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The aim of this study was to compare the intrinsic intra- 
cortical connectivities of 2 functionally distinct subdivisions 
of the somatosensory (Sml) forepaw cortex of the raccoon- 
the somatotopic glabrous skin representation and the more 
heterogeneous, hairy skin and claw representation of the 
digits. HRP was injected into one or the other functional 
subdivision of a particular digit subgyrus of Sml cortex in 10 
adult raccoons. The distribution of HRP-labeled neurons and 
axon terminals in the cortex showed that intrinsic “horizon- 
tal” connections exist within and between individual cortical 
digit zones; the labeling tended to have an oval-shaped con- 
figuration that was longer in the mediolateral than in the 
anteroposterior curvilinear plane. The 2 cortical sectors were 
found to have different patterns of intracortical projections. 
The connections of the glabrous skin region of each cortical 
digit zone were primarily local and confined to that same 
digit representation. HRP-filled neurons were concentrated 
near the injection site and decreased in density within the 
banks and fundi demarcating the injected digit subgyrus; 
few labeled cells were found in adjoining digit zones. Longer 
projections to the glabrous subdivision of a particular digit 
area typically originated from neurons in the heterogeneous 
subdivision of that same digit area. In contrast, the connec- 
tions of the heterogeneous region of each digit zone were 
much more extensive and usually included projections from 
nonadjacent, as well as neighboring digit zones. The density 
of HRP-positive neurons declined more gradually with dis- 
tance from the injection site, and considerable labeling was 
present in the heterogeneous sectors of adjacent digit zones. 
The intracottical projections of both functional subdivisions 
were often, but not always, reciprocal, and the cells of origin 
tended to be distributed in clusters. The laminar distributions 
of labeled neurons were similar for both sectors; HRP-filled 
cells were concentrated more in the supragranular layers, 
especially in layer Ill; fewer were found in the infragranular 
layers, mainly in layer VI and rarely in layer V. 

These results show that the intrinsic connections of the 
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glabrous cortical subdivisions are fairly localized, whereas 
those of the heterogeneous cortical subdivisions are more 
diffuse and highly convergent. The differing intracottical 
connectional patterns of the 2 sectors are consistent with 
their contrasting thalamocortical projection patterns and may 
contribute to the unique functional properties of neurons 
located within each sector. Finally, the convergent projec- 
tions from the heterogeneous cortical regions to a particular 
glabrous skin region could explain many of the features of 
Sml cortical reactivation in the raccoon following peripheral 
nerve transection (Kelahan and Doetsch, 1984). 

The representation of the forepaw within the primary somato- 
sensory (SmI) cortex of the raccoon is comprised of 2 function- 
ally distinct subdivisions or sectors (Johnson et al., 1982; Ke- 
lahan and Doetsch, 1984; Johnson, 1985). A posteriorly located, 
rather homogeneous subdivision contains modality-specific 
neurons that receive input only from the glabrous skin of the 
digits and have small, somatotopically arranged receptive fields 
(RFs). Rostra1 to this sector is a more heterogeneous subdivi- 
sion, with neurons that have larger, somatotopically less precise 
RFs located primarily on the hairy skin and claws, but some- 
times also involving glabrous skin or deep tissues. This so-called 
“heterogeneous” region (Johnson et al., 1982) is bounded an- 
teriorly by a “kinesthetic” area-apparently homologous with 
area 3a in the monkey and cat (Jones and Porter, 1980; Dykes 
et al., 1986)-that contains neurons responsive to input from 
muscle and joint receptors (Johnson et al., 1982; Feldman and 
Johnson, 1985; Johnson, 1985). Located rostra1 to the kines- 
thetic area is the “electrically excitable” primary motor (MsI) 
cortex (Hardin et al., 1968; Ray and Doetsch, 1977). 

In the previous paper, Doetsch et al. (1988), reported that 
the glabrous and heterogeneous subdivisions of the SmI forepaw 
cortex had different thalamocortical interconnections that could 
account for the contrasting functional properties of their con- 
stituent neurons. The glabrous skin representations were found 
to receive topographically specific projections from individual 
subnuclei within the ventral posterior lateral (VPL) nucleus of 
the thalamus, in agreement with the classical findings of Welker 
and Johnson (1965). In contrast, the heterogeneous, hairy skin 
and claw representations typically received convergent projec- 
tions from several VPL subnuclei, a dorsal kinesthetic region 
of VPL, and from adjoining thalamic nuclei, specifically the 
ventral posterior inferior (VPI) nucleus and the posterior (PO) 
nucleus. The degree of functional homogeneity or heterogeneity 
characterizing each of the 2 SmI cortical subdivisions may thus 
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be explained by the specificity or diversity of their unique thal- 
amocortical inputs. 

Several studies have shown that the SmI forepaw cortex of 
the raccoon undergoes significant functional changes following 
transection of a cutaneous digital nerve. Neurons located within 
the glabrous sector of a deafferented cortical digit zone develop 
“new” RFs on adjoining digits, sometimes within 24 hr follow- 
ing the lesion (Carson et al., 1981; Kelahan et al., 1981; Ras- 
musson, 1982; Kelahan and Doetsch, 1984). The novel RFs 
were larger in size and involved mixtures of glabrous and hairy 
skin or the claws-properties that resemble those of neurons 
present normally in the heterogeneous cortical regions. Both the 
temporal and spatial features of cortical reactivation in the rac- 
coon strongly suggest that the primary mechanism of this phe- 
nomenon is the unmasking of preexisting anatomical connec- 
tions, resulting in the emergence of apparently novel inputs to 
SmI cortex (Kelahan and Doetsch, 1984). 

