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While small shapes can be perceived with informa-
tion solely from tactile receptors, discriminations of
larger objects involve an active process with multiple
contacts on the skin and an integration of cutancous
and proprioceptive information. This chapter out-
lines the organization of the parts of the somatoscn-
sory system in humans thought to be important in
discriminations of shapes and textures. Thus, this re-
view concentrates on pathways and centers for the
processing of information from both low-threshold
mechanoreceptors in the skin and deep receptors in
muscles and joints, since these receptors are critical
for object identification and discrimination. Conclu-
sions are largely supported by evidence from studies
on humans, but comparisons are often made with
monkeys, where considerable progress in under-
standing the basic organization of the somatosensory
system has occurred (see Kaas and Pons, 1988, for
a review.}) The important subsystemns dealing with
afferents coding pain and temperature have been
reviewed elsewhere (e.p , Willis, 1985; Perl, 1984;
Darian-Smith, 1984b).

The basic parts of the somatosensory system of
humans are outlined in Figure 24.1. Peripheral neu-
rons related to receptors in the skin, muscles, and
joints send axons into the spinal cord and brain stem
10 synapse on second-order neurons in the spinal cord
or dorsal column-trigeminal nuclear complex. These
second-order neurons send axons to the thalamus
largely over the spinothalamic and medial lemniscai
pathways, The somatosensory thalamus has been di-
vided in various ways by different investigators. Us-
ing recently proposed subdivisions for monkeys (see
Kaas and Pons, 1988) the major cutaneous inputs
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Figare 24.1.  Anoverview of the human ascending pathways from
receptors 10 cortex that are important for identifving objects by
wuch. Type slowly (SA-T) und rupdiy (RA 1) adupling cutancous
afferents, as well as afferents related to muscle spindles (MS),
tendons. and joints (J), relay in the spinal cord or in the dorsal
wolumn-trigeminal complex in the meduila [including the cuneate
nucleus (CUN). the gracitus nudleus {Grac). the spinal trigeminal
nucleus (Trig). and the external cuneate nucleus (EXT CUN)J}.
Projections related to cutaneous receptors terminate in the ventro-
posterior thalamic nucleus (VP). which in tuen projects largely o
areas "h and 1 of anterior parietal cortex. Ascending projections
svlated to muscle spindles and other deep receptors. some of which
arie n the external cuneate nucleys. terminate in a dorsal capping
nucleus of the ventroposterior complex (hat has been termed the
sentroposierion superior nucleus (VPS). V'PS projects to areas 3a
and 2 in monkeys and. presumably, in huntisos. Afferents activar-
ing the ventropesterior infertor nucleus (VPIY are uncertain but
some evidence suggests the VPI receives inputs reluved from Pa-
cirian receptors (PC. Recent studies in monkevs show that the
major thalamic projection to the second somatosensory area. S-11
m the latcral suleus. is from VPI rather than VP. The anterior
pulvinar (Pa) and latcral posterior complex (LP) are largely with-
out sensory inputs, but they arc interconnected with posterior par-
1e1al (01 poOSterion somatosensory) cortex. Traditionally. posterior
parietal cortex s subdivided into “arcas” 5 and 7: however, the
subdivisions of posterior parietal cortex which are related to so-
matosensation are not well understood. Lateral and insular so-
matosensory cortex includes S-I1. the granular insular area. ig.
and the retroinsular area, RI. MS. Muscle spindle: RA. rapidly
adapting fibers: SA. slowly adapting fibers: VPL ventroposterior
lateral nucleus: VPM, ventroposterior medial nucleus.
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terminate in the ventroposterior nucleus (VP), A
dorsal capping region we term the ventroposterior
superior ruckeus (VPS) is activated by inputs from
muscle spindles and probably other deep receptors.
Ventrally, the ventroposterior inferior nucleus (VPD)
is possibly activated by Pacinian receptor inputs (see
Dykes, 1983). The anterior pulvinar (Pa), the medial
pulvinar, and lateral posterior complex (LP) appar-
ently do not receive ascending somatosensory inputs,
but these nuclei are related to the somatosensory sys-
tem by being interconnected with somatosensory re-
gions of parictal cortex. Rescarch on monkeys indi-
cates that anterior parictal cortex consists of four
parallel representations of the body. and data from
humans are largely consistent with this interpreta-
tion. Areas 3b and 1 represent cutancous inputs,
while arcas 3a and 2 intearate cutancous and deep
receptorinputs. Thatamic projections to areas 3b and
Iare largely from VP while VPS provides driving
inputs for areas 3a and 2. Posterior parictal cortex is
a higher-order region related 1o both SOMAOSCNSOry
and visual functions. Functional subdivisions are ob-
viously present, but the organization of the region is
poorly understood, even in monkeys. Insular and
other cortex of the lateral (Sylvian) fissure contain
subdivisions of somatosensory cortex including the
sccond area, S-II, which has inputs from VPI and
from anterior parietal cortex (Pons er al.. 1987). S-Ii
projects to adjacent arcas as part of a taterally di-
rected processing sequence related to object identifi-
catton and memory (Mishkin, 1979).

I. Receptor Types and Afferent Pathways

Several general classes of afferent fibers send infor-
mationt to the central pervous system {see Dykes,
1983, for a review):

I. Four main types of afferents relate to low-
threshold cutaneous mechanoreceptors in the skin.
The afferent classes include two tvpes of slowly
adapting afferents and two types of rapidly adapting
afferents. Alf of these tvpes have been extensively
studied physiologically in monkeys and retated 10 re-
ceptor types. More recently. the response properties
of these afferents have been characterized during re-
cordings in humans and sensations have been evoked
by electrical stimulation. These afferents are impor-
tant in tactile discrimination. and they are described
more fully befow.
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2. Muscle spindle receptors, perhaps aided by
other Jdeep receptors in joints and tendons, play a
significant role in the position sense of hmbs and fin-
gers. This sense is critical in the ability to recognize
the form of objects.

3. Afferents that are thin and slowly conducting
relate to the sensations of cold, warm, pain. and
crude touch. Other afferents may be related to the
sensations of itch and tickle.

In humans, the hand is the most important tactile
organ for object identification (Darian-Simth,
1984a). Receptors in the hand must convey informa-
tion about texture and shape. This is done primarily
from the fingerpads during active exploration, so that
finger positions and temporal scquences are impor-
tant. The glabrous skin of the hand has the highest
innervation density and tactile acuity of any body sur-
face (Darian-Smith. 1984a). Hairy skin is less impor-
tant in object identification, and hairy skin is less
sensitive to touch and vibration {Hamalainen anc Jar-
vilechto, 1981). However, the hairs themselves provide
an increased sensitivity to air movement and other
stimuii that displace hairs (Hamalainen et af., 1985).

A. Low-Threshold Mechanoreceptor Afferents
from the Hand

Four types of low-threshold mechanoreceptors are
found in the skin of primates and other mammals,

ranp in th - adsptation column indicates skin indentation. From
Kaas and Pons (1988).

and afferents from these four types in the human
have heen studied electrophysiologically (Jarvilehto
et al., 1981; Johansson, 1976; 1978; Johansson and
Vallbo, 1983; Johansson et al., 1982a,b; Torebjork er
al., 1984; Vallbo, 1981; Vailbo et al., 1984; Westling
and Johansson, 1987). The major conclusions are
surnmarized in Figure 24.2.

The SA-I Affercrt In the superficial skin, the type |
class of slowly adapting afferents. SA-I, apparently
terminate at receptor sites termed Merkel disks (see
Darian-Smith, 1984a). Each receptor site actually in-
cludes a specialized Merkel cell that is distinct from
adjacent skin cells and a number of disklike nerve
terminals originating from a myelinated (7-12 pm
diameter) afferent fiber. SA-I receptors are densely
distributed at the distal glabrous phalange of the hu-
man hand. and they constitute about one-fourth of
the 17,000 ractile upits of the hand {(Johansson and
Vallbo, 1979). Microelectrode recordings indicate
that the SA-I afferents respond throughout the pe-
riod of a skin indentation, even when the indentation
is sustained for many seconds. Depending on the rate
of the indentation, a large transient indentation re-
sponse also occurs. The SA-I fibers have small, cit-
cumscribed receptive fields, and seem especially re-
sponsive when the edge of an object indents skin
within the receptive ficld. When stimulated by a train
of electrical pulses, a single SA-I afferent signals the
sensation of light, uniform pressure at a skin location
corresponding to the receptive field. Single impulses
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are not felt, and increases in stimulation frequency
result in feelings of increased pressure. Thus, SA-I
afferents are thought to be very important in mediat-
ing sensations of static pressure and providing infor-
mation about the locations of edges and textures of
held objects. SA-I afferents best preserve informa-
tion about moving Braille-like dot patterns on the
skin (Johnson and Lamb, 1981). After correlating
human discrimination of skin indentation with the
response profiles of skin afferents in monkeys, Srini-
vasan and LaMotte (1987) concluded that static dis-
criminations of shape are based primarily on the spa-
tial configuration of the active and the inactive SA
afferents. [n addition, under static conditions, the SA
afferents provide most of the intensity information.

The SA-IT Afferent A sccond class of slowly adapt-
ing afferents, SA-I, terminate in encapsulated end-
mgs called Ruffini corpuscles (see Darian-Smith,
19844; Miller er al., 1958), which are located some-
whit deeper in the skin than the Merkel disks sub-
scrving SA-1 afferents. Ruffini or Ruffini-like re-
ceptors are also found in deep tissues, including
ligaments and tendons. Each Ruffini corpuscle con-
tains an elongated (500-1000 pm x 200 pm) capsule
of four to five layers of lamellar cells covered with a
membrane, and a core of nerve fiber branches and
longitudinally aligned collagen fibrils. Movement of
the skin results in stretching of the corpuscle because
the corpuscle is attached to surrounding tissue. Such
stretching results in deformation and activation of the
inncrvating axon. Each Ruffini corpuscle is inner-
vated by one A-beta myelinated fiber, which may also
innervate several other adjacent corpuscles. In the
human hand, the SA-II class of afferents constitutes
about one-fifth of the tactile units (Johansson and
Vallbo, 1979). SA-II fibers have large, poorly defined
receptive fields (Figure 24.3), often located near the
nail bed or near skin folds on the digits or palm.
These afferents are extremely sensitive to skin
stretch, and often they are sensitive to direction of
skin stretch. Normal movements of digits and limbs
are very effective in activating these neurons. Elec-
trical stimulation of single SA-II afferents is appar-
ently not felt, so uncertainty remains about the role
of SA-II afferents in tactile perceptions. However,
there is psychophysical evidence that SA-1{ channels
participate in the sense of touch (Bolanowski er af..
1987). In addition, inputs from these skin stretch re-
ceptors may combine with sensory inputs from mus-
cles and joints to provide limb and digit position and
movement signats {e.g., McCloskey, 1978). Some cu-
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Figure 4.3, Changesin the sensitivity to tactite stimuli with dis-
tance across the receptive field for four classes of afferents from
the glabrous skin of the human hand. Threshold levels on the
vertical scale are arbitrary and do not indicate different thresholds,
The rapidly adapting RA-I and the slowly adapting SA-I afferents
have small receptive fields with sharp boundaries, while Pacinian
(PC) or rapidly adapting RA-I[ and slowly adapting SA-II affer-
ents have large receptive fields with poorly defined boundaries and
a gradual change in sensitivity across the skin. Based on Johansson
(1978).

tancous mechanoreceptors do appear to contribute
10 a movement sense, but not to an awareness of the
static-position of a joint (see Clark eral.. 1986). Also,
SA-II units are sensitive to skin shearing, and thus
they might provide information atnut tne weight of
objects (McCloskey, 1974). Finally, SA-I1 units seem
well suited for a role in motor control (Westling and
Johansson. 1987).

The RA-I Afferent The predominant receptor affer-
entof the digit skin is the rapidly adapting RA-L, type
I, iber (Darian-Smith, 1984a). Nearly half of the tac-
tile afferents from the hand are of the RA- type
(Johansson and Vallbo, 1983). RA-1 afferents inner-
vate Metssner corpuscles, which are located in dermal
papillae protruding into the epidermis. Meissner cor-
puscles are particularly dense in the glabrous skin of
the distal phalanges; they arc less common on the
palm and are rare in hairy skin, being replaced by
RA afferents related to hair shafts. The corpuscles
consist of a core of nerve terminal disks and lamellae
of Schwann cells surrounded by connective tissue ex-
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tensions of the endoneural sheath. Muissner corpus-
cles are elongated (100 x 50 wm) perpendicular to
the skin, and the outer collagen fibers of the corpus-
cles are linked with fibrils of adjacent epidermal cells
which allow skin deformations to stretch the corpus-
cle. Most corpuscles are innervated by two to six mye-
linated axons, and each axon innervates a tight group,
providing a small receptive field of almost uniform
sensitivity and sharp boundaries (Figure 24.3). RA-[
afferents respond only to changes in skin indentation,
and not to steady indentation (e.g., Srinivasan and
LaMotte, 1587). Thus, RA-I afferents are capable of
providing shape and intensity information during ac-
tive touch (see LaMotte and Srinivasan, 1987). Single
electrical impulses on RA-I afferents from the human
hand often resuit in the detectable sensation of a light
tap at a location corresponding to the receptive field.
Low-frequency stimulation produces a sen<ation of a
series of taps; at higher frequencies the taps merge
into a fluttering sensation. No increase in the magni-
tude of the sensation follows increases in stimulation
rate. These observations suggest that RA-1 units are
especially important in discriminations of textures
maoved across the skin, and of course in the sensation
of flutter.

