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Extent of Intracortical Arborization of Thalamocortical Axons as a
Determinant of Representational Plasticity in Monkey Somatic

Sensory Cortex

E. Rausell® and E. G. Jones

Department of Anatomy and Neurobiology, University of California—Irvine, Irvine, California 92717

The extent of intracortical arborization of individual thala-
mocortical axons in area 3b of the somatic sensory cortex
and the degree of overlap in the cortical projections of re-
lay cells in the ventral posterior nucleus of the thalamus
were examined in macaque monkeys. Paired intracortical
deposits of Fast blue (FB) and Diamidino yellow (DY) sep-
arated by 100-1500 um were made by inserting crystals of
dye into the tracks of tungsten microelectrodes used to
record receptive field data on area 3b cells.

Each injection gave retrograde labeling of one or more
clusters of cells extending in elongated anteroposterior ar-
rays through the ventral posterior medial (VPM) or ventral
posterior lateral (VPL) nucleus. Double-labeled cells were
only found when the distance between the centers of the
dye deposits was less than 600 um. With interdeposit dis-
tances greater than 600 um, most clusters of retrogradely
labeled cells had a majority of cells labeled by FB or DY.
However, even with interdeposit distances of 1-1.5 mm the
labeled clusters also contained significant numbers of
cells labeled with the other dye.

These results and an accompanying regression analysis
indicate that the extent of intracortical arborization of sin-
gle thalamocortical axons in area 3b is no greater than 600
pwm. However, adjoining cells in the same part of the tha-
lamic body representation can project to cortical targets as
discrepant as 1.5 mm. It is proposed that the fine grain of
the cortical representation depends upon inputs from the
majority population of each thalamic cell cluster. However,
divergent and convergent projections from minority popu-
lations of the clusters form a preexisting basis for rapid
changes in the cortical representational map under activi-
ty-dependent conditions.
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mus, somatosensory maps, area 3b, macaques, conver-
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In primary somatosensory cortex of primates the contralateral
half body is represented in exquisitely detailed maps (Paul and
Mountcastle, 1959b; Paul et al., 1972; Dreyer et al., 1975; Kaas
et al., 1979; Merzenich et al., 1978; Nelson et al., 1980; Mount-
castle, 1984), the details of which reflect peripheral innervation
density (Mountcastle and Powell, 1959) and submodality of af-
ferent input (Powell and Mountcastle, 1959; Phillips et al., 1970;
Sur et al., 1980, 1981, 1984; Iwamura et al., 1983, 1988, 1993).

The representation is not static. It shows variation between
individuals (Kaas et al., 1987; Merzenich et al., 1987; Wall et
al., 1993) and under activity-dependent conditions. Perturbations
at the periphery (Kaas et al., 1983; Merzenich et al., 1983a,b;
Wall et al., 1986, 1992a,b; Cusick et al., 1990; Kaas, 1991) and
behavioral enhancements (Clark et al.,, 1988; Jenkins et al.,
1990a,b; Allard et al., 1991; Recanzone et al., 1992) cause rep-
resentations of a small body part to expand or contract in relation
to representations of adjacent parts. With massive loss of sensory
input maintained over a protracted period, representations of a
larger division of the body may expand into territory normally
occupied by another (Pons et al., 1992).

Activity-dependent shifts in representations in somatosensory
cortex may depend upon sprouting of thalamocortical or intra-
cortical connections into new territories (Pons et al., 1992) and/
or upon functional expression of preexisting but hitherto func-
tionally suppressed thalamic and/or intracortical connections
(Kaas et al., 1983; Jacobs and Donoghue 1991; Lund et al.,
1994). This may result from activity-dependent up- and down-
regulation of gene expression for transmitter- and receptor-re-
lated molecules that alters the balance of excitation and inhibi-
tion in the cortex (Jones, 1990, 1993). Before potential mecha-
nisms can be explored further, it is essential to have an under-
standing of the normal extent of the terminal arborizations of
the relevant fiber systems.

For the thalamocortical system, the most important data lack-
ing are those that pertain to the extent of intracortical distribution
of individual thalamocortical fibers and of groups of fibers aris-
ing from thalamic cells with the same receptive fields and sub-
modality properties. In macaque monkeys, a small number of
putatively thalamic afferent fibers had single, focal domains of
termination approximately 500 pwm in extent in area 3b (Gar-
raghty and Sur, 1990), but the extent of branching deep in the
white matter was not determined. A smaller number of these
axons displayed more extensive branching and formed multiple
foci of terminations scattered over 2 mm of cortex.

Anterograde and retrograde tracing studies of projections from
the ventral posterior nucleus of macaques have involved rela-
tively large injections of tracer so that the results do not provide
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Table 1.
Antero
posterior
Inter- extent of
injection thalamic
Case Receptive field at the Injection distance Thalamic Double labeling
number injection site site (pm) nucleus  labeling  (um)
DY, upper peroneal region
51L FB, upper peroneal region Area 3b 100 VPL ++-+ 675
DY, zygomatic region
53L FB, zygomatic region Area 3b 250 VPM ++ 850
DY, upper lip
51R FB, upper lip Area 3b 280 VPM ++ 1200
DY, medial aspect of the knee
53R FB, medial aspect of the knee Area 3b 300 VPL ++ 850
DY, great toe
S8R FB, lateral plantar digital pad Area 3b 600 VPL + 600
DY, lateral inguinal region
52L FB, medial inguinal region Area 3b 1100 VPL O 850
DY, face
43R FB. face Area 3b 1160 VPM O 900
DY, face
45R FB, face Area 3b 1310 VPM (o] 1120
DY, upper lip
52R FB, upper lip Area 3b 1500 VPM 0} 850

the detail necessary for an evaluation of the extent of cortical
projection of small groupings of thalamic cells. Recent retro-
grade studies (Darian-Smith et al., 1990; Darian-Smith and Dar-
ian-Smith, 1993), suggest that earlier studies (Jones et al., 1979;
Nelson and Kaas, 1981) may have underestimated the extent of
intracortical arborization of thalamocortical fibers. In a previous
anterograde study, injection of tiny amounts of tritiated amino
acids at physiologically defined sites in the ventral posterior nu-
cleus resulted in labeling of axonal terminations in multiple foci
separated by gaps in area 3b (Jones et al., 1982). All these find-
ings imply that a group of thalamic cells representing the same
localized constellation of peripheral receptors could potentially
gain access to a wider zone of cortex than revealed in conven-
tional multiunit mapping studies.and form a basis for expansion
of a representation under appropriate conditions.

