortex, where information about contacted
objects and about the state of the limb is elaborated. Here, we first provide a brief overview
of the receptors that mediate touch and proprioception and of the nerve fibers that innervate
these receptors. We then summarize the various pathways that carry somatosensory
information to the central nervous system. Finally, we discuss the processing of tactile and
proprioceptive information in the somatosensory cortex of primates, focusing on work
conducted over the last 30 years (intended to complement ref. (249), which covers earlier
findings in greater detail).

The Somatosensory Periphery

The senses of touch and proprioception involve mechanotransduction, the conversion of
mechanical deformations of tissues (skin, muscles, tendons, and ligaments) into neural
signals. Cutaneous (from cutis, latin for skin) mechanoreceptors, located in the skin, signal
contact with objects. Proprioceptors (from proprius, latin for one’s own)—Ilocated in the
muscles, tendons, and ligaments (but also in the skin)—convey information about the
position and movement of the limbs and about the forces they exert. The different types of
receptors are innervated by nerve fibers or afferents that carry tactile and proprioceptive
signals to the brain. Most tactile and proprioceptive fibers are large and myelinated, and thus
exhibit high conduction velocities (60—100 m/s for Group I proprioceptive fibers and 30-80
m/s for AP tactile fibers and Group II proprioceptive fibers) with one exception, C-tactile
fibers (see affective touch section below). Different types of cutaneous mechanoreceptors
and proprioceptors respond in different ways to mechanical deformations, and therefore
convey complementary information about the state of the limbs or about contacted objects.
Signals from these different receptors are integrated to yield a rich neural image of the state
of our bodies and of our immediate surroundings.

The following section briefly describes the neural basis of touch and proprioception at the
somatosensory periphery to help frame the subsequent sections on central processing. For
more detailed and complete reviews of the structure, physiology, and function of
mechanoreceptors and their associated neurites, see refs (73, 184, 189, 369).

Cutaneous innervation of the hand

Cutaneous mechanoreceptors, which convert skin deformations into electrical signals, are
located in the skin throughout the body, but their density differs across body regions. In
primates, the hands and lips contain the highest densities of mechanoreceptors, the legs and
back the lowest. Approximately 17,000 cutaneous afferents innervate the human hand, with
densities peaking around 240 units/cm? at the fingertips (187).
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Glabrous skin—The cutaneous afferents of the glabrous skin are categorized into four
classes, each exhibiting different response proper- ties (Fig. 1). These four classes can be
split into two categories according to their responses to skin indentations: slowly adapting
afferents produce a sustained response to a static indentation of the skin, one that declines
(adapts) slowly over time, whereas rapidly adapting afferents respond only at the onset and
offset of the indentation. These classes can also be distinguished based on the size of their
receptive fields (RFs): mechanoreceptors innervated by type I afferents lie close to the
surface of the skin and have small and clearly defined RFs, whereas mechanoreceptors
innervated by type II afferents are deeper in the skin and have large RFs with ill-defined
boundaries. The four different classes of afferents innervate different types of
mechanoreceptors.

While all afferents respond to most contact events, different afferent fibers exhibit different
response properties, conferred to them by the mechanoreceptors they innervate. Single
afferents, and even single classes of afferents, convey ambiguous information, and signals
from the different afferent populations are integrated to give rise to tactile percepts of objects
(321, 379).

Slowly adapting type | (SA1) afferents.: SA1 fibers, which constitute about 25% of all
tactile fibers that innervate the hand, split into multiple branches near the skin surface to

impinge upon multiple clusters of Merkel receptors (257), distributed over different
fingerprint ridges; this branching results in RFs with multiple “hot spots,” each
corresponding to an individual cluster, spanning an average of 10 mm?2 (47, 182, 188, 292).
Most Merkel cell clusters are found at the base of dermal papillae close to sweat ducts (Fig.
1A). In response to a skin indentation, SA1 fibers produce a sustained response which
slowly decreases over time, a property to which they owe their appellation (Fig. 1B) (211).
SA1 fibers are most sensitive to static indentations (373) and to slow skin deformations
(112,252), responding to a combination of absolute skin displacement and rate of
displacement (211). SA1 fibers respond preferentially to local spatial discontinuities of a
stimulus (185, 281) and convey, as a population, a neural image of spatially patterned skin
indentations (281), with a peak spatial resolution (at the fingertips) of about 1 mm.

Rapidly adapting type | (RA) afferents.: RA fibers account for around 40% of all tactile
fibers innervating the hand. Each RA fiber innervates multiple Meissner corpuscles (and

Meissner corpuscles are typically innervated by more than one fiber) (46,48,264), which
results in complex RFs whose size is similar to that of SA1 fibers. Meissner corpuscles are
regularly distributed at the apex of dermal papillae (Fig. 1A). RA afferents respond best to
dynamic skin deformation at intermediate frequencies (5-50 Hz) (112,186,252), are silent
when the skin is not moving (210), and produce a characteristic off response when a skin
indentation is removed (Fig. 1B). Similarly to their SA1 counterparts, RA fibers convey a
spatial image of indented patterns, but this image tends to be more poorly defined (280).

Slowly adapting type || (SA2) afferents.: SA2 fibers, which account for about 20% of the
tactile fibers from the hand, are thought to each innervate an individual Ruffini corpuscle but

have large RFs (with a mean of 50 mm?), presumably due to the depth of the
mechanoreceptor in the skin. SA2 fibers primarily respond to tension and stretch in skin and
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subcutaneous tissues (211). SA2 units densely innervate the skin around the nails, an
arrangement that is well suited to convey information about forces applied on and by the
fingertips (20).

Rapidly adapting typell (PC or RA2) afferents.: PC fibers, which account for about 15%
of tactile fibers from the hand, each innervate a single Pacinian corpuscle, hence their name,

and have large RFs due to the depth of the corpuscle in the skin and its high sensitivity to
mechanical deformations propagating across the skin. The characteristic onion-like structure
of the corpuscle confers to the fiber an exquisite sensitivity to rapid transients (9) and
submicron-scale vibrations at high frequencies (40400 Hz) (112, 186, 252). PC fibers
respond strongly to textured surfaces scanned across the skin (379) and to vibrations
transmitted through objects held in the hand (27).

Hairy skin—The four afferent types described above are also found in the hairy skin (at
lower densities). However, afferents having RA-I type response, called “field units”, have
larger receptive fields and have not been associated with Meissner corpuscles (371). Other
types of hair follicle afferents signal deformations of hairs with rapidly adapting responses,
often with large receptive fields that include at least twenty hairs (371). Also present are C-
tactile fibers (370), which are thought to play a role in affective touch (see affective touch
section below) (1,229). Cutaneous afferents that innervate the hairy skin, particularly those
with RFs over or near joints (for instance those on the dorsal surface of the hand), are
sensitive to skin stretch (92, 94) and may also contribute to proprioception (93).

Sensory innervation of muscles and joints

Proprioceptive afferents—sometimes referred to as “deep” afferents—respond to deep
palpation of the muscles and to joint movements, but not to light touch, and can be divided
into three groups: muscle spindle afferents, Golgi tendon organs (GTOs), and joint receptors.
These afferents can further be divided according to the size of their axons into type I and
type II fibers: type I fibers are larger and therefore conduct signals faster than type II fibers.

Primary and secondary spindle afferents.—Primary and secondary spindle afferents
(also known as type Ia and type II fibers, respectively) innervate the muscle spindles, which
consist of a bundle of intrafusal muscle fibers contained within a spindle-shaped capsule and
are innervated by one type Ia afferent and a few type II afferents (160). Afferents branch
when entering the spindle and each innervate several fibers. Each afferent innervates a
combination of intrafusal fibers in the spindles (nuclear bag 1 and 2, nuclear chain fiber),
and the different combinations lead to different response proper- ties. The responses of
spindle fibers to passive movements depend on both the length of the muscle and the rate at
which length changes. Primary spindle fibers are more sensitive to the dynamic components
(rate of length change) than are secondary spindle fibers (58, 95) (Fig. 2A). Importantly,
muscle spindles are also innervated by gamma motor fibers that can contract intrafusal fibers
thereby tuning the sensitivity of spindle afferents. The response properties of spindle
afferents during active movements are therefore more complex (com- pared to the passive
case) and poorly understood (83, 84).
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Golgi tendon organ afferents.—GTOs (also known as type Ib fibers) innervate thin
capsules that envelop collagenous fascicles at the muscle-tendon junctions. GTO afferents
are exquisitely sensitive to tension on the tendon and respond vigorously during isometric
contractions (Fig. 2B). They also show some sensitivity to muscle stretch, most likely
because muscle stretch results in small level of tension in the tendons (95, 96, 238).

Joint receptor afferents.—As their name indicates, these fibers innervate receptors
located in the joint capsules, but also nearby ligaments. Joint receptor afferents are not
sensitive to cutaneous or muscle stimulation, but respond to moderate pressure applied
directly over the joint, to joint movements, and to contraction of muscles inserting into the
capsule (145). Three types of receptors are found in the joints: Ruffini-like corpuscles,
Pacinian-like corpuscles, and Golgi organs located in the ligaments (395). Most joint
afferents exhibit slowly adapting responses when the joint is near one of its extrema—
hyperflexion and hyperextension (30, 145)—suggesting that these fibers play a limited role
in proprioception under most circumstances and are involved primarily in signaling the
potential for joint damage (Fig. 2C).

Somatosensory Pathways

Spinal cord:

Afferents that innervate nearby receptors bundle into fascicles that successively join other
fascicles to ultimately unite into nerves, together with efferent (motor) fibers (Fig. 3). Three
nerves innervate the hands: the median and ulnar nerves innervate the palmar side of the
hand and arm, and the radial nerve innervates the dorsal side of the hand and arm. As it
approaches the vertebral column, the nerve segregates into dorsal and ventral roots, with the
former carrying sensory fibers and the latter motor ones. The cell bodies of the sensory
neurons are located in the dorsal root ganglia (DRG).