The RA-II Afferent The PC (Pacinian} or rapidly
adapting RA-II afferents terminate in Pacinian cor-
puscles. These corpuscles are much less common than
other cutaneous receptor endings in the hand (10~
15%}), and they are found in other tissues (see Dar-
ian-Smith, 1984a; Johansson and Vallbo, 1979). Only
about 200 corpuscles may be found in the human
finger, v* ‘re they are distributed within deeper skin,
subcutaneous fat, and tendonous attachments of the
ventral but not the dorsal finger. The PC corpuscles
are large (0.3-1.5 x 0.2-0.7 mm) ovoids consisting
of a central nerve fiber surrounded by an inner core
of 60 or so layers of concentrically wrapped lamellar
cells, a space filled with fluid, and an outer capsule of
up to 30 less densely packed lamellae. The corpuscle
acts as a mechanical filter, relaying high-frequency
and attenuating low-frequency components of skin
compression to the axon terminal. PC afferents are
extremely sensitive to transient indentations of the
skin over large areas such as a complete digit and part
of the palm. Thus, information is transmitted in the
tissue to the region of the receptor. Sensitivity grad-
ually decreases with distance from the receptor, and
receptive field boundaries are not sharp (Figure
24.3). PC units typically can be activated by gently
blowing on the skin, and they respond to vibrations
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produced by tapping the table surface on which a skin
surfuce rests. PC afferents, ike RA-I fibers, respond
to the indentation and release of the skin produced
by a probe {Figure 24.2), but fail to respond during
steady indentation. The responses of Pacinian affer-
ents follow the cycle of a sinusoidal vibratory stimu-
lus. However, unlike RA-I afferents which respond
with lowest thresholds in the 30-40 Hz range, PC
afferents have lowest thresholds in the 250-350 Hz
range. Thus, PC afferents appear to be the only af-
ferents capable of subserving the sensation of high-
frequency vibration. Flectrical stimulation of PC af-
ferents in the human hand are not felt at low stimu-
lation rates, but a sensation of vibration or tickle oc-
curs at high stimulation races. Often, the seusation is
restricted to a part of the large, diffuse receptive
field. PC afferents poorly resotve moving texture pat-
terns {Johnson and Lamb, 1981), and they are appar-
ently unimportant in object indentification. Their
major role, therefore, seems to be in detecting and
roughly locating sudden skin deformations produced
by ground and air vibrations, and by skin contacts.

B. Cutaneous Receptors of the Hairy Skin

As in the glabrous skin, the hairy skin has SA-I, SA-
II, RA-I, and PC afferents, and Merkel cell recep-
tors, Pacinian corpuscles, and Ruffini endings are
found; however, modifications in the receptor mech-
anisms exist. First, Merkel cell disks of the SA-I re-
ceptor are often aggregated in small (3.25-0.5 mm)
diameter touch domes that are slightly elevated from
surrounding skin and can be visualized with a dissect-
ing microscope. Thc Merkel touch spot or haur-
scheibe is innervated by a single, large (7-12 pm)
myelinated fiber that branct.es 1o terminate in a num-
ber of disks associated with Merkel cells, Isolated
Merkel cells are rare. Second, some RA-I and SA-I
afferents relate to the shafts of hairs. The SA-I affer-
ents seem to be activated Ly Merkel-type endings
around hair follicles, and the RA-I afferents may
be the equivalent of Meissner-type endings in gla-
brous skin.

C. Deep Receptors

As noted above, SA-1I type afferents associated with
Ruffini-like endings are not only found in the skin,
where they signal stretch, but they are also found in
deep tissues where they also signal stretch. The re-
ceptors are Ruffini corpuscles and Golgi tendon or-
gans. SA-II afferents provide information about joint
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extension and tissue compression, but it is not clear
that SA-il afferents have any role in the conscious
awareness of joint position {Burgess eral., 1982). Part
of the evidence against such a role is that joint posi-
tion sense survives joint removal and replacement
(Cross and McCloskey, 1973).

Other important deep receptors are the muscle
spindle receptors, which were once thought to partic-
ipate only in reflexes via spin~| cord pathways, and
motor contro! via a relay to the cerebellum. Muscle
spindle afferents are now known to also relay to the
cortex (Figure 24.1), and to contribute to a scose of
posture and movement (Burgess eral., 1982; Clark er
al., 1986; Goodwin et al., 1971; McClaskey, 1978).
For static limb position, Clark er al. (1986), for ex-
ampte, argue that the nervoas system computes joint
angles and thus limb position from muscle spindle
information about the lengths of muscles that set the
positions of joints,

D. Other Peripheral Nerve Afferents

Other afferents in the skin and deeper tissues relate
to the sensations of temperature, pain, itch, and
crude touch (see Dykes, 1983). In primates, including
humans, specific low-threshold thermoreceptive fi-
bers are found that are excited by either warming or
cooling the receptive field in the skin while being
unresponsive to tactile stimulation (see Darian-
Smith, 1984b, and Sumino and Dubner, 1981, for a
review). Other thermoreceptive units are polymodal
or require heat in the painful range. Slowly adapting
skin afferents (SA-I, SA-1I) are also sensitive to tem-
perature changes, but are not thought to play a role
In temperature sensation.

Pain is signaled by several afferent classes {see
Perl, 1984; Willis, 1985). There are two types of no-
ciceptors: A-delta and C polymodal nociceptors.
Pricking pain appears to be mediated by A-delta no-
ciceptors and burning pain by C polyvinodal nocicep-
tors. Mechanical nociceptors (A-delta) in the skin re-
spond to pressure in the noxivus uand sometimes
tactile range, with increased rates of action potentials
with increased intensities of simulation. These noci-
ceptors can be sensitized to noxious heat. Receptive
ficlds are restricted 10 a number of sensitive spots
within a small skin area. A single myelinated axon
from each nociceptor loses its myelin sheath as it
branches to enter these sensitive locations (spots) in
the epidermis. The thin, unmyelinated C polymodal
nociceptors respond to noxious mechanical, thermal,
and chemical stimuli. Receptive ficlds are generally
either one or two small spots or a larger region of
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more uniform sensitivity. Many of these receptors
respond to nondamaging stimuli and increase in dis-
charge rate with increases in stimulus intensity. Bra-
dykinin, histamine, acetylcholine, acids, and potas-
sium all activate C polymodal nociceptors.

F. Afferenf Pathwavs

Afferents course from skin receptor and deep recep-
tor locations to combine 1n nerve fascicles that join
other fascicles 1o form the peripheral nerves. The
peripheral nerves branch and segregate into dorsal
sensory roots and ventral motor-sensory roots. The
afferents that coter the dorsal roots terminate on neu-
rons in the dorsal horr of the spinal cord, or ascend
to terminale on neurons ia the dorsal column nuclear
complex at the junction of the medulla and spinal
cord (Figure 24.1).

A number of investigators have attempted to de-
termine the skin regions subserved by the ncrves in
each spinal root in humans and other mammals (sce
Dykes and Teras, 1981, for a review;. Dissections
have been used to reveal the gross patterns of these
dermatomal distributions, but more accurate meth-
ods include using the zone of remaining sensibility
after section of dorsal roots above and below the one
studied, electrical recording or stimulation, interrup-
tions of function produced by ruptured disks. and
data from harpes zoster eruptions. For humans. the
extensive dermatomal maps are those of Head
(1920}, based on skin regions affected by herpes zos-
ter; Foerster (1933). from clinical cases where spinal
roots were sectioned for the relief of pain; and Kee-
gan (1943), from cases of local sensory loss subse-
quent to ruptures of intervertebral disks. Dykes and
Terzis (1981) point out that these three maps of der-
matomes differ considerably. and they suggest that
none is accurate. However, the maps in humans, to-
gether with the results from other primates, allow
several conclustons: (1) The ficld of each root is con-
tinous. and tends to form a strip perpendicular to
the spinal cord. {2 Adjacent dorsal root distributions
overlap extensively. (3) There is little overlap at the
ventral and dorsal body midlines. (4) There is consid-
erable variability across individuals.

Within dorsal roots. studies in monkeys indicate
that there is some crude organization of afferent fi-
bers according to skin location, with distal receptive
fields located caudal in the dorsal root. while fibers
with proximal receptive fields tend to be rostral (Wet-
ner and Whitsel, 1967). These studies also indicate
that ascending branches of axons entering the spinal
cord in the dorsal columns (Figure 24.1) tend to pre-
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serve their order of entry ~o that asens from lower
spinal roots are medial to those from upper spinal
roots {Whitsel er al., 1972). In monkeys, inputs from
muscle spindles branch and join the cuneate fascicu-
tus for the upper limb, but terminate in the spinal
cord for the lower himb.

Some afferent fibers with cell bodies in the dorsal
root ganglion turn and enter the ventral root and
spinal cord, while other afferents enter the ventral
root and then turn and retrace a path back to the
dorsal root, as if correcting an error {(sce Willis,
1985, for areview). These sensory fibers in the ventral
root are largely unmyelinated axons and many are
nociceptors.

F. Terminations in the Spinal Cord and Dorsal
Column Nuclei

Figure 24.4 depicts sensory terminations in the spinal
cord and relays to the medulta-spinal cord junction.
Termination patterns of peripheral alferents have
been investigated in monkeys and other mammals,
and some rather consistent features can be ussumed
to apply to humans. Threc general conclusions seem
justified. First, the axons of specific types of afferents
have characteristic termination patterns in the spinal
cord. Second, afferents from different skin regions
terminate separately in the spinal cord to form a so-
matotopic map. Third, afferents ascending to the
dorsal column nuclei terminate somatotopically.

The termination patterns of individuai axons that
have been physiologically identified and labeled with
horseradish peroxidase are known only for cats (see
Brown, 1981). All the four types of cutaneous affer-
ents bifurcate as they enter the cord to send rostral
and caudal branches that further branch to form a
sagittally arranged series of terminal arbors. Individ-
ual R.-I collaterals form a separate arbor of about
500 pm in the sagittal plane and 50-300 wm in the
transverse plane in fayers 11T and 1V. Collaterals of
PC or RA-II axons terminate in several sagittally
clongated arbors (400-750 wm) that ¢xtend vertically
from layers 11T and IV to layers V and V1. SA-I axon
collaterals give rise to spherical arbors (250-700 pm)
that distribute in layers U, 111, IV, and the dorsal
margin of V. SA-II axon collaterals terminate over
layers HE 1V, V, and part of VI in rostrocaudally thin
sheets (100-300 pm). While all types differ in the
details of distribution, the results indicate that inputs
from single receptive fields on the skin relate to ros-
trocaudal rows of cells in the dorsal horn.

For a comprehensive description of Rexed’s lami-
nae in the human, see Schoenen and Faull (Chapter 2).
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Pain &
Temperature

Figure 24.4. Secnsory terminations in the spinal cord and refays
1o the medulla-spinal cord junction. Most large-diamcter fibers
related to muscle spindle (MS) and slowly adapting (SA-I and SA-
1) and rapidly adapting (RA-I and RA-II) rcceptors enter the
cord and send an ascending branch (A and B) to the ipsilateral
dorsal column nuclei and another branch to terminate in the region
of layer IV of Rexed of the dorsal horn. Second-order neurons
then relay ipsifaterally (C) to the dorsat column nuclci or contra-
laterally {D) to form the spinothatamic tract. Neurons in the dorsal
column nuclei re'uy contralaterally to form the medial lemniscus
(E}. Small-diumeter axons related to pain and temperature termi-
nate largely in laver | of Rexed. and second-order ncurons project
tn vanous ascending ipsilateral and contralateral pathways. G,
Gracile nucleus; Tri, spinal trigeminal pucieus. Redrawn and mod-
ified from Darian-Smith (1984a).

Figures 2.8-2.14 dcpict dendritic morphology of
various laminae. Schoenen and Faull also describe
the chemoarchitecture of the spinal cord (Chapter 3).