The present study shows the extent of thalamic cells providing
afferents to physiologically defined, small parts of the somatic
sensory cortical representation and the extent of overlap in the
projections of individual thalamic cells to these parts.

A preliminary report has appeared (Rausell et al., 1993).

Materials and Methods

Electrophysiological localization and fluorochrome injection. Six nor-
mal adult monkeys (two Macaca fuscata and four Macaca mulatta)
were used (Table 1). The animals were anesthetized with intramuscular
ketamine, and maintained on intravenous Nembutal at approximately
12 mg/kg/hr. They were placed in a stereotaxic frame, and small cra-
niotomies where performed in order to expose the medial and/or lateral
aspects of the postcentral gyrus. In several cases (Table 1), both left
and right hemispheres were used. Tungsten microelectrodes (resistance
approximately 5 M{}) were inserted into the cortex at the medial or
lateral end of the central sulcus where area 3b comes to the surface
(Powell and Mountcastle, 1959a; Roberts and Akert, 1963), and ad-
vanced in steps of 100 pm. Multiunit discharges were evoked in re-
sponse to light tactile stimuli, and the receptive fields were mapped.
Two loci, 1.5 mm or less apart, in which responses were evoked from
overlapping or nonoverlapping receptive fields were identified. In five

cases (Table 1), recording sites containing neurons with overlapping
receptive fields were selected; in four cases, sites containing neurons
with nonoverlapping receptive fields were selected. Micropipettes con-
taining 8% Fast blue (FB) or 5% Diamidino yellow (DY) were dipped
into the dry dyes so that small crystals of the dye adhered to the tip.
The micropipettes were then used to push one or more crystals of the
dye into the two identified tracks left by the tungsten microelectrodes.
FB was inserted at one site and DY at the second.

The animals were allowed to survive for 2 weeks. Then they were
given an overdose of Nembutal and perfused through the ascending
aorta with normal saline followed by a solution of 4% paraformalde-
hyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer. The brain was
removed and blocked; the blocks were infiltrated with 30% sucrose in
0.1 M phosphate buffer at 4°C and subsequently frozen in dry ice.

Tissue processing and analysis. Frozen blocks of cerebral cortex con-
taining the FB and DY deposits were sectioned parasagittally on a slid-
ing microtome at 50 um; blocks containing the thalamus were cut fron-
tally at 25 pm or alternating at 20 pm and 40 wm. Sections were
mounted immediately from phosphate buffer on clean slides, and after
partial drying were coverslipped in a 3:1 mixture of glycerol and 0.1
M phosphate buffer.

Sections were examined with an epifluorescence microscope
equipped with a broad band ultraviolet excitation filter. The stage of the
microscope was equipped with optical encoders interfaced to a personal
computer using the Minnesota Datametrics MD?2 plotting system. Com-
puter generated maps were used to mark the outlines of the sections,
landmarks such as blood vessels, and the locations of dye deposits in
the cerebral cortex and of retrogradely labeled cells in the thalamus.
The sections of the cortex were then remounted on gelatin-coated slides,
dried, and stained with thionin. These Nissl-stained sections were then
traced with a camera lucida, cytoarchitectonic borders were marked and
the tracings were overlapped onto the previously generated maps of dye
deposits. In this way, the areal location and the laminar and horizontal
extent of the FB and DY deposits were identified. Only injections in
area 3b were included for study. Any that involved area I were excluded
from the series. Pushing the crystals of FB and DY into the cortex,
minimized diffusion of the dyes. However, a central core of dense dye
deposit was invariably surrounded by a narrow zone of weaker density,
80 to 100 pm in extent. This was wider for FB deposits than for DY
deposits. In calculating the extent of cortex affected by each dye, the
outer limit of the weaker zone was taken as the outer limit of the in-
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jection. The distance between the FB and DY deposits in each pair was
determined by measuring the distance between the cores of the deposits
in layers III and IV (Fig. 1).

In the thalamus, the distributions of all neurons retrogradely labeled
with FB or DY were plotted at high magnification (1000X) with the
MD2 system. In half the cases, which were chosen randomly, the thal-
amus had been cut in alternating series of 20 and 40 pm sections in
order to ensure that a lack of double-labeled neurons was not a con-
sequence of nonoptimal section thickness. No differences were noted.
After all sections had been plotted under epifluorescence, they were
reassembled in two alternating series; one was remounted and stained
with thionin, and the other was stained histochemically for cytochrome
oxidase (CO, Wong Riley, 1979) and subsequently mounted. The res-
tained sections were scanned into a MaclIntosh Quadra 950 computer,
using a Nikon LS-3510 film scanner, the images saved as PICT files
and exported to Adobe PHOTOSHOP. Similar scans of the previously
generated maps of labeled cell distribution were then made using a
Hewlett Packard ScanJet IICX flatbed scanner. The two scans were
superimposed in the computer to generate new maps in which all the
Nissl-stained neurons located in the same area (Figs. 2, 3) or the den-
sities of CO staining were plotted in relation to the retrogradely labeled
cells (Figs. 4-6).