Dorsal column

Axons of afferent fibers in the DRG terminate in several different locations. First, they can
project directly onto alpha motor neurons or interneurons at the same level of the spinal
cord. Second, they can ascend or descend and project onto either interneurons or alpha
motor neurons at nearby levels of the spinal cord. Finally, they can ascend (forming the
dorsal column tract) and synapse onto neurons in the dorsal column nuclei (DCN) of the
brainstem. Some second order neurons in the spinal cord follow the same tract to the DCN
in the medulla while others follow the dorsolateral tracts (spinomedullothalamic and
spinocervicothalamic tracts, see Fig. 3, spinal cord) to reach the same complex. Within the
dorsal columns, fibers are grossly organized somatotopically (338); that is, afferents that
innervate adjacent parts of the body tend to be near one another, thereby forming a
structured map of the body, with the lower body located medially and the upper body located
laterally. However, recent findings in multiple mammalian species, including monkeys and
humans, suggest that the main organizing principle in the dorsal column is modality:
cutaneous fibers tend to cluster medially while deep neurons are found mostly laterally
(263). Somatotopy is there- fore a secondary organization principle, within modality. The
dorsal columns contain all of the inputs that ultimately activate primary somatosensory

Compr Physiol. Author manuscript; available in PMC 2019 January 14.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Delhaye et al. Page 6

cortex (S1) as evidenced by the abolition of S1 activation following complete lesions of the
dorsal columns (177, 234).

Medulla: Dorsal column nuclei (DCN)

The dorsal column nuclei (DCN) comprise three nuclei, which mainly receive input from
first order neurons. Signals from the upper body project to the cuneate and external cuneate
nuclei and signals from the lower body to the gracile nucleus (Fig. 3, medulla). Note that the
mechanoreceptive fibers from the head and face are supplied by the trigeminal nerve to the
principal division of the trigeminal nucleus. The cuneate nucleus receives input primarily
from cutaneous afferents while the external cuneate nucleus receives primarily
proprioceptive or deep input (91,122,161). The DCN are somatotopically organized
proceeding from the lower limb to the head along the mediolateral axis (387, 388). Response
properties of neurons in the DCN seem to be very similar to those of their afferent inputs,
but most studies have been carried out in cats and careful characterization in primate is
lacking. The DCN also receive descending input from sensorimotor cortices (17, 54) which
may modulate sensory signals before they are relayed to higher processing structures. The
projection neurons of the DCN send axons contralaterally to the ventroposterior complex of
the thalamus (297), forming the medial lemniscal pathway. The external cuneate also
projects to the cerebellum (306). The DCN have long been thought to be relay stations for
somatosensory signals, simply transmitting sensory information without processing it.
However, recent work reveals that individual neurons in cuneate are dominated by the input
of a few afferents (4-8) and may carry out some degree of feature extraction (10, 150, 196),
but most of this work has been carried out in cats. Not much is known about the response
properties of DCN neurons in primates except that they relay sensory information with high
temporal fidelity (384). Recent advances in chronic implants will likely lead to insights
about neural coding in the DCN (304, 350).

Thalamus: Ventroposterior complex

The somatosensory thalamus receives inputs from the contralateral dorsal column nuclei via
the medial lemniscal pathway (and the trigeminal lemniscus). The ventroposterior complex
has been subdivided into three major regions, the ventroposterior nucleus (VP, also known as
the ventrocaudalis region, or V¢, in humans, see Fig. 3, Thalamus), the ventroposterior
superior nucleus (VPS), and the ventroposterior inferior nucleus (VPI) (217). VP is further
subdivided into a lateral compartment (VPL) and a medial compartment (VPM). Different
parts of the ventroposterior complex receive different sensory inputs: VPL receives
cutaneous inputs from the DCN and VPM from the trigeminal nucleus; VPS receives input
from proprioceptive fibers; VPI receives major input from the spinothalamic tract and is
associated with thermoreception and nociception (6, 67, 204, 225). Each of three main
divisions of the ventroposterior complex (VP, VPS, and VPI) is somatotopically organized
and contains a complete map of the contralateral body (269). This organization is also
reflected in the cytoarchitecture of these structures: single digit representations are separated
by cell-poor septa (293). The response properties of somatosensory neurons in the thalamus
have been described as similar to those of primary afferent fibers, suggesting that there is
little processing of sensory information before cortex, but this assertion is based on scant
evidence. Finally, neurons in the thalamus do not seem to be modulated by attention or
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cognitive tasks in contrast to their counterparts in the somatosensory cortices (40, 41, 51,
372).

Thalamic projections to cortex are highly divergent and convergent (71, 193, 269): while the
bulk of VP neurons project to areas 3b and 1, they also sparsely project to areas 3a, 2, and 5
(115, 192, 195, 269). Thalamic projections have different layer targets in different areas:
projections in areas 3a and 3b reach layer 4 and deep part of layer 3 while projection to areas
1 and 2 reach layer 3 (192). The most anterior part of VPL, VLp (also termed VPLo
previously), relays deep inputs to area 3a (269). The bulk of VPS neurons project densely to
areas 2 and 5 and less so to areas 3a, 3b, and 1. Individual thalamic neurons can sometimes
branch over distributed regions of the anterior parietal cortex (APC), sometimes spanning
multiple cortical fields (133, 269).

The principal cortical recipient of tactile and proprioceptive signals from the periphery is the
APC—often referred to as primary somatosensory cortex—located along the anterior border
of the parietal lobe (Fig. 4A). APC comprises four cytoarchitectonically defined areas—
Brodmann’s areas 3a, 3b, 1, and 2—only one of which can be considered primary
somatosensory cortex proper based on the prominence and laminar targeting of its
thalamocortical input, namely area 3b (197,212). Areas 1 and 2 are generally considered to
be higher cortical areas as evidenced by larger RFs and more complex response properties
(104, 169, 218, 268). APC, in turn, sends projections along two parallel streams (Fig. 5),
which have drawn analogies to the ventral and dorsal streams described for the visual system
(123, 246). The ventral stream, in the lateral parietal cortex (LPC), includes the secondary
somatosensory cortex (S2) and the parietal ventral area (PV), where neurons have even
larger RFs and more complex response properties than do their counterparts in APC. This
somatosensory pathway is linked to higher level feature extraction (106) and to cognitive
functions such as attention and decision-making (181, 218, 245, 311). The dorsal stream in
the posterior parietal cortex (PPC) includes areas 5 and 7, where neurons have large and
often bilateral RFs (223, 325, 332), and is more tightly linked to motor behavior, such as
reach and grasp (5, 109, 123, 138, 180, 253).

The hierarchical organization of somatosensory cortex draws strong parallels with that
observed in other sensory modalities and is supported by several lines of evidence. First,
lesions in early somatosensory areas abolish or nearly abolish activation of higher areas, but
the reverse is not true (130,284). Second, responses begin later (36) and last longer (255) as
one ascends the somatosensory neuraxis. Third, as further described below, the size of RFs
increases and response properties become increasingly complex and selective. That is,
neurons in the early stages of processing respond to most stimuli impinging upon their RFs
whereas neurons down- stream respond only when a preferred feature is present in their RFs.
Finally, while the APC and LPC of mammals receive parallel projections from the VP
nucleus of the thalamus (90, 131, 316), LPC receive only very sparse input from VP in
monkeys and other higher primates (VPL or VPM, not VPI) (116, 216). These four lines of
evidence all point to a hierarchical structure in somatosensory cortex with APC as an earlier
stage of processing than LPC.
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In the next section, we describe the overall organization and structure of the somatosensory
areas, beginning with APC. Then, we describe higher cortical areas, first the ventral stream
(lateral parietal cortex) then the dorsal one (posterior parietal cortex). Next, we present in
more detail the neural computations performed in APC and LPC along several stim- ulus
continua that have been extensively studied. Most of the referenced studies involve single-
unit or multi-unit recordings in macaque monkeys, but recent imaging studies carried out in
humans confirm many findings from the animal work and are highlighted when helpful.

Anterior Parietal Cortex

The APC consists of four distinct cortical fields that form parallel bands along the central
sulcus: areas 3a, 3b, 1, and 2 (199). A major feature of APC is its somatotopic organization:
nearby APC neurons respond to stimulation of nearby and partially overlapping patches of
skin on the body or to nearby combinations of joints (Fig. 4B). As a result, APC comprises
four complete maps of the contralateral side of the body—one in each area—with the foot
representations near the midline and the face and tongue representations at the lateral end.
Body regions that are more densely innervated (such as the fingers and the lips) occupy
more cortical area than do less innervated regions (such as the proximal arms or the back), a
phenomenon referred to as cortical magnification (347). At the same time, RF size is
inversely proportional to neural magnification: for example, neurons with RFs on fingers
have much smaller RFs than do neurons with RFs on the back (347).

The body maps in each area of APC are organized systematically with respect to one another
(see Fig. 4B). That is, the representation of each body part in each area is approximately
aligned along the central sulcus and the organization along the axis perpendicular to the
sulcus is also predictable and systematic. For instance, proceeding caudally along the axis
orthogonal to the central sulcus, RFs in area 3b shift from the digit tips, down the digits, to
the palm, and there the transition with area 1 occurs. In turn, RFs in area 1 shift back toward
the fingertips as one continues to proceed caudally to area 2. The RFs of area 2 then shift
back from the fingertips down the finger as one maintains course (283). The somatotopy in
area 2 is cruder than that in areas 3b and 1 (170).