How axons from specific skin regions terminate in
the spinal cord is known for a range of mammals.
including monkeys. Similarities across species sug-
gest that the termination pattern in humans is similar.
Figure 24.5 shows that the terminations from the skin
of the digits of the hand are arranged in a rostrocau-
dal row in the medial dorsal horn of the cervical
spinal cord of macaque monkeys (see Florence et al.
1988, 1989). More proximal parts of the limb are rep-
resented more laterally in the dorsal horn, and inputs
from the foot demonstrate a similarly orderly ar-
rangement. Schoenen and Faull report a reduction of
substance P immunoreactivity in the ipsilateral dorsal
horn following limb amputations in humans. Sub-
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Figure 24.5. The terminations of inputs from the digits of the
hand in the dorsal horn of the cervical spinal cord of macaque
monkeys. (A} A dorsolateral view of part of the cervical spinal
cord and cervical dorsal roots 5-8 shows the plane of the spinal
cord section shown in B. The inputs from the skin of digits 1-5, as

stance P depletion was most pronounced in layers |
and I1, especially in the medial part of these layers.
The mediolateral extent of substance P deletion was
proportional to the deafferented territory. It was
greatest in the case of below hip amputation (Figure
1.10) and restricted to a narrow medial part of the
dorsal horn in the case of a thumb amputation. As
for the single axons, groups of axons from a limited
skin region terminate in rostroc.udally elongated
zones. Thus, body parts are represented in rostrocau-
dal slabs of cells. While different classes of afferents
activate different groups of spinal cord cells, the sin-
glc zones of label for each digit indicate that the dor-
sal horn cells activated from a given skin region are
grouped together. For further details on sensory
nerve terminations in the spinal cord see Schoenen
and Grant (Chapter 4).

demanstrated, in this case, by the transganglionic transport of hor-
seradish peroxidase for digits D1. D3, and D5. are in a rostrocau-
dal somatotopic pattern in the medial dorsal horn. A similar pat-
tern probably exists i+ the dorsal horn of humans. Based on
Florence er al. (1988).

G. Ascending Spinai Cord Pathways

Traditionally, the ascending somatosensory pathways
from the spina! cord include the dorsal column path-
way and a ventrolateral pathway. The dorsal column
pathway comp:ises the axons of first-order dorsai
foot ganglion neurons coursing ipsilaterally to the
dorsal column nuclei. The ventrolateral pathway (see
below) originates from second-order neurons of the
dorsal horn, crosses to the opposite ventrolateral
white matter of the spinal cord, and ascends to brain
targets, including the ventroposterior nucleus of the
thalamus. The ipsilateral dorsal column system was
thought to deal with epicritic functions such as posi-
tion sense and light touch, while the crossed spino-
thalamic system was thought to mediate protopathic
sensibilities of crude touch, pain, and temperature.




24, Somatosensory System

Recent research has complicated this story by indi-
cating that (1) second-order neurons also contribute
10 the ipsilateral dorsal columns; (2) additional ipsi-
lateral pathways from second-order neurons exist,
including a phylogenetically reduced spinocervical
system; (3) pathways from the upper and lower limbs
differ; (4) crossed spinothalamic pathways vary in
location; and (5) descending axons are mixed with
ascending axons. Of course, these rcfinements are
based on anatomical studies in nonhuman primates
and other mammals, but findings are general enough
that they are likely to apply to humans.

The Dorsal (Posterior) Column System The ex-
tremely large dorsal column afferent pathway in hu-
mans occupies over a third of the spinal cord at high
cervical levels (Wall, 1970). The two major divisions
are the more medial gracile tract subserving the
trunk and lower limb and the cuncate tract for the
upper limb and associated trunk and neck. Inputs
from the face and head via the trigeminal system
descend in an analogous tract in the brainstem. The
axons in the dursal columns are largely myelinated
dorsal root fibers that branch to ascend to the dorsal
column nuclei, send descending collaterals for several
segments in the dorsal columns, and emit a number
of local collaterals to terminate on ncurons in the
dorsal horn. Other axons originate from spinal cord
neurons and ascend over several segments to termi-
nate in the spinal cord on local circuit reurons or on
neurons that project to the brainstem. Some of these
sensory neurons project via the dorsal columns to the
dorsal column nuclei. Thus, both first- and higher-
order axons are found in the dorsal co'umn pathway.
A few descending fibers may also travel in the dorsal
columns. Entering fibers from each dorsal root form
a narrow layer at the lateral margin of fibers from
lower levels, but some mixing of levels occurs as the
axons ascend.

Most - -~ what is known about the types of infor-
mation conveyed by the dorsal columns comes from
microelectrode recordings in monkeys (Whitsel ez
al., 1969}, although limited recordings in humans re-
vealed nerve fibers activated by pressure and himb
movement (Puletti and Blomquist, 1967). The gracile
and cuneate tracts differ at high spinal cord levels in
the classes of axons they contain. The gracile tract at
lower levels contains a mixture of cutaneous affer-
ents, largely rapidly adapting afferents {probably
RA-I), and muscle afferents that leave to terminate
in Clarke’s nucleus, which projects in turn to the cer-
ebelium and other structures via the dorsal spinocer-
ebellar tract. Clarke’s nucleus is described by Schoe-
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nen and Faull (Chapter 2, Figures 2.5-2.6). The
remaining axons that travel to nucleus gracilis are
almost completely RA cutancous afferents. The cu-
neate tract contains a mixture of RA cutancous and
muscle afferents, bt the cutaneous inputs terminate
in the cuncate nucleus and the muscle afferents
separate to innervate the external cuneate nucleus.
Thus, lesions of the dorsal columns deactivate RA
neurons, regardless of level, but muscle afferents
from the lower body terminate on neurons that relay
outside of the gracile tract. Presumably, the dorsal
columns of monkeys and humans contain SA-I, SA-
II, and PC afferents, as in other mammals (see Willis
and Coggeshall, 1978), but evidence is presently lack-
ing. Lesions of the dorsal columns in humans have
little effect on many simple tactile abilities, but major
defects occur int the abilities to detect the speed and
direction of moving stimuli and to identify figures
2rawn on the skin (Nathan et al., 1986; see Mount-
castle, 1984, and Wull and Noordenhos, 1977, for
reviews). These changes obviously can be attributed
to the loss of inputs from RA cutaneous affer-
ents. Other defects in the control of forelimb move-
ments {Beck, 1976) may relate to disruption of muscle
afferents.

Second-Order Axons of the Dorsolateral Spinal Cord
(The Spinomedullothalamic System) In monkeys,
all of the muscle afferents for the lower body appar-
ently leave the gracile column and synapse on neu-
rons that send axons in the dorselateral (posterola-
teral) spinal cord to the dorsal column nuclear
complex {Whitsel et af., 1972). In humans, lesions of
both the dorsal columns and the dorsolateral spinal
cord result in severe defects in proprioception, but it
is not certain that all proprioceptive axons from the
lower limbs are in the dorsolateral pathway rather
than the dorsal column pathway (Nathan er al.,
1986).

Many or all mammals have other inputs to the
dorsolateral pathway, including a spinocervical path-
way from second-order neurons in the dorsal horn
that project ipsilaterally to the iateral cervical nu-
cleus. A comparatively reduced lateral cervical nu-
cleus has been described for humans (Truex er al.,
1970), but the types of inputs activating this nucleus
are known only from studies on other mammals, es-
pecially cats (see Mountcastle, 1984, and Willis and
Coggeshall, 1978, for reviews)., Neurons projecting
into the spinocervical tract have receptive fields on
both the hairy and glabrous skin in monkeys (Bryan
et al., 1974). Peripheral inputs activating these neu-
rons are cutaneous rapidly adapting afferents, and
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there is an apparent lack of slowly adapling cuta-
neous and deep receptor influcnces.

The Spinothalamic Puthway  Muny second-order so-
matosensory neurons have axons that cross in the
spinal cord to ascend in the ventrolaterai «hite mat-
ter. Many axons in this pathway terminate before
reaching the thalamus, but others branch to reach
several thalamic nuclei. In monkeys, spinothalamic
tract neurons have been found to respond to tactile
sttmuli and movement of hairs, stimulj ranging from
tactile to noxious (wide dynamic range neurons), nox-
ious stimuli, and temperature (sce Willis and Cogge-
shall, 1978). In humans, some capacity for mechano-
receptive sensibility remains after large lesions of
other ascending pathways, but electrical stimulation
of the ventral quadrants of the spinal cord has pro-
duced sensation of only pain and temperature (Sweet
etal,, 1950; Tasker eral.. 1976).

Il. Relay Nuclei of the Medulla and
Spinal Cord

Several groups of neurons in the spinal cord and me-
dulia are important in retaying information to higher
brain centers. These include the dorsal columa nu-
clear complex. the dorsal nucleus of the spinal cord
{Clarke’s column), and the lateral cervical nucleus,
The trigeminal nuclear complex adds analogous path-
ways for information from the head.

A. Dorsal Column—Trigeminal Nuclear Complex

The dorsal column-trigeminal nuclear complex con-
sists of groups of cells in the lower brain stem and
upper spinal cord that receive inputs from ipsilateral
low-threshold mechanoreceptors and project to the
veatroposterior complex of the thalamus (Figure
24.1). The part of the system originating in dorsal
root zanglia and coursing in the dorsal columns ter-
minates in the gracile nucleus for the lower body, and
the cuneate nucleus for the upper body. The trigem-
inal complex receives inputs from cutineous me-
chanoreceptors in the face and head. The gracile,
cuneate, and trigeminal “nuclei” form a somatotopic
map from hindlimb to hecad in a mediolateral se-
quence in the lower medulla,

The gracile and cuneate nuclei (see Olszewski and
Baxter, 1954) are elongated in the rostrocaudal di-
mension (Figure 24.5). The overall appearance of the
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nucler in humans is quite similar 1o that observed in
macaque monkeys (Florence er af., 1988, 1989). In
both. the middle regions contain discrete ciusters of
ncurons outlined by bands of myelinated fibers.
Stains for the mitochondriai enzyme cytochrome ox-
idase (CO) show that the ccll clusters have more of
the enzyme and, presumably, higher metabolic activ-
ity than the surrounding fiber regions. The details of
the parceilation patiern of the nucleus in humans and
monkeys are quite comparable, suggesting the signif-
icance of the parcellation is the same. In monkeys,
specific celt clusters in the centrat cuneate nucleus
correspond to inouts from specific digits of the hand.
Thus, the parcellation reflects the somatotopic orga-
nization of the nucleus. The rostral and caudal peles
of the cuneate nucleus have more convergent termi-
nations from afferents of the digits. Thus, the nucleus
appears to segregate inputs into a discrete somato-
topic map in the central part of the nucleus and into
less precise maps in the rostral and the caudal poles
of the nucleus in monkeys. and probably in humans,
judging from ihe close match in appearance. There is
evidence from studies in cats (Dykes et al.. 1982) that
RA-I and SA classes of cutaneous afferents activate
ncurons in the central zones of the dorsal column
nuclei, while SA, joint, and muscle afferents relate to
the rostral parts of these nuclei. Pacinian receptor
afferents are concentrated caudally.

The projection neurons of the dorsal column nu-
clei send axons into the contralateral medial lemnis-
cus, where they course to the ventroposterior com-
plex (Rasmussen and Pevion, 1948). In humans. as in
other mammals. some axons probably send collater-
als to the inferior olive, which. in turn, projects to
the cerebellum (see Schroeder and Jane, 1976). In
monkeys and other mammals, the dorsal column
nuclei. especially the rostral poles. receive inputs
from the contraluteral somatosensory cortex that
may modulate the relay of sensory information {(see
Cheema eral., 1985, fora review}.

The trigeminal complex includes the principal or
main sensory nucleus and the spinal trigeminal nu-
cleus. The principal nucicus is thought to be analo-
gous to the cuneate ard gracile nuclei. and the three
together form one or more systematic representa-
tions of cutaneous receptors of the body. The princi-
pal nucleus projects via the medial lemniscus to the
medial subnucleus of the contralateral ventroposter-
ior complex (VPM). The spinal trigeminal nucleus is
analogous to the dorsal horn of the spinal cord. Asin
the spinal cord, a marginal zone recejves pain and
temperature afferents and deeper neurons are acti-
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vited by cutancous and muscle receprors {c.g.. Price
el al.. 1976). Sceond-order neurons in the spinal tri-
geminal nucleus form a relay that joins the contralat-
eral spinothalamic tract to terminate in the ventro-
posterior nuclear complex and the more medial
thalamus (sce Burton and Craig, 1979). The dorsal
column-trigeminal nuclear complex is depicted in
the plates of Paxinos er af. (Chapter 7). These au-
thors, on the basis of acetylcholinesterase distribu-
tion and degeneration following therancutic cordo-
tomies, have changed boundaries of the complex
given by Olszewski and Baxter (1954).

8. Lateral Cervical Nucleus, Nuclei X and Z,
Exte:nal Cuneate Nucleus, and Clarke’s Column

Second- and third-order relay neurons are found in
several structures in addition to the dorsal column—
trigeminal complex and the dorsal horn of the spi-
nothalamic system.