To examine the potential circuitry involved, the strategy 
(Doetsch et al., 1988) was to study the thalamocortical and 
possible intracortical connections of the glabrous and hetero- 
geneous subdivisions of SmI cortex that might support func- 
tional reactivation. Although the different patterns of thalamic 
projections to the 2 SmI cortical sectors could account for many 
of the contrasting properties of these sectors, they do not explain 
the convergent features that appear within the glabrous subdi- 
vision of a deafferented digit zone during cortical reactivation. 
This suggests that local intracortical connections between dif- 
ferent digit zones of the SmI forepaw cortex-and especially 
between the heterogeneous and glabrous cortical regions-may 
be routes for convergent inputs to these zones. Although very 
little is known about intrinsic SmI intracortical connections, 
their existence was demonstrated several years ago by anatom- 
ical (Jones and Powell, 1968, 1969) and electrophysiological 
(Murray and Heath, 1978) methods. No comprehensive study 
of such projections has been done previously in the raccoon; 
however, Herron and Johnson (1987) recently showed several 
examples of interconnections within and between individual 
digit areas of SmI cortex of this species. 

The primary goal of this study was to examine the neural 
circuitry that could mediate functional reactivation within SmI 
cortex following peripheral nerve transection. To accomplish 
this, possible intrinsic intracortical connections of the glabrous 
and heterogeneous subdivisions of individual SmI cortical digit 
areas were studied and compared in adult raccoons using the 
HRP tracer method. 

sections reacted for HRP were examined microscopically, and the dis- 
tributions of HRP-labeled neurons and axon terminals in the cortex 
were plotted on camera lucida drawings of cortical sections. Further 
details of the methodology are given in the preceding paper (Doetsch 
et al., 1988) (see Appendix). 

Results 
The results disclosed 2 major features of the organization of 
SmI cortex that have not been described. First, intrinsic “hor- 
izontal” interconnections were found to exist within and be- 
tween individual cortical digit zones. Second, distinct differences 
were observed in the intracortical connectivity of the glabrous 
and heterogeneous cortical subdivisions. 

HRP injection sites 
As described in the preceding paper (Doetsch et al., 1988) the 
site of an HRP injection typically was found to contain a central 
core of dense reaction product that was surrounded by a halo 
zone of HRP diffusion containing more lightly and more uni- 
formly stained neurons and neuropil (Fig. 4A). It was often 
difficult to distinguish the boundary between the halo zone and 
adjoining regions of labeled neurons that had actively trans- 
ported HRP from the core of the injection site. However, the 
density and uniformity of the labeling was found to decrease, 
sometimes abruptly and selectively in different cortical layers, 
with distance from the site of injection. This observation was 
used as a criterion for determining the approximate border of 
the halo zone and regions containing retrogradely labeled neu- 
rons. Only the results obtained from the small (0.01-0.04 ~1) 
HRP injections are reported here; data from the large (0.15-0.6 
~1) injections were used mainly to confirm the basic patterns of 
the cortical interconnections. 

General features of intracortical connections 

The HRP injections made into the forepaw region of SmI cortex 
revealed 2 types of intrinsic cortical interconnections. Projec- 
tions to the glabrous skin subdivisions of individual cortical 
digit zones were localized and primarily interconnected different 
portions of the same digit zone. Projections to the heterogeneous 
subdivisions were much more extensive and interconnected dif- 
ferent digit areas, as well as disparate parts of the same digit 
area. 

The intracortical connections appeared to be predominantly 

Materials and Methods 
Results were obtained from 10 adult raccoons (Procyon lotor), using the 
surgical, electrophysiological, and HRP tracer methods described in the 
previous paper (Doetsch et al., 1988). Each animal was anesthetized 
with pentobarbital sodium (30 mg/kg, IP), and the SmI forepaw cortex 
of both hemispheres was exposed surgically. The responses of small 
clusters of neurons were recorded with tungsten microelectrodes to iden- 
tify electrophysiologically the specific digit representations and to de- 
termine the boundary between the glabrous and heterogeneous subdi- 
visions of the particular digit zone under study. 

A Hamilton syringe was used to make an injection of 36% HRP or 
a mixture of 36% HRP and 3% wheat germ agglutinin-conjugated HRP 
into individual cortical digit subgyri of each hemisphere. The injections 
were made at depths of l-2 mm below the pial surface and varied in 
volume from 0.15-0.6 ~1 (10 hemispheres) to 0.01-0.04 ~1 (10 hemi- 
spheres). In the latter cases, the HRP was confined either to the glabrous 
or heterogeneous sector of the injected cortical digit area. After a survival 
period of about 48 hr, the raccoon was sacrificed and the brain was 
prepared for HRP histochemistry using tetramethyl benzidine. Brain 

reciprocal; HRP-filled neurons and axon terminals in SmI cortex 
overlapped extensively but not completely. While the HRP re- 
action product contained within neuronal cell bodies was usually 
clearly evident, the labeling of axon terminals was more difficult 
to distinguish and was less consistent from one case to another 
(Fig. 4). Hence, the connections described here are limited to 
those revealed by the distribution of retrogradely labeled neu- 
rons. 