The four APC areas are also histologically distinct, differing in laminar morphology and
overall cell density (197). Within each area, subregions representing different parts of the
body are also histologically distinguishable: subdivisions of area 3b related to different body
parts form myelin-dense ovals separated by myelin-light septa (178). The representations of
individual digits, and even of individual fingerpads, are isolated from each other by cell-poor
septa (294). These histologically observed boundaries appear to be immutable even after
deafferentation (179). While the general organization of APC is consistent across
individuals, the precise locations of the boundaries between areas along the rostral-caudal
axis are not (159, 330). Recent studies in humans corroborate findings in primates (23, 135,
136).

The following sections describe the major patterns of connections between areas
(summarized in Fig. 5). Note, how- ever, that other relatively sparse connections exist.
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Area 3b is homologous to primary somatosensory cortex described in other mammals (197).
The vast majority of neurons in area 3b respond to cutaneous stimulation (165, 176, 332,
356) and are organized in cortical columns: neurons in a given column exhibit similar RF
properties (including almost complete spatial overlap) and are thought to be involved in a
common sensory computation (56, 118, 348, 349, 365). Most neurons in area 3b exhibit
responses that imply input from multiple tactile submodalities (SA1, RA, and PC) (see
below) (274). RFs on the hand are small (10-60 mm?, (82)), typically limited to a single
digit or even a single finger pad, and tend to be smallest for neurons in layer 4, intermediate
for neurons in the subgranular layers, and largest for neurons in the supragranular ones, a
size progression that is also observed in area 1 (346). Lesions in area 3b result in a nearly
complete abolition of tactile abilities, including texture and shape discrimination and haptic
object recognition. Neurons in area 3b are strongly interconnected and reciprocally
connected to neurons in areas 3a, 1, and 2, and in lateral parietal cortex (33, 194, 216).

Similarly to their counterparts in area 3b, nearly all neurons in area 1 respond to cutaneous
stimulation (90% or more) (165, 172, 174, 176, 332, 356). A small proportion of neurons in
area 1 have Pacinian-like response properties (5%), which are even rarer in area 3b. Neurons
in area 1 tend to have larger RFs than their counterparts in area 3b, sometimes spanning
multiple digits (7,172). Lesions of area 1 selectively impair the tactile discrimination of
texture while preserving shape discrimination (44, 296). Ablation of area 3b abolishes
cutaneous responsivity in area 1, consistent with the afore- mentioned hierarchical
relationship between these two areas. Area 1 has reciprocal connections with areas 3a, 3b,
and 2, primary motor cortex (M1), lateral parietal cortex, and posterior parietal area 5 (33,
194, 216, 286, 345) and also receives thalamic input from anterior pulvinar area (Pla) (269).

Located in or near the fundus of the central sulcus, neurons in area 3a exhibit primarily
proprioceptive responses, that is, respond to joint manipulations and muscle stretch (173,
174, 176, 215, 356), and perhaps also heat- induced pain (362, 363). RFs in the hand
representation of area 3a sometimes include a single digit, sometimes multiple digits, and
sometimes the entire hand (215). Whether RFs spanning multiple digits result from
convergent input from multiple afferents or from single afferents innervating multi- joint
muscles remains unknown. Area 3a has dense intrinsic connections and makes reciprocal
connections with area 2, M1, and supplementary motor area (SMA) and also receives input
from area 1 (70,158,159,194,345). Interestingly, area 3a also contains 15% of the
corticomotoneuronal (CM) cells that monosynaptically drive motoneurons of the hand in the
spinal cord (299).

Neurons in area 2 exhibit both cutaneous and proprioceptive responses (55% deep, 45%
cutaneous in the hand representation) (165, 176, 332, 356), and the submodality composition
follows a gradient across its extent: neurons near the boundary with area 1 tend to be more
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cutaneous, neurons near the caudal boundary tend to be more proprioceptive (176, 283). The
hand representation is especially rich in cutaneous input but also includes neurons that
exhibit both proprioceptive and cutaneous responses (165, 171, 172, 206), which may
constitute an initial step toward stereognosis, that is, three-dimensional haptic
representations of objects (see stereognosis section). Neurons in area 2 typically have large
RFs, comprising multiple fingers, and may even occasionally have bilateral receptive fields,
at least on the hind limb (356). Large RFs lead to a more blurred somatotopy than that
observed in the three other anterior parietal fields (283). Lesions of area 2 impair the
coordination of finger movements and the ability to discriminate the shape and size of
grasped objects. Area 2 makes reciprocal connections with areas 3a, 3b, and 1 (286), with
M1 (194, 286, 345), and with anterior pulvinar area in thalamus (269). Area 2 projects to
lateral parietal cortex (S2 and PV) and to posterior parietal cortex (area 5) (286).

Corticothalamic feedback from APC

In cats, corticothalamic feedback projections are more numerous than thalamocortical
feedforward projections (228), but little is known about the corticothalamic projections from
area 3b of primates. Convergent evidence in primates and other mammals suggests that area
3b sends feedback projection to the somatosensory thalamus (72, 315) and that these
feedback projections exert a powerful influence on the response properties of thalamic
neurons. Indeed, suppression of neuronal activity in area 3b results in a striking enlargement
of thalamic RFs (99).

Response properties of cutaneous neurons in APC

Submodality convergence

As briefly summarized above, touch in the glabrous skin is mediated by four classes of nerve
fibers which each respond to different aspects of skin deformation. These different sensory
channels were initially thought to serve different sensory functions (shape perception,
motion perception, etc.) and remain relatively segregated along the somatosensory neuraxis
(189,348). However, recent studies suggest that neurons in APC—including in area 3b, the
first cortical target for tac- tile input—exhibit response properties that imply convergent
input from multiple afferent classes. For example, a large pro- portion of APC neurons (51%
in area 3b and 40% in area 1) produce a sustained response during the static phase of a skin
indentation—which implies input from SA1 fibers—but also an off response during the
offset of the indentation— which implies input from RA and/or PC fibers (274) (Fig. 6).
Indeed, RA and PC fibers do not respond during the static phase of a skin indentation, and
SA1 fibers do not pro- duce a phasic response at its offset. The presence of both features in
the majority of APC neurons strongly suggests that convergent input is the rule rather than
the exception. Furthermore, the time varying firing rates of APC neurons to simple and
complex vibrations are better predicted from the combined responses of multiple afferent
classes than from those of a single class (322). These observations indicate that touch does
not comprise distinct sensory channels, each serving a different function, but rather relies on
the integration of sensory signals across tactile submodalities to extract behaviorally relevant
information during manual interactions with objects (321).
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Spatial structure of receptive fields

The receptive fields of many neurons in area 3b comprise excitatory subfields flanked by
inhibitory ones and can often be well approximated by linear spatial filters (Gabor functions,
see Fig. 7). That is, stimulation of excitatory patches of skin sum to create an excitatory
drive to the neuron; stimulation of the inhibitory patches sum to create an inhibitory drive,
and the overall activity of the neuron is well approximated by the linear combination of
these excitatory and inhibitory drives. The inhibitory surround is distinct from the surround
suppression observed in the receptive fields of tactile fibers, which reflects skin mechanical
effects (343). In addition to inhibitory components flanking the excitatory one, RFs tend to
also comprise an inhibitory component co-localized with the excitatory field but delayed by
20 to 30 ms (81, 125). This RF structure results in an initial excitatory drive that is followed
by an inhibitory one, rendering the neuron less excitable for a period of time. As mentioned
above, excitatory and inhibitory inputs are combined in an approximately linear fashion (11,
81) and their interplay yields RFs whose spatial structure is relatively consistent across
scanning speeds (80) (Fig. 7). Importantly, neurons in area 3b tend to have elongated RFs
(with a mean aspect ratio of 1.7), which confers orientation tuning to these neurons (see
shape section below) (11, 82). The RF structure of neurons in area 3b thus draws a strong
analogy to that of simple cells in primary visual cortex.

In contrast to their counterparts in area 3b, neurons in areas 1 and 2 tend to have larger, more
complex RFs, that are poorly approximated using linear spatial filters (11, 166, 171, 172,
175). That is, RFs often do not comprise distinct excitatory and inhibitory fields, and to the
extent that they do, these fields are poor predictors of the neurons’ response properties.
Rather, neurons in these higher processing areas within somatosensory cortex tend to exhibit
more complex feature selectivity, such as a selectivity for curvature or a shape-invariant
selectivity for direction of motion, neither of which are reflected in the spatial structure of
their RFs.

Receptive field interactions

Touch involves the integration of information stemming from hundreds or thousands of
tactile fibers, each innervating a small patch of skin, and this integration occurs gradually as
signals ascend the neuraxis through subcortex and cortex. Interestingly, while S1 neurons
(area 3b) are characterized by relatively small RFs, seemingly reflecting only weak
integration from periphery to the cortex, thalamocortical projections have been shown in
anatomical studies to branch extensively over wide spatial areas (133), as have
corticocortical connections (33). While widespread branching and lateral connectivity is
obscured when RFs are mapped using sequential application of well-controlled indentations,
these connections manifest themselves as modulatory influences on APC responses when
stimuli are simultaneously applied to a neuron’s RF and outside of it. Indeed, a stimulus
applied outside a neuron’s classical RF results in a decrease in sensitivity for a period of
about 100 ms (302, 303). In fact, this suppression is sometimes observed when the
conditioning stimulus is applied to the contralateral hand (301), an observation also made
using optimal intrinsic signal (OIS) imaging (361). Paired stimulation of multiple digits also
produces a reduced spatial pattern of activation compared to what would be expected based
on the stimulation of each digit individually, suggesting lateral inhibition (119). Such spatial
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interactions can also account for the tactile funneling illusion, referring to the phenomenon
in which the simultaneous presentation of brief tactile stimuli at two skin locations evokes a
sensation localized between the two sites where no stimulus is present. Indeed, simultaneous
stimulation of two adjacent digits produces a single patch of activation in cortex located
between the activation sites of the individual digits (57). Some of these second order
properties can be described mathematically using models in which the primary receptive
field is captured by a linear filter (as described above, see Fig. 7) and the interdigit
interactions are captured by nonlinear components (359). Another manifestation of long-
distance spatial interactions is the increased synchronous firing over the entire hand
representation when a fingertip is touched (300). Taken together, these results suggest that,
even at the earliest stage of cortical processing (area 3b), tactile signals from large swaths of
skin are integrated in complex ways.