Lateral Cervical Nucleus A long column of neurons
outside the gray matter proper that extends from C4
to the caudal part of the medulla composes the lateral
cervical nucleus. Rapidly adapting afferent fibers
serving hairs and other tactile afferents enter the dor-
sal horn to relay on neurons forming the spinocer-
vical tract in the dorsolateral white matter. These
second-order neurons terminate on neurons in the
psilateral fateral cervical nucleus (Figures 24.1 and
24.4). A subset of multimodal neurons with a conver-
geace of nociceptive afferent inputs has been re-
ported in the lateral cervical nucleus as well (see
Boivie. 1978, for a review). The lateral cervical nu-
cleus appears to rclay touch, pressure, and vibration
information, largely from the hairy skin, to the con-
trzlateral thalamus, inferior olive, and midbrain. In
humans, the lateral cervical nucleus may be a rudi-
mentary structure, since it is only well defined in
some individuals (Truex eral.. 1970). In such humans.
the nucleus contains up to 4000 ncurons, while nearly
double that number may exist in cats (Boivie. 1983}.

Nuclei X and Z Other second-order axons of the
dorsolateral fasciculus. possibly collaterals of spino-
cercbellar axons, terminate in two small medullary
nuclei, termed X and Z by Pompeiano and Brodal
{1957). Muscle spindle afferents for the hindlimb re-
lay via the dorsolateral funiculus to nucleus Z, lo-
cated just rostral to the gracile nucleus. Nucleus Z,
which has been identified in the human brain stem
(Sadjadpour and Brodal, 1968), projects to the con-
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tralateral thulimus. Tn monkeys, muscle sprndle re-
ceptor afferents related to the forelimb relay vver
neurons projecting within the dorsal columns
(Dreyer et al., 1974). This probably also occurs in
humans, since lesions of the dorsal columns impair
motor control for the upper limbs (Nathan er af.,
1986). A separate nucleus X, not clearly present in
humans, forms a second group of neurons receving
mostly second-order muscle spindle affercnts related
1o the lower limbs.

External Cuneate Nuclews  The muscle spindle affer-
ents of the upper limbs and body course in the cu-
ncate fasciculus to terminate in the external cuncate
nucleus. Like nucleus X, the external cuncate nucleus
relays to the contralateral ventroposterior complex of
the thalamus, and to the cerebellum.

Clarke’s Column A long column of cells called
Clarke’s column is located just dorsolateral to the
central canal tn the mediul part of the spinal cord of
T1-L4 leveis. Inputs are largely from muscle spin-
dles. Clarke’s column projects to nucleus 7 and, via
the dorsal spinocerebellar tract, to the cerebellum
(for reviews, see Mann, 1973, and Willis and Cog-
geshall. 1978).

HI. Somatosensory Regions of the Midbrain

Studies in noohkuman mammals implicate several
midbrain structures in somatosensory functians. but
evidence for similar roles in humans is presently lack-
ing. (1) Neurons in the external nucleus of the infe-
rior colliculus respond to somatosensory stimuli and
receive inputs from the dorsal column nuclei. The
pericentral nucleus may have spinal cord inputs as
well. Schroeder and Jane (1976) speculate that audi-
tory and somatosensory systems interrelate in these
structures in the detection of low-frequency vibra-
tory stimuli. (2) The deeper layers of the superior
colliculus contain neuron: activated by somatosen-
sory stimuli via inputs from the spinal trigeminal nu-
cleus, the spinat cord, the lateral cervical nucleus.
and the dorsal column nuclei (see Huerta and Hart-
ing, 1984, for a review). The somatosensory inputs
form a representation that is matched in some sense
with visual and auditory maps, and the presumed role
of the matched maps is to function together in direct-
ing eye and head movements toward objects (sounds,
touches, and images) of interest (sece Meredith and
Stein, 1985},
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IV. Somatosensory Thalamus

Various proposals have been made for how to subdi-
vide the human thalamus (sce Ohye, Chapter 17, for
a review), but the thalamic structures related to so-
matosensory abilities have not been identified with
complete certainty. In monkcys, where considerable
experimental evidence is available (see Kaas and
Pons, 1988), we subdivided the somatic thalamus into
a large ventroposterior nucleus (VP), a ventroposte-
rior superior nucleus (VPS), and a ventroposterior in-
ferior nucleus, (VPI) (Figure 24.1). The VP is the
principal relay of information from rapidly adapting
and slowly adapting cutaneous receptors to anterior
parietal cortex, the VPS relays information from
deep receptors in muscles and joints, while the signif-
icance of the VPI is Jess certain. In addition, nuclei
of the posterior complex (Po) appear to have soma-
tosensory functions. Other nuclei, notably the medial
and anterior divisions of the pulvinar complex and
the lateral posterior nucleus, are known to have con-
nections with parietal cortex and thereby are impli-
cated in somatosensory functions. However, these
nuclei do not appear to have a role in relaying sensory
information. The somatosensory nuclei are discussed
and related to proposed subdivisions of the human
thalamus below. Parts of the medial thalamus with
spinothalamic inputs and apparently nociceptive
functions are reviewed by Craig (1987).

A. Ventroposterior Nucleus

The VP is a basic subdivision of the mammalian thal-
amus (Jones, 1985, Welker, 1974) that is characterized
by (1) densely packed and darkly stained neurons,
(2) a systematic representation of cutanecus recep-
tors, (3) inputs from the dorsai column nuclei, the
spinothalamic tract, and the trigeminal system, and
(4) projections to “primary"’ somatosensory cortex.
The nucleus has subnuclei of dense aggregates of
neurons partially separated by cell-poor fiber bands,
the most conspicuous of which is the arcuate lamina
which separates the part of VP representing the face,
the ventroposterior medial “nucleys"” (VPM), from
the portion representing the rest of the body, the
ventroposterior lateral “nucleus” {(VPL). Another
notable fiber band separates the representations of
<he hand and foot in VPL,

In macaque monkeys, the dorsal boundaries of VP
are not very distinct from the region we now identify
as VPS. The “VP" of some investigators includes
VPS, although this region has also been distinguished
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as the VP “shell.” Another problem is that Olszew-
ski's (1952) popular atlas of the thalamus of macaque
monkeys inchides additional narts of the thalamus
relatec to motor cortex within an ora| division of VPL
("VPLy"). This use of terminology is not consistent
with that used in other mammals,

In the hueman thalamus, the region identified by
Ohye (Chapter 17) as the “ventrocaudalis group™ or
Ve coriesponds closely to our VP jn monkeys. Using
the terminology of Hassler (1982), Ohye refers to
VPL as Vee (the external segment} and VPM as Vci
(the internal scgment). As described by Ohye, VP is
composed of a range of neuron sizes that generally
stain densely for Nissl substance. The dorsal border
of the nucleus is described as indistinct, but medial
borders with the anterior pulvinar and ventral hor-
ders with the VPI are distinct.

The VP contains a single systematic representation
of cutaneous receptors. Each location on the body
surface activates a small volume of tissue or cluster
of newrons in VP, and these clusters of neurons are
arranged according to body part. The general form
of the somatotopic organization in mammals has
been reviewed by Welker {1974), and described in
detail for squirre! monkeys by Kaas ef al. (1984; see
Figure 24.6). In all primates, including humans, we
can expect the tongue and oral cavity to be repre-
sented medial to the lips and upper face in VPM. For
a detailed description of the gustatory part of VPM,
the so-called VPM parvocellular part (VPMPC), see
Norgren, Chapter 25, and Ohye, Chapter 17. The
medial portion of VPL contains a mediolateral se-
quential representation of the digits of the hand from
thumb to little finger. The lateral portion of VPL s
devoted to the foot, while dorsal portions of the nu-
cleus relate to tiie proximal leg, the trunk, and the
proximal arm in a lateromedial sequence. This ar-
rangement, found in monkeys and in other mammals,
is basicaily the order described for the human VP
Recordings and electrical stimulation with microelec-
trodes in VP of the human thalamus (Emmers and
Tasker, 1975; Lenz ef al., 1988) indicate that the
mouth and tongue relate to ventromedial portions of
VPM, that the hand and foot are in ventrorostral
VPL, and the back and neck are in dorsocaudal VPL.
Furthermore, the fingers activate a large portion of
medial VPL and the lips and tongue relate to a large
part of VPM. Figure 17.10 displays the response of
neurons in the human ventroposterior nucleus (prob-
ably VPL) following tactile stimulation of the tip of
the contralateral thumb (a restricted receptive field).
Finally, often groups of neurons extending the para-
sagittal plane are activated by the same restricted
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Figure 24.6. The somatotopic organization of the ventroposter-
ior nucleus of squirrel monkeys. Except for the lack of a lateral
regivn devoted 1o the tail, a similar organization appears to exist
in ¥P of humans (Lenz er al., 1988). Traditionally, VP is divided
into two divisions, ventroposterior medial (VPM) for the face and

skin surface, indicating that lines of isorepresentation
are largely in the parasagittal direction.

As in monkeys (e.g., Dykes et al., 1981), most
ueurons in VP of humans are activated by RA-1 or
SA inputs, with local clusters of cells related to one
or the other class of inputs (Lenz er af., 1988). Thus,
there is a double mosaic representation of the skin in
VP, one for RA-I afferents and one for SA afferents.
The SA inputs could be SA-I or both SA-1 and II.
There is little evidence for Pacinian (RA-II) inputs.
A few neurons respond with an increasing frequency
as light tactile stimuli become more i~tense and ex-
tend into the painful range (the wide-dynamic-range
neurons); these neurons may have a role in pain per-
ception (see Kenshalo et al., 1980). In humans, eléc-
trical stimulation of peripheral nerves results in
evoked potentials in the contralateral VP with a la-
tency of 14-17 msec (Celesia, 1979; Fukushima et al.,
1976). Electrical stimulation of sites in the nucleus or
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ventroposterior lateral (VPL) for the rest of the body. VPL is
further divided here into subnuclei for the hand (A), foot (B), tail
(C). and trunk .zd proximal timbs (D). The figure shows where
body parts are represented in the subnuclei and how the subnuclei
fit together. From Kaas er al. (1984). :

of input fibers in the medial lemniscus generally re-
sults in sharply localized sensations of numbness or
tingling rather than light touch (Emmers and Tasker,
1975; Ervin and Mark, 1964; Tasker et al., 1972). Lo-
calized lesions of VP are followed by a persistent
numbness in a restricted skin region corresponding
to the body surface map in VP (Domino et al., 1965;
Garcin and LaPresle, 1960; Van Buren er al., 1976).

The sources of ascending inputs to VP (Figure
24.1) have been studied in many mammals including
macaque monkeys. The dense inputs are from the
dorsal column nuclei via the medial lemniscus and
the main sensory trigeminal nucleus via the trigem-
inal lemniscus (quintothalamic tract). Tn humans,
evoked potentials have been recorded in VP after
electrical stimulation of the dorsal columns (Gilden-
berg and Murthy, 1980). Less dense, unevenly distrib-
uted inputs are from the spinothalamic tract and the
lateral cervical nucleus (see Berkley, 1980, for de-
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tails). In humans, degencrating ~pinothalamic termi-
nations have been reported in VP after spinal cord
damage (Mehler, 1966: sec Bowsher, 1957, for a re-
view of classical reports).

The outputs of the ventroposterior nucleus have
been studied extensively in primates and other mam-
mals (see Kaas, 1983; Kaas and Pons, {988, for a re-
view}. In all mammals studicd, VP projects to area
3B or its nonprimate homelogue, $-I. In most mam-
mals, other projections are to the second somatosen-
sory area (S-11) and possibly other fields, but in mon-
keys, and probably humans, projections to S-11 are a
trivial component of the output. In monkeys, VP also
projects over thinner axons and in a less dense man-
ner to area 1, and, in macaque monkeys, a sparse
input exists to part of area 2 reluted to the hand and
even a specialized part of arca 5 (Pons and Kuas,
1986). In humans, lesions of anterior parictal cortex
including areas 3b and 1 cause retrograde degenera-
ton and cell loss in VP (Van Buren and Borke, 19723,
supporting the conclusion that the Guiput patterns in
hunins and monkeys are similar, Furthermore, re-
cordings from the surface of seRlesensory cortex
indicate that potentials evoked by median nerve stim-
ulation are reduced or abolished by lesions of VP
(Domino eral., 1965).

B. Ventroposterior Superior Nucleus

There has been Iong-slandingié’cognition that inputs
from receptors in deep tissues are at least partially
segregated from inputs from cutaneous receptors in
the ventroposterior thalamus of Pr..utes (see Poggio
and Mountcastle, 1963} and perhaps other mammals.
The zone of activation by deep receptors is dorsal to
that related to cutaneous receptors in monkeys, and
the deep receptor zone is further distinguished by
its unique connections and architecture. We have
termed the deep receptor zone the ventroposterior
superior nucleus (VPS; see Kaas and Pons, 1988).
Early investigators included the zone of activation by
dezp receptors in VP, and several recent researchers
simply designate the deep receptor zone as the VP
“shell.”” Others conclude that the deep receptor zone
includes two nuclei, a VPS and a “ventroposterior
oral” nucleus (see Dykes, 1983), but the evidence for
such a subdivision in primates is inconclusive. Finally,
the medial posterior nucleus of some investigators
(see Krubitzer and Kaas, 1987, for a review) may be a
nonprimate homolog of VPS.