All the original maps showing the distribution of retrogradely labeled
cells in the series of thalamic sections were copied on transparent ac-
etate sheets and put in register by using the sectioned profiles of blood
vessels as landmarks. FB-, DY-, and double-labeled neurons were color
coded and the coordinates of each labeled neuron were transferred to a
data sheet (QUATROPRO) by means of a digitizing tablet and SIGMASCAN
software (Jandel). This provided a mathematical matrix used to operate
a stereological program, from which three-dimensional reconstructions
of the whole labeled population could be obtained (Acrospin, DELTA-
GRAPH). The reconstructions were rotated to provide frontal, parasagit-
tal, and dorsal views of the cloud of retrogradely labeled neurons in the
ventral posterior (VP) nucleus of the thalamus (Figs. 7-10). The total
number of retrogradely labeled neurons, the relative proportions of FB-,
DY-, and double-labeled neurons were calculated, and correlations were
made between the relative proportions and the distance between the
centers of the dye deposits. In this way, the maximum distance between
two cortical deposits at which the probability of finding double-labeled
neurons in VP was minimal, was calculated. This parameter was then
used to predict the extent of arborization of thalamocortical axons in SI
and the degree of overlap in the arborizations of axons arising from
neurons that were neighbors in VP,

Results

General features

All the injection sites were located in area 3b of the primary
somatosensory cortex, as determined cytoarchitectonically, and
were centered in layers III-IV with no extension into the white
matter and relatively little spread over the cortical surface (Fig.
1). Table I shows the location of the receptive fields at the in-
Jected sites in each case. The separation between the FB and
DY deposits in each pair varied from 100 pm to 1500 pm. Nine
cases in which there was no overlap of the dyes in the cortex
were considered for study.

Table 2 shows the absolute and relative numbers of FB-, DY-,
and double-labeled cells in the VP nucleus of each case. Ret-
rogradely labeled neurons were located in the ventral posterior
medial nucleus (VPM) in five cases and in the ventral posterior
lateral nucleus (VPL) in four cases, depending on the location
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of the deposits in relation to the somatotopic map in area 3b
(Fig. 1E,F). The number of neurons retrogradely labeled with
each dye varied, depending on the extent of cortex affected by
the corresponding deposit. Double-labeled neurons were found
in five cases in which the pairs of deposits were separated by
distances of 600 pm or less.

When matched with the CO-stained sections, retrogradely la-
beled neurons in either VPM or VPL appeared in both the CO-
rich and CO-weak compartments of the nuclei (Figs. 4-6) (Rau-
sell and Jones, 1991a; Rausell et al., 1992). The majority of the
retrogradely labeled neurons were especially concentrated in the
CO-rich compartments. In the CO-rich compartments, large
Nissl-stained neurons normally tend to cluster in groups of about
50-70 cells, separated by spaces of variable size, containing
smaller cells that form the matrix compartment of weaker stain-
ing in CO preparations. Most of the retrogradely labeled neu-
rons, when plotted in relation to the Nissl-stained cells, clearly
belonged to the neuronal clusters (Figs. 2, 3). The percentage of
neurons that were labeled in each cluster depended on the extent
of the injection site. The larger the injection the higher the per-
centage. However, even in the cases with the highest number of
retrogradely labeled neurons, only about 60-75% of the neurons
of a cluster were labeled (Figs. 2, 3).

After the smallest injection, a single cluster of neurons was
labeled, but in most cases, two or three clusters were labeled.
These tended to be aligned anteroposteriorly in VP, best seen in
the sagittal reconstructions in Figures 7—10. In VPM, the aligned
clusters occupied one or two of the anteroposteriorly oriented
CO-dense rod domains. Small injections labeled clusters in a
single rod, larger injections labeled clusters in two or more rods.

In VPL, anteroposteriorly aligned clusters of retrogradely la-
beled neurons occupied parts of the CO dense sheets or lamellae
that extend anteroposteriorly through much of the nucleus. Small
injections labeled a line of clusters at one dorsoventral level in
a lamella, larger injections labeled lines of clusters at two or
more dorsoventral levels (Figs. 7-10, sagittal views).

The degree of intermingling of neurons retrogradely labeled
with different dyes in the same cluster and the occurrence of
double-labeled neurons depended on the distance separating the
two injection sites (Figs. 7-10). Double-labeled neurons and a
high degree of intermingling of neurons labeled with different
dyes in the same cluster were found in the cases in which the
distance between deposits was less than 600 pm (Table 1; Figs.
8-10). When the distance between injections was greater than
600 wm, no double-labeled neurons were found, and the degree
of intermingling of cells labeled with different dyes in the same
cluster was reduced (Figs. 7, 9). In cases in which the pairs of
deposits were separated by 1310 pm or more, neurons retro-
gradely labeled with FB or DY tended to be concentrated in
separate but neighboring clusters. However, even in cases with
the largest separations (ca. 1.5 mm) between the injection sites,
clusters of neurons mainly labeled by FB or DY always con-

Figure 1.

A, Fluorescence photomicrograph, showing locations and extent of deposits of Diamidino yellow (DY) and Fast blue (FB) in tracks left

by tungsten microelectrodes used to record receptive field data on neurons located in the foot representation of area 3b. B, Photomicrograph from
the Nissl-stained section adjacent to A, showing the electrode track (arrows) and the granular architecture typical of area 3b. C, Fluorescence
photomicrograph from another brain showing a second pair of DY and FB injections in area 3b. D, Fluorescence photomicrograph from VPM
showing characteristic cytoplasmic labeling of cells retrogradely labeled with FB and nuclear labeling of cells labeled with DY. Double-labeled
cells (DL) show both nuclear and cytoplasmic labeling. E and F, Sites of paired injections at the lateral (E) and medial (F) ends of the postcentral
gyrus. Thicker lines indicate central (CS), intraparietal (/P), lateral (L), and inferior precentral sulci (/PC) and medial border of hemisphere.
Interrupted lines indicate borders of area 3b. Insets indicate representation patterns around the ends of the central sulcus in Macaca mulatta. Dots,

FB; asterisks, DY. Scale bars: A-C, 500 pm; D, 25 pm; E and F, 1 mm.
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Figure 2. A,Computer-superimposed plots showing all Nissl-stained cells (dots) in a region of retrograde labeling in VPM and the labeling of
cells with FB (circles) or DY (crosses), or with both dyes (szars), in two clusters. B and C, Photomicrographs of the upper (B) and lower (C)
regions of labeled cells shown in A, made from the section that was stained with thionin subsequent to plotting the labeled cells under the fluorescence
microscope. Arrows indicate the previously retrogradely labeled cells as marked by symbols in A. Scale bars, 100 pum.

tained some neurons labeled with the seemingly inappropriate
dye. These points are fully documented below in which cases
are described in order of decreasing distance between the paired
dye deposits.

