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Multiple representation in primate Sl: A view from a window on the brain

Abstract: This chapter summarizes recent findings regarding the functional organization of primary
somatosensory cortex (SI) in primates when viewed through ‘windows’ on the brain with optical imaging
methodologies. These views have confirmed previous knowledge regarding topographic organization in SI.
They have also revealed the presence of functional domains for the processing of different sensory tactile
modalities (pressure, flutter, and vibration domains). Surprisingly, the representation of these tactile
modalities is quite distinct in organization from that of visual modalities (form, color, and depth) in visual
cortex. Rather, tactile modality maps appear similar to visual orientation maps in primate visual cortex.
Implications of these findings for the relationship of cortical organization to the sensory scene are
discussed.

List of Abbreviations: SI, primary somatosensory cortex; SII, second somatosensory area; PV, parietal
ventral area; SA, slowly adapting; RA, rapidly adapting; PC, pacinian; VPL, ventral posterior lateral; VPI,
ventroposterior inferior; CCD, charge coupled device; V1, primary visual cortex; V2, second visual area; V4,
fourth visual area; IT, inferotemporal cortex

1 Functional Representation in Primary Somatosensory Cortex (SI)

1.1 Multiple Topographic Maps in Sl

Primate primary somatosensory cortex (SI) in the postcentral gyrus contains four complete topographic
maps of the body surface that fall within the architectonically defined Brodmann’s Areas 3a, 3b, 1, and 2
(e.g., Woolsey et al., 1942; Powell and Mountcastle, 1959; Kaas et al., 1979; Nelson et al., 1980; Sur et al.,
1982; Pons et al., 1985, 1987) © Figure I-1. Areas 3b and 1 receive input primarily from cutaneous afferents
where areas 3a and 2 receive input from deep afferents (muscle spindles and joints) (e.g., Tanji and Wise,
1981). Other parietal areas, such as Areas 5 and 7, also process somatosensory information (Murray and
Mishkin, 1984; Dong et al., 1994; Burton et al., 1997; Duhamel et al., 1998; Debowy et al., 2001).
Somatotopic maps are also found laterally in second somatosensory area (SII) and the adjacent parietal
ventral area (PV) (Burton and Fabri, 1995; Krubitzer et al., 1995) and there are other somatosensory areas
in insular cortex that receive cutaneous and visceral information (Robinson and Burton, 1980; Schneider
et al., 1993; Craig, 2003).

1.2 Hierarchical Relationship between Areas 3b and 1

Numerous studies suggest a hierarchical relationship between Area 3b and Area 1. Ablations of Area 3a and
3b leave Area 1 unresponsive, consistent with anatomy studies that show that Area 1 receives the bulk of its
input from Area 3b. These findings suggest that direct thalamic inputs to Area 1 play either a weak or a
modulatory role in cutaneous information processing (Garraghty et al., 1990). In comparison with cells of
Area 1, response properties of cells in Area 3b can be described as relatively simple or closer to the physical
aspects of the stimulus. Area 3b neurons (and layer 4 neurons in Area 1) have receptive fields confined to
single-digit tips; in contrast, Area 1 neurons recorded in supra- or infragranular layers integrate over larger
areas of skin, often spanning multiple-digit tips (Mountcastle and Powell, 1959; Hyvarinen and Poranen,
1978; Costanzo and Gardner, 1980; Iwamura et al., 1983; Sur et al., 1980, 1985). In concert with a greater
degree of integration in Area 1, intrinsic connections within Area 1 are more extensive than those in Area 3b
(Burton and Fabri, 1995). Both SA (slowly adapting) and RA (rapidly adapting) responsive cells are
commonly found in Area 3b, whereas Area 1 is characterized by a predominance of RA cells and cells
responsive to motion and orientation (Warren et al., 1986; Nelson et al., 1991). Although both mechar-
eceptors and RA cells are responsive to textured surfaces, the firing patterns of slowly-adapting type I
mechanoreceptors cells are more closely tied with roughness and texture features (Connor and Johnson,
1992; Blake et al., 1997). These findings could suggest a stronger role of Area 3b in fine spatial pattern
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@ Figure 1-1

Somatotopic maps in Sl cortex. (a) Classical somatotopic maps determined with electrophysiology mapping.
Sensory maps in Areas 3b and 1 are as shown (from Sur et al., 1982). (b) Enlarged view of the hand region from
a. (c) Optical window over the hand region of Areas 3b and 1 in the squirrel monkey

discrimination and a role of Area 1 in tactile processing during active tactile exploration. Lesions of SI have
produced pronounced deficits in texture (Area 1), and size and shape (Area 2) discrimination, but have not
isolated Area 3b versus Area 1 contributions (Carlson, 1981, 1984).