In monkeys, VPS contains a representation of
deep receptors, principally muscle spindle receptors
(sce Kaas and Pons, 1988: Wiesendanger and Miles,
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[982). The representation parallets that in VP < that
the face activates the medial portion. the hand the
midéle portion, and the foot the uteral portion of
VPS (Kaas ¢ af., 1984). The MAOr Input appears (o
be from the external cuncate nucteus {Boivie and Bo-
man, 1981), and the output is largely or exclusively to
area 3a and area 2. Many of the same neurons in VPS
appear to project to both'area 3u and area 2 via col-
laterals (Cusick et af., 1985).

Evidence is less complete for VPS of humans.
Deep receptors are represented in an orderly manner
in part of the thalamus just rostrodorsal to the cuta-
neous representation in VP (Lenz er al., 1988). The
mediolateral progression in the representation cor-
responds to that in VPS with the jaw medial to fin-
gers, followed by wrist, elbow. shoulder, and leg. VPS
is probably within VP of most descriptions of the
human thalamus. However, Hassler (1959} recog-
nized a ventrointermedius {Vim) nucleus that may
include the present VPS nucleus.

An extensive description of Vim is given by Ohye
(Chapter 17). Hassler (1959) concluded that Vim (like
VPS) projects to area 3a, although the autopsy ma-
terial used as evidence (also see Van Buren and
Borke, 1972) is limited to cases with large lesions that
include area 3a and result in retrograde degeneration
in Vim, and cases with more caudal Icsions without
notable change in Vim. In the clinical setting, record-
ings have been obtained from the Vim region in hu-
mans and Ohye reviews these data in detail (also see
Albé-Fessard er al., 1966). In summary, neurons re-
spond during active and passive movements and to
compression of muscles and joints. and never to tac-
tile stimulation. Thus, muscle and joint receptors pro-
vide the principai or sole activation of Vim neurons.
Overall, the recordings demonstrate a somatotopic
organization that is coasistent with that observed in
VPS of monkeys. Thus. the hindlimb, hand. and face
are represented in a lateromedial sequence in Vim
(see Figure 17.9) as in VPS. Furthermore, electrical
simulation of peripheral nerves activates neurons
with a latency (11--12 msec) that is consistent with a
direct input from second-order neurons in the exter-
nal cuneate nucleus (and possible spinothalamic tract
neurons). Small restricted coagulations in the Vim
region reduce tremor and produce an impression of
“weakness” or uncertainty for the affected limb,
without altering tactile sensation (Chapter 17). How-
ever, most investigators (e.g., Van Buren ef al., 1976)
include most or ali of Vim within the ventrolateral
nucleus (VL, or VPL,,, of Olszewski, 1952, for mon-
keys) as identified by cercbellar inputs. Thus, VPS as
a separate nucleus relaying muscle spindle informa-
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tion to arca 3u and wrea 2 has not been clealvaden-
tificd in humans. VPS may be part of VP or Vim of
some descriptions.

C. Ventroposterior Inferior Nucleus

In all primates, VPl is casily recognized as a narrow
region just ventral to VP that is composed of small,
pale-staining neurons. VPl is densely myclinated and
reacts lightly for cytochrome oxidase. VPI extends
dorsally into the cell-poor regions that separate face,
hand, and foot subnuclet of VP. Inputs are uncertain,
but include the possibility of : pinothalamic termina-
tions. Evidence has been presented for Pacinian re-
ceptor activation (sce Dykes, 1983), but the evidence
is equivocal and the nature of the input projections
has not been determined. The outputs have been
shown to be largely or completely to the second
somatosensory area of cortex (see Friedman and
Murray, 1986). Using Hassler's term, ventrocsudalis
parvocellularis, Ohye (Chapter 17) describes VP[ of
humans. The general appearance of the human VPL
closely resembles that of monkeys. Inputs are un-
known, but autopsy material indicates a projection to
the cortex of the lateral fissure in the gencral region
of S-1I (Van Buren and Borke, 1972). In monkeys,
VPI projects to S-1I (Fricdman and Murray, 1986;
Krubitzer and Kaas, 1986).

D. Posterior Complex of Nuclei

A poorly defined group of nuclei with somatosensory.
auditory, and multimodal functions, located just cau-
dal to the ventroposterior complex, has been referred
to as the posterior group or complex (Jones, 1985).
The complex is commonly divided into separate limi-
tans, suprageniculate, and posterior nuclei. The pos-
terior “'nucleus”™ is often subdivided into medial,
lateral, and even intermediate nuclei. The medial
posterior nucleus (Pom) s composed of small cells
that scem to merge with caudat VPL. There is some
evidence that ncurons with large cutancous receptive
fields and multiicodal responses in the late-al cervical
nucleus refay to Pom (see Metherate eral., 1987, for a
review). Cortical projections of the posterior com-
plex appear to be to cortex of the lateral fissure near
S-11.

E. Anterior Pulvinar, Medial Pulvinar, and Lateral
Posterior Nucleus

Other thalamic structures without direct inputs from
second-order somatic afferents can be considered
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piart of the somuatosensory system on the hasis of con-
nections with somatosensory cortex, These include
the anterior {oral) pulvinar with widespread projec-
tions 10 anterior parictal cortex, posterior parictal
cortex, and somatoscnsory cortex of the lateral fis-
sure; the medial pulvinar with connections with pos-
terior parictal cortex and the tempaoral lobe (see Me-
sulam, 1981); and the lateral posterior nucleus with
projections to posterior parietal cortex (see Kaas and
Pons, 1988). In humans, degeneration has been noted
in the anterior pulvinar after damage to parietal cor-
tex of the lateral fissure, while LP degenerates after
lesions of posterior parietal cortex {(Van Buren and
Borke, 1972). The roles of these nuclei in the pro-
cessing of somatosensory information are unknown,
but the lack of direct sensory input and the wide-
spread cortical connections suggest modulatory and
integrative functions.

V. Anlerior Parietal Cortex

The anterior parietal cortex was first considered as
scveral separate fields in carly architectonic studies,
then as a single primary somatosensory field or -1 on
the basis of electrophysiological studies in monkeys
(see Marshall er al., 1937), zand more recently as sev-
eral fields again, as the validity of early subdivisions
has been experimentally supported (see Kaas, 1983).
These subdiv:isions are diagrammatically depicted
in Figure 24.8 and can be compared directly with
the photomicrograph (Figure 22.13) of Zilles in
Chapter 22.

Early attempts to subdivide anterior parictal cor-
tex (see Figure 24.7) included efforts by Campbell
(1905), Smith (1907), Brodmann (1909), Vogt and
Vogt (1919), and von Econoino and Koskinas (1925).
The subdivisions made by Campbell and Smith fell
into disuse, but the proposals of Brodmann, Vogt and
Vogt, and von Ecenomo are in use today. In brief,
Brodmann distinguished a mediolateral strip of cor-
tex in the caudal bank of the central (Rolandic) fis-
sure as area 3, an immediately superficial and caudal
strip on the caudal lip of the sulcus as area 1, and a
more caudal strip on the surface of the postcentral
gyrus as area 2. Area 3 was described as a field with
denscly packed small granule cells in layer 1V, as is
characteristic of sensory fields, while area | and ? had
less dominant sensory features. Brodmann further
described a “‘transitional™ field in anterior (deep)
area 3 with both prominent sensory (layer IV granule
cells) and motor (layer V pyramidal cells) features.
Vogt and Vogt (1919) added to this proposat by stress-
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Figure 24.7.  Early concepts of how parietal cortex of humans is
subdivided into architectonically distinct and functionally signifi-
cant areas. Only the parietal areas are reproduced here. (A) The
first complete map of the human cortex was by Campbell (1905).
His postcentral sensory area includes both area 3b and area 1,
while his postcentrat psyehic corten includes area 2 and parts of
posterior parietal cortex. (B) A later architectonic map, based on
the staining of myelinated fibers, produced by Smith (1907}, His
area posicentralis A roughly corresponds with areas 3b and | com-
bined. while area postcentralis B approximates area 2. (C) The
most influential cortical map was that of Brodmann (1909), which
included the currently used subdivisions of area 3 (arcas 3a and
3b), area 1, and area 2. However, area 3b on the caudat bank of

the posteeatral sulcus does not quite extend up to the surface of
brain and onto the lip of the postcentral sulcus. and area 1 proba-
bly does not extend as far caudally as shown. (D) The cortical map
of von Economo and Koskinas (1925) introduced the only other
terminclogy besides Brodmann's that is in wide use today. Area
PA (area 3a) is in the depths of the central sulcus. and area PB
{area 3b) is on the caud~l bank of the central sulcus. Area PC
includes both area 1, which extends slightly onto the upper part of
the central sulcus, and area 2 of the present report. {E) Vogt and
Vogt (1919, 1926) described the boundaries of 3a and 3b, ang de-
limited other fields in parielal cortex after the scheme of Brod-
mann. [llustration modified from summary in Penfield and Jasper
(1954). {F) A more recen® map by Sarkissov et al. (1955).
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ing the distinctiveness of anterior area 3. and subdi-
vided area 3 into two fieids, area 3a and area 3b (sce
Jones and Porter, 1980, for a review). These four
architectonically defined subdivisions of postcentral
sOMmatosensory Cortex are in common use today.
However, some investigators use the terims of von
Economo (1929) for these subdivisions.

Rather than number cortical fields, von FEconomo
used two letters to denote fields, with the first letter
indicating the lobe of the brain for the field, and the
second letter indicating the order in which ficlds were
described in the lobe, typically starting with fields of
obvious sensory nature. In general, Brodmann (1909)
and von Economo (1929} divided the human brain in
different ways, but the proposed subdivisions of an-
terior parietal cortex are quite similar, the agreement
suggesting the validity of the divisions. von Econ-
omo’'s most anterior field, decp in the central sulcus,
is arca PA, equivalent to area 3a. The adjacent field,
area PB, was denoted as seonsory “koniocortex” due
to the powderlike appearance of the small granule
cells in layer [V of what clearly corresponds to area
3b. Area PC, characterized by a less distict laminar
structure, is equivalent to area 1. A more caudal strip
of cortex, with a more distinct layer IV and layer VI,
is area PD, closely corresponding to area 2. Figure
23.7 of this chapter as well as Figures 22.11 and 22.12
show the most influential of the parietal lobe maps.

A. Anlerior Parietal Cortex in Monkeys

Over the last few years. research on monkeys has
greatly clarified the significance of the four architec-
tonic strips. Conclusions based on an extensive num-
ber of anatomical and electrophysiological studies are
briefly summarized below (see Kaas and Pons, 1988,
for a more extensive review).

Area 3b We have termed area 3b °S-1 proper” be-
cause it appears to be the homolog of the primary
somatosensory area, S-1, in nonprimates (Kaas,
1983). Area 3b contains a separate, complete map of
the cutaneous receptors of the body. The represen-
tatic1 proceeds from the foot in medial cortex 1o the
face and tongue in lateral cortex, with the digits of
the foot and hand pointing “‘rostrally’’ (or more pre-
cisely, deep in the central sulcus), and the pads of the
palm and sole of the foot cauda! in 3b near the area 1
border. The activation of area 3b neurons is from
RA-I and SA (I and I1?) afferents relayed from the
ventroposterior nucleus. RA-T and SA inputs appear
to be segregated into bands (columns) in layer 1V (Sur
etal., 1984). At least 70% of the neurons in VP proj-
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cet 1o area 3b via thick rapidly conducting afferents.
Major outputs of area 3b are to urea 1, arca 2, and S-
1. and these ficlds provide feedback inputs. Area 3b
is callosally interconnected with areas 3b, 1, and 2,
and S-II of the ~~posite hemisphere. The callosal
connections are unevenly distributed, with the large
representation of the glabrous hand and foot having
less dense connections. The excitatory receptive
ficlds do not reflect the callosal connections, which
may contribute to surround suppression or enhance-
ment, but instead are confined to locations on the
contralateral body surface. In monkeys, inactivation
or lesions of area 3b result in impairments in all but
the crudest of tactile discriminations involving tex-
ture and shape (Hikosaka er al., 1985; Randolph and
Semmes, 1974). Small objects are unrecognized by
touch and are ignored.