Temporal response properties

As summarized above, the different classes of tactile fibers differ in their frequency
sensitivity profiles. SA1 fibers are most sensitive to low-frequency vibrations, below about
10 Hz, while PC fibers peak in sensitivity at around 250 Hz, and RA fibers exhibit
intermediate frequency sensitivity. APC neurons also differ in their frequency-sensitivity
pro- files (251, 329) but these tend to be much more idiosyncratic, in part because individual
neurons receive input from multiple classes of afferents. Indeed, the frequency-sensitivity
profile of the afferent input will shape the frequency profile of its target and so APC neurons
will differ in their spectral sensitivity because they differ in the relative strength of the input
from each of the tactile modalities. Moreover, the frequency profile of APC neurons is
shaped by how this input is processed. Indeed, APC responses to vibrations—particularly
those of neurons in area 3b—can be well approximated as a linear function of the afferent
input passed through a temporal filter and these filters vary from neuron to neuron (322).
Interestingly, filters tend to differ systematically depending on the input modality: RA input
tends to be excitatory whereas PC input tends to be balanced or inhibitory. In other words,
RA signals tend to be integrated over time whereas PC signals tend to be differentiated. As a
result, the strength of APC responses to skin vibrations is determined largely by the RA (and
probably SA1) input, whereas the precise timing of the responses is shaped primarily by the
PC input (322). These finding are in line with those from OIS imaging studies which showed
that 25-Hz vibrations (which excite primarily SA1 and RA fibers) produce strong localized
excitation, whereas 200-Hz vibrations (which excite primarily PC fibers) produce a short
excitatory transient followed by strong, spatially extended inhibition (364, 366). Thus, while
input from the different tactile channels converges onto individual APC neurons, their
impact is highly channel-dependent. Because vibratory sensitivity depends on the
submodality composition of the input (which varies from neuron to neuron) and on the way
that submodality specific input is integrated (which also varies from neuron to neuron), APC
neurons exhibit a wide array of frequency response properties.

Response properties of proprioceptive neurons in APC

As mentioned earlier, proprioceptive signals from the periphery—signals originating from
muscle, joint, ligament, and skin afferents that provide information about time varying
muscle length and joint position—target primarily areas 3a and 2 in APC. Much less is
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known about the RFs and response properties of these so-called “deep” neurons com- pared
to their cutaneous counterparts. As mentioned previously, a striking observation at the
periphery is that afferent responses to passive and active movements elicit very different
responses, because muscle spindle discharge is power- fully affected by fusimotor activity
and because many muscle and joint receptors are sensitive to the level of tension or
contraction in the muscle. Such differences between active and passive movement are also a
hallmark of proprioceptive responses in cortex. Some neurons respond only to passive
movements or only to active moments, while others respond to both (231,341). During
passive movements, responses have been classified as phasic, thus encoding movement,
tonic, thus encoding posture, or a combination of both (127, 341). Phasic neurons typically
respond to either flexion or extension, but not both (393). Individual neurons exhibit
different combinations of tonic and phasic responses, forming a continuum from purely
phasic to purely tonic (289). As shown during an active reaching task, proprioceptive
neurons from the arm typically exhibit a unimodal and broad tuning for reach direction
(289). The preferred direction is generally similar during the phasic and tonic components of
the response, and consistent for active and passive movements (231, 289). Moreover,
imposing a load on the arm affects responses, but less so in APC than in M1. A subset of
proprioceptive neurons exhibit RFs that include multiple joints which are not necessarily
adjacent to each other (66). The responses of some neurons with multi- joint RFs are a
simple summation of their single-joint activations. Others neurons show complex interaction
between joints, with their response peaking at a preferred combination of joint postures.
Some neurons discharge before the onset of voluntary movement, an observation that has
been attributed to efference copy (231, 260). Note that cutaneous units also discharge during
arm movements, although more weakly than during direct touch (16), and some of these
exhibit the same kind of direction tuning observed in deep neurons (59, 288). These neurons
may thus also contribute to kinesthetic sensations. Interestingly, a subregion of area 3a, in
the representation of the head, provide proprioceptive signals to encode eye position in the
head (375). These neurons are tuned for the direction of gaze and their responses increase
with increasing orbital eccentricity. Little is known about how hand movements and postures
are encoded in somatosensory cortex.

Lateral Parietal Cortex (LPC)

The second somatosensory area (S2) and the parietal ventral area (PV) sit within the upper
bank of the lateral sulcus, just lateral to the tongue representation of APC (Fig. 4B-C). The
border between APC and LPC is medial to the lateral sulcus and splits the head
representations of the two regions (32). S2 and PV contain mirrored body maps that meet at
the digits, lips, and mouth (32, 87, 214) and have been characterized in both macaques and
humans (87, 88, 97, 98, 214). In primates, S2 and PV have only been clearly identified and
separated relatively recently (213, 214, 216), so earlier reports often confuse or combine the
two areas (308, 383).

Over the years, different groups have published seemingly conflicting reports of the
properties of neurons in LPC. These discrepancies are likely due to several factors, including
the precise locations of recording sites, the behavioral relevance and complexity of the
stimuli, and the attentional state of the animal. When somatosensory properties were
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reported in the upper bank of the lateral sulcus in the 1940s, only one area was described
(386). Later, when two mirror-reflected body maps were observed in this region and
histological differences were characterized, the terminology expanded to two regions, S2
and PV, the latter located anterior to the former (214). Neurons in the central region that
spans the boundary between PV and S2 exhibit primarily cutaneous responses, whereas
neurons in the outer regions tend to exhibit proprioceptive responses (105, 214). In
macaques, the hand representation within the central region spans 10 mm along the anterior
posterior axis (105) and is relatively well defined and consistent across animals (32). The
face region is rostral, medial, and superficial, while the tail and sacrum are caudal, lateral,
and deep in the sulcus.

Receptive fields in LPC tend to be larger and more diffuse than those in earlier stages of
processing. RFs encompass multiple finger pads, span multiple digits, and respond
bilaterally to stimuli applied to either hand (32, 106, 170, 287, 320, 336) or to multiple
regions of the body (355) or even the entire body. Indeed, while both areas primarily receive
input from the contralateral side of the body, bilateral RFs have also been reported. For
neurons with bilateral RFs, stimulation of the ipsilateral side typically exerts a modulatory
effect on the response evoked by contralateral stimulation (87, 88). About half of LPC
neurons respond to cutaneous stimulation and half to deep stimulation (355). Both S2 and
PV receive projections from all four APC areas (34, 216, 295) as evidenced by the fact that
lesioning individual areas reduces the responsiveness of their downstream targets (35, 132,
284): selective removal of proprioceptive input (areas 3a and 2) or cutaneous input (areas 3b
et 1) selectively reduces proprioceptive and cutaneous responses in LPC, respectively (285)
(Fig. 5). LPC receives input from area 5 (286) and area 7b (86). LPC also receives direct
inputs from the thalamus (85,116): PV from ventroposterior inferior nucleus (VPI) and Pla;
S2 from VPI, ventroposterior superior nucleus (VPS), and Pla. Thus, LPC integrates
proprioceptive, and thermoreceptive/nociceptive signals directly from thalamus (85). LPC in
turn projects densely to ipsilateral APC, particularly areas 3b and 1, and area 7b (117), with
connections between S2 and PV, as well as contralaterally to LPC, area 7b, and area 3b (86).
LPC is also reciprocally connected with multiple insular areas (117), and sends
corticothalamic feedback projections to the VPL and the anterior pulvinar (31, 374). PV
projects to areas 3b and 7b, premotor cortex, and other posterior parietal areas (86). Lesions
of LPC severely impair the ability of monkeys to perform texture and shape discrimination
tasks (254, 351).

Response properties of neurons in LPC

LPC neurons tend to exhibit more complex response properties; for example, some
orientation-tuned neurons in LPC have the same preferred orientation over large swaths of
skin on the hand, an extent of positional invariance not seen in APC (106). When RFs are
mapped using passive presentation of behaviorally irrelevant stimuli, modality is difficult to
identify and tends to vary over time (336), a property that can be attributed to the strong
susceptibility of LPC responses to changes in attentional state (39,52,157,244,329). Not only
do the responses of LPC neurons depend on the attentional state of the animal, they also
depend on the behavioral task and its demands. Indeed, while APC neurons faithfully
encode the stimulus, irrespective of the task, LPC neurons exhibit a tendency to encode both
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the stimulus and the behavioral outcome in a task-dependent way (Fig. 8), a hallmark of
higher cortical processing (151, 181, 218, 311, 329). This task-dependent modulation and
the correlation of neural activity with perceptual reports suggest a role of LPC in sensory
decision making (311, 313).

Visually (3, 203) and acoustically (103, 307) evoked responses in LPC have long been
reported in human imaging studies, but had not been observed in single-unit recordings from
nonhuman primates until recently (154, 243), a discrepancy that may be attributable to
particular stimuli used in early neurophysiological studies. Indeed, sounds and images that
have no tactile correlate, like pure tones or speech, do not drive neurons in LPC (154, 310),
but the sound of hands rubbing together does. These multisensory responses may underlie a
phenomenon documented in humans: modifying the sound that hands makes while rubbing
against one another influences how moist or dry the skin feels (146,351). Additionally, about
a third of neurons exhibiting somatosensory responses also respond to visual stimuli and
sometimes to auditory stimuli (154), and these neurons, interspersed throughout LPC among
a majority of unimodal somatosensory neurons, may play an important role in multisensory
integration.