Intracortical connections of glabrous skin cortical subdivisions 

A small (0.01-0.04 ~1) HRP injection made into the electro- 
physiologically defined glabrous subdivision of a particular cor- 
tical digit zone consistently revealed intrinsic projections from 
different regions of this zone to the site of the injection (Figs. 
l-3). Most of these connections were relatively short (l-3 mm), 
and the cells of origin were confined predominantly to the in- 
jected digit area. HRP-filled neurons were concentrated near the 
injection site and declined in density with distance from this 
site. 
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Figure 1. Distribution of labeled neurons in the cortex resulting from a small injection of HRP into the glabrous subdivision of the digit 4 zone 
of the SmI forepaw cortex. In this and subsequent figures, the core of each HRP injection site is shown in black on a lateral surface view of the 
brain. The numbered vertical lines indicate the rostrocaudal levels of the corresponding coronal sections taken through the brain and illustrated in 
the lower part of the figure. Cortical sulci are designated in italics, and functionally or somatotopically different cortical areas are indicated in bold 
numbers and letters. On the coronal sections, the core and the surrounding halo zone of the injection site are shown by the black and hatched areas, 
respectively; the locations of HRP-filled neurons are shown by dots. Major sulci and functional areas are identified. See Appendix for all nomenclature 
and abbreviations. Thickness of sections in this case, 50 pm; distance between sections illustrated, 1000 pm, except between sections 10 1, 13 1, 
and 16 1, 1500 pm. Labeled cells, constituting the origin of intrinsic projections to the injected cortical site, are located primarily in the injected 
digit 4 area. 

The maximum spread of labeled neurons following HRP in- 
jections into the glabrous cortical sectors was more restricted 
in the anteroposterior dimensions (x - 5-6 mm, as measured 
by distances between coronal sections) than in the mediolateral 
dimensions (x - 12 mm, as estimated by curvilinear measure- 
ments of cortical convolutions, Figs. l-3). Of the anteroposte- 
riorly directed projections to a particular glabrous sector, those 
originating from regions rostra1 to the injection site were longer 
(8 - 3-4 mm) and more numerous, while those from regions 
caudal to that site were shorter (x - 2 mm) and less dense. The 
latter fibers, covering small distances, originated from neurons 
located in the caudal portions of the glabrous sector of the in- 
jected digit zone. The longest fibers extended over distances of 

about 5-6 mm and arose from cells in the rostra1 heterogeneous 
subdivision of the injected digit area. 

In the mediolateral dimension, the most heavily labeled re- 
gions bordered directly on the injection site; the labeling de- 
clined in density as it extended into the banks and fundi of the 
adjacent sulci (Figs. l-3). HRP-filled cells became scarce beyond 
the demarcating fundi; the sparse projections from these neurons 
interconnected the glabrous cortical region of a given digit zone 
with glabrous regions of adjacent digit zones. No clear evidence 
of interconnections between nonadjoining digit areas was ob- 
tained (Figs. l-3). The short mediolaterally directed fibers orig- 
inated from neurons located in the crown and upper banks of 
the sulci that are part of the glabrous subdivision of the injected 
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Figure 2. Location of HRP-filled neurons in the cortex following a small injection into the glabrous sector of the digit 3 cortical zone. Section 
thickness, 40 pm; distance between sections, 800 pm. The labeled cells tend to form clusters and are found mainly in the banks and demarcating 
fundi of the digit 3 area. 

digit zone. In contrast, the longer fibers arose from cells in or 
near regions of the demarcating sulcal fundi; some of these 
regions may constitute posterior extensions ofthe heterogeneous 
sectors into the depths of the subgyral convolutions (Johnson 
et al., 1982). 

No connections were found between the SmI cortical repre- 
sentations of the forepaw digits and the representations of other 
major body regions, such as the leg or face. Furthermore, no 
clear evidence was obtained for interconnections between the 
glabrous subdivisions of the SmI digit cortex and cortical regions 
located rostra1 to the heterogeneous sectors, i.e., the kinesthetic 
area or MsI cortex. 

The HRP-filled neurons typically were arranged in multiple 
clusters or aggregates of varying size and continuity (Figs. l-4). 
Most of these clusters included labeled cells in several cortical 
layers; indeed, the HRP-positive neurons had a characteristic 
laminar distribution. Short fibers originated from aggregates of 
neurons in closely adjoining glabrous regions of the crown or 
sulcal banks of this same zone. These neurons were located 
primarily in the supragranular layers-many in layer III and 
fewer in layers II and IV (Fig. 4C’). The infragranular layers 

contained HRP-positive neurons only occasionally in layer V 
but considerably more often in layer VI. The longer fibers orig- 
inated from clusters of cells in or near the fundus of one or both 
demarcating sulci. These cells were located predominantly in 
layers VI and III; those in layer VI were often spindle-shaped 
(Fig. 4E) and sometimes were lightly labeled, especially com- 
pared with layer III neurons which usually contained dense HRP 
reaction product. The glabrous subdivision of a cortical digit 
zone consistently was found to receive projections from the 
anterior heterogeneous subdivision of the same digit zone. The 
neurons giving rise to these fibers were situated preferentially 
in the supragranular layers (Fig. 4, B, 0). 

Since the clusters of neurons often involved more than one 
cortical layer, some of them gave the appearance of neuronal 
aggregates extending vertically through the cortex (Fig. 4C). 
However, this cytoarchitectonic feature was variable and de- 
pended to some degree on the depth of the cortical injection; 
with more superficial injections, the clusters of HRP-positive 
cells were usually restricted to the supragranular cortical layers 
and thus did not form a complete vertical pattern (not illus- 
trated). 
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Figure 3. Distribution of labeled neurons in the cortex produced by a small injection of HRP into the glabrous region of the digit 4 cortical area. 
Section thickness, 40 pm; distance between sections, 800 pm. Aggregates of HRP-filled cells are concentrated in the immediate vicinity of the 
injection site. 

words, HRP-filled cells generally were more plentiful and more 
densely packed rostra1 than caudal to the injection site. Some- 
times gaps were observed in the rostrocaudal distribution of 
labeling; Figure 7 shows that the HRP labeling in a heteroge- 
neous region was dense anterior and adjacent to the injection 
site, was interrupted posterior to that site (see sections 24 1 and 
26 l), and reappeared caudally in the form of several clusters of 
neurons located within the region of representation of the pal- 
mar pads and digit 5 (see sections 28 1 and 30 1). 