Specific details of representative cases with retrograde
labeling in VPM

52R (Figs. 4, 7). The fluorochromes were deposited in area 3b
at the lateral end of the central sulcus. FB was pushed into an
electrode track in which neurons had been driven by stimulation
of a receptive field on the zygomatic region of the face and DY
into a track 1 mm lateral to the first in which neurons had been
driven by stimulation of a receptive field on the upper lip. The

distance between the cores of the deposits, when measured in
the histological sections was 1500 pwm due to different inclina-
tions of the tips of the pipettes. No double-labeled neurons were
found. The FB injection was very small and produced a small
number of retrogradely labeled neurons (Table 2) that were lo-
cated anteriorly in VPM. The DY injection was larger, and la-
beled neurons were found over a greater anteroposterior extent
measuring 850 wm. When matched to the CO sections, the FB
cells were found to occupy one of the rod-like domains of CO
staining characteristic of VPM, and the DY cells occupied this
and three others. The rods were all located in the vertical part
of the L-shaped VPM (Fig. 4, left). An anterior and medial rod
containing FB- and DY-labeled neurons extended anteroposte-
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Figure 3. A,Computer-superimposed plots showing all Nissl-stained cells (dots) in a region of retrograde labeling in VPL and the labeling of cells
with FB (crosses), DY (cireles), or with both dyes (stars), mainly in a single cluster. B, Photomicrograph of the region of labeled cells shown in
A, made from the section that had been stained with thionin subsequent to plotting the labeled cells under the fluorescence microscope. Arrows
indicate the previously labeled cells marked by symbols in A. Scale bar, 100 pm.

riorly for about 300 wm. FB- and DY-labeled neurons tended to
be located in neighboring but separate clusters of cells (Fig. 7),
and clusters of FB-labeled cells were always located medial to
clusters of DY-labeled cells (Fig. 7). The separation between the
FB and DY clusters was about 150 um. However, occasionally
some FB-labeled neurons were found within a DY cluster, and
some DY neurons within a FB cluster. A second rod, containing
several clusters of DY-labeled neurons only, was found ventral
and lateral to the first and extended anteroposteriorly for about
400 pwm. Two small satellite rods also contained a few DY-
labeled neurons only. These were located posterior, lateral, and
ventral to the other rods, and extended anteroposteriorly for
about 150 wm (Fig. 7). A few DY-labeled neurons were located
in the ventral part of the VPM matrix in which CO staining is
weak and not organized in rods. Cells in this position are labeled

as the result of dye involvement of layer I of the cortex (Rausell
and Jones, 1991b).

45R (not illustrated). Both deposits were located in area 3b
close to the lateral end of the central sulcus. Receptive field data
were not recorded in this case. The distance between the core
of the deposits was 1310 pm. No double-labeled neurons were
found in the thalamus. A large number of labeled neurons were
found in clusters in VPM over an anteroposterior extent of 1200
pm. One ventral and medial CO-stained rod contained most of
the DY-labeled clusters, and the immediately adjacent lateral
CO-stained rod contained most of the FB-labeled clusters. How-
ever, some FB-labeled neurons were found within the DY-la-
beled clusters, and some DY-labeled neurons within the FB-
labeled clusters.

43R (Figs. 4, 7). Deposits were located in area 3b close to the
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Figure 4. Figures 4-6 are digitized images of portions of the CO-stained frontal sections through VPM or VPL on which have been superimposed
the plots of distributions of cells retrogradely labeled with FB (crosses), DY (circles), or with both dyes (dots). In this figure, the left column is
from case 52R and the right column from case 43R. They show, from top to bottom, sections in anterior to posterior order. Positions of sections
are indicated by arrows on sagittal views in Figures 7-10. Insets indicate positions of labeled regions relative to adjacent nuclei. Scale bars, 1 mm.
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Figure 5. Positions of retrogradely labeled cells in cases 53L (left column) and 52L (right column). Conventions are as in Figure 4.
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Figure 6. Positions of retrogradely labeled cells in cases 58R (left column) and 53R (right column). Conventions are as in Figure 4.




lateral end of the central sulcus. No receptive field data were
recorded. The distance between the deposits was 1160 um. No
double-labeled neurons were found in the thalamus (Fig. 7,
right). In this case, one CO-stained rod located ventrally, later-
ally, and anteriorly in VPM contained most of the clusters of
FB-labeled neurons (Fig. 4, right). The labeled region extended
anteroposteriorly for approximately 300 pm. This tended to
merge with a second rod lying medial to the first, that contained
most of the clusters of DY-labeled neurons (Fig. 7) and extended
anteroposteriorly for 500 wm (Fig. 7). The two rod-like domains
of labeled neurons tended to merge posteriorly, at which point
few FB-labeled neurons were included in DY clusters, and vice
versa. A few FB- or DY-labeled neurons were found outside the
main FB- and DY- labeled rods (Fig. 7). A small number of
cells labeled with either of the two dyes was found in the medial
part of the matrix.

