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SUMMARY

AND

for each digit to be subserved by both types
of neurons.

CONCLUSIONS

1. Recordings from the representations of
the glabrous digits in area 3b of the somatosensory cortex of owl and macaque monkeys
revealed two types of neurons. Rapidly adapting (RA) neurons responded only at the onset
and offset of a l-s skin indentation. Slowly
adapting (SA) neurons also responded to
stimulus onset and offset but, in addition, they
responded throughout the l-s skin indentation.
2. RA neurons were found in all cortical
layers while SA neurons were found only in
the middle cortical layers. In electrode penetrations perpendicular to the layers, some
penetrations encountered only RA neurons
(RA penetrations), while other penetrations
first encountered RA neurons, then SA neurons, and finally RA neurons again (SA penetrations).
3. When closely spaced electrode penetrations were made throughout the representation
of a single digit, it was apparent that RA and
SA penetrations were not randomly distributed. The distribution suggestedthe existence
of separate clusters or bands of SA and RA
neurons in the middle layers of cortex. The
predominant orientation of the SA and RA
regions was rostrocaudally along the lengths
of the digit representations. The SA and RA
bands varied in width, had no systematic position in the representation of individual digits,
and often crossed from the representation of
one digit to another.
4. Because of overlapping receptive fields
for neurons in adjoining bands, the SA and
RA bands appeared to represent the digits
separately. This would allow all skin surfaces
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INTRODUCTION

In early landmark studies of somatosensory
cortex, Mountcastle (29) proposed that cortical
areasare not uniform in function and instead
are divided into functionally distinct modules
or vertical “columns” of cells. The concept of
modular organization within cortical fields has
received considerable support, especially for
primary visual cortex (seeRef. 2 1 for review),
and it is obviously important to consider the
issueof how cell classesare distributed within
any cortical area. For the present study we
considered the distributions of two types of
neurons in area 3b of the somatosensorycortex
of monkeys. In our previous electrophysiological mapping studies of area 3b in monkeys
(8, 23, 28, 34, 41) and prosimians (40), we
noted that while neurons throughout the representation were activated by cutaneous stimuli, some of these neurons responded to only
stimulus change, while others continued to
respond to a steady indentation. Others have
described these two classesof neurons in somatosensory cortex and have referred to them
as rapidly (fast or quickly) adapting (RA) and
slowly adapting (SA) neurons (2, 5, 7, 18, 29,
3 1, 37). In order to determine the area1and
laminar distribution of thesetwo types of neurons, it was necessary to record and classify
large numbers of neurons in a restricted region
of cortex. We decided to use an electromechanical stimulator and simply determine if
neurons at given recording sitesresponded to
the transients of a l-s skin indentation, and
thereby would be classified as RA, or responded also during the steady-state inden-
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tation, and thereby would be classified as SA.
Our previous understanding
of the somatotopic organization of area 3b in owl and macaque monkeys (28, 34) allowed us to explore
the complete representation of a given body
part in great detail with a finely spaced grid
of electrode penetrations. Because of the large
number of recordings that were required for
any given region of area 3b, it was impractical
to study all parts, and the experiments typically
concentrated on the representation of the glabrous surface of a single digit of the hand,
often digit 3 or 4. The experiments were conducted on New World owl monkeys, where
the exposed somatosensory
cortex was more
easily studied, and on Old World macaque
monkeys, where results may be more applicable to higher primates, including humans.
For a preliminary report, see Ref. 42.
METHODS

Experiments were conducted on six adult owl
monkeys (Lotus trivirgatus) and nine adult macaque monkeys (Macaca fascicularis). The monkeys
were anesthetized with ketamine HCl (35 mg/kg,
im) and the parietal cortex was exposed for recording. In some monkeys, recording stability was
achieved by exposing a wide region of cortex, comparable to that exposed in microelectrode mapping
experiments (28, 34). A well constructed of acrylic
plastic held silicone fluid over the brain. In other
monkeys, a Plexiglas chamber was cemented over
a smaller opening, and brain pulsations in the
chamber were reduced by a layer of a 4% agar
solution covered with dental wax. In both preparations, glass-insulated platinum-iridium
electrodes
(2- 10 Ma at 1 kHz) were used to record neural
activity within area 3b.
The goal in each experiment was to sample neurons in the cortical representation of a single digit
densely. In owl monkeys, where the relevant cortex
is exposed on the surface of the brain, electrode
penetrations were made normal to the cortical surface and spaced in a grid of 3040 penetrations per
square millimeter of tissue. The spacing of electrode
penetrations was not completely regular, since surface blood vessels were avoided, but electrode penetration separations of loo-250 pm were typical,
and as many as 58 penetrations were made within
the representation
of a single digit. In macaque
monkeys, the relevant portion of area 3b is hidden
in the caudal bank of the central sulcus. Thus, in
order to make electrode penetrations that were normal to the surface of area 3b, it was necessary to
extend penetrations caudally through the motor
cortex. Alternatively,
electrode penetrations were
angled more vertically into the postcentral gyrus
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so as to traverse long portions of the underlying
area 3b.
In all penetrations, an effort was made to examine
response properties of single units along a sequence
of recording sites as the electrode was advanced
through cortex. Conventional procedures were used
to isolate the action potentials of single cortical
neurons with a window discriminator
and to monitor the stability and waveform of isolated units
with an oscilloscope and an audio monitor. For
some of the recording sites, however, complete isolation of a single unit was not achieved. Rather
than lose information
at those sites, the window
discriminator
was adjusted to accept the discharges
from several of the larger amplitude spikes. These
procedures allowed us typically to obtain recordings
at 50- to loo-pm intervals along each electrode
tract: all recordings of neural spikes were compiled
into peristimulus histograms with a PDP-8 computer.
The response of the single neuron or the neuron
cluster at each recording site was classified as rapidly
adapting (RA), if there was no slowly adapting
component, and slowly adapting (SA), if such a
component was detected. In order to classify the
response, the receptive-field location was first determined with hand-held stimuli. Next, the probe
of an electromechanical
stimulator (I) was centered
in the receptive field. The stimulator produced a
repeating trapezoidal skin indentation with l-s on
and off times and 25.5-ms rise and fall times. Indentation depths of either 500 or 700 pm were used
in different experiments, since such indentations
produce responses that are intermediate
between
threshold and saturation for most cortical units (30)
as well as for primary afferent units (IO). A peristimulus time (PST) histogram of the response was
obtained at each recording site for classification
into SA or RA types (see RESULTS). Lesions were
made along or at the ends of selected electrode
penetrations by passing current through the recording electrode (5- 10 PA/~ s). These lesions were
later used to assign depths to recording sites.
At the end of each recording experiment, the
monkey was perfused with saline followed by 10%
formal-saline and the explored portion of the brain
was frozen and cut in the parasagittal plane. Sections
stained with cresyl violet were examined for microlesions and were used to reconstruct the mapped
region of the brain.
RESULTS