In the anteroposterior plane, the longer but more sparsely 
distributed fibers arose from neurons in the glabrous sector of 
the injected digit zone and of adjacent dig? zones. The longest 
of these anteriorly oriented fibers covered distances of about 7- 
10 mm, originating from cells in or near the representations of 
the palmar pads (Figs. 5-7). The shorter, more dense fibers arose 
from the most rostra1 portions of the heterogeneous regions near 
the injection site. In contrast to the interconnections of the 
glabrous cortical sectors, the longest of these posteriorly directed 
projections had their origin rostra1 to the heterogeneous regions 
of SmI cortex, i.e., from neurons located within the kinesthetic 
area and MsI cortex (see sections 9 1 and 13 1 of Fig. 5). 

The mediolaterally oriented projections to the heterogeneous 
sector of a particular digit zone arose predominantly from het- 
erogeneous regions of the same zone and of neighboring digit 
areas (Figs. 5-7). Each injection site was surrounded by exten- 

Intracortical connections of heterogeneous cortical subdivisions 
After small (0.01-0.04 ~1) injections of HRP into the electro- 
physiologically defined heterogeneous cortical subdivisions, the 
resulting distribution of labeled neurons revealed a different, 
more extensive system of horizontal intracortical connections 
(Figs. 5-7). The characteristic feature of the connections of the 
heterogeneous regions was that they originated from cortical 
areas beyond the injected digit zone and involved many more 
neurons. A given heterogeneous cortical injection site was sur- 
rounded by numerous HRP-filled neurons that projected short 
(l-3 mm) axons into this site (Figs. 5-7). The number of labeled 
neurons decreased farther away from the injection site, but the 
labeling extended over distances that were about twice as great 
in both the anteroposterior and mediolateral planes than those 
found with injections of glabrous cortical regions. 

As with the interconnections of the glabrous cortical sectors, 
those of the heterogeneous sectors were more limited in max- 
imum extent in the anteroposterior dimensions (2 - 11 mm) 
than in the mediolateral dimensions (8 - 22 mm; Figs. 5-7). 
Among the rostrocaudally oriented projections to a given het- 
erogeneous subdivision, those originating from regions posterior 
to the injection site were often longer (x - 7-8 mm) but usually 
were less dense; those from more anterior regions typically were 
shorter (X - 4-5 mm) but more numerous (Figs. 5, 7). In other 
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Figure 4. Photomicrographs showing a representative HRP injection site within SmI cortex, varying patterns of labeling, and different morphologies 
of HRP-filled neurons in the cortex. A, Typical HRP injection made in the heterogeneous subdivision at the border of the digit 3 and digit 4 cortical 
zones of the left hemisphere (see Fig. 5); scale, 1 mm. B, Loosely clustered groups of HRP-filled neurons in layers II-IV of the heterogeneous region 
of the digit 2 cortical area following the injection illustrated in Figure 4A; scale, 0.25 mm. C, Small, vertically oriented cluster of labeled neurons 
extending through cortical layers II-V of the glabrous sector of the digit 2 cortical zone resulting from the injection shown in Figure 4A; scale, 0.2 
mm. D, Small group of HRP-filled pyramidal cells located deep in layer III of the heterogeneous subdivision of the digit 2 cortical zone following 
the injection of Figure 4A; scale, 50 pm. E, Two HRP-positive, spindle-shaped neurons located in cortical layer VI near the fundus of the postcruciate 
sulcus between the heterogeneous regions of the digit 4 and digit 5 cortical areas resulting from the injection of Figure 4A; scale, 50 pm. 

sive regions of HRP-filled neurons that gradually declined in erogeneous (and glabrous) regions of adjacent digit areas. The 
density with distance from this site. Short fibers originated from longest fibers arose from cells that were located at least 10 mm 
cells located in adjacent parts of the injected heterogeneous medial or lateral to the injection site and originated from het- 
sector; longer fibers arose from neurons in more distant portions erogeneous portions of nonadjoining digit zones. In one case, 
of the same heterogeneous subdivision or from neurons in het- the heterogeneous cortical region representing the claw and hairy 
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Figure 5. Location of HRP-positive neurons in the cortex following a small injection into the heterogeneous sector at the border of the digit 3 
and digit 4 cortical areas (see Fig. 4A). Section thickness, 50 Nrn; distance between sections, 2000 Mm. There is widespread labeling of cells in the 
injected digit 3 and digit 4 areas, extending anteriorly into the region of the kinesthetic area and MsI cortex, and posteriorly into the region of the 
palmar pad zone. Clusters of labeled neurons are also distributed mediolaterally with respect to the injection site and are present in the noninjected 
cortical areas representing digits 2 and 5. 

skin of both digits 4 and 3 was found to receive projections sions, no projections to the heterogeneous subdivisions of the 
from neurons in the cortical zones for digits 2 and 5, as well as forepaw digits were found to originate from SmI cortical rep- 
those for digits 4 and 3 (Fig. 5). Thus, the mediolaterally directed resentations of other major body parts such as the leg or face. 
projections to the heterogeneous cortical sectors were consid- As with the glabrous cortical regions, neurons projecting to 
erably longer than those of the glabrous sectors and intercon- the heterogeneous regions typically were arranged in clusters of 
netted somatotopically different representations within the SmI varying configurations (Figs. 4-7). The laminar distribution of 
forepaw cortex. Consistent with the glabrous cortical subdivi- labeled neurons resembled that observed with the injections of 



1994 Doetsch et al. . lntracortical Connections of Sml Cortex 

w ’ IOmm ’ 

151 n HL 

\\ n. 