51R (Fig. 8). Both deposits were located in area 3b anterior
to the lateral end of the central sulcus. FB was pushed into an
electrode track in which neurons had receptive fields on the up-
per lip and DY into a track 500 wm posterior in which neurons
had similarly located receptive fields on the upper lip. The tips
of the pipettes entered at different inclinations, so that the actual
distance between the cores became 280 pm. FB-, DY-, and dou-
ble-labeled neurons were found in the vertical part of VPM (Ta-
ble 2). They occupied zones that were included in two CO-
stained rods. A dorsally located rod (Fig. 8, left) contained clus-
ters of FB-, DY-, and double-labeled neurons. In the most an-
terior 100 jm, labeled clusters contained predominately
DY-labeled neurons. These clusters also contained many FB-
labeled neurons as well as a significant number of double-la-
beled neurons. Over the next 250 pm, labeled clusters contained
predominately FB-labeled neurons. These also contained a con-
siderable number of DY-labeled cells, and at the merging point,
many double-labeled neurons were found. Labeled cells were
also found in a second CO-stained rod, located about 1500 pwm
ventral to the first and in the lateral aspect of the horizontal part
of VPM. This commenced approximately 500 wm posterior to
the beginning of the first rod of labeled cells (Fig. 8). Anteriorly,
this second rod contained clusters of mainly DY-labeled cells
among which some FB-labeled and double-labeled cells were
also found. More posteriorly, clusters of mainly FB-labeled cells
appeared, and extended for another 150-200 pwm. At the merging
point, clusters of labeled cells contained both DY- and FB-la-
beled neurons, and many were double labeled. In spite of the
high degree of intermingling, FB-labeled clusters tended to be
located medial to DY-labeled clusters. Some FB-, DY-, and dou-
ble-labeled cells were observed in the medial VPM matrix.

53L (Figs. 5, 8). Both fluorochrome deposits were located in
area 3b at the lateral end of the central sulcus. FB was pushed
into an electrode track in which neurons had receptive fields on
the upper lip and DY into a track 500 wm medial to the first in
which neurons also had receptive fields on the same part of the
upper lip. The inclination of the tips of the micropipettes resulted
in a separation of the cores of the injections measuring 250 um.
FB-, DY-, and double-labeled neurons were found in the vertical
part of VPM. Two principal regions equivalent to two CO-
stained rods contained labeled neurons, with two satellite regions
of fewer labeled cells surrounding them (Fig. 5, left). The more
anterior and dorsal rod of labeled cells extended anteroposteri-
orly for 400 um, and contained a large number of double-labeled
neurons, especially at posterior levels (Fig. 8, right). DY, FB,
and double-labeled neurons coexisted in the same clusters of
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labeled cells. The second rod began 300 wm posterior to the
commencement of the first rod, and was located 2 mm more
ventrally. It also contained large numbers of FB-, DY-, and dou-
ble-labeled cells. The two satellite regions also contained FB-,
DY-, and double-labeled neurons. There was a tendency for a
greater number of FB-labeled neurons to be located posteriorly
(Fig. 8). FB-, DY-, and double-labeled neurons were also found
in the medial VPM matrix.

Specific details of cases with retrograde labeling in VPL

52L (Figs. 5, 9). Both fluorochrome deposits were located in
area 3b near the medial end of the central sulcus. FB was pushed
into an electrode track in which neurons had receptive fields on
the skin of the medial inguinal region. DY was pushed into a
track 1000 p.m lateral to this, in which the neurons had receptive
fields extending over the medial and lateral inguinal region. In
the sections, the distance between the cores of the deposits was
1100 jum. Neurons retrogradely labeled with FB or DY were
found in the lateral aspect of VPL. No double-labeled neurons
were found. All labeled neurons were clustered but, collectively,
the clusters formed a single lamella-like arrangement located
anteriorly in VPL (Fig. 5, right). A ventrally located set of clus-
ters of DY-labeled cells extended anteroposteriorly for about 500
pm. Two hundred microns posterior to the commencement of
this set of clusters, second, and third sets of clusters of DY-
labeled cells appeared 1 mm ventral and 1 mm dorsal to the first
set. These extended posteriorly for another 600 um (Fig. 9, left).
Most of the neurons in the anterior 200 pm of the three sets of
clusters were DY labeled, but occasional FB-labeled neurons
were intermingled. More posteriorly, clusters of FB-labeled cells
appeared and usually lay slightly medial and dorsal to the clus-
ters of DY-labeled cells (Fig. 9), although some FB-labeled neu-
rons were invariably found in a DY cluster, and vice versa.
When compared with the distribution of CO-stained densities
found in the same section, most of the labeled neurons occupied
a continuous, CO-rich lamella, in the lateral part of VPL. How-
ever, posteriorly, the ventral set of clusters became displaced
laterally into a second adjacent lamella-like zone of dense CO
staining, closer to the external medullary lamina (Figs. 5, 9). As
a whole, the region occupied by the total population of labeled
neurons was 500 um wide and 800 pm long and bifurcated
posteriorly into dorsal and ventrolateral parts.

58R (Figs. 6, 9). The fluorochrome deposits were located in
area 3b at the medial end of the central sulcus. DY was pushed
into an electrode track in which neurons had receptive fields on
the contralateral great toe. FB was pushed into a track 500 pm
medial to this, in which neurons had receptive fields on the
lateral plantar digital pad. In the sections, the distance between
the cores of the deposits was 600 wm. Neurons retrogradely
labeled with FB or DY were found in the lateral part of VPL,
and a certain number were double labeled (Fig. 9, right). An-
teriorly, a first set of clusters of labeled neurons was found in
the ventral and lateral part of VPL, along the external medullary
lamina (Fig. 6, right). In these, FB- and DY- labeled neurons
were mixed in the same cluster, and double-labeled neurons were
infrequent, except posteriorly. The number of FB- and DY-la-
beled neurons increased substantially after the first 400 wm, and
extended anteroposteriorly for a further 2600 pwm within VPL
(Fig. 9). There, they formed two small rows located ventrally
and dorsomedially and tending to merge (Fig. 9). Approximately
1600 pm from the commencement of the first set of clusters of
labeled neurons, a large second set of clusters of labeled neurons
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appeared. This was located about 1 mm medial, and about 1 mm
ventral to the first set. Like the first set, this second set of clusters
consisted of a moderate number of DY- and FB-labeled neurons
that were usuvally intermingled in the same clusters, with very
few double-labeled neurons. However, 400 jum more posteriorly
the total number of labeled cells increased significantly and the
number of double-labeled cells also increased and became es-
pecially high at posterior levels. As in the first set of clusters,
some clusters of labeled cells were separated from one another
by as much as 1 mm, but overall they gradually merged to form
a lamina of labeled cells that moved dorsally on being traced
posteriorly (Fig. 9). Two additional small sets of clusters of FB-
and DY-labeled cells with very few double-labeled neurons were
found 2 mm medial and dorsal to the main zone of labeling in
VPL (Fig. 9). The FB- and DY-labeled neurons were not located
in any particular position with respect to one another in any of
the labeled clusters.