The major results of this study concern the
vertical and area1distributions of SA and RA
neurons within area 3b of the somatosensory
cortex in owl and macaque monkeys. Similar
resultswere obtained from both monkeys and
are described in turn for each.
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For both owl and macaque monkeys, neurons in all electrode penetrations in the portions of area 3b devoted to digits of the hand
(Fig. 1) responded to skin indentation. Within
individual penetrations, cutaneously driven
neurons were found over a range of depths
from near the cortical surface to near the white
matter. All responsive neurons had increased
discharge rates during stimulus onset and offset transients, but only some of these continued to respond to maintained skin indentations. All neurons that responded at a higher
than spontaneous rate during maintained skin
indentation were classified as slowly adapting
(SA), while all neurons with increased firing
rates only at stimulus change were classified
as rapidly adapting (RA). At sites where the
activity of more than one neuron was recorded, a slowly adapting component classified
the site as SA. Thus, in the present analysis,

SA sites have a slowly adapting component
but could also have a rapidly adapting co’mponent, while RA sites had no detectable
slowly adapting component.
Verlical distribution of SA and RA
neuruas in owl monkeys
One important observation was that while
both SA and RA recording sites were found
in the middle layers of the cortex in owl monkeys, only RA sites were found deep and superficial to the middle layers. In “vertical”
electrode penetrations passing perpendicularly
through the cortical layers, either a continuous
sequence of RA sites was noted or the recording sites changed from IRA to SA in the
middle layers and then back to RA in the deep
layers.
Figure 2 illustrates a penetration typical of
those containing both RA and SA neurons.
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AREA ‘3B HAND REPRESENTATION

FIG. 1. Representation of the hand in area 3b of owl and macaque monkeys. The owl monkey (A) has no central
sulcus, and the hand representation is on the exposed brain surface. In the macaque monkey (C), the hand representation
and most of area 3b is buried on the posterior bank of the central sulcus. The hand representations of the owl monkey
(B) and the macaque monkey (D) are similar in that digits l-5 are represented successivelyfrom lateral to medial in
area 3b. In both monkeys, digit tips are “rostraI” toward the area 3a border, and the proximal digits are caudal toward
the area 1 border. Macaque monkeys differ in having representations of digits extending to the area 1 border and the
representation of the palm displaced medially and laterally. In addition, proportionately more cortex is devoted to
the distal phalanges. Based on Refs. 23, 28, 34.
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FIG. 2. Laminar distribution of rapidly adapting (RA) and slowly adapting (SA) neurons in area 3b of owl monkeys.
Peristimulus time histograms of responses to 25-50 presentations of a l-s indentation of the skin are shown for 11
recording sites in an electrode penetration passing through the cortex (upper left). Histograms 4, 8, 9, and 11 are
from single units, while other recordings reflect the activity of more than one unit. Because this electrode penetration
encountered both SA and RA neurons, it was classified as an SA penetration (see text). Arrows mark borders of area
3b. Receptive fields were on the distal phalange of digit 4. Recording depths are indicated for each response. SA
responses (sites 7-9) have a maintained component during indentation.