Figure 6. Distribution of labeled neurons in the cortex resulting from a small HRP injection into the heterogeneous subdivision of the digit 4 
cortical zone. Section thickness, 50 pm; distance between sections, 1000 pm. Note the extensive labeling of groups of cells throughout the anterior 
heterogeneous regions of the digit 4 and digit 3 areas and the decrease in HRP-positive cells posteriorly near the pad zone. 

the glabrous sectors: Most I-IRP-filled cells were located in the 
supragranular layers II-IV, with the greatest number in layer 
III. The infragranular layers contained very few labeled cells in 
layer V but more in layer VI, especially within demarcating 
fundi. The neuronal clusters sometimes formed vertically ori- 

ented aggregates that crossed the boundaries of cortical cell lay- 
ers (Fig. 4C). 

If the 2 major functional subdivisions were compared by 
flattening the cortex into a 2-dimensional plane and viewing it 
from above, each injection site would appear to be surrounded 
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Figure 7. Location of HRP-filled neurons in the cortex following a small injection into the heterogeneous sector of the digit 4 cortical area. Section 
thickness, 50 pm; distance between sections, 1000 pm, except between sections 13 1 and 16 1, 1500 pm. Clusters of labeled cells are present throughout 
the digit 4 zone and extend posteriorly into the pad zone. There is a gap in labeling at the transition from the digit 4 area to the pad area (sections 
241 and 261). 

by clusters of neurons projecting their axons into that site. These 
neurons would be distributed in an oval-shaped pattern, with 
its long axis directed in the mediolateral plane. Both the major 
and minor axes of this oval pattern would be about 2 times 
longer for injections in the heterogeneous cortical subdivisions 
than for injections in the glabrous subdivisions. From this per- 
spective, it is clear that the mediolaterally oriented projections 
extended over greater distances than the anteroposteriorly di- 
rected projections. Thus, the most extensive projections to each 
glabrous sector may originate from neurons within heteroge- 
neous regions located both medially and laterally near the fundi 
of demarcating triradiate sulci (Johnson et al., 1982), as well as 

heterogeneous regions located rostra1 to that sector. Finally, this 
approach confirms that each heterogeneous region contains an 
extensive network of convergent projections that may intercon- 
nect somatotopically different digit and palmar pad represen- 
tations within SmI cortex and may include projections from the 
kinesthetic area and MsI cortex as well. 

Discussion 

The forepaw digit representations within the 2 functional sub- 
divisions of SmI cortex of the raccoon were found to contain 
“horizontally projecting,” intracortical connections that gen- 
erally were more extensive in the mediolateral plane than in the 
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anteroposterior plane. The glabrous and heterogeneous cortical 
subdivisions had characteristically different patterns of inter- 
connectivity. The intracortical connections of the glabrous sec- 
tors were relatively short and were confined mostly to the same 
digit zone and its associated heterogeneous sector. The neurons 
giving rise to these fibers tended to form clusters and were 
concentrated in cortical layers III and VI. In contrast, the in- 
tracortical projections ofthe heterogeneous cortical subdivisions 
were longer and interconnected regions between, as well as with- 
in, individual digit areas. The cells giving rise to these intra- 
cortical fibers also formed clusters and were located primarily 
in cortical layers III and VI. The intracortical projections to the 
heterogeneous regions originated more anteriorly-sometimes 
from portions of the kinesthetic area and MsI cortex-and from 
more lateral and medial cortical regions than did the projections 
to the glabrous sectors. Finally, the interconnections within SmI 
cortex of both functional subdivisions were confined to the fore- 
paw representation and did not involve the representations of 
other major body parts such as the leg or face. 

Herron and Johnson (1987) recently obtained connectional 
data from several cases of HRP injections into the SmI forepaw 
cortex of the raccoon that are basically in agreement with the 
results of the present study. Although these investigators did 
not distinguish electrophysiologically between the glabrous and 
heterogeneous sectors, they concluded that intrinsic connections 
exist between disparate digit areas of SmI cortex. The cells of 
origin were found to be located primarily in layer III of the 
sulcal cortical regions that may form posterior extensions of the 
heterogeneous cortex (Johnson et al., 1982). 

Intracortical connections in the raccoon and other species 

The intracortical connections of the SmI forepaw cortex may 
be divided into 2 major types: those linking different parts of 
the same functional cortical region and those interconnecting 
entirely d@rent cortical regions. The first type includes the 
intrinsic connections that were confined either to the glabrous 
cortical sectors or to the heterogeneous sectors. The second type 
involves the connections between the glabrous cortical regions 
and the heterogeneous regions. 