When the location of the labeled neurons was compared with
the locations of the CO-stained densities in the same sections,
most of the clusters of labeled neurons were located within two
continuous CO-rich VPL lamellae, close to the external medul-
lary lamina. The medially placed cells occupied different la-
mellae. Some DY-, FB-, and double-labeled neurons were also
found in CO-weak matrix regions of VPL, in the spaces inter-
vening between the CO-rich lamellae. These are probably la-
beled by dye involvement of layer I of the cortex (Rausell et
al., 1992).

53R (Figs. 6, 10). The fluorochrome deposits were located in
area 3b near the medial end of the central sulcus, close to its
posterior lip. DY was pushed into an electrode track, made from
an anteroposterior inclination, in which neurons had receptive
fields on the medial aspect of the knee. FB was pushed into a
similarly oriented track, 500 pm posterior to the first, in which
neurons had receptive fields on the identical region. The FB
deposit was significantly larger than the DY deposit. In the sec-
tions, the distance between the cores of the deposits was 300
pm. FB-, DY-, and double-labeled neurons were located in a
single set of clusters in the lateral aspect of VPL (Fig. 6, right).
The zone of labeled clusters was located in the middle of the
anteroposterior extent of VPL, and its total anteroposterior
length was about 1200 wm (Fig. 10, left). The dorsoventral ex-
tent was about 1500 pm. In the labeled clusters situated more
anteriorly, DY-, FB-, and double-labeled neurons were inter-
mingled (Fig. 10). The posterior 200 um of the total zone of
labeled clusters was formed by one ventral and one dorsal clus-
ter, each consisting of only FB-labeled cells, and separated by
1000 pm (Fig. 10).

When the location of the labeled neurons was compared with
the location of the CO-stained densities found in the same sec-
tion, all labeled neurons were located in the same CO-rich la-
mella. Some labeled neurons were located in the CO-weak ma-
trix region intervening between this and the immediately adjoin-
ing lamella.

«—
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51L (Fig. 10). The fluorochrome deposits were located in area
3b near the medial end of the central sulcus. FB was pushed
into an electrode track at the posterior lip of the sulcus in which
neurons had receptive fields in the lateral aspect of the contra-
lateral lower leg. DY was pushed into a track 350 pm poster-
omedial to the first in which neurons had receptive fields on the
same region. The FB deposit was significantly larger than the
DY deposit. In the sections, the distance between the cores of
the deposits was 100 wm. Cells retrogradely labeled with FB or
DY were found in the middle of the anteroposterior extent of
VPL. Almost all neurons were double labeled. One set of clus-
ters of labeled neurons extended anteroposteriorly for 650 wm
(Fig. 10, right). Two hundred micrometers before the end of this
set, a second set of clusters of labeled neurons appeared slightly
medial and ventral to the first (Fig. 10). On comparing the lo-
cation of the labeled neurons with the location of the CO-rich
densities, all the labeled neurons were contained in the same
CO-rich lamella. Double-labeled neurons were also found in the
adjacent CO-weak matrix.

Analysis of the percentages of double-labeled neurons

Table 2 shows the relative and absolute numbers of double-la-
beled neurons in the nine cases. Double-labeled neurons were
found in five of the cases. The relative and absolute numbers of
double-labeled neurons decreased as the separation between the
cortical deposits increased. This can also be seen in Figure 11,
in which the average of the percentage of double-labeled neu-
rons found among the total population labeled with each dye in
the five cases is plotted against the distance between the dual
cortical deposits. In these cases, the intracortical extent of the
terminal arborizations of the double-labeled neurons would have
had to be at least as large as the separation between the two
dyes for the neurons to be doubled labeled. The probability (Q)
of finding a double-labeled neuron, out of the total population
of labeled neurons, is a function of the distance between the
injection sites in the cortex (D) and the extent of the arborization
of a single thalamocortical axon (A). This assumes that the arbor
is radially symmetric and that the dye can be taken up anywhere
within the arbor area. Since the injections were placed randomly
in relation to the position of the arbors, the probability of either
dye deposit occurring within a given arbor is proportional to A
+ D. The probability of both dye deposits occurring within a
given arbor is proportional to A — D. Therefore,

0=@A —D)JYA + D).

When Q is plotted against D, this equation describes a curved
line, the concavity of which is determined by A. The continuous
line in Figure 11 is the best fit of this equation to the experi-
mental data points with the constraint that for D = 0 (two dye
deposits overlapping), Q = 1 (all cells double labeled). The best
fit was achieved with A = 550 pm, which therefore represents
the average extent of a single thalamocortical axon arbor, in a
direction parallel to the axis passing through the two injection

Figure 7. Figures 7-10 are computer-generated plots of the positions of thalamic cells retrogradely labeled with FB (blue dots), DY (red dots),
or with both dyes (green dots) in eight of the nine cases with nonoverlapping paired dye injections in area 3b. Each column represents a single
case. Top panel shows labeled cells collapsed onto a single frontal plane. Middle panel shows the cells as viewed from the side. Bottom panel
shows the cells as viewed from the top of the nucleus. Measurements are in microns. Anrs, anterior; Lat, lateral; Med, medial; Post, posterior. Arrows
A, B, and C on sagittal view indicate positions of top, middle, and bottom panels, respectively of Figures 4—6. In the left column of this figure, FB
injection was smaller than DY injection. Centers of injections were separated by 1500 pm. In the right column, interinjection distance was 1160
pm. There were no double-labeled cells in either case, but single-labeled cells are commingled.
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Figure 8. In these cases, interinjection distances were 280 wm (left column) and 250 pm (right column). Double-labeled cells now start to appear,
but many single-labeled cells are commingled. Conventions are as in Figure 7.
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Figure 9. In these cases, interinjection distances were 1100 pm (left column) and 600 wm (right column). Single-labeled cells are commingled,
but double-labeled cells appear only in the right column. Same conventions as Figure 7.
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left column, and many cells are double labeled. In the right column, most are double labeled. Same conventions as Figure 7.