Posterior Parietal Cortex (PPC)

The posterior parietal cortex (PPC) is caudal to APC and straddles the intraparietal sulcus
(IPS) (164). PPC comprises two major architectonical areas originally described by
Brodmann: area 5, located on the rostral side of the IPS, and area 7, located between the IPS
and the lateral sulcus (Fig. 4A). Both areas have been divided into multiple distinct cortical
fields based on a variety of criteria including cytoarchitecture, patterns of connectivity with
other areas, and neural response properties. The names and boundaries of these subregions
are a matter of ongoing debate (144,226,271,332), probably because different studies have
used different criteria. Area 5 can be split into two major parts—a lateral region, presently
referred to as SL (previously 5a, 5v/d or PE) (332), and a medial region dubbed the parietal
reaching region (PRR) (5). Area 7 is traditionally split into two major regions—a rostral,
mostly somatosensory region 7b, and a caudal, mostly visual region 7a. However, some
histological and physiological evidence suggests that area 7 actually comprises three
separate fields, PF, PFG, and PG (271, 319). Other cortical fields have also been identified
within the IPS (namely AIP, LIP and VIP, see Fig. 4A), but are mostly visual or visuomotor
areas, and will not be discussed here. The pattern of cortical connections suggests two major
streams in PPC, both originating in area 2 and progressing rostral-to-caudal, one along the
superior lobule (area 5) and the other along the inferior lobule (area 7) (271). Connections
and the response properties of PPC neurons also suggest that area 5 precedes area 7 in the
processing hierarchy (see below). PPC comprises strong interhemispheric connections as
well as many connections with premotor areas (49, 50, 170, 356). The correspondence
between macaque and human PPC, both in terms of location in cortex and functional
properties, is not straightforward and remains poorly characterized (143).

Most PPC areas contain neurons that respond to cutaneous stimulation and joint movements,
but PPC, unlike APC and LPC, is not a somatosensory region per se. First, neurons in PPC
respond to other sensory modalities, mainly visual, but also auditory (60) and vestibular
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(340). Second, a large subset of neurons responds most strongly when the animal is awake
and behaving, and many sites are unresponsive during anesthesia (250, 332). Third, cortical
fields in PPC are known to be involved in motor functions such as planning reaching and
grasping movements, as indicated by dense, reciprocal connections to prefrontal and motor
areas (42, 279) and by the fact that neurons seem to encode not just limb position but also
target locations and motor intent (202). Fourth, lesioning or ablating areas within the PPC
does not strongly impact passive tactile discrimination but does affect animals’ ability to
reach and grasp objects or to recognize an object’s shape through haptic exploration
(stereognosis) (114). For all of these reasons, the PPC is thought to play a critical role in
both multisensory integration and sensorimotor planning and guidance, especially for the
upper limbs (339). In the following sections, we describe the properties of PPC areas that
exhibit somatosensory responses.

The lateral aspect of area 5, called SL (332), borders the hand and arm representations of
area 2 and is partially buried in the IPS. The somatosensory RFs of neurons in area SL span
only the shoulders, forelimbs, and hands with a somatotopic organization that roughly
follows that in area 2 (under anesthesia, 333). RFs tend to be larger than those in APC, often
containing multiple joints and digits, can be bilateral (357), and typically exhibit
proprioceptive responses (~90%). Only a small fraction of area SL neurons maintain activity
during anesthesia and most respond best while animals make voluntary movements (250,
325). Area 5L receives the majority of its inputs from APC (137), especially area 2
(273,286). Area SL also receives direct input from the thalamus: Pla, lateral posterior (LP)
nucleus (392), and VP (286). Area SL projects ipsilaterally and bilaterally to other parts of
area 5, area 7, LPC, motor cortices, and superior temporal gyrus (164). Neurons in area SL
have been shown to encode texture and object shape (2, 171) but lesions in this area have
only modest effects on animals’ ability to discriminate passively presented textures (254,
270), consistent with its putative role in the planning of grasping and other manual behaviors
that require information about shape and texture (124, 128, 129, 298). During a grasp,
neurons in area SL respond strongly during the approach, their response peaks during the
grasp, and then drops during the lift, with a majority inhibited during hold (124). Neurons in
area 5L show evidence for synergies between reaching and grasping that may facilitate
smooth, coordinated actions of the arm and hand (55). Ablation or lesions of area 5L
interferes with the ability to orient the hand to grasp (270). Interestingly, area 5L neurons
respond during reaching even if the animal is deafferented, showing again the tight interplay
between area 5L and motor areas (331).

Parietal reach region.

The parietal reach region (PRR) is found in the medial aspect of area 5 (Fig. 4A), located in
part in the convexity of the superior parietal lobule (region also named PEc) and partially
buried in the IPS (a region also named MIP). PRR probably contains multiple fields, the
precise boundaries and locations of which remain vague. PRR receives major input from
area 5L, as well as inputs from other parietal visual areas (areas 7a and VOA, just caudal to
it). PRR projects to areas 7a and 7b and is strongly reciprocally connected with the dorsal
premotor cortex (227, 237, 271). Neurons in PRR respond to passive somatosensory
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stimulation, in particular movements of the joints (26) with RFs located on the arm. PRR
neurons also respond to visual stimuli (342) and most are multisensory (visual and
somatosensory). In active reaching tasks, PRR cells are strongly activated before and during
reaching movements and their responses are typically tuned for movement direction (200,
201). In light of these observations, PRR is thought to encode cognitive signals related to the
direction of intended arm movement (5,339) and movement-related sensory feedback.
Ablation of PRR only has only modest effects on tactile discrimination (254) and
inactivation of PRR causes impairments in reaching (162).

Area 7b is located in the lateral aspect of area 7 (Fig. 4A), in part on the convexity of the
inferior parietal lobule, caudal to area 2, and in part buried in the lateral sulcus (a region also
denoted 7op), adjacent to LPC (214). Area 7b is strongly and reciprocally connected with
area 5 and LPC (258, 259). The rostral part of area 7b (PF) is primarily connected with
somatosensory areas while the caudal part (PFG) also receives inputs from multiple visual
areas (MST, temporal visual areas and lateral intraparietal area) (4, 319). Area 7b also
receives input from thalamic pulvinar areas (116, 272,380) and projects to frontal and
premotor areas as well as caudal PPC (144). While some neurons only respond during
voluntary movements, the majority of neurons in area 7b also respond to imposed
movements of the joints and to tactile stimuli, some respond to visual stimuli, and some to
both (4, 89, 223, 250, 310). Furthermore, some neurons respond to both tactile and thermal
or nociceptive stimuli, and a few to only nociceptive stimuli (89,309). RFs in area 7b are
generally large but vary greatly in size (from single digit to whole hand or even whole arm).
The RFs follow a crude somatotopic organization, with the head represented in the anterior
portion of area 7b, aligned with the head representation of area 2, and the hand, arm, and
trunk representations further posterior (163,223,224). Little is known about the functional
properties of neurons in area 7b, though some qualitative similarities have been reported in
the response properties of areas 7b and 5L (124).

Top-down modulation of APC

As mentioned above, APC projections to thalamus exert a strong influence on the response
properties of thalamic neurons. Such top-down modulation is also observed from PPC to
APC. In fact, PPC sends corticocortical projections to APC (33) and corticothalamic
projections to Pla of the thalamus (43, 380, 392), which in turn projects back to APC (areas
1 and 2) (68, 217) and these feedback loops between PPC and APC exert a strong influence
on the response properties of APC neurons. Indeed, reversible inactivation of area SL or 7b
results in an expansion of RFs in areas 1 and 2 (64) and can increase or decrease the
cutaneous sensitivity of individual APC neurons (140). This powerful top-down effect from
PPC to APC stands in contrast to that from LPC to APC: LPC lesions seem to have
negligible effects on APC responses (284, 394).
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Sensory Coding in Somatosensory Cortex

Vibration

Frequency—Vibratory stimuli—mechanical sinusoids in particular—have been used
extensively to probe tactile sensibility, inspired by the use of auditory pure tones to probe
hearing. As summarized above, the different classes of tactile nerve fibers have different
sensitivity profiles, with SA1 fibers tending to be more sensitive at the low frequencies (~5
Hz), PC fibers peaking in sensitivity at around 250 Hz, and RA fibers preferring
intermediate frequencies (354). A striking aspect of afferent responses to skin vibrations is
that they exhibit phase locked responses to periodic vibratory stimuli—that is, they produce
one spike or burst of spikes within a restricted portion of each stimulus cycle—as do their
counterparts in the auditory nerve (112, 113, 354) (Fig. 9A). This temporal patterning in
afferent responses carries information about the frequency composition of vibratory stimuli
applied to the skin (21, 233).

APC neurons also exhibit phase locking to low-frequency sinusoids (Fig. 9B), but the
fidelity of the phase locking decreases rapidly as vibratory frequency increases: the vast
majority of APC neurons entrain at 1 Hz, but only a small proportion of them is capable of
following a 300 Hz stimulus (152, 251). Surprisingly, a small fraction of neurons (4%) can
phase lock to vibrations with frequencies up to 800 Hz (149). For low-frequency stimuli, the
spike rates of individual APC neurons increase or decrease monotonically with frequency
and the interspike or interburst intervals decrease systematically, so frequency information is
conveyed in the strength of the response (firing rate) as well as in its temporal patterning
(phase locking) (152, 329) (Fig. 9B). At high frequencies, on the other hand, firing rates
become frequency independent while the patterning is preserved in a subpopulation of
neurons, which carries information about stimulus frequency. The ability of human and
monkeys to perceive stimulus frequency above 100 Hz is thus mediated by the temporally
patterned responses of this subpopulation of phase-locking neurons (149), a range of
frequencies that may be implicated in the perception of texture (12, 379).