Connections of the first type, between somatotopically dif- 
ferent (heterotopical) parts of the same functionally or cytoar- 
chi;ectonically defined cortical area, are present in other species 
(Jones and Powell, 1968, 1969; Jones et al., 1978; Murray and 
Heath, 1978; Bowker and Coulter, 198 1). The results of some 
anatomical tracer studies, for example in the monkey, indicate 
that the cells of origin or the axon terminals of such fibers may 
form elongated strips or bands extending in a mediolateral di- 
rection through the injected cortical area for distances up to 5 
mm or more (Jones et al., 1978; Bowker and Coulter, 198 1). In 
the raccoon, oval-shaped patterns of clustered, intracortically 
projecting neurons were found in the digit representations of 
each functionally distinct subdivision; although these oval cell 
distributions were more extensive in the mediolateral than in 
the anteroposterior plane, they did not resemble the elongated 
bands found in the simian brain. This result suggests that the 
interconnections between heterotopic cortical regions are more 
restricted and punctate in the raccoon than in the monkey. 
Whether clusters of labeled neurons in the raccoon SmI cortex 
formed truly continuous strip-like aggregates could not be de- 
termined in the present study because cortical sections were cut 
in only one plane, and all consecutive serial sections were not 
analyzed. In any case, heterotopical projections-although they 

obviously exist-have not been emphasized in the literature, 
and the extent to which they interconnect distant regions within 
the body representations of SmI cortex in different species is 
not clear. 

Projections of the second type, between 2 functionally distinct 
cortical regions, were found in SmI cortex of the raccoon to 
interconnect the glabrous and heterogeneous sectors of the cor- 
tical digit zones. Dense interconnections were typically observed 
between the glabrous and heterogeneous representations of the 
same digit. This pattern of projections resembles the extensive, 
somatotopically corresponding (homotopical) interconnections 
between functionally or cytoarchitectonically d@rent cortical 
areas that have been found in other species (Jones et al., 1978; 
Bowker and Coulter, 198 1; Kaas, 1983; Cusick and Kaas, 1984). 
Such interconnections often have been described as homotop- 
ically precise. For example, small cortical regions representing 
the fingertips in areas 3b and 1 of the monkey are reported to 
be reciprocally and selectively interconnected (Kaas, 1983; Cu- 
sick and Kaas, 1984). On the other hand, as previously dis- 
cussed, injections of a tracer into a single cytoarchitectonic area 
can produce mediolaterally oriented strips of labeling in one or 
several neighboring cytoarchitectonic areas (Jones et al., 1978; 
Bowker and Coulter, 198 1). In the raccoon, no evidence was 
obtained for strictly homotopic interconnections between the 
glabrous and heterogeneous cortical regions; instead, convergent 
projections from several digit representations of one functional 
subdivision to a single digit representation of the other subdi- 
vision were common. The latter findings are not consistent with 
the idea of exclusively homotopic connections between func- 
tionally separate cortical areas and must be reconciled experi- 
mentally and conceptually in future work. 

Anatomical and functional significance of intracortical 
connections in the raccoon 

The differential intracortical projection patterns of the glabrous 
and heterogeneous subdivisions support the idea that these sub- 
divisions are functionally separate cortical regions. However, 
despite their connectional and physiological differences (John- 
son et al., 1982; Kelahan and Doetsch, 1984; Johnson, 1985; 
Doetsch et al., 1988) the 2 regions are difficult to distinguish 
on the basis of cytoarchitectonic criteria (Johnson et al., 1982). 
Some obvious variations in cytoarchitecture may be seen be- 
tween the subgyral crowns that contain the glabrous skin rep- 
resentations and the walls or fundi of adjacent sulci that may 
contain posterior extensions of the heterogeneous, hairy skin 
and claw representations (Johnson et al., 1982). The cortex of 
the subgyral crowns is considerably thicker and is characterized 
by cell laminae that are more highly differentiated and by a cell- 
sparse layer V that is especially wide and more distinct com- 
pared with the cortex forming the fundi and banks of the tri- 
radiate sulcus. However, it is unclear whether these differences 
reflect functionally significant cytoarchitectonic features or 
whether they can be accounted for simply by the infolding of 
cortical tissue and variations in the density of thalamocortical 
projections. In the anterior, smooth gyral regions of the SmI 
digit areas, where the electrophysiologically defined glabrous 
and heterogeneous subdivisions meet, it was impossible to dis- 
tinguish the 2 subdivisions histologically with confidence. 

Although significant physiological differences among cortical 
fields are often correlated with cytoarchitectonic differences, ex- 
ceptions to this “rule” are fairly common. In general, distinct 
variations in functional properties are considerably more fre- 
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quent than clear changes in cytoarchitecture. Thus, a given cy- 
toarchitectonic area may contain several distinct subsets of neu- 
rons whose properties vary with respect to different physiological 
parameters- RF somatotopy, submodality sensitivity, or dy- 
namic response characteristics such as firing frequency and ad- 
aptation rate. For example, the spatial segregation of slowly 
adapting neurons in area 3b of the cat (Dykes et al., 1980) and 
monkey (Sur et al., 1984) appears to be uncorrelated with any 
distinguishable cytoarchitectonic border. Other instances of cy- 
toarchitectonic and functional independence include the pres- 
ence of 2 forepaw representations within SmI cortex (area 3b) 
of the rat (Chapin and Lin, 1984) and the squirrel (Sur et al., 
1978) and the existence of neurons with bilateral RFs in the 
hindpaw representation but not in the forepaw representation 
of area 3b in the cat (Doetsch and Towe, 1976). In this context, 
clear cytoarchitectonic differences between SmI cortical repre- 
sentations of glabrous and hairy skin surfaces of the forepaw 
have been reported for only one species, the prosimian potto 
(Fitzpatrick et al., 1982). Further study is required to determine 
whether physiological variations within SmI cortex of the rac- 
coon correspond to distinct cytoarchitectonic or myeloarchitec- 
tonic differences. 

While each heterogeneous cortical region exhibits some char- 
acteristic features of somatosensory koniocortex, the status of 
this region as a single functional area is open to question. As 
discussed in the preceding paper (Doetsch et al., 1988), the 
heterogeneous sector might consist of several subregions, each 
with its own distinct functional characteristics and separate thal- 
amocortical inputs. More detailed cytoarchitectonic, connec- 
tional, and electrophysiological studies are required to examine 
this possibility. 