1.3 Representation of Multiple Cutaneous Modalities in Areas 3b and 1

1.3.1 Psychophysical and Peripheral Channels

A significant body of anatomical and physiological evidence suggests that “labeled lines” of modality-
specific cutaneous information exists from the periphery to cortex. When glabrous skin is indented with
vibratory stimuli, three distinct sensations can be felt. A local flutter sensation is evoked by low-frequency
stimulation (2-40Hz), a deep radiating hum of vibration is evoked by higher frequencies (40-200Hz), and
pressure is felt for stimuli below 2Hz (Johansson et al., 1982). These pressure, flutter, and vibratory
sensations are mediated by SA, RA, and pacinian (PC) receptors, respectively (@ Figure 1-2; Mountcastle
et al., 1972; LaMotte and Mountcastle, 1975; Cohen and Vierck, 1993).

Numerous psychophysics and microneurography studies suggest that these modalities remain sepa-
rate in their central projections to somatosensory cortex (Verrillo, 1966; Talbot et al., 1968; Vallbo and
Johansson, 1984). For example, direct electrical stimulation of single, identified, low-threshold mechan-
oreceptive afferents (SA, RA, or PC) evokes only one type of perception (pressure, flutter, or vibration,
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@ Figure 1-2
Psychophysically determined thresholds for detection of different frequencies of vibrotactile stimulation. Peak
thresholds are around 1Hz, 30Hz, and 200Hz
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respectively) (Torebjork and Ochoa, 1980; Vallbo, 1981). Psychophysics studies fail to find vibrotactile masking
and adaptation between stimulus frequencies that produce pressure (0.5Hz), flutter (20Hz), and vibratory
sensations (200Hz) (Gescheider et al., 1979, 1985; Bolanowski et al., 1988). In addition, frequency-specific
electrical stimulation of a cortical RA-dominated site in Area 3b mimics the effect of stimulating RA receptors
of the skin (Romo et al., 1998). Remarkably, even the transfer of tactile learning from one digit to another is
modality-specific (Harris et al., 2001). These studies suggest a marked degree of separation in the experiences of
pressure, flutter, and vibration, mediated by separate populations of receptors that remain separate in their
central projections, and perhaps even to higher cortical areas involved in tactile learning and memory (see also
Romo et al,, 2000). Thus, both psychophysics and neurophysiology studies suggest some degree of modality-
specific functional segregation in somatosensory cortex.

1.3.2 Anatomical and Physiological Pathways

Anatomical and physiological evidence also suggest parallel modality-specific pathways, from periphery
through the dorsal column nuclei, to the thalamus, and into early somatosensory cortical areas. Dykes et al.
(1981) have described the segregation of RA, SA, and PC responses in the VPL and VPI. Jones and
colleagues (1982) have suggested that “rods” of topography and modality-specific cells project to similar
modality-specific bands in Area 3b, and perhaps Area 1. Connections between Areas 3b and 1 are
topographically homotopic, with feedforward projections being more robust than feedback (e.g., Jones
and Powell, 1969; Jones et al., 1978; Cusick et al., 1985; Burton and Fabri, 1995). Using 2-deoxyglucose
labeling methods combined with anatomical tracer injections, Juliano et al. (1990) suggested that excitatory
information is transmitted from Area 3b to Area 1 in a way that connects clusters of cells with similar
response properties.