Initially, neurons with RA responses, l-6,
were recorded in layers II and III. These neurons responded to both the onset and offset
of the indentation of the skin on the distal
phalangeof digit 4, with no detectable response
during the maintained indentation. Next,
three SA neurons, 7-9, were encountered
while the electrode was passingthrough layer
IV. These neurons also respondedto the stimulus onset and somewhat lessto the stimulus
offset, but there wasa clearly elevated response
rate during the maintained skin indentation.
Two subsequent neurons in layer V were
poorly driven to stimulus onset but showed
no elevated responseto the maintained skin
indentation. The pattern seen in Fig. 2 was
repeated in all penetrations with mixed RA
and SA responses;that is, the responsetype

would change in these penetrations from RA
to SA and then back to RA, with the SA responsesrecorded in the middle layers of the
cortex, typically in or near layer IV.
In other electrode penetrations, only IL4
neurons were encountered. Figure 3 illustrates
one such penetration. Neurons at all recording
depths, including those in layer IV, 7-9, responded at stimulus onset and offset but did
not show increased discharge rates during the
maintained skin indentation. For convenience, we refer to penetrations with only RA
responsesas RA penetrations and to penetrations with SA responsesin the middle layers
as SA penetrations.
The results from individual penetrations
suggestthat given regions of cortex contain
RA neurons in all layers of the cortex or con-
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FIG. 3. Laminar distribution of recording sites for a penetration in area 3b of an owl monkey where all responses
were rapidly adapting. Even though multiunit activity was recorded at all sites but 4 and 10, slowly adapting activity
was not detected. Because only RA neurons were recorded, this penetration was termed RA (see text). Receptive
fields were on the distal phalange of digit 4. A marker lesion is indicated at the end of the electrode tract. Conventions
as in Fig. 2.

tain a combination of RA and SA neurons,
with the SA neurons confined to the middle
layers of the cortex. Thus, in a sample of neurons from both types of penetrations, RA neurons should have a different distribution of
recording depths than SA neurons. This supposition was tested by compiling the recording
depths for all single neurons isolated in three
owl monkeys. Overall, most neurons were recorded in the middle layers of the cortex, but
the most superficial and the most deep recordings were exclusively from RA neurons.
Because RA neurons were encountered su-

perficially in all penetrations, there was a significant difference in the mean recording
depths for RA and SA neurons (950 pm, RA;
1,150 pm, SA; P < 0.001, Mann-Whitney
U test). Because marker lesions were made in
only a few penetrations, the laminar locations
of all SA neurons were not accurately determined. The recording depths of these neurons,
however, strongly suggest that the vast majority of the SA neurons were located in layer
IV and the deeper part of layer III. Because
of the evidence for the laminar restriction of
SA neurons to the middle layers of the cortex
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and the probability that good isolation of larger
neurons in infra- and supragranular
layers
were achieved most often with our electrodes,
it is unlikely that the encounter rates of SA
and RA neurons in our sample accurately reflect the proportions
of these neurons. However, of 127 single cells isolated in four owl
monkeys, 38 were SA and 89 were RA.
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Area1 distribution of SA and RA
penetrations in owl monkeys
The area1 distribution
of SA and RA response sites was determined by placing a
number of closely spaced electrode penetrations in the representation of a single digit in
area 3b and characterizing each penetration
as RA or SA, based on whether RA or SA
neurons were encountered in the middle layers
of the cortex. This approach indicated that
RA and SA penetrations were not intermingled randomly within the representation of a
digit but were grouped according to penetration type. Results from three owl monkeys
are shown in Fig. 4. For each case, a surface
view of the explored region of area 3b is shown
on the left. Major blood vessels are indicated
and electrode penetrations are marked as SA,
RA, or as rostra1 to the cutaneous representation. On the right, the cortex devoted to the
explored digit is outlined, the representations
of the distal, middle, and proximal phalanges
are indicated, and regions of the cortex containing SA or RA electrode penetrations are
distinguished. These maps of SA and RA regions can be thought of as surface projections
of the middle layers of the cortex. The indicated SA and RA territories are estimates of
the configurations that best group SA and RA
penetrations. A higher mapping density could
modify these configurations somewhat, but the
basic forms would not be altered. The configurations indicated in Fig. 4 indicate that
the SA and RA territories extend mainly in
a rostrocaudal direction. While there is a suggestion that the RA territories tend to be larger
than the SA territories (Fig. 4B and C), this
was not always the case (Fig. 4A). It also appears from the reconstructions
that SA territories may be in any portion of a digit representation, may bifurcate, may have blind
endings, and may cross from the representation of one digit to another. For the present,
we refer to these senarate SA and RA territories

B

OWL

MONKEY
80-30
DIGIT 3

c

OWL

MONKEY
DIGIT

80-77
4

FIG. 4.
Area1 distributions
of electrode penetrations
within the representation
of a single digit for three owl
monkeys.
Distributions
of electrode penetrations
relative
to surface blood vessels are on the left. RA penetrations,
open circles; SA penetrations,
filled circles; area 3a penetrations with noncutaneous
activation,
crosses. The RA
and SA territories suggested by distributions
of penetration
types are shown on the right. Cortex devoted to the designated digit is outlined
and broken lines separate representations of the distal, middle, and proximal
phalanges.
For each digit representation,
rostra1 is left and medial is
above.