In these cases, interinjection distances were 300 pm (left column) and 100 pm (right column). Single-labeled cells commingle in the
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Table 2.

Case Interinjection Total labeled Double-labeled
number  distance (pm) neurons FB neurons DY neurons neurons
S1L 100 343 46 (13.4%) 51 (14.9%) 146 (71.7%)
S3L 250 376 23 (6.1%) 266 (70.7%) 87 (23.1%)
SIR 280 594 279 (46.9%) 184 (30.9%) 131 (22.1%)
53R 300 878 505 (57.5%) 150 (17.1%) 223 (25.4%)
58R 600 3935 2298 (58.4%) 1371 (34.8%) 266 (6.8%)
S2L 1100 350 113 (32.3%) 237 (67.7%) 0

43R 1160 224 56 (25.0%) 168 (75.0%) 0

45R 1310 209 145 (69.4%) 64 (30.6%) 0

52R 1500 370 19 (5.1%) 351 (94.9%) 0

sites. The value of A = 550 pm is also given by the intersection
of the line with the horizontal axis and is close to the figure of
600 pm obtained directly from the experimental data as the dye
separation distance beyond which no cells were double labeled.

Discussion

Neurons of the ventral posterior nucleus could only be double
labeled by retrograde transport from paired injections of tracer
in area 3b when the interinjection distance was less than 600
pm. This implies that the extent of intracortical arborization of
single thalamocortical axons in area 3b is no greater than about
600 pm. Paired dye injections in are 3b, separated by up to 1.5
mm, resulted in two overlapping sets of labeled neurons. The
degree of overlap was inversely related to interinjection distance
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Figure 11. The mean of the percentage of double-labeled cells (or-
dinate) in the five cases in which double-labeled cells were found (dots),
plotted against the distance between the centers of the injections in each
case (abscissa). The derived line represents the probability of finding
double-labeled cells at a particular interinjection distance. For a prob-
ability of 0 (no double-labeled cells), the distance between the centers
of the injections must exceed 550 um (see text).

and greatest when cortical sites containing neurons with different
receptive fields received dye applications. However, in all cases,
intermingling of neurons labeled with different dyes was con-
sistently observed. Hence, most neurons of a defined VP cluster
project to a corresponding cortical domain in area 3b, defined
in these experiments by the locus of one dye injection, but other
cells of the same cluster project to surrounding domains, defined
by the locus of the second injection, and thus provide offshoot
projections to loci representing the same or different parts of the
body surface in area 3b. The overlap could not be attributed to
co-involvement of area 1 in any of the injections.

Interrelation of thalamic and cortical representations

From the perspective of the cortex, the projection of a represen-
tation of a small part of the body from VP to area 3b is formed
by axons of neurons located in one set of VP clusters converging
on a restricted cortical locus. This cortical locus, however, also
receives axons of a few neurons located in nonsomatotopically
related VP clusters. Similarly, a number of neurons in the set of
clusters primarily related to one cortical locus project to sur-
rounding cortical loci in which neurons have receptive fields on
the same or different parts of the body. These loci form the
principal cortical targets of other VP clusters.

From the perspective of the thalamus, the cortical projection
of a single thalamic cluster is substantially greater than the 550—
600 pm, subtended by the axonal arborizations of its individual
cells. The projection pattern is one of shifted overlap so that at
any locus in VP a majority of the relay neurons will project to
one restricted region of cortex but a significant minority will
project to a neighboring region. This receives most of its input
from a locus in VP neighboring the first but still containing
many neurons projecting to the first region, and so on throughout
the nucleus. Although thalamic cells retrogradely labeled from
a single injection, were concentrated in one or a few clusters,
no injection or pair of injections was sufficiently large to iabel
every cell of a cluster. Although it is likely that some of the
unlabeled cells were interneurons (Benson et al., 1991; Hunt et
al., 1991), the large size and dense Nissl-staining of many of
the unlabeled cells makes it probable that a significant number
were relay neurons. These presumably project to cortex outside
the dye-injected foci.

Relation to previous investigations

The aggregation of the majority of the cells projecting to a cor-
tical locus in a concentrated set of clusters in VPL or VPM
undoubtedly accounts for the apparent correspondence between
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physiological maps in the ventral posterior nucleus and somatic
sensory cortex of macaques (Mountcastle and Henneman, 1952;
Poggio and Mountcastle, 1963; Jones and Friedman, 1982; Jones
et al., 1982, 1986a,b; Rausell and Jones 1991a) and for the re-
peated observations of lamellar arrangements of retrogradely la-
beled cells in VPL after relatively large injections of retrograde
tracers in the cortex (Jones et al., 1979; Nelson and Kaas, 1981;
Ma and Juliano, 1991), since the clusters are parts of the la-
mellae.