The responses of LPC neurons to mechanical sinusoids also exhibit phase locking, though
weaker than that observed in APC. Indeed, vibration-sensitive LPC neurons phase lock to
sinusoids with frequencies below 10 Hz, though some can follow frequencies up to 50 to 75
Hz, and fewer still up to 300 Hz (36). On the other hand, frequency is robustly encoded in
the firing rates of LPC neurons, with rates either monotonically increasing or decreasing
with increases in frequency (311), at least in the flutter range (<50 Hz). The weak phase
locking and strong rate coding of frequency in LPC has been interpreted as implying that
frequency is encoded entirely in neuronal firing rates (329), which implies a progressive
conversion from a temporal to rate code as one ascends the somatosensory neuraxis. This
progression of neural codes has also been observed along the auditory neuraxis and may
reflect a general principle of sensory processing (323).

Amplitude—At the somatosensory periphery, the strength of the response of most tactile
fibers to a vibration is dependent not only on its amplitude but also on its frequency, so the
amplitude information carried in the firing rates of any one population of tactile fibers is
ambiguous. Rather, the intensity of skin vibrations is encoded in the firing rate evoked in all
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tactile nerve fibers, weighted by fiber type (252). In APC, neuronal responses to skin
vibrations are also frequency-dependent up to about 50 Hz. Over this frequency range, firing
rates are modulated by stimulus amplitude, but also by stimulus frequency, as discussed
above (152, 329) so it is unclear how these two stimulus dimensions can be independently
decoded by downstream structures. In contrast, the firing rates of APC neurons evoked by
high-frequency skin vibrations (above 50 Hz) increase with vibratory amplitude—with rate
intensity functions well approximated using a rectified logarithmic function—but do not
depend on stimulus frequency (149). Therefore, spike count (at the single unit or population
level) faithfully encodes vibratory amplitude independent of frequency at frequencies above
about 50 Hz.

Tangential/shear forces

Shape

When we manipulate objects, forces are not just exerted nor- mal to the surface of the skin
but also parallel to it. The normal force—which corresponds to grip force in object grasping
— is the force applied perpendicularly to the object surface. The tangential force—
corresponding to load force—is the reaction force acting parallel to the object’s surface and
often exerted by gravity (184). The responses of tactile afferents to tangential forces are in
part dependent on the direction in which the tangential forces are exerted: Afferents respond
maximally to forces exerted in a specific direction and less so to forces exerted in other
directions (19, 381), and their responses are also modulated by the magnitude of the
tangential force (381). The majority of APC neurons (85%) produce responses that are
dependent on the magnitude and direction of shear forces applied on or near their RFs (110).
In the context of active movements, some neurons encode normal forces, others tangential
forces, and some both (326-328). Interestingly, some neurons seem to carry information
about friction, the ratio between tangential and normal force needed to achieve movement
(111).

When we grasp an object, we can sense its three-dimensional structure based on
somatosensory signals from the hand (390). Stereognosis relies on the integration of
cutaneous information about local shape at each point of contact between skin and object
and proprioceptive information about global shape from the relative position of these
different contact points. In this section, we examine how information about local shape—
stemming from local deformations of the skin—is processed in somatosensory cortex. In the
stereognosis section below, we discuss what little is known about stereognosis.

In both vision and touch, the shape of objects is reflected in a spatial pattern of activation
across the receptor sheet, in the retina and in the skin, respectively (142, 190) (Fig. 10A). In
primary visual cortex, a preponderance of neurons respond preferentially to the presence of
an edge at a specific orientation in their RF, with a smooth drop off in response strength
when the orientation of the bar deviates from this preferred orientation. In other words, the
visual scene is parsed into a set of oriented contours, which forms the basis for down- stream
processing, a representation that is thought to be optimal given the statistics of the visual
world and sparseness constraints (267). Similarly, a large fraction of APC neurons (40%
—60%) exhibit orientation tuning for edges indented into the skin (Fig. 10B), with a slightly
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larger fraction in area 1 than area 3b (11). As the tuning width of V1 neurons is invariant
with respect to contrast, the tuning width of APC neurons is invariant with respect to depth
of indentation, the tactile equivalent of visual contrast. The two sensory systems thus seem
to implement similar mechanisms to extract orientation information, a phenomenon that can
be at least in part attributed to the RF structure of APC and V1 neurons: RFs consist of
excitatory regions flanked by inhibitory ones (or vice versa) and can be approximated using
Gabor filters. Orientation tuning is somewhat broader in APC than in V1 and, perceptually,
angular acuity is coarser in touch than vision for stimuli of comparable size presented
passively (40 vs. 200 angular threshold in vision and touch, respectively) (14). Interestingly,
tactile orientation acuity is much higher when measured in the context of an active orienting
task (291).

One of the well-known principles that governs the processing of visual shape is that of
hierarchical processing: Neurons at successive layers of processing have progressively larger
RFs and progressively more complex feature selectivity that is progressively more invariant
with respect to other stimulus features. The same principle operates in the processing of
tactile shape along the somatosensory neuraxis. Indeed, neurons in area 2 exhibit tuning for
curved shapes— comprising multiple orientations—a complex selectivity that is not
observed in areas 3b and 1 and is even more pronounced in LPC (389, 391) (Fig. 10C).
Furthermore, neurons in LPC exhibit orientation tuning over wide swaths of skin, with a
consistent orientation preference across their RFs, reflecting increased position-invariance
with respect to their APC counterparts (107) (Fig. 10D). Lesions of LPC lead to an
impairment in shape discrimination, as do lesions in area 2 (254), confirming that these two
areas are part of a tactile shape processing pathway.

Tool use and, more generally, object interactions often involve motion between skin and
object. Furthermore, to sense the shape of an object or its texture requires movement
between skin and object (221). Not surprisingly, then, cutaneous cues convey information
about the velocity of relative movement between skin and surface. Indeed, human subjects
can discriminate the direction (100, 102, 277) or the speed (15, 101, 382) of movement
across the skin.

As is the case with shape perception, the neural mechanisms underlying motion perception
are remarkably analogous in vision and touch (268,275). Indeed, a subpopulation of APC
neurons is tuned for motion direction (65,126,276,376), as are many V1 neurons (Fig. 11A).
In area 3b, direction- selective neurons are maximally sensitive to oriented bars moving
across their RFs but these neurons cannot signal the direction of a stimulus comprising
multiple orientations. Indeed, given their small RFs, they are subject to the aperture problem
(Fig. 11B). That is, any one straight edge of a moving object conveys information only about
the motion component perpendicular to that edge’s orientation. Due to its small RF, a single
neuron in area 3b will respond to only one of an object’s many edges, and will therefore
convey erroneous information about the object’s global direction of motion (Fig. 11C). Most
direction selective neurons in primary visual cortex are subject to the same limitation.
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In contrast, some neurons in area 1 integrate information across locally ambiguous motion
cues and therefore carry a global motion signal (276) (Fig. 11D). This ability to recover
global motion is analogous to that of direction selective neurons in medial temporal cortex, a
brain region specialized for visual motion processing. In fact, the algorithm that is
implemented in somatosensory cortex to compute the global direction of tactile motion
seems to be identical to its visual counterpart: Motion signals from edges, subject to the
aperture problem, and motion signals from terminators (intersections, corners), which
convey more reliable information about motion, are integrated using a vector average
computation to estimate the global direction of motion. Finally, the responses of APC
neurons can account for the ability of human observers to judge the direction of movement
across a variety of psychophysical paradigms (275,276), as has been found with MT neurons
(28, 29).

APC neurons are sensitive not only to motion direction but also to motion speed. Indeed, the
responses of a large fraction of neurons increase as the speed at which a textured surface is
scanned across the skin increases (78). Most of these speed-sensitive neurons also modulate
their response to surface texture so the speed signal is confounded by a texture one,
particularly in area 3b. This ambiguity between speed and texture is also reflected in
psychophysical judgments of speed, which are also influenced by texture (77). Interestingly,
judgments of texture are largely independent of speed (24, 220, 242).

Our sense of touch endows us with an exquisite sensitivity to surface microstructure which
allows us to distinguish satin, from silk, from sandpaper. In fact, we can discriminate
textures with element sizes differing in the tens of nanometers or with spatial periods
differing in the hundreds of nanometers (337). Tangible textures thus span a huge range of
spatial scales from tens of nanometers to about a centimeter—almost six orders of
magnitude. This wide dynamic range is possible because texture perception relies on two
distinct mechanisms, each best suited to encode texture over a subrange. The coarse features
of a texture produce millimeter-scale deformations in the skin, which evoke a spatial pattern
of activation in SA1 (and perhaps RA) fibers. This spatial code can account for the
roughness of surfaces that comprise only such features, for example, gratings and Braille-
like embossed dot patterns (62, 63, 141). However, SA1 fibers are almost completely
insensitive to finer textural elements. The perception of these fine features requires
movement between skin and sur- face (155), which in turn elicits texture- and speed-
dependent vibrations in the skin (12, 13, 75, 235). These texture-elicited vibrations evoke
temporal spiking patterns in mechanoreceptive afferents, particularly RA and PC fibers,
which carry information about fine texture at millisecond time scales (233, 379). This
combination of spatial coding for coarse textural features and temporal coding for fine ones
accounts for the wide dynamic range of tangible textures.

The cortical mechanisms that mediate tactile texture perception have not been conclusively
elucidated. To date, experiments investigating texture coding in cortex used gratings (37, 74,
335, 377) and Braille-like embossed dot patterns (25, 53) as stimuli, which robustly engage
SALl fibers and discount the contribution of signals from other nerve fibers (379). With this
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caveat, the responses of APC neurons to gratings and dot patterns have been shown to be
modulated by the spatial period of the stimuli. However, a subset of these neurons seems to
track the perceived roughness of such textures (25, 53), consistent with the hypothesis that
they are causally implicated in texture perception. Furthermore, lesions of area 1 result in
pronounced deficits in texture dis- crimination (296, 333, 334), so this area may be part of a
pathway specialized for texture processing.