as SA and RA bands, but it might be reasonable to use other terms to describe the shapes.
The evidence for segregation of the SA and
RA neurons in the middle layers of the cortex
into separate bands raises the issue of somatotopic organizati .on within these bands.
Our data suggest that the skin surface is represented separately by SA and RA bands. The
evidence for this conclusion comes from considering the receptive-field locations and over-
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lap for all SA and RA penetrations within
each experiment where the representation of
a single digit wasfully explored. Figure 5 shows
typical results from one case(80-40). The relation of recording sites to receptive-field locations indicates there is an overall somatotopic organization involving penetrations in
both the RA and SA bands. Thus, the progression from rostra1 to caudal sites comesponds to a tip-to-palm progression of receptive fields. It is also apparent that receptive
fields for recording sites on the lateral margin
of the digit representation tend to be on the
radial side of the digit, and receptive fields for
recording sites on the medial side tend to be
on the ulnar side of the digit. Nevertheless,
there was enough overlap of receptive fields
so that when RA and SA penetrations were
considered separately, the same parts of the
digit were found to be represented in both
subdivisions of the representation. The digit
tip, for example, was clearly represented by
both RA (fields 9-l 1) and SA (fields H-L)
neurons.
In part, the separate RA and SA representations may be accomplished, not only by
overlapping receptive fields, but by receptivefield scatter or departures from strict somatoSLOWLY

ADAPTING

topic organization. Receptive field E (Fig. 5),
for example, corresponds to an electrode penetration centered in the digit representation,
yet the receptive field was displaced toward
the side of the digit very much like the receptive field for penetration 5 near the margin
of the digit representation. Another observation was that the receptive fields for SA neurons tended to be larger, often covering much
of the width of a phalanx, than those for RA
neurons. This observation may relate to the
tendency for SA bands to be smaller than RA
bands.

Vertical distribution of SA and RA
neurons in macaque monkeys
Experiments on cynomolgus macaque
monkeys provided results that were consistent
with those from owl monkeys. However, the
deep central sulcus in macaque monkeys required different experimental strategies for
making electrode penetrations and reconstructing data. Thus, the distribution of SA
and RA neurons as a function of depth orthogonal to the pial surface in area 3b was
investigated by angling electrode penetrations
caudally through the motor cortex so as to
intersect area 3b and pass through its layers
RAPIDLY

ADAPTING

FIG. 5. Receptive-field locations for recording sites in slowly adapting and rapidly adapting territories in the
representation of a digit in area 3b of an owl monkey. Receptive fields for SA penetrations overlap those for RA
penetrations. For the digit representation, rostra1 is above and medial is right.
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LOG.6. A parasagittal brain section showing an electrode tract into the representation of a digit in area 3b of a
macaque money. Two marker lesions (Ll and L2) are indicated. Arrows mark borders of areas 3b and 1. Nissl stain.
Rostral, left.
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approximately normally. Figure 6 shows a
photomicrograph of one such penetration with
two marker lesions, one at the recording site
of an SA cell and the other 2 mm deeper.
Because the slope of the central sulcus was
not apparent during the experiment, the angle
of the electrode penetrations often was not
precisely normal to the surface, and corrections were necessaryfor constructing surface
views.
As in owl monkeys, electrode penetrations
in macaque monkeys encountered either a sequence of neuron types that started with an
RA segment, changed to an SA segment, and
ended in an RA segment or a sequenceof only
RA neurons. An example of a mixed RA-SA
sequence is shown in Fig. 7. Neurons at recording sites 1 and 2 had no increase in discharge rate during the maintained skin indentation; neurons at sites 3, 4, and 5 had a
sustaineddischarge during indentation, while
responsesat site 6 were only at stimulus onset
and offset. The neurons with the sustained
discharge were in layer IV, as measured from

the marker lesion, and the site with the greatest
magnitude of sustaineddischargewascentered
in layer IV. When these and other neurons
fired during the maintained skin indentation,
it was common to note a short supression of
the dischargeimmediately after the peak firing
rates (see histograms 2-5, Fig. 7). In all experiments where recording depths were determined, the SA neurons were located in or
near layer IV.
Figure 8 illustrates results from an electrode
penetration where only RA responses were
recorded. The important observation from this
typical RA penetration was that neurons in
layer IV, as well as other layers, were only of
the IL4 type. Also, the maximal responserates
were obtained for neurons in layer IV.
Mudulur organization of SA and RA
neurons in macaque munkeys
Given that area 3b lies buried along the
caudal bank of the central sulcus in macaque
monkeys, two strategies were employed in
making penetrations to discern the distribu-
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FIG. 7. Responses for neurons in an electrode penetration in a slowly adapting zone in area 3b of a macaque
monkey. Responses 3-5 are SA. A marker lesion is shown at the end of the electrode tract in the parasagjttal brain
section on the left. Conventions as in Fig. 2.
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FIG. 8. Responses along an electrode penetration that encountered RA neurons only. Conventions as in previous
figures,

tion of SA and RA neurons in the middle
layers of the cortex. First, in four monkeys,
penetrations were made that were nearly perpendicular to the layers of area 3b by angling
electrodes caudally through the motor cortex
(Figs. 7 and 8). Because of the large size of
the digit representations in macaque monkeys
and the difficulty in obtaining a large number
of closely spacedlong penetrations, it was impractical to sample from all parts of a digit
representation by this approach. Results from
one of the more complete casesare illustrated
in Fig. 9 where the electrode angle was about