1.3.3 Cortical Domains for Tactile Features

However, there is limited evidence to show whether different tactile features form multiple functional
domains within each of Areas 3a, 3b, 1, and 2. Perhaps the best evidence for functional domains within SI
comes from electrophysiological mapping studies describing zones of neurons with SA, RA, and PC
mechanoreceptor responses within Area 3b (Paul et al., 1972; Sur et al., 1981, 1984; Sretavan and Dykes,
1983). © Figure 1-3 Based on densely spaced electrode penetrations, Sur et al. (1981, 1984) found a
segregation of SA and RA cells in the middle layers of Area 3b and suggested that these are organized in
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@ Figure 1-3

Electrophysiological evidence of modality-specific segregation in Area 3b (from Sur et al., 1984). Based on this
and other studies, it was hypothesized that Area 3b contains alternating bands or zones of pressure and flutter
domains

o .Y - D Suretal. 1984

irregular antero-posterior “bands.” This groundbreaking work was the first to suggest the presence of
multiple maps in single cortical areas in SI. However, the limitations of electrophysiological mapping still
leave open many questions regarding the degree of modality-specific segregation in Area 3b and its
architecture. It is not clear whether SA/RA segregation in the middle layers implies some segregation in
the superficial or deep layers of cortex. Whether a third map for PC responses exists is also unknown. It is
also unknown whether Area 1, which is tightly associated with Area 3b, contains any functional organiza-
tion for vibrotactile modality.

2 Intrinsic Signal Optical Imaging in Primate SI

2.1 The Methodology

2.1.1 Measuring Intrinsic Optical Signals

Optical imaging of intrinsic cortical signals is a method based on the activity-dependent reflectance changes
of cortical tissue. The imaging procedure uses a charge-coupled device (CCD) camera to record the minute
changes in optical absorption that accompanies cortical activity (Blasdel and Salama, 1986; Grinvald et al.,
1986; Ts'o et al., 1990; Bonhoeffer and Grinvald, 1996). By presenting appropriate stimuli during
optical imaging, the functional organizations of the sensory cortices can be mapped at high resolution.
Although spiking response of single neurons is often predictive of the preference of the imaged domain
(e.g., Bonhoeffer and Grinvald, 1991), it is known that both spiking and subthreshhold sources contribute
to the intrinsic optical signal.

2.1.2 Signal Characteristics

The magnitude (typically in the 0.1-1.0% range) and timecourse of reflectance change is dependent
on the illumination wavelength used (Bonhoeffer and Grinvald, 1996). In visual cortex, the typical
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time course under 600-630nm illuminant and 2-3s stimulation peaks in 2-3s, followed by an undershoot
that recovers in 4-5s. The optical signal is similar in SI (@ Figure 1-4; Chen et al., 2001; Friedman et al.,
2004). Longer illumination wavelengths and longer stimulation periods produce longer signal timecourses
(cf. Tommerdahl et al., 1999).

O Figure 1-4

Timecourse of optical signal. (a) A series of images showing the temporal development of intrinsic cortical
response (indentation of D2, pentothal anesthesia). Each frame 200ms. BV, blood vessel map. Scale bar: 1Tmm.
(b) Magnitude of reflectance change (in box at BV)

AR/R (%)

2.1.3 Caveats in Interpretation

The relationship of the intrinsic signal to neural activity is by nature indirect and must be interpreted
carefully. In visual cortex, due to the clustered nature of visual functional organization and microvascular
relationships, the correlation of this signal with local neural excitatory response is strongly supported (e.g.,
Grinvald et al., 1986; Bonhoeffer et al., 1995; Roe and Ts’o0, 1995, 1999; Rao et al., 1997; Issa et al., 2000).
In somatosensory and auditory cortices, neurophysiological/imaging correlations also exist (cf. Bakin et al.,
1996; Harel et al., 2000; Chen et al., 2001; Spitzer et al., 2001). Interpretation of optical images requires
careful attention to stimulus design, multiple types of image analysis, and, if possible, accompanying
electrophysiological recordings. For example, the presence of strong optical signal can indicate either a
strong uniform stimulus-specific response or a diversity of response dominated by one particular com-
ponent. In differential images, lack of response may be indistinguishable from equal responsiveness to
opposing stimuli. Finally, it is important to bear in mind that the apparent organization of a cortical area
as revealed by optical imaging is a direct function of the stimulus used to probe its organization.

