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A characteristic feature of the rat somatosensory neocortex 
is a discrete topographic representation of the facial whis- 
kers. Afferent fibers projecting to this vibrissae represen- 
tation were “bulk-labeled” by injecting horseradish peroxi- 
dase into the white matter. Terminal arbors with the 
morphological characteristics of Lorente de No’s (1949) 
“specific” thalamocortical afferents were then reconstruct- 
ed through serial sections. These terminal arbors, charac- 
terized by the discrete organization of their dense plexus in 
layer IV, have a laminar distribution of boutons that parallels 
the laminar pattern of terminal degeneration resulting from 
lesions of the ventral posterior nucleus of the thalamus. The 
regional distribution of different-sized arbors corresponds 
to the distribution of vibrissae-related clusters of different 
sizes. Larger arbors were found in the posteromedial region 
corresponding to the mystacial vibrissae representation, 
while smaller arbors were found in the anterolateral region 
corresponding to the representation of the anterior sinus 
hairs. Terminal arbors were also reconstructed from sections 
stained simultaneously to demonstrate the pattern of vibris- 
sae-related clusters. The greatest concentration of boutons 
on these axons occurred within a single vibrissae-related 
cluster. Furthermore, when 2 fibers terminated within a 
single cluster, their terminal arbors appeared to be largely 
coextensive. The morphology, size, and distribution of these 
terminal arbors support the hypothesis that the layer IV plex- 
us of a single specific thalamocortical afferent tends to fill 
a vibrissae-related cluster. Thus, the organization of specific 
thalamocortical afferents may be responsible for clustered 
organization within the somatotopic map of the rodent neo- 
cortex. 

The relationship between thalamocortical axons and their cor- 
tical targets remains a basic question ofneocortical organization. 
This question has at least 2 components. The first of these is 
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the distribution of thalamic axon terminals with respect to the 
neocortical layers. The second is the area1 distribution of tha- 
lamic axons and their relation to cortical maps of the peripheral 
receptor surfaces. The discrete cytoarchitectonic organization 
of the rodent somatosensory cortex makes it an ideal site in 
which to address these questions. A prominent feature of the 
somatosensory neocortex of a number of rodent species is a 
discrete topographic representation of portions of the body sur- 
face, which is easily visualized with routine anatomical tech- 
niques (Woolsey and Van der Loos, 1970; Welker and Woolsey, 
1974; Killackey et al., 1976; Killackey and Belford, 1980; Daw- 
son and Killackey, 1987). 

Woolsey and Van der Loos (1970) were the first to describe 
the pattern of discrete cytoarchitectonic units within the mouse 
somatosensory cortex and to relate their distribution pattern to 
the peripheral receptor surface. These cytoarchitectonic units, 
which Woolsey and Van der Loos (1970) termed “barrels,” are 
found in cortical layer IV and are composed of small neurons 
aggregated into well-defined clusters. Woolsey and Van der Loos 
suggested that a “barrel” was the cortical correlate of a periph- 
eral receptor unit, a mystacial vibrissa. Physiological studies 
have since established that the majority of neurons within a 
“barrel” respond to the stimulation of only a single vibrissa 
(Welker, 197 1, 1976; Simons, 1978; Simons and Woolsey, 1979). 
Furthermore, the number of neurons in a single “barrel” is 
proportional to the number of myelinated trigeminal nerve fi- 
bers innervating the corresponding vibrissa (Lee and Woolsey, 
1975; Welker and Van der Loos, 1986). Thus, the size of a given 
“barrel” is related to the peripheral innervation density of the 
corresponding vibrissa. 

This discrete organization within cortex is dependent upon 
an intact periphery during development (Van der Loos and 
Woolsey, 1973). There is a similar discrete organization, alter- 
able by neonatal peripheral damage, at each synaptic level of 
the pathway from the sensory periphery to the neocortex (Bel- 
ford and Killackey, 1979a, b, 1980; Bates et al., 1982; Erzurumlu 
and Killackey, 1983; Bates and Killackey, 1985). These obser- 
vations have been interpreted as suggesting that the sensory 
periphery, acting through afferent pathways, plays a major role 
in the formation of neocortical representations of sensory sur- 
faces (Killackey, 1980). Consistent with this hypothesis, thala- 
mocortical afferents from the ventroposterior nucleus to layer 
IV are organized into discrete clusters (Killackey, 1973; !Sil- 
lackey and Leshin, 1975) and the pattern of thalamocortical 
terminations in layer IV can be altered by neonatal peripheral 
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Figure 1. Low-power photomicrograph of a coronal section of the 
anterolateral region of the somatosensory neocortex illustrating a WGA- 
HRP injection into the junction of the white matter and layer VI. Bulk- 
labeled fibers can be seen traversing the deeper layers and branching in 
layer IV (IV). Lateral is to the left. Diaminobenzidine. Scale bar, 500 
0. 

damage (Killackey et al., 1976; Killackey and Belford, 1979). 
An understanding of the mechanisms that underlie these changes 
would be greatly aided by a knowledge of the morphology of 
individual thalamocortical axons. 