30’ from vertical. Every electrode tract was
reconstructed in this experiment after identification in parasagittal brain sections. The
portion of each electrode tract that traversed
the deeper half of layer III and through layer
IV was identified and projected to a surface
view of the cortex in a manner detailed in the
APPENDIX. Since the electrode tracts were not
completely perpendicular to the layers, the
relevant part of each electrode tract is represented by a line in Fig, 9. Individual recording sites are marked r for RA and s for
SA responses. This procedure allowed the
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FIG. 9. Area1 distribution of SA and RA recording sites in the representation of digit 3 of a macaque monkey. A
view of the brain (upper left) shows where electrode penetrations were made through motor cortex (box) to reach
area 3b in the central sulcus. The pattern of the electrode penetrations relative to the blood vesselsaround the central
sulcus (CS) is on the lower left. The lower right drawing shows the electrode penetrations and the classified recording
sites projected to a surface view of the explored portion of area 3b. The map of the digit with distal, middle, and
proximal phalanges, and SA and RA territories is on the upper right. SA, s; RA, r; noncutaneous, x.

middle layers of cortex to be divided into SA
and RA zones. In case 78-37 (Fig. 9), the digit
3 representation contained a long SA band
extending from the representation of the digit
tip to the base. This band was flanked by similar RA bands. This organization was characteristic of that found in other cases, Although the shapesof the bands varied, they
mainly extended along the representation of
the digit from tip to base.
In addition to SA and RA bands, Fig. 9
also shows some basic features of the somatotopic organization of the digit representations in area 3b of macaque monkeys. Note
that the representation of the digit extends
from the 3b/l border to the 3b/3a border, that
most of the representation of digit 3 was devoted to the distal phalange, and that part of
the dorsal surface of the digit was represented
in the depths of the central fissure. Typically,
the dorsal skin around the nailbed (also see

Fig. 10) was represented deep in the central
sulcus next to the representation of the glabrous digit tip. The representations of other
dorsal surfaces of the digits were usually displaced to medial and lateral regions of cortex.
In this case (Fig. 9), the SA and RA bands
continued into the cortex representing the
dorsal surface of the digit.
The modular organization of area 3b was
explored in five additional macaque monkeys
by recording in long penetrations down the
caudal bank of the central sulcus roughly parallel to the cortical layers. Results from one
such case are illustrated in Fig. 10. In this
experiment the first goal was to determine the
best angle for directing electrode penetrations
parallel to the cortical layers. A favorable angle
wasdetermined by recording the depths of the
responsive layers of the cortex in a rostrocauda1 sequence of electrode penetrations (l-4,
Fig. 1OA) caudal to the central sulcus. In each
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penetration, the zone of responsive neurons
was noted, and these data were used to calculate the 25” angle (Fig. 1OB) used in making
electrode penetrations 5- 12. A surface-view
distribution of the SA and RA response sites
(Fig. 1OC) led to the reconstruction
of SA and
RA regions shown in Fig. 1OD. Again the orientations of the SA and RA bands were largely
along the length of the representation of the
digit, For the representation of the skin around
the nailbed, SA responses predominated.
Results from the experiment illustrated in
Fig. 10 were unusual in that the responses
from one group of recording sites were difficult
to classify (large open circles, Fig. 1OC). Responses recorded at these sites did not have a
sustained component for the duration of the
l-s skin indentation, yet the response decay
after stimulus onset was not as sharp as that
for previously illustrated RA neurons. These
unusual responses were observed along three
different electrode penetrations, but they were
not found in other experiments. For purposes
of reconstruction,
we classified these neurons
as RA (Fig. 1OD).
Since the RA and SA bands appeared to
extend along the length of the digit representation, it was possible to obtain evidence for
the organization of these bands over more of
the representation of the hand by recording
in long penetrations extending at an angle
across the representations of the digits. In one
experiment, the electrode penetrations were
not only slanted to pass along the layers of
the cortex of the posterior bank of the central
sulcus, but they were also slanted substantially
from medial to lateral to course across the
representations
of the digits (Fig. 11). Four
electrode penetrations
in this experiment
passed through the middle layers of area 3b
in the representation of the glabrous digits of
the hand. The representations of all five digits
were included in the recordings, and recordings along the electrode tracts were classified
as SA or RA. Results projected to a surface
view (Fig. 11, bottom left) and summarized
(Fig. 11, bottom right) show that SA and RA
neurons are segregated into bands that extend
dorsoventrally
in the central sulcus. These
bands had variable widths, ranging from 0.25
to 1 mm or more, and were continuous across
the representations
of different digits. The
representations of each digit had both SA and
RA regions. Finally, SA and RA bands did
not have a fixed relation to the representation
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of each digit, and each type of band could be
found at the center or the edge of a digit representation.
As for owl monkeys, the SA and RA bands
seemed to represent a digit independently.
Evidence for this conclusion is presented in
Fig. 12. Receptive fields for three rows of recording sites across the representation of digit
3 are shown. In row A, receptive fields for
three recording sites, 1-3, in the medial RA
band progressed from the ulnar margin to the
middle of the digit tip. The middle to the radial
margin of the digit tip was represented in the
more lateral RA band, sites 8 and 9. In between the two RA sequences, receptive fields
for the middle SA band, 4-7, traverse the same
skin surface in the same ulnar to radial sequence. Similar results were obtained for recording sites in rows B and C. The conclusion
supported by these results is that the middle
layers of cortex containing the SA and RA
bands separately relate to the same skin surface.
DISCUSSION