2.2 Optical Imaging of Cortical Somatotopy

2.2.1 Somatotopic Maps

Optical imaging has been used in the study of somatosensory representation in rats (Masino and Frostig,
1993, 1996; Goldreich et al., 1998; Sheth et al., 1998), nonhuman primates, and humans (Cannestra et al.,
1998; Schwartz et al., 2004). In the nonhuman primate, studies of somatotopy have produced images of the
body map in the squirrel monkey (radial interdigital pad, D2 fingertip, and similar sites on the leg and foot)
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(Tommerdahl et al., 1999), distal fingerpads of the squirrel monkey (Chen et al., 2001; Tommerdahl et al.,
2002), and Area 1 of the Macaque monkey (Shoham and Grinvald, 2001). These have, in general, been
consistent with the previously described somatotopic maps (e.g., Sur et al., 1982).

2.2.2 New World Monkeys

New World monkeys are an attractive species for optical imaging studies because their lissencephalic cortex
allows unobstructed viewing of multiple visual cortical areas (cf. for visual cortex Malach et al., 1994;
Xu et al., 2004; Roe et al., 2005). Furthermore, New World monkeys have been studied extensively in
physiological, anatomical, and behavioral studies, making them prime candidates for studies of functional
organization of sensation and sensory behavior. In the squirrel monkey, we have observed an orderly
topographical map of the fingerpads within Area 3b (@ Figure 1-5), consistent with the progression of maps
determined with electrophysiological mapping (e.g., Sur et al., 1982; Merzenich et al., 1987). Activation sites
were focal, measuring 0.5-1 mm in size.

In New World monkeys, it is also possible to simultaneously image multiple cortical areas, including
Areas 3a, 3b, 1, and 2. As shown in © Figure 1-6, the functional organization of SI in New World monkeys
largely parallels those in Old World monkeys (cf. Sur et al., 1982). Stimulation of a single digit produces
activation in Areas 3b and 1 in a topographically predictable manner (cf. Chen et al., 2002, 2005).

@ Figure 1-5

Optical images of digit tip topography in Area 3b in squirrel monkey. (a) Five images obtained in response to
indentation of digits D1 (thumb) to D5, respectively. Dark pixels indicate cortical activation (decrease in cortical
reflectance). (b) Locations of D1-D5 activation zones are indicated by red circles overlaid on the blood vessel
map. Green dots are locations of electrical recordings. (c) Topography consistent with published maps of digit
topography (a, b from Chen et al., 2001; c from Sur et al., 1982)

@ Figure 1-6

Optical imaging of multiple cortical areas in Sl of squirrel monkey. (a) Digit topography in Areas 3b and 1
(Sur et al., 1982). (b) Optical image of Area 3b and Area 1 to indentation of digit D5. Electrophysiological
mapping of 3b (yellow dots) and 1 (red dots). Note that D5 activation zones (dark zones indicated by arrows)
correlate well with electrophysiological map
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2.3 Modality Domains in Sl

2.3.1 Vibrotactile Activation

As reported by Tommerdahl et al. (1996, 1998), mapping of modality-specific responses revealed vibro-
tactile response in Areas 3b and 1, and preferential response to skin heating in Area 3a. Comparison of
flutter and vibration response revealed that extended vibration stimuli induced an initial increase in signal
followed by a broad decrease, reminiscent of inhibitory influences described in neurophysiology studies
(Tommerdahl et al., 1999).

2.3.2 Vibrotactile Segregation

Segregation of RA, SA, and PC responsiveness in Area 3b (Chen et al., 2001) and Area 1 (Friedman et al.,
2004) of the squirrel monkey has been reported. Vibrotactile stimulation of the digit fingerpads at
frequencies that produce the sensations of pressure (1Hz), flutter (30Hz), and vibration (200Hz) were
used in the anesthetized squirrel monkey (@ Figure 1-7). These stimuli produced characteristic
SA-dominated, RA-dominated, or PC-dominated responses, respectively. In some penetrations, single
vibrotactile modalities were predominant; however, in other penetrations, mixed responses were obtained.