Since the functional microstructure of the heterogeneous SmI 
cortex in the raccoon is not understood, homologous regions of 
SmI cortex in other species are difficult to identify. The heter- 
ogeneous cortical regions of the raccoon may constitute a unique 
specialization of cortical tissue within area 3b or a distinct bor- 
der zone between areas 3b and 3a. However, it is more likely 
that this region is common to other mammals and is simply 
enlarged in the highly tactile raccoon. Cortical areas with similar 
functional or anatomical features in other species may include 
anterior or medial portions of the forepaw sensorimotor cortex 
in the cat (Welt et al., 1967; Towe et al., 1968; McKenna et al., 
198 1) and a convergent “border zone” surrounding the forelimb 
“core zone” of SmI cortex in the monkey (McKenna et al., 
1982). Other regions of particular relevance are the perigranular 
or dysgranular zones surrounding or intermingled with the gran- 
ular portion of SmI cortex in the rat (Chapin and Lin, 1984; 
Welker et al., 1984). The granular cortical areas in the rat, like 
the glabrous cortical regions in the raccoon, contain neurons 
that are modality specific and have small somatotopic RFs 
(Chapin and Lin, 1984; Welker et al., 1984); these areas receive 
dense thalamic projections predominantly from VPL (Killack- 
ey, 1973; Donoghue et al., 1979). In contrast, the dysgranular 
cortical areas, like the heterogeneous regions in the raccoon, 
contain neurons that have larger, less somatotopic RFs and 
sometimes display convergent, multimodality sensitivities 
(Chapin and Lin, 1984; Welker et al., 1984). The dysgranular 
areas receive relatively modest thalamic projections, primarily 
from regions adjoining VPL and including portions of the pos- 
terior (PO) nucleus (Herkenham, 1980; Lu and Lin, 1986); they 
receive corticocortical projections from the neighboring gran- 
ular zones, from area 3a, and from MsI cortex (Akers and Kil- 
lackey, 1978; Chapin and Woodward, 1982). Although the dys- 

granular SmI cortical zones in the rat and the heterogeneous 
cortical regions in the raccoon obviously share some important 
features, whether these areas are truly homologous remains to 
be determined. 

In any case, it is clear that there are convergent projections 
within and between the heterogeneous and glabrous sectors of 
SmI cortex in the raccoon and that such heterotopical inter- 
connectivity exists in SmI cortex of other species as well. Indeed, 
horizontal intracortical connections appear to be a feature shared 
by other sensory areas-for example, visual cortex (Rockland 
and Lund, 1983; Matsubara et al., 1987)-and therefore must 
be incorporated into current concepts of cortical organization. 

Physiological role of cortical interconnections 
Until recently, concepts of cortical organization were dominated 
by the idea of vertical information processing within indepen- 
dent functional units or modules, originally referred to as “col- 
umns,” that were believed to comprise the sensory cortex 
(Mountcastle, 1957). The discovery that extensive reciprocal 
connections exist within and between somatic cortical areas 
forced a modification of this view to include the idea of hori- 
zontal information processing, involving interactions between 
the proposed cortical columns. In this scheme, the fundamental 
role of all cortical interconnections may be to modulate or in- 
tegrate patterns of neuronal activity in neighboring or distant 
modules. Within SmI cortex, convergent horizontal inputs to a 
given aggregate of neurons could endow a subset of those neu- 
rons with RFs and dynamic response properties that are more 
complex than those of layer IV neurons, whose characteristics 
are primarily determined by their dominant input from a spe- 
cific thalamic nucleus, such as VPL. The most significant mod- 
ulatory effects would thus be exerted on neurons located in the 
supragranular and infragranular layers. 

The short intrinsic interconnections between heterotopic por- 
tions of the same cortical field could modify local patterns of 
neuronal activity that are determined predominantly by input 
from the same thalamic nucleus. The horizontal projections may 
exert selective excitatory influences on adjoining neuronal ag- 
gregates or they may have inhibitory effects, perhaps mediated 
by GABA-ergic neurons (Jones, 198 1, 1986). These inputs could 
modulate the vertical flow of information and alter the response 
properties of projection neurons located in cortical laminae above 
or below the thalamic recipient layer IV (Uhr and Chapin, 1983). 
Differences in physiological characteristics as a function of depth 
within SmI cortex have been described in several species. For 
example, in the monkey (Whitsel et al., 1972; Sur et al., 1985), 
cat (Doetsch and Towe, 1976; McKenna et al., 1984), and rat 
(Chapin, 1986) the RFs and functional properties of many neu- 
rons located in the supra- and infragranular layers are more 
complicated than those of neurons in granular layer IV. In- 
creases in RF size have been observed also for neurons in the 
deeper layers of SmI cortex in the raccoon (G. S. Doetsch, un- 
published observations). Thus, intrinsic intracortical connec- 
tions may contribute to laminar variations within a cortical 
module and to the functional uniformity or diversity within a 
given cortical field. 