Two aspects of the functional organization
of area 3b of the somatosensory
cortex of
monkeys are described in this paper. First, the
middle layers of the cortex have both slowly
and rapidly adapting neurons, while the superficial and deep layers appear to have largely
or only rapidly adapting neurons. Second, SA
and RA neurons in the middle layers of cortex
are segregated from each other in alternating
territories or bands of tissue that are elongated
in the rostrocaudal direction for the region
representing digits of the hand. These results
raise a series of questions about the organization of area 3b in primates.
Do all parts of area 3b representation
receive inputs from cutaneous receptors?
While area 3b in monkeys has been described as a mixture of columns of neurons
devoted to subcutaneous receptors and columns of neurons related to cutaneous receptors (e.g., Refs. 14,36), the results of our mapping studies (8, 23, 29, 34, 41) lead us to the
conclusion that all parts of area 3b receive
cutaneous inputs. This conclusion does not
deny the possibility of inputs from deep receptors or even the exclusive activation of
some neurons by inputs from deep receptors.
Rather, the finding that neurons in all explored
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FIG. 11. Distribution of RA and SA sites for electrode penetrations angled across representations of di,gits. Locations
of four electrode penetrations are shown on the upper left on a view of the brain and part of one penetration is
indicated on a parasagittal brain section on the upper right. SA (s), RA (r), and noncutaneous (x) sites along these
tracts are projected to a surface view and a map of the digit representations on the lower left. The resulting distribution
of the RA and SA regions is on the lower right.

FIG. 10. RA and SA territories for the representation of digit 5 for macaque monkey 80-21. Four vertical penetrations
(1-4 in A and B) were first used to determine the angle of the central sulcus. In B, circles mark responsive and crosses
mark unresponsive recording sites in a portion of a parasagittal brain section. Penetrations 5-12 (see A) were placed
at a 25” angle (see B) to record from the middle layers of cortex of the caudal bank of the central sulcus. In C, the
pattern of the recording sites is shown as projected to a surface view of cortex. Unusual RA sites are indicated with
large open circles; small open circles mark RA, filled small dots mark SA sites, and crosses mark sites in area 3a that
were unresponsive to cutaneous stimuli. In D, the distribution of RA and SA territories are shown on a surface view.
The dotted region denotes the unusual RA sites (see text).

738

SUR,

WALL,

AND

KAAS

SA

RA
3

Row A
-

Row B
-

Row C -

FIG. 12. Receptive fields for three rows of recording sites across the RA and SA bands in a digit representation
of a macaque monkey. Note the overlap of receptive fields for the SA and RA bands. Conventions as in previous
figures.

parts of 3b could be activated by cutaneous
stimuli seemedinconsistent with a concept of
area 3b containing columns or vertical cylinders of cells of any significant diameter that
are driven exclusively by inputs from deep
receptors.
The present results seemto support strongly
the argument that area 3b of monkeys is cutaneous throughout. Probably no other study
has so thoroughly sampled the neuron population for the complete representation of a
given body part in individual animals. In recordings acrossthe entire representation of an
individual digit and at all cortical depths, neurons were responsiveto cutaneous stimuli, and