The morphology of afferents to the somatosensory cortex of 
the mouse was described by Lorente de No (1922) in his now 
classic Golgi study. He described afferents that ascend through 
layers VI and V and branch repeatedly in layer IV to form a 
dense plexus that extends into layer III. The layer IV plexus of 
these afferents is organized into clusters, or “glomeruli.” The 
collaterals of a single parent fiber branch extensively in layer IV 
to form a uniformly dense terminal plexus that appears sepa- 
rated from those in adjacent glomeruli. This description of af- 
ferents to cortex was the basis for Lorente de No’s (1949) clas- 
sification of thalamocortical afferents into 2 types. The first type, 
the “unspecific” or “pluriareal” afferents, give off collaterals in 
the white matter that innervate multiple cortical fields and have 
sparse terminals in all cortical layers. The second type, the “spe- 
cific” thalamocortical afferents, innervate a single cortical field 
and are characterized by a dense terminal plexus in layer IV. 

In the present investigation, we have examined terminal ax- 
onal arbors characteristic of the “specific” thalamocortical af- 
ferents in the somatosensory cortex of the adult rat. The objec- 
tive was to determine how the morphology of individual terminal 
axonal arbors is related to the clustered organization of the 
somatotopic map of the rodent neocortex. Three approaches 
were used. First, the laminar organization of boutons of the 
terminal arbors was compared to the laminar organization of 
terminal degeneration following lesions of the ventroposterior 
nucleus. Second, the size of terminal arbors in different regions 
of the somatosensory cortex was compared to the size of vi- 
brissae-related clusters. Third, arbors were reconstructed in tan- 
gential sections stained simultaneously to demonstrate the vi- 
brissae-related clusters. 

Abstracts of this work were presented at the Society of Neu- 
roscience Annual Meetings in 1983, 1984, and 1985. 

Materials and Methods 
Animals. This study was based on observations in 38 adult female 
Sprague-Dawley rats. The rats were anesthetized with a combination of 
ketamine hydrochloride (50 mg/kg), xylazine (3 mg’kg), and sodium 
pentobarbital(l0 m&kg). WGA-HRP was pressure-injected by means 
of stereotaxically placed micropipettes (Amaral and Price, 1983). The 
tip diameter of the micropipettes ranged from 15 to 35 pm. The con- 
centration of WGA-HRP varied between 5 and 20% in distilled water 
and volumes between 0.05 and 0.25 ~1 were injected. A posterior ap- 
proach was used for injections of WGA-HRP into the internal capsule 
beneath the somatosensory cortex. The optimal angle of the injection 
pipette appeared to be approximately 15” above the horizontal plane, 
entering the cortex in the occipital region. This approach allowed the 
tip of the pipette to transect fibers in the white matter and, in some 
cases, fibers at the junction of the white matter and layer VI (Fig. 1). 
Survival times ranged from 4 to 24 hr. Animals were then intracardially 
perfused under ether anesthesia according to the method of Rosene and 
Mesulam (1978). The brain was removed and allowed to sink in 20% 
sucrose overnight. Additional animals were perfused in the same man- 
ner for demonstration of cytochrome oxidase activity. 

Histology. For demonstrations of HRP-filled fibers, the brains were 
sectioned coronally on a freezing microtome at either 60 or 100 pm. 
The WGA-HRP was visualized by the method of Itoh et al. (1979) with 
diaminobenzidine. To demonstrate simultaneously the terminal arbor 
morphology and the pattern of vibrissae-related clusters, hemispheres 
were sectioned in a plane tangential to the cortical surface. Following 
the HRP reaction, the tangential sections were rinsed 3 times in phos- 
phate buffer and reacted for cytochrome oxidase activity (Wong-Riley, 
1979; Land and Simons, 1985). Hemispheres from additional animals 
were flattened, sectioned tangentially, and reacted for cytochrome ox- 
idase activity. 

The laminar distribution of HRP-filled fibers was compared with the 
laminar distribution of terminal degeneration of thalamocortical affer- 
ents, as determined by the Fink-Heimer method, following lesions of 
the ventral posterior nucleus. Flattened sections ofthe neocortex stained 
for succinate dehydrogenase activity were also examined. These ma- 
terials were from the laboratory collection and the procedures have been 
previously described (Killackey, 1973; Killackey et al., 1976). 