The RF structure of cortical neurons may provide clues as to how texture information is
encoded in cortex. As mentioned above, many neurons in APC have RFs comprising
excitatory subfields flanked by inhibitory ones (82). The precise structure and scale of these
RFs varies from neuron to neuron, so APC neurons can be thought of as spatial filters, each
differentially sensitive to a textured surface depending on its spatial proper- ties. This
category of neurons is well suited to encode coarse spatial features. Some APC neurons
integrate signals from RA and PC fibers and do so in different ways (322). These neurons
can be thought of as temporal filters, which each respond to skin vibrations, and by
extension textures comprising fine features, in different ways. Neurons with idiosyncratic
spatial or temporal RF properties thus respond idiosyncratically to a textured surface
depending on the spatial scale of its coarse features and on the properties of the vibrations
that are elicited in the skin by its fine features, respectively.

LPC responses to gratings are modulated by groove width as well as contact force, and/or
scanning speed (290). An individual neuron is likely to respond to two or even three of these
parameters, sometimes in an additive manner, and sometimes in more complex ways. LPC is
implicated in texture perception as evidenced by the modulation of LPC responses by both
groove width and contact force, two parameters known to determine the perceived roughness
of gratings (219,222,358), and by the impairment in roughness discrimination caused by
lesions of LPC (254). Furthermore, some LPC neurons encode the presence, but not
magnitude, of a change in the spatial pattern of a texture, in a same/different task, another
example of task-specific modulation (181).

Stereognosis

A fascinating aspect of somatosensation is that it comprises a deformable sensory sheet:
changes in hand posture recon- figure the positions of cutaneous mechanoreceptors with
respect to one another. To interpret signals from cutaneous mechanoreceptors thus requires
taking into account their positions relative to one another (156, 305). This integration of
touch and proprioception is particularly critical for stereognosis, the ability to sense the
three-dimensional structure of objects grasped in the hand: Cutaneous input from each
fingertip contacting the object provides a snapshot of its shape at each contact point (local
edge orientation or surface curvature, e.g.), and the relative position of the fingertips conveys
information of the size and global shape of the object, as well as about the relative position
of the local features relative to one another.

Virtually nothing is known about how this takes place in the somatosensory system.
However, area 2 is the first location along the somatosensory neuraxis where neurons exhibit
both cutaneous and proprioceptive responses (165, 171, 172, 206). That is, their firing rates
are modulated both by light touch and joint configuration (Fig. 12) so the process of
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constructing a three-dimensional representation of objects likely begins there. Some
evidence suggests that cutaneous and proprioceptive inputs interact in complex ways in area
2, and the temporal progression of these interactions may reflect the dynamics of a circuit
involved in stereognosis (206). How- ever, stereognosis requires active movements (221) but
the challenges associated with tracking both hand postures and contact events have, to date,
precluded the study of active stereognosis.

Attention and Decision Making in the Somatosensory System

Our bodies are constantly and simultaneously touched in many ways—through contact with
our clothes, the ground, grasped objects, etc.—most of which are of little relevance at any
given time. As is the case in other sensory modalities, certain sources of sensory input can
be magnified relative to others through the deployment of attention. The consequences of
attention on neuronal responses are typically probed by presenting a stimulus that is relevant
to the performance of a task (and so attention is deployed toward it) or that is not (and so
attention is diverted away from it, to another sensory stimulus, e.g.). Comparison of
responses to the same stimulus in the attended versus unattended conditions, then, reveals
the effects of attention. In visual cortex, for example, responses to the attended stimulus
have been shown to be enhanced relative to those to the same stimulus, unattended (232,
247, 368).

Attention is thought to enhance the contrast of behaviorally relevant inputs by increasing the
gain for cells that play a role in detecting a stimulus at a particular location on the skin (52).
Responses of neurons in the early stages of somatosensory processing to a stimulus are
relatively impervious to modulations by behavioral relevance. Indeed, responses to a
stimulus in VP (VPL and VPM, thalamus) are equivalent whether the animal is attending to
it or not (41, 367, 372). As few as 16% and as many 50% of APC neurons have been
reported to show attentional modulation (38,157,244). Caudal APC exhibits a greater degree
of attentional modulation than does rostral APC, again consistent with their respective
positions along the somatosensory hierarchy (167, 168, 244) as attentional effects tend to be
stronger in higher sensory areas (239). The type and magnitude of these effects varies across
studies, with some reporting that nearly all attentionally modulated neurons show enhanced
activity (157, 244) and others observing mostly suppressed activity (38). The proportion of
attention-sensitive cells is greater in LPC than in APC, ranging from 60% to 80% (39, 157,
244) and the magnitude of the attentional effects are greater in LPC. Enhancement of
activity seen in LPC seems to target neurons that encode behaviorally relevant stimulus
features, for example, texture, while attentional gain increases in APC neurons are less stim-
ulus dependent (244), perhaps reflecting the weaker feature selectivity at earlier stages of
cortical processing.

Increases in neural synchrony constitute another neural correlate of attention in the sensory
cortices (318,344). That is, the degree to which nearby neurons fire in synchrony increases
with selective attention. Such observations have been made in APC (256), in LPC (318,
344), in posterior parietal cortex (79), and in other sensory modalities (e.g., visual cortex,
120).
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Affective Touch

Touch plays a critical role in emotion and affective communication: we touch the people we
care about and derive comfort from the touch of a loved one (153). The importance of touch
is highlighted in studies showing that the texture of a mother surrogate has a major impact
on its effectiveness as a surrogate, and deprivation of affective touch during development
leads to severe emotional problems (147, 148, 378). Affective touch is mediated by
fundamentally different neural mechanisms than is discriminative touch (241). First,
affective touch may rely, at least in part, on different receptors. Indeed, C-tactile afferents,
which innervate the hairy skin, respond most strongly to stimuli brushed across the skin that
are experienced as pleasant (229), suggesting that these nerve fibers convey information
about the affective quality of a stim- ulus rather than its physical properties. Second, signals
from these fibers have been shown to bypass APC (45, 265, 266) and instead target the
insula, which is associated with affective coding (22, 248). While C-tactile afferent fibers do
not innervate the glabrous skin, it is commonly observed that touch with the glabrous skin
can also be perceived as pleasant (208, 209). Pleasant touch involving the glabrous skin may
thus be processed separately from its hairy skin counterpart, the former by somatosensory
cortex, the latter by the limbic system (134,240). Affective touch with the glabrous skin
typically involves self-generated movement while affective touch with the hairy skin results
from external stimulation, which may explain why the two categories of touch are processed
separately.

Artificial Somatosensation through Intracortical Microstimution in APC

When Wilder Penfield and colleagues applied electrical stimuli to the surface of APC
searching for epileptic foci, patients reported tactile sensations, the location of which
depended systematically on where the stimulus was delivered (278). Later, Romo and
colleagues showed that monkeys could learn to distinguish the frequency of low-amplitude
electrical pulse trains delivered to APC (312). In other words, changes in one stimulation
parameter—frequency—systematically changed the evoked sensory experience. While this
work had important scientific implications about how stimulus information is encoded in the
nervous system, it also laid the foundation for somatosensory neuroprostheses. Indeed, one
approach to restoring some independence to tetraplegic patients—who are paralyzed and
insensate from the neck down—is to equip them with prosthetic arms that they can control
by thought alone. The development of anthropomorphic robotic limbs and of algorithms to
decode intended movements from brain signals led to a much more sophisticated movement
repertoire (61). This newfound function established the need to restore somatosensation,
without which movements are slow, clumsy, and effortful (139, 324).

In experiments with monkeys (352), intracortical microstimulation (ICMS) was shown to
elicit percepts that are highly localized—to a single fingerpad or palmar whorl—much more
so than are percepts evoked by electrical stimulation of the surface of APC, as in Penfield’s
experiments (191, 352). The somatotopic map within APC can thus be exploited to
intuitively convey information about the points of contact between prosthetic hand and
object. Furthermore, changes in ICMS amplitude produce systematic changes in the
magnitude of the evoked sensation, a phenomenon that can be used to intuitively convey
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information about contact pressure (18,205,352,353). The success of primate studies has led
to the deployment of this approach in human patients, who report tactile sensations that are
nearly natural (108, 207).

The development of artificial proprioception is more challenging because much less is
known about the cortical basis for natural proprioception. However, monkeys are able to
detect and discriminate different patterns of electrical stimulation applied to area 3a (230),
and some evidence even suggests that stimulation of neurons that are selective for a
particular direction of limb movement biases the monkeys’ perceived limb movement toward
that direction of movement (360). This latter finding suggests that it may be possible to
create sensations of directed limb movement by stimulating populations of APC neurons
with consistent preferred directions to track the movements of the prosthesis. If tapping into
natural proprioceptive representations proves too challenging, it may be possible to develop
novel but systematic mappings between limb state and ICMS-evoked patterns of neuronal
activation that the patients would have to learn (69). Whether learning-based approaches will
scale to accommodate the complexity of a limb remains to be seen (76).

The inclusion of artificial touch and proprioception in brain-controlled prostheses will be an
important step in improving the dexterity conferred to their users.
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Figure 1.
The four classes of cutanueous afferents of the glabrous skin. (A) Morphology of the

different mechanoreceptors and their respective locations in the skin. (B) Adaptation

properties and receptive field (RF) size of the four classes of cutaneous afferents. Rapidly

adapting (sometimes referred to as fast adapting, particularly for humans) versus slowly

adapting refers to responses to indentations (transient vs. sustained, respectively). Type I

versus type Il refers to the size of the RFs, determined in part by the depth of the

mechanoreceptors in the skin: Type I fibers have small RFs whereas type II fibers have large

ones. The density of innervation depends on the fiber type: Type I fibers innervate the skin

more densely than do type II fibers. For example, rapidly adapting afferent type II (PC)

afferents show rapidly adapting responses with large RFs and relatively low innervation

density (type II). Adapted, with permission, from (183).
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Figure2.