these responseswere quantitatively verified.
Most investigators have concluded that at least
the vast majority of neurons in area 3b are
cutaneously driven (2, 4, 14, 15, 27, 36, 43).
However, recording distances along layers in
area 3b of 0.5 mm and more that are driven
exclusively by deep receptors also have been
reported (14, 36). Such regions of exclusively
deep receptor input were not seen in our experiments, and they remain an inconsistency
in observations.
What me proportions of RA and
SA neurons?
RA and SA neurons have been described
in area 3b of the somatosensory cortex of
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monkeys in several reports (2, 14, 3 1, 35,38),
but the proportions of these two types of neurons are uncertain. Most investigators have
found SA neurons to be uncommon. DarianSmith et al. (2), for example, recently estimated the proportion of SA neurons as under
20%, and in a study of 272 neurons in areas
3b, 1, and 2, Hyvgrinen
and Poranen ( 14)
found only 17 SA neurons. In contrast, Paul
et al. (35) concluded that over 50% of the
neurons in area 3b were SA. To some extent
the differences in observed proportions of SA
and RA neurons may relate to recording procedures.
One possible source of differences in observed proportions of SA and RA neurons is
that investigators differently sampled cortical
layers. The present results indicate that at least
for the representations
of the glabrous digits
of the hand, the proportions
of SA and RA
neurons in area 3b varies according to cortical
layer. Because layer IV neurons are segregated
into SA and RA bands, the sizes of the bands
provide a rough estimate that 30-50% of layer
IV neurons are SA. However, since SA neurons appear to be largely or only in the middle
layers of the cortex, SA neurons must represent
a much smaller percentage of the total number
of neurons in area 3b. In previous experiments
where the goal has been to isolate single neurons best, larger pyramidal cells above and
below layer IV may have been oversampled,
and thereby these experiments would underestimate the proportion
of SA neurons. On
the other hand, Paul et al. (35) used lowimpedence electrodes and multiunit recordings largely to sample layer IV of area 3b, and
thereby probably produced overestimates
(37.2-66%) of the total amount of SA activity.
Our estimate of the amount of layer IV related
to SA activation is of the order of 30-50%,
which is somewhat less than the average value
of Paul et al. (35) of 55.8%.
Some of our recordings were from area 1,
and mainly RA responses were found for these
sites. This finding is consistent with the conclusion of Paul et al. (35) and Sur (38) that
fewer SA neurons are found in area 1. However, more systematic studies are needed (see
Ref. 3 1).
What determines respmse type of
urea 3b neurons?
Previ ous investigators
have suggested or
implied that segregated and para llel pathways
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from first-order peripheral SA and RA afferents account for the SA and RA properties of
cortical neurons in monkeys (32,33,35). More
specifically, the rapid adaptation properties,
the restricted receptive fields, and the relative
insensitivity
to high-frequency
vibration of
cortical RA neurons in area 3b are consistent
with the notion that these neurons ultimately
receive inputs from Meissner corpuscles rather
than pacinian corpuscles. The slowly adapting
response characteristics and the restricted receptive fields of area Jb SA neurons are consistent with the activation of SA neurons from
SA mechanoreceptors,
including Merkel cells
(e.g., Refs. 16, 17). In addition, there is evidence that SA and RA channels are segregated
all the way to the ventroposterior
nucleus,
where separate groups of SA and RA neurons
are found ( 18, 20). Segregated projections of
these neurons could create SA and RA bands
in layer IV and lower layer III of area 3b, since
thalamocortical terminations are concentrated
in these middle layers (9, 18; also see Refs.
25, 26). However, RA neurons are found in
SA bands below and above the middle cortical
layers. If vertical processing in cortex predominates (e.g., Ref. 30), RA inputs would not
exclusively activate the neurons located immediately above and below the layer IV SA
inputs. Thus, while it is plausible that layer
IV neurons reflect the properties of RA or SA
ventroposterior
inputs, the RA properties of
neurons in the superficial and deep layers of
the cortex above and below SA neurons may
result from intralaminar processing. We propose that the sustained component of the response is removed by inhibition for those cortical cells that are one or more steps removed
from secure thalamocortical
driving. Area 3b
is characterized
by a number of intrinsic
GABAergic neurons (11) that could provide
inhibition. Even the layer IV SA neurons may
be subject to inhibition,
since their initial
bursts of activity are typically followed briefly
by complete response suppression.
Similar
modifications
of sustained responses appear
to occur in the primary visual cortex, since
neurons with sustained responses to a unchanging stimulus are rare and are most notable in layer IV (3).
What is somatotopic

organization

of ureu 3b?
Paul et al. (35) first suggested that area 3b
of monkeys contains a complete representa-
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tion of the body surface. These investigators
explored the representation
of the hand and
found digits l-5 represented in a lateromedial
sequence, with the representations of the digit
tips directed toward the depths of the central
sulcus and the bases of the digits near the
3b/l junction near the top of the sulcus. Subsequently we have found this basic organization in four different monkey species (8,23,
28,34,4 1; however, see Ref. 27). Furthermore,
the present results are completely consistent
with those from our earlier studies, and they
also show in great detail how individual digits
are represented in area 3b of both owl and
macaque monkeys. Glabrous digit surfaces are
clearly represented from base to tip in a caudorostral direction in owl monkeys and down
the face of the caudal bank of the central sulcus
in macaque monkeys.
The results also illustrate some differences
between owl and macaque monkeys. In owl
monkeys, as previously noted (28), the representations of the digits typically do not cross
the rostrocaudal width of area 3b but instead,
the pads of the palm are represented caudal
to the digits. In macaque monkeys, as previously noted (34), it is common to have the
representations of the digits extend all the way
to the area 1 border. Another species difference
that is obvious from the present results is that
much more of the representation of a digit is
devoted to the distal phalange in macaque
monkeys (compare Figs. 5 and 10). In fact,
so much of the representation is occupied by
the distal phalange in macaque monkeys that
it would be easy to miss the representations
of the middle and proximal phalanges without
closely spaced recording sites.
A further feature of the somatotopic maps
is suggested by our conclusion that within layer
IV, SA and RA neurons are separated into
narrow alternating bands. If these bands are
subserved by different peripheral receptors and
these receptors are intermixed in the skin, then
the RA and SA bands must separately represent the same skin surfaces. This deduction
is strongly supported by the present evidence
that the receptive fields for neurons in adjoining RA and SA bands overlap and, in the
mediolateral direction in the cortex, there was
evidence for the representation
of the same
skin surfaces in adjoining parts of SA and RA
bands. It is possible that a single, perhaps
cruder, map is constructed
in nongranular
cortical layers by the merging of inputs from
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the granular layer. A similar double map may
exist in layer IV of area 17 of some primates,
where Hubel and Wiesel (13) have hypothesized that fine-grain mapping would reveal
remaps of the same visual space in adjoining ocular dominance bands. These separate
maps would merge in the binocular layers of
area 17.