Area 1 Like area 3b, area 1 contains a systematic
representation of the body surface. The representa-
tion parallels and also roughly mirrors that in area
3b. Thus, the foot, leg, trunk, forclimb, and face are
represented in a mediolateral cortical sequence (as in
area 3b), but the digit tips are represented caudally
near the area 2 border rather than rostrally near the
area 3b border. Most neurons in area 1 are rapidly
adapting and respend as if they were related to RA-I
cutaneous receptors. A small proportion of neurons,
perhaps 5%, respond as if activated by RA-I1 (Pacin-
ian) afferents. Neurons in area 1 tend to have larger
and more complex receptive fields, including strong
suppressive or inhibitory surrounds, than area 3b
neurons (Sur, 1980; Sur er al., 1985). Some neurons
code for the direction of movement on the skin (Hy-
virinen and Poranen, 1978). The activity patterns of
most area 1 neurons, but not area 3b Neurons, are
modified according to what motor behavior will fol-
low the stimulus (Nelson, 1984). Area 1 receives
strong activating inputs from both area 3b and the
ventroposterior nucleus. The VP inputs are partly
from collaterals of neurons projecting to area 3b, and
the terminations are largely of thinner axons than
those to area 3b. Feedforward cortical outputs are
predominantly to area 2 and S-I1, and feedback in-
puts are from these fields. Callosal connections are
more evenly distributed than for area 3b, but connec-
tions in the hand, foot, and parts of the face regions
remain sparse. In monkeys, lesions impair discrimi-
nations of texture rather than shape (Carlson, 1981:
Randelph and Semmes, 1974),

Area 2 This field contains a complex representation
of both cutaneous and noncutaneous receptors. Neu-
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rons appear 1o be influenced by cutancous receptors,
deep receptors, or both. The portions of area 2 re-
lated to the hand and face arc most responsive (o
cutaneous stimulation. The representation is in par-
aifel with those in areas 3b and 1 so that the foot,
trunk, hand, and face form a mediolateral cortical
sequence. A mirror reversal organization of that in
area 1 1s apparent for parts of area 2 near the arca |
border. However, the overall organization is more
complex than in areas 3b and 1, and some body parts
are represented more than once inarea 2 (Pons e af.
1985b). Receptive fields for ncurons in area 2 are
typically, but not always, lurger than those for neu-
rons in areas 3b and 1, and receptive field properties
appear to be complex. Many ncurons are best acti-
vated by stimuli of certain shapes or directions of
movement. The inputs fromn deep receptors are
largely those related to muscle spindles, suzgesling
that area 2 combines infor mation shout b and digit
position with tactile i:formation during active touch.,
The major thalamic input to arca 21s from VPS (Fig-
ure 24.8), but a sparse input to the hand region of
area 2 originates in VP, Major cortical inputs are
from areas 1, 3b, and 3a. There also appear to be
sparse inputs from motor cortex and the supplemen-
tary motor area. Major outputs are to subdivisions of
posterior parietal cortex, and to S-11. Callosal con-
nections are fairly evenly distributed and include the
hand representation. Neurons, however, have excita-
tory receptive fields only on the contralateral body.
Lesions of area 2 in monkeys impair finger coordina-
tion (Hikosaka er al., 1985) und discriminations of
shape and size {Carlson, 1981).

Area 3a This field in the depth of the central sulcus
forms the fourth systematic representation of the
body in anterior parietal cortex. Area 3a is largely
activated by muscle spindle and other deep receptors.
but some cutaneous activation is apparent also. es-
peciatly in the portion devoted 0 the hand. The rep-
tesentation parallels that in Zrea 3b. but few details
are known. Neurons in area 3a are responsive during
movements and are influenced by behavioral inten-
tions (*“‘motor-set.” see Nelson, 1984). The major in-
put is from VPS (or the ventroposterior oral nucleus
of some investigators), and roughly half of the VPS
neurons project to both area 3a and area 2, thus pro-
viding the sameinformation. Area 3a projects {o area
2. motor cortex, S-1I, and other fields. Callosal con-
nections are uneven, but the hand region is more
densely connected than in area 3b.

Subcortical Projections of Anterior Parietal
Cortex  All four fields project to a number of sub-
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Figure 248, The relationship of areas 3a, 3b, 1, and 2 relative to
the central sulcus in hummans. Compare with the photomicrograph
in Figure-22.13. Major inputs from the thalamus and some of the
cortical connections are indicated. VP, Ventroposterior nucleus;
VPS. ventroposterior superior nucleus; VPI, ventroposterior infe-
rior nucleus: RA-I, class I rapidly adapting cutancous afferents:
SA.skwly sdapting cutancous afferents; S-11. the second somato-
sensory field in the lateral sulcus: A, anterior; D, dorsal.

cortical fields including feedback to the thalamic re-
lay nuclei, the basal ganglia, the anterior pulvinar,
the pons, the dorsal column nuclei. and the spinal
cord {sce Kaas and Pons, 1988). These projections
presumably function in modifying motor behavior
and sensory afferent flow.

B. Anferior Parietal Cortex in Humans

Evidence from clinical cases with lesions or where
parts of cortex were electrically stimulated or record-
ings were obtained, as well as information based on
recording through the skull, support the conclusion
that the organization and functions of anterior parie-
tal cortex in humans are similar to those in monkeys.

Architectonic Fields As in monkeys, four architec-
tonic fields can be identified in the anterior parietal
cortex of humans, areas 3a, 3b, 1, and 2 (see Figure
22.13). Somewhat surprisingly, these fields have
never been adequately delimited in humans. How-
ever, even in monkeys, various investigators differed
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considerably on how they placed some of the bound-
arics of the ficlds, Therefore, clectrophysiological
and connectional evidence proved to be of great ben-
efit in evaluating the significance of architectonic
change. Some of the variability in cacly brain maps
of humauns is apparent in Figure 24.7. Braak (1980)
Jrovides 2n excellent review of architectonic studies
of the human brain, discusses und illustrates previous
architectonic maps, and includes a map of his own.
There is considerable disagreement and no map
seewns adequate even for subdivisions of anterior par-
ietal cortex, which are more obvious than most fields.

Figure 24 8 provides a rough approximation of the
location of the four fields at about the middle of the
postcentral gyrus. Area 3a can be scen at the depths
of the cortical sulcus, where it extends somewhat
from the posterior to the anterior bank. This field was
described as part of area 3 by Brodmann {1909) and
distinguished as arca 3a by Vogt and Vogt (1919). In
area }a, layers [V and VEare less pronounced than in
area 3b, and layer V pyramidal cells are maore ob-
vious. Area 3b occupies roughly the middle half or
more of the posterior bank of the central suleus. The
field appears on the surface as the central sulcus ends
near the medial wall, and the ficld extends into the
medial wall. Area 3b is easily distinguished over most
of its extent by the dense packing of small cells in
layer 1V, and the relatively dense packing of cclls in
layer VI. The small cells have led to the terms “koni-
ocellular cortex” and “parvicellular core.” Most in-
vestigators show arca 3b as ending with the lateral
extent of the central sulcus (Figure 24.7; also see
Braak, 1980, for a review), but area 3b extends ante-
riorly pas: the end of the sulcus in monkey , where it
represents the mouth and tongue. However, these
body parts may be represented more medially in hu-
mans (see below). Area I occupies the anterior lip of
the postcentral gyrus where it borders area 3b on the
posterior bank of the central sulcus and extends over
the anterior third of the postcentral gyrus. Layers IV
and VI are less densely packed with cells than is area
3b, sc the overall appearance is of less conspicuous
lamination. Area 1 would roughly correspond to the
posterior half of the postcentral arca of Campbell
(1905}, and the full extent {allowing for a protrusion
onto the upper bank of the central sulcus that is not
shown) of area 1 of Brodmann (see Figure 24.7).
Area 1 is unltkely to be as wide as area PC of von
Economo and Koskinas (1925} (Figure 24.8), area 1
of Sarkossov and co-workers (see Braak, 1980); or
the medial haif of the paragranulous belt of Braak
(1980). Area 2 is characterized by a denser layer IV
than is found in area 1. The caudal border is difficult
to delimit in monkeys even with the aid of electro-
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physielogical data, and the location of this border
remains uncertain in humans, However, the expected
width of arca 2 would approximate that of area 1.

Evidence for Functional Distinctions and Somatotopy
from Surface and Scalp Recordings As part of ¢f-
forts to localize abnormal tissue and for other clinical
recasons, tecordings have been made from the scalp,
the surface of anterior parietal cortex, and depth
probes in the cortex of area 3b of a number of pa-
tients. In addition, neuromagnetic recordings and
scalp-evoked potentials have been recorded from
healthy volunteers. Such recordings support the
viewpoint that separate representations exist in areas
3a,3b, 1, and 2,

1. Electrical stimulation of cutaneous afferents in
the median nerve of the hand results in a focus of
evoked potentials after 20-30 msec in area 3b of the
caudal bank of the central sulcus and a second focus
after 25-30 msec in area | of the dorsolateral surface
of posteentral cortex (sce Allison et al., 1988). The
two foci support the view that area 3b and area 1
have separate maps of the body surface. The area 1
potentials are caudal to the area 3b potentials, indi-
cating parallet maps, although a slight medial shift of
the area ] focus suggests a small displacement of one
map relative to the other. As in monkeys, activity
was generated only from stimulating contralaterally.

< = 2. Stimulaton of muscle afferents from the human

hand results in a focus of activity that is caudal to that
for cutaneous afferents (Gandcvia er al., 1984). A
reasonable interpretation of this result is that the
muscle afferents activate area 2, which is caudal to
the activity produced in areas 1 and 3b by cutaneous
afferents.

3. Another focus of activity produced by deep re-
ceptor or muscle spindle affereats is deep to foci re-
lated to cutaneous stimulation. Using neuromagnetic
recordings. Kaukoranta ef al. (1986) found that
mixed nerve stimulation resulted in a deeper focus of
activity in the central sulcus than cutaneous nerve
stimulation. The results were interpreted as evidence
for muscle spindle receptor input to area 3a and cu-
tancous receptor input to area 3b.

Recordings of evoked activity also support the
conclusion that the maps of receptor surfaces in an-
terior parietal cortex are organized much as they are
in monkeys. Thus, electrical stimulation of the little
finger activates cortex 1-2 cm medial to that activated
by stimulating the thumb (see Hari and Kaukoranta,
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1985), and activity evoked in cortex by tapping the
tongue is lateral to that produced by tapping the fin-
ger (Ishiko er al., 1980). Mcasurements of magnetic
ficlds, thought to be generated in the depths of the
central sulcus in area 3b, indicated that the thumb,
index finger, and ankle are represented at succes-
sively more medial positions (Okada ef al., 1984).

The most extensive observations on the organiza-
tion of postcentral cortex in humans obtained from
direct surface recordings of evoked potentials are
those reported by Woolsey ef al. (1979). In a se-
quence of recording sites along the posterior lip of
the central sulcus, from near the medial wali to over
two-thirds of the distance to the lateral (Sylvian) sal-
cus, potentials were evoked from foot, leg, thigh,
trunk, and hand. In individual patients, there was
some notable variability in organization, so that
the leg representation extended from the medal
wall onto the dorsolateral surface in some but not
other cases.

Sensations and Movemenis Produced by Electrical
Stimulation More details about the sequence of
representation of body parts in postcentral cortex
have been obtained by electrically stimulating the
brain in patients. Using higher levels of stimulating
current than used for motor cortex, Foerster (1931,
1936a) was able to produce a postcentral motor map

~w~that roughly matched the precentral motor map in a

mediolateral cortical order of leg, hand, and face.
Penfield and Rasmussen (1950) also reported evoked
movements for postcentral stimulation sites, with the
postcentral motor map roughly paralleling the pre-
central motor map in mediolateral organization. In
addition, sensations could sometimes be elicited from
sites in motor and premotor cortex.

The most precise information about the somato-
topic organization of postcentral cortex has been ob-
tained by noting where sensations are located during
electricat stimulation of cortical sites. As one might
expect, sensations evoked from stimulating cortex
match in somatotopic location the source of afferents
retated to the stimulation sites. Thus, stimulating cor-
tex where evoked responses were obtained to ulnar
nerve stimulation resulted in sensations largely con-
fined to the ulnar hand (Jasper et af., 1960),

The extensive report of Penfield and Boldrey
(1937) summarizes the results {from stimulating pre-
central and postcentral cortex in 163 patients. Stimu-
lation sites resulting in sensations were scattered over
the precentral and postcentral gyri, and even a few
more posterior or more anterior sites were effective,
However, the vast majority of sites were along the
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Figure 24.9. The sensory sequence revealed by electrical stimu-
lation of the surface of postcentral somatosensory cortex (largely
area 1) in humans. LP, lateral postetior complex; VP, ventropos-
terior nucleus. From Penfield and Jasper (1954).

posterior lip of the central sulcus and were probably
evoking sensations by activating neurons in area !
and perhaps even deeper to the electrode site in the
superficial segment of area 3b. Surprisingly. the
evoked sensations were not of light touch, but were
described as a localized numbness, tingling, or, infre-
quently, the feeling of movement. Figures 24.9 and
24.10 summarize the conclusions based on these
cases. Sensations were evoked from cortex extending
from the medial wall, where the foot is represented,
to the lateral fissure, where the mouth is represented.
In general, the sensory order corresponds to the de-
tailed maps compiled for monkeys (e.g., Nelson e
al., 1980). As in monkeys, cortex devoted 1o the re-
gion of the genitals was most ventral on the medial
wall, but a split representation of the leg, with the
posterior leg ventral to the foot, followed by the an-
terior leg, was not evident in humans. In both mon-
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Figure 24.10,

The order of representation in postcentral cortex
based on motor and sensory effects with electricat stimulation in
humans. Modified from a summary illustration of Foerster (1931).

keys and humans, the back of the head and neck are
in medial cortex with the trunk representation, while
the face is in lateral cortex separated from the head
by cortex devoted to the arm and hand. As in mon-
keys, the digits are represented from little finger to
thumb in 2 medioluteral sequence. As for the area 1
Fepresentation in macaque monkeys, the orbital skin
and the nose are represented just lateral 1o the thumb
in humans. In monkeys and humans, the tongue and
mouth are most lateral in the responsive cortex,
Thus, the mediolateral sequences of representation
in the region of anterior area 1 appear to be quite
similar in humans and monkeys. Little can be said
about sequences of change in the rostrocaudal direc-
tion. however, since only microelectrode maps pro-
vide much detail about this direction in monkeys, and
the surfzce stimulation and recordings in humans
may involve amounts of tissue that are large relative
to the ~~rrow widths of the representations in areas
3b, 1, and 2.