The longer corticocortical interconnections between homo- 
topic or heterotopic portions of separate cortical fields could 
modulate or integrate distant patterns of neuronal activity that 
are determined primarily by inputs from entirely different tha- 
lamic nuclei. The long projections appear to have excitatory 
synaptic effects on distant neurons (Zarzecki, 1986). Although 
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Figure 8. Schematic diagram summarizing the thalamocortical and intracortical connections of the glabrous skin representations and the heter- 
ogeneous, hairy skin and claw representations of the SmI forepaw cortex. To illustrate the major features, only the connections of the digit 3 cortical 
area are shown, but they can be extrapolated to all other cortical digit areas. The glabrous sector Vzatched area) of the diait 3 cortical zone receives 
specific thalamic projections from the somatotopically corresponding digit 3 subnncleus of VPL. Furthermore, a given sik within the glabrous digit 
3 zone has intrinsic intracortical connections (short, thin arrows) with other regions of this zone and receives extensive projections (longer, thick 
arrow) from the anteriorly located heterogeneous sector (stippled urea) of the digit 3 zone. In contrast, the heterogeneous cortical regions adjoining 
the glabrous digit 3 area may receive convergent thalamic projections from the VPL subnuclei for digits 3,2 and 4, from the kinesthetic (K) region 
of VPL, and from VP1 and PO. Furthermore, a particular site within the heterogeneous sector of the digit 3 cortical area receives extensive, 
convergent intracortical projections (long, thin arrows) from the adjoining heterogeneous sectors of the digit 2 and digit 4 cortical zones, projections 
(short, thin arrow) from anterior heterogeneous regions and the kinesthetic cortical area, and projections (thick arrow) from the posterior glabrous 
subdivision of the digit 3 zone. The convergent thalamic and intracortical projections to a heterogeneous cortical region both may contribute to 
the diverse functional properties of its constituent neurons. The physiological unmasking of the intracoxtical projections (thick arrow) from the 
heterogeneous to the glabrous cortical regions could account for the characteristic heterogeneous features of cortical reactivation following peripheral 
nerve injury. 

many of the corticocortical interconnections are reciprocal, they 
could easily provide the circuitry for serial or sequential infor- 
mation processing within the cortex (Jones, 1981, 1986). For 
example, interconnections between areas 4, 3a, 3b, 1, 2, and 5 
of the monkey (Jones et al., 1978; Bowker and Coulter, 198 1) 
may lead to increasing complexity and convergent responsive- 
ness in cortical areas that are connectionally farther removed 
from the “primary” somatosensory cortex (area 3b). Thus, some 
neurons within areas 1 and 2 have been found to exhibit larger 
and more complicated RFs, mixtures of submodality sensitivity, 
selective responsiveness to movement or direction of motion 
or orientation of a stimulus, and sensitivity to stimulus edges 
or contours (Hyvarinen and Poranen, 1978; Iwamura et al., 
1980, 1983; Warren et al., 1986). Cortical interconnections also 
could mediate some of the subthreshold convergent inputs to 
specific cortical regions that are detectable by conditioning-test- 
ing interactions or by intracellular recordings (Zarzecki, 1986). 
In the raccoon, subthreshold inputs from several forepaw digits 
have been found to converge on single neurons within a partic- 
ular SmI cortical digit zone (G. S. Doetsch, unpublished obser- 
vations). The facilitation of subthreshold inputs or their release 
from tonic inhibition might constitute a mechanism for the 
reactivation of SmI cortex following peripheral nerve transec- 
tion (see below). In summary, the unique functional character- 

istics of any given cortical field appear to be determined largely 
by the integration of ipsilateral cortical inputs with thalamic 
(and callosal) inputs to that field. 

Cerebral plasticity and intracortical connectivity 

In the previous paper, Doetsch et al. (1988) concluded that the 
thalamocortical projections to the SmI forepaw cortex of the 
raccoon do not account for the diverse features of functional 
reactivation within the glabrous subdivision of a cortical digit 
zone following peripheral nerve transection. However, the in- 
tracortical projections of one or several heterogeneous sectors 
into the glabrous sector of a cortical digit area could provide 
such a mechanism. The thalamocortical and intracortical cir- 
cuitry that may support cortical reactivation is shown sche- 
matically in Figure 8. The glabrous subdivision of a particular 
cortical digit zone receives specific thalamic input from one VPL 
subnucleus and receives convergent cortical inputs from the 
heterogeneous subdivision of that same digit area. The heter- 
ogeneous sector, on the other hand, receives convergent inputs 
both from the thalamus and adjacent heterogeneous cortical 
sectors-the 2 sets of projections could account for most of the 
varied response properties of neurons within the heterogeneous 
subdivision. 

The action of convergent projections into the glabrous sector 
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of a cortical digit zone could mediate the appearance of new 
and diverse responses following peripheral nerve transection. 
Injury-induced unmasking of input from the heterogeneous re- 
gions to the glabrous subdivision of a cortical digit area may 
then explain why neurons in that area develop convergent func- 
tional properties similar to those of neurons located in the het- 
erogeneous regions. Nerve transection may physiologically un- 
mask inputs by disinhibition or facilitation, thus allowing the 
influence of normally subthreshold connections-particularly 
those from the heterogeneous to the glabrous subdivisions-to 
be actively expressed as new responses in SmI cortex. Un- 
masking may involve the suppression of GABA-mediated in- 
tracortical inhibition; administration of GABA antagonists has 
been shown to cause expansion of the RFs of individual neurons 
within SmI cortex of the raccoon (Kelahan and Doetsch, 1984) 
and cat (Hicks and Dykes, 1983; Dykes et al., 1984). Finally, 
the possibility that physiological unmasking may occur also in 
VPL of the thalamus and in the dorsal column nuclei cannot 
be excluded. 

Appendix 
Nomenclature and abbreviations 
Cortical sulci 

Ans ansate 
Cen central 
Cru cruciate 
Cor coronal 
PC postcruciate 
SS suprasylvian 
Tri triradiate 

Functional cortical areas 
l-5 forepaw digits l-5 
F face 
HL hindlimb 
MsI primary motor 
P palmar pads 
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