What is nature of modular
of area 3b?

organization

We have postulated that area 3b of monkeys
is divided into alternating SA and RA bands.
These bands are in some ways similar to the
ocular dominance bands of the striate cortex.
A set of RA and SA bands are about the same
width as a pair of ocular dominance columns,
and they may combine to form something
akin to the visual “hypercolumn”
(13). The
width of this somatosensory
hypercolumn
is
of the order of the width of a region of cortex
that would be activated in area 3b by the skin
within a given peripheral receptive field (35).
As for ocular dominance columns, the distinction between SA and RA bands is obvious
only in the granular layers of cortex, Also, the
SA and RA bands may be only one type of
functional organization that exists in somatosensory hypercolumns.
Other types of organization, akin to the orientation bands in area
17, for example, may be discovered in future
experiments. Finally, it is useful to stress that
although ocular dominance bands were first
demonstrated electrophysiologically,
the area1
pattern of these bands were ultimately revealed
in great detail by anatomical experiments (see
Ref. 13). An anatomical demonstration of the
shapes of SA and RA bands would constitute
a significant advance. It is possible that the
rostrocaudal strips of thalamacortical
terminations in area 3b that are revealed by focal
injections of tracers in the ventroposterior
nucleus (20) already constitute, in a limited
manner, such an anatomical demonstration.

Is SA information

lost?

An interesting question here is what happens to the SA information. Apparently few,
if any, of the output cells of area 3b relay the
SA type of response, since output cells are in
the infragranular
and supragranular
cortical
layers. It follows that if SA information
in
area 3b is reflected in the output functions of
the field, the SA information is coded in some
fashion other than by the process of maintaining the discharge pattern of the SA first-
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FIG.
13. A: procedures for calculating penetration mapping distances. Left: three penetrations are shown angled
caudally on a parasagittal brain section. Bars A, B, and C indicate the resulting “horizontal” distances explored in
area 3b. Right: geometric relations used to calculate distances. See text for details. B: procedures for calculating the
angle of the electrode tract relative to the midsagittal plane and to the radial fibers of the cortex. Left: tracing of an
electrode tract through a series of 50-pm parasagittaf brain sections from 46-90, as shown on section 90. The relevant
calculations for deriving the angle between the electrode tract and the midsagittal plane are given below. Right:
measurements of angles between electrode tracts and the radial fiber pattern in the cortex. See text for details.
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order neuron. Perhaps RA output neurons
above and below SA neurons code significant
aspects of the SA signal, even though the response of the output neuron is RA. It is possible then that such RA neurons may be part
of an SA “labeled line.”

Are cats like monkeys?
The segregation of RA and SA neurons into
alternating zones apparently is not restricted
to area 3b of primates. In the primary somatosensory cortex of cats, separate zones of
RA and SA responses are found that have
been characterized as alternating bands that
appear to be elongated mediolaterally rather
than rostrocaudally (5,6,37). However, single
thalamocortical
SA or RA fibers appear to
have patches or clumps of terminations
that
are distributed mediolaterally in SI, suggesting
that SA and RA territories in cats may be
anteroposteriorly
oriented (25, 26). As in
monkeys, parts of the body appear to be separately represented in SA and RA regions of
the cortex in cats (37). Also as in monkeys,
RA bands appear to have only RA neurons,
while SA bands have both RA and SA neurons
(6). It is presently uncertain if RA and SA
bands evolved independently in carnivore and
primate lines or if such a segregation is basic
to the mammalian somatosensory
cortex.
APPENDIX
A penetration angled posteriorly from the vertical
so as to intersect portions of area 3b buried in the
central sulcus traverses varying distances along area
3b (Fig. 13A, left). A geometric representation
of
relations within the cortex in area 3b is shown in
Fig. 13A, right. PQ, electrode track length in middle
layers of cortex; PR, projection of electrode track
PQ on midsagittal plane; PS, radial fibers in cortex;
QS, projection of electrode track PQ on plane of
area 3b; QRS, plane surface in area 3b perpendicular
to radial fibers; PRS, plane parallel to midsagittal
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plane of brain; 8, angle between electrode track and
midsagittal plane; 4, angle between electrode track
projection on midsagittal plane and radial fibers;
and cy,angle between electrode track projection on
area 3b and midsagittal plane.
To reconstruct an electrode track through the
middle layers of cortex on a face-on view of area
3b (e.g., Fig. 9) we need length QS and angle a.
From the relations shown in Fig, 13B, right, we
can derive QS and cu from the track distance PQ
and the angles 8 and 4.
Track length PQ is obtained by correlating depths
of neurons during recording with neuron locations
in electrode tracks reconstructed from parasagittal
sections and retaining the track length between deep
layer III through the bottom edge of layer IV.
We obtain angle 0 as shown in Fig. 13B, left. An
electrode track (made in this case in cortex separate
from the region studied intensively) is reconstructed
through successive sections. The angle between the
track and the midsagittal plane (the plane of section)
is then derived from the distance measured between
the top and bottom of the track and the thickness
of tissue traversed.
The angle 4 is obtained for each electrode track
by direct measurement from the brain section containing the electrode track (Fig. 13B, right).
8 remains the same for all electrode tracks. PQ
and 4 are different, in general, for each track and
are obtained separately for each. The projection of
each track, QS, and the angle LYbetween the projection and the midsagittal plane are used to draw
each electrode track on a face-on unfolded view of
area 3b (Fig. 9, right). In such a view, the midsagittal
plane of course appears as a horizontal line.
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