@ Figure 1-7

Stimulation of digit tips. (a) Vibrotactile stimuli applied by a 3-mm diameter probe driven by a force feedback
controlled motor. (b) Digits are secured by pegs glued to fingernails and inserted into plasticine. Two digit tips
are stimulated with two probes controlled by two separate motors. (c) Temporal timecourse of each of three
vibrotactile stimuli that induce pressure (1Hz), flutter (30Hz), and vibration (200Hz). Images acquisition (3s) of
cortical response during each vibrotactile stimulus

Indent

Pressure
Flutter LREP BTG

Vibration

Image Acquisition

2.3.3 Vector Analysis

Intrinsic signal optical maps were obtained in response to each of these stimuli. A vector summation
method was used to determine a pixel-by-pixel weighted response to the pressure, flutter, and vibration
stimuli (similar to that used for visual cortical orientation maps, methodology details are described in
Friedman et al., 2004). Clusters of pixels with saturated color would be evident only if one vector magnitude
dominated the other two. Three examples of such pixel-wise SA/RA/PC vector summation are illustrated in
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© Figure 1-8a—c. Pixel locations with a dominant SA response appear bright red, those with a dominant
RA response appear bright green, and those with a dominant PC response appear bright blue. Patches of
cortex that are coded white indicate areas exhibiting strong response to each of the pressure, flutter,
and vibratory stimuli. In each map, we observed an irregular, interdigitating pattern of pressure (red),
flutter (green), and vibration (blue) domains interspersed, in some maps, with domains of mixed prefer-
ence (e.g., light blue). These domains were typically 200-300pum in size in both Area 3b and Area 1
(© Figure 1-8d).

@8 Figure 1-8

Modality maps in SI. Top: Vibrotactile frequency-specific responses are plotted in different directions of color
space (red: SA, 1Hz; green: RA, 30Hz; blue: PC, 200Hz). a-c; Three cases: vector maps obtained through pixel-
by-pixel vector summation. Domains dominated by single colors indicate regions preferentially responsive to a
single vibrotactile frequency. Scale bar: 1mm. (d) Size distribution of vibrotactile domains in Area 1 (left) and
Area 3b (right)
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2.3.4 Neural Cortical Representation

Prior electrophysiology studies have not observed modular domains for vibrotactile stimuli in Area 1
(Costanzo and Gardner, 1980, Iwamura et al., 1993). A possible reason is that the small patch size of the
modular domains in Area 1 revealed in our optical images would be difficult to discern solely with single
and multiunit electrophysiology. In addition, previous studies focused on the adaptation (rapidly or slowly
adapting) properties of neurons in Area 1 rather than on whether the neurons were integrating
the information originating from SA, RA, or PC mechanoreceptors. When we examined these maps
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electrophysiologically, we found that, consistent with previous studies (Sur et al., 1984; Iwamura et al.,
1993), single electrophysiological penetrations contained a mixture of neurons with SA, RA, and/or PC
responses and single neurons that contained mixed responses. Often, we recorded neurons with solely
rapidly adapting responses or mixed slowly and rapidly adapting responses. Thus, our data suggest that
individual domains in Areas 3b and 1 contain neurons with a range of response properties, but coding of
function within each domain is dominated by one modality.

2.4 Relationship of Vibrotactile Domains to Topography

It is evident that the modality-specific response extends beyond the classically defined topographic map
as revealed by simple indentation stimuli. As shown in © Figure 1-9b, an indentation stimulus (which
activates all three receptors types) to digit D2 produces a fairly focal activation in both Area 3b and Area 1
(outline in red in © Figure 1-9c). In response to pressure, flutter, and vibration stimulation, the vector
summation map reveals that the strongest responses (most saturated red, green, and blue regions)

@ Figure 1-9

Relationship of topography and vibrotactile response. D2 activation in Areas 3b and 1. (a) Vessel map. D2
activations in Area 3b (above) and Area 1 (below). (b,c) Raw and filtered image of D2 indentation. Red outline
delineates strongest activation zones. (d) Modality vector map (red, green, blue: response for SA, RA, and PC,
respectively) shows strongest activation in centers of D2 activation and weaker activation outside of D2 zones.
Scale bar: 1mm. (Friedman et al., 2004)

correspond with the topographic digit locations. However, clustered responses, though weaker, are also
evident away from the location of D2 representation (outside the boxes). This additional nontopographic
activation is reminiscent of the finding in visual cortex, in which complete orientation maps are obtained
even though only a single eye is stimulated (Blasdel, 1992). Thus, modality maps and topographic maps
exhibit some degree of independence. Whether this extended nontopographic region of activation is due to
spiking and/or subthreshhold activity remains to be determined.