Somatotopic Order Revealed by Epileptic Seizures
Some aspects of somatosensory organization have
long been known from the order of progressions of
sensations or movements (“‘the Jacksonian march™)
during epileptic seizures. Since the seizure starts
from a focus and spreads to more distant tissue, the
order of sensations reflects the order of representa-
tion. Typical cases are described by toerster (1936b)
and by Penficld and Jasper (1954). The orders of
threc sensory marches correspond to the evoked sen-
sation map (Figure 24.9). For example, a sensation of
tingling or numbness in the thumb may be followed
by tingling in the face, or a tingling that passes from
thumb to fingers, to arm. Sensations are contralaterzal
to the postcentral focus, and they seldom spread aver
many body parts (Mauguiere and Courjon, 1978).
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Regional Changes in Blood Flow in Posicentral
Somatosensory Cortex Related 1o Sensory Stimuda-
don Because regional cortical blood flow is cou-
pled to regional cortical metabolism, and since re-
gional blood flow can be measured with detectors of
radioactive isotopes in the blood, sites of high corti-
cal activity can be dictinguished from background ac-
tivity. This basic method, though presently crude in
the ability to localize, has proved to be useful in re-
vealing the functional organization of cortex. During
discrimination of forms of objects by touch and active
manipulations in human subjects, this method re-
vealed that activity increased in both motor fields and
in postcentral cortex (Roland and Larsen, 1976). Fur-
thermore, discrimination made with the foot actj-
vated the most medial portion of postcentral cortex,
using the hand activated a middle cortical region,
while discriminations of objects placed in the mouth
activated cortex near the lateral end of the central
sulcus. Thus, the somatotopic pattern of evoked ac-
tivity corresponded to the maps produced by other
methods. Furthermore, while sensory stimulation
and sensory tasks activate anterior parictal cortex,
focal attention changes metabolic activity in this re-
gion also>. When subjects directed their attention to
the tip of one finger in a sensory detection task, activ-
ity in the hand region of postcentral cortex increased,
even though no stimulus was delivered (Roland,
1981).

Sensory and Perceprual Impairments following
Lesions  Damage to postcentral cortex, if extensive,
causes severe and lasting impairments in pressure
sensitivity, two point discrimination, point localiza-
tion, and discrimination of object shape, size, and
texture (Corkin ef al., 1970; Head and Holmes, 1911;
Roland, 1987a; Semmes et al ., 1960). Roland (1987a)
reported that lesions of the deep and anterior part of
the hand region of postcentral cortex, presurnably
including much but not 4!l of the area 3b representa-
tion and probably the area 1 representation, abol-
ished the ability to discriminate edges from rounded
surfaces, while lesions of the surface, apparently in-
volving areas 1 and 2, left the ability to distinguish
edges from round, but removed the ability to discrim-
inate shapes and curvatures. This difference is similar
to that reported for monkeys (Carlson, 1981; Ran-
dolph and Semmes, 1974), where lesions of area |
impaired texture discriminations, while area 2 lesions
altered discrimination of shape. Remarkably, small
lesions of part of the hand representation result in no
obvious impairment (Evans, 1935; Roland, 1987a,b).
Roland (1987a) estimated that a notable impairment
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resulted only after lesions tnvebang three-fourths or
more of the hand region of anterior parietal cortex.
Furthermore, the larger the lesion of the region, the
greater the impairment {Roland. 1987b). The pres-
ervation of abilities after lesions to parts of somato-
lopically organized representations could be the re-
sult of cortical reorganizations that result in the
recovery of lost parts of representations. Removing
part of a representation or deactivating part of a rep-
resentation in monkeys can be followed by reorgani-
zation, even in adults, so that remaining cortex is
activated by skin formerly related to the damaged
area, and deactivated cortex becomes responsive to
alternative inputs (sce Kaas eral., 1983, for a review).

V1. Posierior Parietal Cortex

The posterior parietal region is an arbitrary subdivi-
sion of the brain that includes most of the parietal
lobe caudal to area 2, but excludes the cortex of the
fateral {Sylvian) fissure and the supplementary sen-
sory arca of the medial wall. Current investigators
commonly refer to the architectonic subdivisions of
Brodminn (1909) or von Economo (1929) (Figure
24.8). and both systems are in use. However, re-
search on monkeys suggests that the proposcd ficlds
{areas 5a. 5b, 7a, and 7b or areas PD. PE, PF. and
PG) have little validity other than denoting gencral
regions of the lobe. Other subdivisions have been
suggested by patterns of connections and the re-
sponse charactetistics of neuronal populations. but
the organization of posterior parietal cortex is not
well understood. Electrical stimulation in humans
seldom produces any sensations of MOtor responses
{Penficld and Rasmussen, 1950), although Foerster
{1931, 1936a) was able to produce hand movements
and leg movements on occasion with high levels of
stimulating. current. Posterior parietal cortex has
been implicated in both somatosensory and visual
functions, but lesions do not produce simple sensory
impairments. Rather, large lesions produce a variety
of complex symptoms, many included within the gen-
eral category of contralateral sensory neglect or inat-
tention. In monkeys. impairments are basically the
same regardless of the hemisphere of the lesion, but
in humans, lesions of the right or “minor” hemi-
sphere produce a much more profound defect. Major
reviews of posterior parietal cortex organization and
function in monkeys and humans include those of
Mountcastle (1975}, Lynch (1980), Hyvirinen {1982),
and Yin and Medjbeur (1988).

Jon H. Kaas

A. Posterior Parietal Cortex in Monkeys

Since posterior parietal cortex in macague monkeys
may have many features of functional organization in
common with posterior parietal cortex in humans, a
brief review of current views of connectiens, neuron
properties, and functional subdivisions in monkeys
serves as a guide. As a point of caution, data in mon-
keys are still limited, and a consensus of opinions has
not yet occurred.

One current!y acceptable scheme for subdividing
posterior parietal cortex in macaque monkeys is
shown in Figure 24.1t (for an alternative proposal,
see Pandya and Seltzer, 1982; Seltzer and Pandya,
1980). The proposal follows the traditional subdivi-
sion into “‘areas’” Sa, 5b, 7a, and 7b introduced by
Brodmann and the Vogis (Figure 24.7), with the ad-
dition of the ventral intraparietal area (VIP) of
Maunsell and Van Essen (1983) and the lateral intra-
parietal arca (LIP) of Andersen er al. (1985). Both
VIP and LIP overlap a region distinguished by Seltzer
and Pandya as POa. The most obvious flaw with the
scheme summarized in Figure 24.11 is that consider-
able evidence suggests that anterior 7b is similar to
area 5a in having predominantly somatosensory con-
nections and functions, and that the distinction be-
tween b and 5a is poorly justified.

Area Sa Arca Sais not uniform in histological struc-
ture, connections, and ncuron types, but clear sub-
divisions have not yet been cstablished. Subdivisions
of anterior parietal cortex. especially area 2, provide
indirect somatosensory inputs from both deep and
cutaneous receptors (Pons and Kaas, 1986). Major
thalamic inputs are from the anterior pulvinar and
the lateral posterior nucleus (see Yeterian and Pan-
dya, 1985), nuclei without significant sensory inputs
from the brainstcm or spinat cord. However. a spe-
cialized portion of area S (Pons er al.. 1983a) receives
some input from the ventroposterior nucleus (Pons
and Kaas, 1986). Fecdforward cortical projections
are to area 7, S-1L, premotor cortex, timbic cortex,
and parts of the superior temporal gyrus; callosal
connections are largely limited to subdivisions of pos-
terior parietal cortex (see Hyvirinen, 1982). Subcor-
tical projections include thalamic nuclei, the basal
ganglia, and pontine nuclei and the spinal cord
through the pyramidal tract. Neuron properties in-
clude those related to passive and active limb move-
ment, and, to a lesser extent, cutaneous stimuli. Spe-
cific combinations of positions in several joints may
be the most effective stimulus for many neurons (Hy-

A Sy
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Figure 24.18. A dorsolateral view of the brain showing proposed
subdivisions of posterior parietal cortex in macagque monkeys.
Arcas Sa, 5b, 7a, and 7b arc traditional subdivisions from Brod-
mane (1909) and Vogt and Vogt (1919). The ventral intraparictal
region (VIP) and the lateral intrapasietal region (LIP) are subdi-
visions that have been distinguished by visual and visuomoter con-
nections (Anderson e ol YRS, Maunsell and Van Eaacn, 19%3).

vinnen, 1982). Very few neurons are activated by
visual stimuli.

Area 7b  Area 7b also appears to be invoived in the
higher-order processing of somatosensory informa-
tion. Inputs to the anterior part include those from
anterior parietal cortex (Pons and Kaas, 1986). Tha-
iamic connections include the ventral lateral nuclcus
and the anterior pulvinar. Cortical projections in-
clude premotor areas of the frontal lobe, more caudal
regions in posterior parietal cortex, and the superior
temporal sulcus. Neurons are predominantly soma-
wsensory in function, particularly relating to the
head and face in anterior 7b and the hand and arm in
posterior 7b (Leinonen, 1984).

Area 5b  Area 5b appears to be largely somatosen-
sory in function, despite its posterior position near
the visual cortex. Major cortical inputs are from area
5a, while outputs include adjoining parietal cortex of
the medial wall and parts of 7b as well as cortex cau-
dal to S-H in the lateral fissure (Pandya and Selizer,
1982).

Area7a Area7ais related to visual and visuomotor
activities. The visual functions are reflected in both
connection patterns and neuron properties. Visual
inputs include those from superior temporal cortex
involved in processing visual motion information (see
Maunsell and Van Essen, 1983). Other visual inputs
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are from adjacent doral portions of the prelunate
garus (May and Andersen. 1986). Outputs include
the cortex of the intruparietal sulcus, cortex of the
medial wall, prefrontal cortex, multimodal and visual
areas of the superior temporal suleus, and cortex of
the ventral temporal lobe (see Kaas and Pons, 1988).
Other connection: ore with the medial pulvinar. Sev-
eral classes of visval and visuomotor neurons have
bcen described (see Hyvirinen, 1982). Visual track-
ing neurons respond during the visual pursuit of tar-
gets. Another class of neurons is activated during
fixation on a moving or stationary visual target, Some
neurons sezm to be important to the visual guidance
of reaching movements with the hand. Almost all
neurons respond to visual stimuli.

The LIP has beeu distinguished by Andersen ef al.
(1985) as a major source of projections to the frontal
eye fields, superior colliculus and pons. Shibutami et
al. (1984) found that eye movaments can be elicited
from this coricx by electrical stimulation, and ncu-
rons which respond to cye movements are found
within the region (see May and Andersen, 1986). VIP
was distinguished by Maunsell and Van Essen (1953)
4s the main target region in posterior parietal cortex
of afferents from the middle temporat visual area,
MT. The distinctiveness of VIP from LIP is presently
uncertain, and Seltzer and Pandya (1980) include
both fields in their larger POa field.

B. Posterior Parietal Lobe Function in Humans

Concepts of posterior parietal lobe function in hu-
mans are largely derived from the much discussed
behavioral changes that typically follow large lesicns
(for reviews, see Critchley. 1949; Denney-Brown and
Chambers, 1958; DeRenzi, 1982; Hyvirinen, 1982,
Mesulam, 1981, 1983). In brief, patients with poste-
rior parietal lobe injury tend to neglect visual and
tactile informatior: “oming from visuzl space or the
body surface opposite the lesion. The defect is most
severe after lesions of the right or nondominant (non-
lunguage or minor) hemisphere. The defect may be
profound, leading to bizarre symptoms, or it may be
quite mild, resulting in little notable change in spon-
taneous behavior. Mild defects are typically revealed
by bilateral stimulation. The expected result is that
the ipsilateral stimulus is preferentially attended,
cither immediately or after a series of trials. In more
dramatic cases, there is a denial of the existence of
the contralateral {typically left) side of the body and
of abjects in the left side of visual space. Patients may
fail to shave or dress the neglected side, and food on
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the contralateral side of the plate may be uneaten,
The defect can he characterized as a change in atten-
tion, since it is clearly not a result of a sensory im-
pairment. More specifically, a unique aspect of the
impairment seems to be a difficulty in the ability to
disengage atiention from a current focus and move
that attentior: to a new focus in the contralateral
world (Posner et al., 1984). Right hemisphere damage
produces a refuctance or inability to redirect atten-
tion from the right visual field to the left visual field,
as well as a reluctance to shift attention within the
left visual field (Baynes et al., 1986).
Other defects also occur,

L. Errors may exist in localizing objects, so that ac-
curate pointing does not occur. Right and left
may be contfused, and the patient may have diffi-
culty in moving from place to place.