Typical responses of proprioceptive afferents. (A) Responses of a primary (left) and
secondary (right) spindle afferent from the finger extensors muscles to passive ramp and
hold stretches applied to the metacarpophalangeal (MCP) joint. Primary afferents tend to be
more sensitive to changes in length than secondary ones. Adapted, with permission, from
(95). (B) Golgi tendon organ (GTO) do not respond to passive ramp and hold stretches (left)
but respond robustly to isometric contraction (right). Adapted, with permission, from (96).
(C) Responses of a joint afferent associated with the proximal interphalangeal joint of the
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index finger during passive manipulations. Joint receptors tend to only respond at the
extrema of joint movements, perhaps to signal the threat of injury. Adapted, with permission,
from (30).

Compr Physiol. Author manuscript; available in PMC 2019 January 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Delhaye et al. Page 48

Cortex
Thalamus

o . —
————4 T \Pulvinar
\ j
RW/)’
", Medial lemniscus

Anterior parietal
cortex

Medulla

Dorsal column nuclei:
(C) Cuneate nucleus
(G) Gracile nucleus
(E) External cuneate

e | i o*
« Dorsal column:
/| +| Tendons and Muscle
Fasciculus cuneatus

Fasciculus gracilis

\ {
\

)<...
A e

e

Y 7

Spinal cord

Periphery

Figure 3.
Pathways from somatosensory periphery to cortex. Afferent fibers at the periphery bundle in

fascicles that join to form the nerves. Afferent cell bodies are gathered in the dorsal root
ganglia (DRG). When entering the spinal cord through the dorsal root, afferent axons
branch, sending one projection to the dorsal horn and one projection to the dorsal column
nuclei (DCN) through the dorsal column. The DCN projects contralaterally through the
medial lemniscus to the ventroposterior complex of the thalamus, which in turns relays the
information to cortex. Abbreviations: Dorsal root ganglion (DRG); spinomedullothalamic
(SM), and spinocervicothalamic (SC) tracts. Thalamus: ventral posterior (VP), posterolateral
(VPL), posteromedial (VPM), posterior inferior (VPI) and posterior superior (VPS) nuclei,
posterior division (VLp) of the ventral lateral nucleus (VL), lateral posterior nucleus (LP).
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Figure 4.
Organization of somatosensory cortical areas. (A) A lateral view of the brain showing the

different somatosensory areas in macaque monkey cortex. Adapted, with permission, from
(198). Inset: Horizontal section of the postcentral gyrus at the level of the hand
representation, showing the position of the different APC modules relative to the central and
the intraparietal sulci. (B) Detailed view of the somatotopic representation of the body in the
four fields of APC (areas 3a, 3b, 1, and 2) and in area 5L. Adapted, with permission, from
(261, 332). (C) Coronal section showing the location of LPC in the lateral sulcus. Adapted,
with permission, from (214). Abbreviations: Anterior parietal cortex (APC); second
somatosensory area (S2); parietal ventral area (PV); parietal reaching region (PRR); anterior
(AIP), ventral (VIP) and lateral (LIP) intraparietal areas; post central sulcus (PCS);
intraparietal sulcus (IPS). Somatotopic map: Upper lip (UL); lower lip (LL); chin (CN);
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snout/jaw (SN/J); digits of the hand (1-5); (cutaneous) forearm ((CUT) FA); occiput (OCC);
trunk (TR); toes (T1-5); hindlimb (HL).

Compr Physiol. Author manuscript; available in PMC 2019 January 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Delhaye et al.

Page 51

P

P

C

N |—'\T—/

Pla

LPC
( 7b
PV S2 _T I
=il (O
A
APC d \
r .a Y 3 Y 8 5
- < B
-
B~
< =
g A y € \ .
A=
A
4{ VP
_4
Thalamus T
1
Dorsal column medial lemniscus
and trigeminal lemniscus
[ Tactile nerve fibers ]
Figureb5.

Major connections between somatosensory areas. Schematic representation of the major

connections between somatosensory areas in the central nervous system, split into four

major regions: the thalamus, the anterior parietal cortex (APC), the lateral parietal cortex

(LPC), and the posterior parietal cortex (PPC). Abbreviations: Ventral posterior nucleus

(VP), anterior pulvinar nucleus (Pla), secondary somatoensory cortex (S2), parietal ventral

area (PV), parietal reach region (PRR). Area 5 also receive input from the lateral posterior

nucleus in thalamus (LP, not shown in the chart).
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Figure 6.
Submodality convergence in APC. (A) Trajectory of a punctate stimulus indented 2 mm into

the center of a neuron’s receptive field. (B) Typical response of a slowly adapting type 1
(SA1) and rapidly adapting (RA) afferent to 60 repeated presentations of the stimulus. (C)
Response of typical neurons in area 3b. Some neurons respond throughout the stimulation
interval and do not show phasic off responses, similar to SA1 fibers; others respond with
phasic on-off responses, similar to RA1 fibers, but the majority respond with a mixture of
sustained and phasic responses, implying input from both fiber types. Adapted, with
permission, from (274).
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Figure7.
Spatial structure of receptive fields of a neuron in area 3b. The two squares in each group

display the RF estimated from the raw data (left) and the positions of the modeled Gaussian
representations (right). Left: The experimental RF was obtained by continuously scanning
the finger with a random pattern of raised dots, and then computing an RF map using reverse
correlation (see (82)). Dark regions are excitatory, white regions are inhibitory. Right: The
locations of the excitatory (solid ellipse) and fixed inhibitory components are unaffected by
scanning direction and the lagged inhibitory component (dotted ellipse) trails the center by a
fixed distance in each direction. Reproduced, with permission, from (81).
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Figure 8.
In contrast to their counterparts in primary somatosensory cortex, neurons in secondary

somatosensory cortex exhibit task- dependent modulation in their responses to identical
vibratory stimuli. (A) Spiking responses recorded from one neuron in APC and one in LPC
(adapted, with permission, from (152) and from (311), respectively). Each row shows the
response to a pair of stimuli: 10 or 26 Hz in the first stimulus period (1) and 18 Hz in the
second (£2). In APC, the response to 72 is independent of f1, while in LPC, the response to
12 is greater when 22 > 1. (B) LPC firing rates as a function of the frequency of vibration in
the tactile stimulus. During the first stimulation period (£1), rates decrease monotonically as
stimulus frequency increases. During the comparison period (£2), neurons respond
preferentially when 72 > f1 (shown here) or vice versa (black points show trials on which 72
> fl; green traces denote trials on which 2 < f1).
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Figure.

Temporal patterning in peripheral and cortical responses to sinusoidal vibrations applied to
the skin. (A) Typical response of peripheral afferents (two SAI in green, two RA in blue, and
two PC in orange) to sinusoidal vibrations (amplitude = 250 microns) of different
frequencies applied in the center of their RF. The responses of tactile fibers are strongly
phase-locked to the stimulus and highly repeatable. Data adapted, with permission, from
(252). (B) Responses of two typical APC neurons to sinusoidal vibrations. APC neurons
show various degrees of phase-locking and greater trial-to-trial variability. Within this low-
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frequency range, the frequency of the stimulus can be extracted from both the temporal
patterning of the response and the mean firing rate. Reproduced, with permission, from (152,
314).
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Figure 10.
Spatial processing in the somatosensory system. (A) Reconstructed response of tactile nerve

fibers to embossed letters scanned across the skin. As in the retina, the spatial configuration
of the stimulus is reflected in the spatial pattern of activation it evokes in SA1 and RA
populations. Reproduced, with permission, from (282). (A) Responses of a neuron in area 3b
to oriented edges indented into the skin (eight orientations, three indentation depths). This
neuron is strongly tuned for edge orientation, as are neurons in primary visual cortex.
Reproduced, with permission, from (11). (C) Responses of an LPC neuron to curvatures
indented into the skin. This neuron prefers intermediate curvatures with the convex end
pointing proximally. This type of feature selectivity is not observed in early stages of cortical
processing (e.g., in area 3b). Reproduced, with permission, from (391). (D) Responses of an
LPC neuron to bars indented into the skin. This neuron exhibits the similar preferred
orientation over large swaths of skin (position-invariant orientation tuning). Reproduced,
with permission, from (107).
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Motion coding in APC. (A) Direction tuning of a neuron in area 3b to bars scanned across
its receptive field. Adapted, with permission, from (276). (B) The geometry of the aperture
problem. The orange arrows show the actual motion of the bar; the blue arrow shows the
motion of the bar as observed through the circular aperture (dashed circle). When an edge is
observed through a circular aperture, the only available information about its direction of
motion is along the axis perpendicular to its orientation. In other words, no time-varying
information is conveyed along the parallel axis. In the example, a bar oriented at 450 and
moving upward at speed s seems to be moving up and to the right with speed s = sin(450).
Neurons in early stages of processing (APC or V1) experience the portion of a stimulus that
impinges upon their small RFs, so through the equivalent of an aperture. (A) Response of a
neuron in area 1 that responds to the motion of the component gratings but not to the global
motion of the plaid. This neuron will respond if either of the component gratings is moving
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in its preferred direction. (D) Response of a neuron in area 1 that responds to the global

motion of the plaid. This neuron’s response reflects the integration of local motion cues,
each subject to the aperture problem, except those emanating from intersections, which

convey unambiguous information about motion direction. Reproduced, with permission,
from (277).
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Figure 12.
Neuron in area 2 that exhibits both tactile and proprioceptive responses (courtesy of Sung

Soo Kim, see (206)). This neuron’s activity is modulated when the hand is placed in
different configurations using a motorized apparatus (left panel). However, responses are
further modulated by cutaneous stimulation, consisting of edges indented into the skin (right
panel). The neuron’s response is a complex function of hand conformation and cutaneous
input.
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