Previously, it was considered that a narrow rod of cells with
the same submodality properties and closely overlapping recep-
tive fields, and extending anteroposteriorly through VPL or
VPM, formed a kind of unit of thalamic organization that pro-
jected upon one or a small number of focal domains in monkey
somatosensory cortex (Jones et al., 1982; Jones, 1985). These
domains were approximately 1 mm in extent and thought to
form the basis of functional cortical columns. Application of
more sensitive tracers (Darian-Smith et al., 1990; Darian-Smith
and Darian-Smith, 1993) showed that larger and more wide-
spread populations of thalamic cells in parts of the VP repre-
sentation apparently unrelated somatotopically to an injection
site, could be retrogradely labeled after relatively small injec-
tions. The present results, based upon the smallest feasible cor-
tical injections at physiologically defined sites, indicate that the
concept of a unidimensional rod, all members of which project
to one or a limited number of cortical columns, is unduly sim-
plified. While it is true that a focal injection of DY or FB tended
to label mainly cells concentrated in a single rod-like domain in
VPL or VPM, outlying cells, presumably members of other an-
atomical and functional rods, were also labeled. Moreover, the
primary labeled domain invariably contained a significant num-
ber of cells retrogradely labeled from an injection of dye into a
different, nonsomatotopically related cortical locus, more than
600 pm distant from that receiving input from the primary tha-
lamic domain.

It is possible that, physiologically, the offshoot projections
from the primary thalamic domain may be weaker and not de-
tected by the multiunit methods customarily used to map rep-
resentations in somatosensory cortex. More detailed physiolog-
ical analyses may reveal preexisting thalamocortical projections
that escape detection with multiunit methods. In cats, Snow et
al. (1988) demonstrated that single thalamic cells with receptive
fields on a toe could be antidromically activated by intracortical
microstimulation applied to cortical sites in which an adjacent
toe was represented. This is the type of result that would be
predicted by the present findings. In monkeys, the presence of
two or more foci of enhanced metabolic activity in the somato-
sensory cortex following repetitive stimulation of a finger (Ju-
liano et al., 1981; Juliano and Whitsel, 1987) would also be
predicted by the present results. We suggest that these foci reflect
the presence of a primary focus of projection, such as that dem-
onstrated by the major concentration of retrogradely labeled cells
ensuing from a single injection in the present study, and of one
or more offshoot projections from other cells that commingle
with the major concentration.

Medial lemniscal fibers, terminating in the monkey ventral
posterior nucleus, do not branch widely and, instead, terminate
in single, elongated, narrow territories (Jones, 1983). It is likely
therefore that single fibers and groups of fibers arising from
dorsal column or trigeminal nuclear cells with the same sub-
modality and receptive field properties, will terminate mainly on
a relatively small population of thalamic cells, most members of

which project to the same locus in the cortex, as demonstrated
in the present study. In this way, the basic fine grain projection
of place and submodality from the dorsal column and principal
trigeminal nuclei to the cortical map would be preserved. The
focusing of lemniscal inputs onto clusters of thalamic cells that
form parts of rods undoubtedly underlies the physiological ob-
servation that single units and multiunit clusters recorded over
long anteroposterior distances in VPL and VPM tend to have
the same receptive fields and submodality properties (Jones and
Friedman, 1982; Jones et al., 1982, 1986a; Rausell and Jones,
1991a). We conjecture that these physiologically defined groups
are the same as those in which the majority of cells projecting
to a cortical dye injection site were labeled in the present study.

A possible basis for representational plasticity

A substantial number of cells in a main labeled thalamic cluster
projects to regions of cortex more than 600 wm distant from that
receiving input from the principal population, overlap only ceas-
ing with distances greater than 1.5 mm. If we assume that these
cells are synaptically engaged by the same lemniscal afferents
as the majority population, a route is open for the projection of
the place and submodality information carried by these lemnis-
cal afferents to an apparently nonsomatotopically related locus
in the cortex. At this second locus, the majority input should be
from cells that form the majority population of its own related
thalamic cluster, possibly forming part of a different thalamic
rod or lamella. Under conditions in which the majority input to
the second cortical locus is reduced—as in cases of peripheral
deafferentation—the offshoot projection might be revealed. The
fact that offshoot projections are formed by fewer thalamic cells
than those that form the principal population suggests that under
normal conditions the input from the primary population pre-
dominates. The presence of offshoot projections could, however,
form the basis for the immediacy with which cortical represen-
tations mapped by multiunit recording can expand (Merzenich
et al., 1983b; Cusick et al., 1990; Wall et al., 1992a,b), and
makes it unnecessary to invoke axon sprouting as the primary
mechanism of short-term plasticity.

Under conditions in which activity is enhanced in a set of
lemniscal fibers as the result of passively or behaviorally in-
creased stimulation of a small region of the body surface (Jen-
kins et al., 1990a,b; Recazone et al., 1992), the offshoot projec-
tion may show enhanced activity that would cause it to dominate
the principal projection, thus giving the appearance of one part
of the representation spreading at the expense of an adjacent
part. A ““cortical distance limit” of 1-1.5 mm for spread of a
representation was originally proposed (Kaas et al., 1983) based
on effects of forelimb digit amputation. This may be accounted
for by the lack of overlap in thalamocortical projections dem-
onstrated by injections more than 1.5 mm apart, although all
injections in the present study were in the face or foot represen-
tations. The distance limit may be exceeded and reach 3-3.5
mm after appropriate combinations of peripheral nerve section
(Garraghty et al., 1994). This may imply the presence of addi-
tional mechanisms outside the scope of the present study.

Conclusion

The present interpretations suggest that one basis for the form
of the representational map in the somatic sensory cortex de-
pends upon the lemniscal fibers, since it appears that the extent
and position of a part of the representation relative to an adjacent
part, at least in so far as it depends upon thalamic inputs, will



depend upon the number of thalamocortical relay cells recruited
by a place- and submodality-specific set of peripheral stimuli.
But this is also to thrust the responsibility further upstream since
it is likely that a pattern of input—output organization similar to
that demonstrated in VP will exist in the dorsal column and
principal trigeminal nuclei. The primary basis of a cortical map
and of map plasticity is, thence, placed back at the periphery
since it is the nature of the peripheral stimulus, especially if it
involves the correlated activity of a population of peripheral re-
ceptors (Clark et al., 1988), that will determine the number of
lemniscal axons activated and the extent and strength of acti-
vation of the thalamocortical relay cells that they recruit.
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