2.5 Are There Pinwheels?

In optical imaging studies of visual cortex, orientation pinwheels have received a great deal of attention.
Pinwheels are locations (singularities) in orientation maps around which the orientation preference
changes smoothly. Although the locations, density, stability, and function of pinwheels in optical maps
has been a topic of much controversy (e.g., Bonhoeffer and Grinvald, 1991; Bartfeld and Grinvald, 1992;
Obermayer et al., 1997; Swindale, 2000; Schummers et al., 2002; Polimeni et al., 2005), they have become a
cornerstone of cortical functional architecture. The key feature of pinwheels is that they are points around
which a parameter (such as contour orientation) varies continuously. Although further studies are needed,
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the possibility that vibrotactile maps in SI contain pinwheel-like features has been suggested (Friedman
et al., 2004). In contrast to some visual cortical maps that demonstrate clear discontinuities, response
preferences in SI vibrotactile maps appear to vary continuously, giving rise to an appearance more
reminiscent of visual orientation maps. As shown in © Figure 1-10, possible singularity sites are

@ Figure 1-10

Possible pinwheel centers in Sl. (a) Same map shown in ® Figure 1-9c. (b) Expanded and thresholded portion of
(a) Possible pinwheels marked by white dots, shown expanded in nearby panels. Note clockwise and counter-
clockwise SA (red), RA (green), PC (blue) rotations

those around which a rotation of vibrotactile frequency can be observed. Whether these rotations are
continuous changes in frequency or simply convergence points of discrete frequency clusters remains to be
investigated.

3  Summary Model of SI Organization

The finding that somatosensory cortical domains are roughly 200-300 um in size strengthens the view that
modularity is a common organizational feature of cortical representation. Cortical domains of similar size
have been described in multiple cortical areas [in V1 and V2 (see Roe, 2003 for review), and V4 (Felleman
et al., 1997), IT (Tsunoda et al., 2001), Area 7 (Siegel et al., 2003), and in prefrontal areas (Kritzer and
Goldman-Rakic, 1995)]. These findings suggest a revision of previous views of SI organization, which were
based primarily on electrophysiological recordings. Previously, each cortical “hypercolumn” was thought to
contain segregated Sa and Ra columns innervated predominantly by thalamocortical fibers of a single
vibrotactile modality (@ Figure 1-11, Sur et al., 1980). Optical imaging evidence now suggests a modifica-
tion of this view (@ Figure 1-12). As shown by reconstruction of single thalamocortical arbors (Garraghty
et al., 1989), inputs to SI have multiple arbors (200-300 um in size) that span several millimeters of cortex
(see also Jones et al., 1982). These and other corticocortical arbors are likely to give rise to clustered
activations that have been observed in 2-deoxyglucose studies (Juliano 1981, 1990; Juliano and Whistel,
1987; cf. Burton and Fabri, 1995). Such arbors could give rise either to an array of discrete clusters or, by
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@ Figure 1-11
Traditional view of Sl organization. (from Kandel & Schwartz)
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varying arbor overlap, continuous modality maps. Thus, regions dominated by single SA, RA, or PC inputs
would give rise to SA (red), RA (green), or PC (blue) domains. Regions of some overlap would appear as
magenta or yellow—green colors (not depicted). In addition, regions of high SA, RA, and PC overlap could

@ Figure 1-12

Proposed model of vibrotactile representation in Sl. (a) Thalamocortical arbors in SI have multiple clusters
extending across millimeters of cortex (Garraghty et al., 1989). (b) Single SA, RA, or PC fibers terminate in layer
IV with three arbors (colored disks). These arbors project in turn to superficial layers II/ll. Thus, some cortical
columns are dominated by a single SA, RA, or PC input, whereas others have mixed input (overlapping disks)
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underlay the so-called hotspots commonly described in SI receptive fields (in optical images, these locations
would appear as black, gray, or white domains); these would be well activated by broadband stimuli such as
skin indentation. Other arbors extend to nontopographic locations away from the hotspot and locally
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establish some degree of modality-specific dominance (cf. © Figure 1-10). Thus, not unlike the way
horizontal iso-orientation networks in V1 give rise to resulting orientation map structure, the observed
maps result from overlapping horizontal networks of patchy, modality-specific dominance. In sum, in the
revised view, each digit representation is served by collections of interdigitating SA, RA, and PC columns.
The effect of topographic stimulation is therefore no longer so discrete and can, under certain stimulation

conditions, have nontopographic consequences.
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