2. Eye movement patterns are altered, and a reduc-
tion in spontancous eye movements and tracking
mavemenis may occur. Lesion experiments in
monkeys show that the direct connections to the
superior cotticulus from posterior parietal cortex
are critical in eliciting eye movements (Keating et
al., 1983).

3. Errors in reaching into the contralateral hemi-
field are common. Targets may be missed by sev-
eral inches.

4. Lesions of the right or minor hemisphere may
produce a defect in drawing even simple objects
such as a house, and in constructing simple
models. Furthermore, during constructional
tasks, blood flow is increased in posterior parietal
cortex (Roland er al., 1980).

5. Lesions, especially those involving the anterior
half of posterior parietal cortex, may produce so-
matic deficits. Reported changes include impair-
ment in length discrimination, weight judgement,
shape discrimination, and limb position scnse
{see Hyvirinen, 1982).

While posterior parietal cortex is not uniform in
function, much of the region appears to relate to at-
tention to nearby visual spac~ and the body surface.
Clearly, the anterior part of prsterior parictal cortex
is more related to the somatosensory system, and the
posterior part is more related to the visual ‘system.
The connections of pusicrior parietal cortex suggest
that a motivational component depends on relation-
ships with limbic cortex of the medial wall and per-
haps the ventral temporal lobe (see Mesulam, 1981).
Connections with the frontal lobe, and conncctions
with subcortical extra motor, structures such as the
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superior colliculus undoubtedly are important in inj-
tiating behavior, Mounteastle (19735) more specitically
hypothesized that posterior parietal cortex functions
as a “command” center for movements in immediate
extrapersonal space. Finally, the functional asymme-
try of posterior parietal cortex in humans can be ex-
plaincd if the right hemisphere contains the neural
substrate for attending to both sides of space, though
predominantly coatralateral space, while the left
hemisphere is almost exclusively concerned with con-
tralateral space (Mesutam, 1981). Thus, unilateral le-
sions of the left hemisphere are partiatly compen-
satc.” by the functions of the right hemisphere, but
the reverse does not hold. This difference may re-
late to the specialization of the left hemisphere for
language.

VII. Somatosensory Cortex of the Medial
Wall: The Supplementary Sensory
Area and Cingulate Cortex

Penfield and Jasper (1954) postulated the existence of
a supplementary scnsory area, as an analogy to the
supplementary motor area, on the medial wall of the
cerebral hemisphere where electrical stimulation
evoked sensations from the contralateral leg, arm,
and face, More recently, Woolsey et al. (1979) re-
ported in a single patient that scnsations were ob-
tained from the arr: or leg after electrical stimulation
of sites on the medir! wali.

There have been only a few experimental studies
in monkeys that relate to the existence or organiza-
tion of a supplementary sensory arca (see Murray and
Coulter, 1982, for a review). In macagque morkeys,
neurcns on the medial wall respond to somatosensory
stimuli, and there is some suggestion of anterior sites
relating to the lower body and posterior sites relating
to the upper body. These ncurons have large recep-
tive fields, and appear to have inputs related to both
skin and deep receptors. Major inputs are from dor-
sofateral posterior parietal cortex, especially the
anterior half. Other connections of medial parietal
cortex arc with premotor and supplementary motor
cortex and the fateral posterior nucleus of the
thalamus.

Posterior parietal cortex also provides inputs to
the cingulate cortex of the medial wall (see Mesulam,
1981). Thus, part of the cingulate cortex is part of, or
closely associated with, the somatosensory system,.
Such connections could help mediate motivational or
attentional aspects to perception.
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VII. Somatosensory Cortex of the Lateral
(Sylvian) Sulcus

Much of the cortex of the upper bank of the lateral
sulcas and probably some of the cortex of the insula
are somatosensory in function. Because of the gen-
eral inaccessibility of this region in humans, there
have been only a few attempts to reveal aspects of
functional organization by stimulation or recording.
However, there is clear evidence for the existence of
the second somatosensory area, S-II. Interest has
been limited because lesions in the region typically
do not produce major sensory or perceptual impair-
ments. However, the lateral somatosensory cortex
may be part of a critical corticolimbic pathway for
touch (see Fricdman et al., 1986). Monkeys have se-
vere deficits in tactual memory after combined re-
moval of the amygdala and hippocampus (Murray
and Mishkin, 1984a). The pathways for input to these
funbic structures involve convergent input to S-11
from areas 3a, 3b, 1, and 2 of the anterior parietal
cortex, and a reiay from S-1 over more rostral sub-
divisions of the somatosensory cortex in the lateral
suleus (Figure 24.12). Because this lateral pathway is
best understood in macaque monkeys, the organiza-
tion of lateral somatosensory cortex in these primates
is briefly reviewed below,

A. Organization of Cortex of the Lateral Sulcus in
Monkeys

Cortex in the lateral sulcus contains several subdivi-
sions (sec Kaas and Pons, 1988, for a review\ that are
basically somatosensory in function {Figure 24.13).
Architectonic subdivisions are described by Mesulam
and Mufson (1982a). Most caudally, area 7b continues
into the lateral sulcus. Area 7 adjoins the retroinsular
area (R-1) and the second somatosensory area (S-11),
named because it was the second representation dis-
covered in cats and later in other mammals. More
rostrally, a systematic representation of the body sur-
face is found in the grauular insular cortex (lg). The
dysgrarular insular cortex (1d) also has scmatosen-
sory connections. A wide range of inputs converge
from anterior parietal and posterior parietal cortex
into S-11, and relay into Id and Ig and then into limbic
cortex (see Friedman et al., 1986; Pons and Kaas,
1986, Mesulam and Mufson, 1982a). :

In S-I, the face representation lies rostrally, the

hand is caudal to the face, and the trunk, leg, and
foot are deepest in the sulcus. Neurons in S-II are
activated by cuianeous stimuli, with almost all recep-
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i
Perirhinal
Figure 24.12. A summary of cortical s0matosensory connections
leading to inputs to the amygdala (A) and the hippocampus (H) of
the Nimbic system via S-II and insnlur Selds. Solid lines, fecdfor-
wiL, o projections; dashed and dotied lines, feedhack projections.
Reproduced from Friedman e af (1436},

tive fields on the contralateral body surface. Most
ncurons rapidly adapt to touch or movement of hairs.
A small proportion of neurons may relate to deep
receptors, and some neurons have Pacinian-like re-
sponses. Besides cortical connections (shown in Fig-
ure 24.12), a major thalamic input is from the ventro-
posterior inferior nucleus {Friedman and Murray,
1986; Krubitzer and Kaas, 1986; Figure 24.10). How-
ever, the significance of the VP{ input is not yet clear,
since VPI inputs alone are not sufficient to activate
S-II (Pons er al., 1987). The R-1 has neurons that
respond to light touch and to high-frequency vibra-
tions, suggesting a Pacinian receptor input. Thalamic
connections appear to be from parts of the posterior
group. The Ig is activated by cutaneous stimuli; re-
ceptive fields are largely on the contralateral body
surface, although bilateraliv svmmetrical receptive
ficlds are found, and the region forms a systematic
fepresentation with rostral Ig devoted 1o the face and
mouth and caudal Ig activated by stimulating the
itmbs and trunks. Ig may recetve thalamic input from
the posterior group. The 1d has somatosensory con-
nections, but little else is known about the field.

B. S-M and Other Somatosensory Fields in Humans

According to the electrical stimulation studies of Pen-
field and Rasmussen (1950}, the second somatosen-
sory area in humans is located just lateral and slightly
anterior to the lateral end of the central fissure. Part
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Lateral
Sulcus

Figure 24.13.  Subdivisions of cortex in e Luteral fissure of ma-
caque monkeys. A large second representat..n of the body (§-11)
1s bordered caudally by a retreinsular representation (R-1} and
rostralty by a tactile representation in insular granular cortex (1g).

of the face representation of S-11 is on the dorsolat-
eral surface of the hemisphere, and the hand dnd leg
are represented in successively deeper locations on
the upper bank of the lateral fissure. Stimulation of
sites in S-II largely produces sensations of numbness
or tingling in contralateral skin locations, although
ipsilateral or bilateral sensations are occasionally re-
ported. Recordings of evoked potentials in the S-I
region support the view that the leg is represented in

MT
(Visual)

A-t
(Tactile: Vibration)

The dysgranular insular region (1d) akso appears to be iuvolved in
processing somatosensory information. A lateral view with the
tateral fissure opened to show the insula. From Kaas and Pons
{1988).

cortex that is deeper and caudat to that of the hand
and face, and indicate that neurons are activated at a
longer latency in S-I1 than in anterior partetal cortex
(Woolsey er al., 1979). Somatosensory evoked cere-
bral magnetic fields have been reported for the S-II
region after median and peroneal nerve stimulation,
further demonstrating the existence of $-1 in humans
(Hari ¢t al., 1984). Remarkably, removal of S-1I is
thought to produce “‘no obvious SCNSOTY Or motor
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defect™ (Penficld and Roborts. 1939y Although re-
centreports dre consistent with thys concliusion feg.
Roland, 1987a), Murray and Mishkin (1984) note that
previous investigators have reported both severe def-
icits and no deficits after S-11 lesions in monkeys, and
concluded that the lack of impairment was the result
of incomplete lesions, With compicte lesions in mon-
keys, Murray and Mishkin {1984b) found scvere im-
pairments of texture and shape discrimination learn-
ing, and elevated size and roughness discrimination
thresholds.

Other somatoscnsory fields undoubtedly exist in
the cortex of the lateral sulcus. Architectonic studies
suggest granular and dysgranular subdivisions similar
to those reported for monkeys (see Brockhaus, 1940;
Mesulam and Mufson, 1982b; Sanides, 1968). Electri-
cal stimulation of the anterior insula resuits in sensa-
tions and motitity of the digestive tract (Penfield and
Faulk, 1955},

IX. Summary and Conclusion

This chapter describes the organization of the parts
of the somatoscasory system thought to be concerned
with object identification and tactile discriminations.
The relevant sensory information depends on recep-
tors in skin, muscles, and joints, and is relayed over
parallel afferent pathways to reach the ventroposier-
ior complex of the thalamus. The ventroposterior
complex includes a ventroposterior “proper” nucleus
(VP) composed of ventroposterior lateral (VPL) and
ventroposterior medial (VPM) subdivisions, The
ventroposterior nucleus processes and relays infor-
mation from rapidly and slowly adapling cutaneous
receptors to area 3b of cortex, and information from
rapidly adapting cutaneous receptors to area 1.
Sparse projections exist to parts of area 2. The ven-
troposterior superior nucleus (VPS) relays largely
muscle spindle receptor information to arcas 3a and
2. The ventroposterior inferior nucleus (VPI) pro-
jects 1o the second somatosensory arca (S-11), but the
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significance of this projection is uncertain. The laterat
posierior nuctews, the anterior pulvinar, and the me-
dial pulvinar, without obvious sensory inputs, inter-
connect with subdivisions of somatosensory cortex,
perhaps to modulate neural activity.

The somatosensory cortex includes anterior pari-
etal cortex with four functional subdivisions, areas
3a,3b, 1, and 2; posterior parietal cortex with at least
-6 ficlds; the supplementary sensory area of the me-
dial wall of the cercbral cortex; and the second so-
matosensory arca and other ficlds in cortex of the
upper bank and incula of the lateral fissure. Areas 3a,
3b, 1, and 2 all contain somatotopic representations
of body receptors, with area 3b corresponding to the
primary field, S-I, of nonprimates, though it is com-
mon and traditional to include all four fields of ante-
rior parietai cortex in **S-1.” Basic processing of tac-
tile information occurs in arca 3b, higher-order
processing of tactile information occurs in area 1, and
tactile information is combined with limb and digit
position information in arca 2 for the rccognition
of shapes and objects during active touch. Muscle
spindle receptor information in area 3a, combined
with inputs from area 2, may rclate to motor control
mechanisms,

Information from anterior parietal cortex is re-
layed laterally to S-1I and adjoining fields as part of a
processing sequence related to object identification
and memory, and to posterior parietal cortex for com-
putations relating to intention, attention, motor be-
havior. and multimodal motor control. In particular,
much of the posterior parietal cortex relates to the
visual control of cye, hand, and arm movements via
outputs to frontal cortex and to brain stem centers,
Posterior parictal cortex is asymmetrical in humans,
with the right (nondominant) hemisphere having a
more dramatic role in mediating attention and motor
behavior for the contralateral body and visual space.
The significance of the supplementary sensory area s
uncertain, but a role in motivation and other limbic
cortex functions scems likely.
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