Reconstruction. Individual terminal arbors were drawn using an oil- 
immersion 40 x objective and an oil-immersion condenser. Branch points 
and fiber intersections were checked with an oil-immersion 100 x ob- 
jective. Well-filled terminal arbors of “specific” thalamocortical affer- 
ents were characterized by a dense plexus in layer IV and distinctly 
visible higher-order branches, ending with boutons. Emphasis was placed 
on arbors whose parent fiber could be traced to layer VI or the white 
matter. The fibers illustrated were reconstructed over 2-10 sections. 
Sections were first aligned at lower magnification, and then all visible 
cut ends were used to align fields at higher magnification. Only un- 
equivocal branches were drawn. This procedure resulted in a presum- 
ably conservative image of an axonal arbor that we interpret as repre- 
senting the significant aspects of its terminal field. 

After all fibers were drawn, coverslips were removed and the tissue 
was counterstained with cresyl violet. The layers were then recorded on 
the drawings. The drawings were mechanically reduced by 50% with a 
pantograph prior to being photographed. 

The anteroposterior location of each terminal arbor reconstructed 
from coronal sections was determined by counting the number of sec- 
tions from histological landmarks (i.e., crossing of the anterior com- 
missure) and determining their location relative to bregma. The medio- 
lateral location of the terminal arbors was determined by measuring 
curved (parallel to the pial surface) distance from the longitudinal fissure. 
This procedure results in slightly larger estimates of the mediolateral 
extent of the primary somatosensory cortex (SmI; 1.5-8.5 mm lateral 
to bregma) than are found in physiologically determined maps of SmI 
(1.5-7.5 mm lateral to bregma; Chapin and Lin, 1984). Thus, to provide 
stereotaxic coordinates for a comparison of the location of the terminal 
arbors to the location of vibrissae-related clusters demonstrated in sec- 
tions of flattened cortex, small electrolytic lesions were placed at various 
stereotaxic coordinates in an additional animal, and the cortex flattened, 
sectioned tangentially, and stained for succinate dehydrogenase activity. 
The location and size of the layer IV plexus of the terminal arbors were 
then plotted on a surface view of the somatosensory neocortex for com- 
parison with the location and size of vibrissae-related clusters dem- 
onstrated with succinate dehydrogenase or cytochrome oxidase histo- 
chemistry. 
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Figure 2. A, Photomicrograph of the layer IV plexus of terminal arbor reconstructed in Figure 4B, b. Arrow indicates branch enlarged in B and 
is located at the junction of layers Va and IV. Top of the figure is the plial surface of the cortex; see Figure 4B. b for laminar boundaries. 
Diaminobenzidine. Scale bar, 50 Wm. B, Branch with a layer IV plexus of a terminal arbor illustrating the appearance of boutons on the fine-caliber 
collaterals. Diaminobenzidine. Scale bar, 5 pm. 

Quantitative analysis. The tangential area of layer IV occupied by 
individual axons was estimated from the mediolateral and anteropos- 
terior extent of the layer IV plexus. The mediolateral extent of the layer 
IV terminal plexus was measured directly from reconstructions and the 
maximum anteroposterior extent was estimated from the number of 
coronal sections the terminal arbor occupied. An estimate of the tan- 
gential area of the layer IV plexus was then calculated from the formula 
for the area of an ellipse, using the mediolateral and anteroposterior 

measurements as the long and short axes. An analogous estimate was 
made of the clusters of cytochrome oxidase activity from tangentially 
sectioned flattened neocortex. 

The density of branching in the layer IV terminal plexuses was esti- 
mated from drawings by using probe lines spaced 25 pm apart and 
parallel to the pial surface. The number of branches intersecting the 
probe lines was divided by the length of the probe lines overlaying the 
terminal arbor. The number of branches per unit length was then divided 
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Figure 3. A, The laminar pattern of terminal degeneration in coronal sections of the anterolateral region of the somatosensory cortex resulting 
from lesions of the ventrobasal nucleus. Discrete patches of dense terminal degeneration occur in layer IV (iv). Additional terminal degeneration 
can be seen in layer VI (vi). Fink-Heimer. Scale bar, 100 pm. B, Coronal views of reconstructed terminal arbors from the anterolateral region of 
the somatosensory cortex. The majority of boutons are located in the dense terminal plexus in layer IV. Triangles indicate the border of layers III 
and IV. Circles indicate the border of layers IV and V. Squares indicate the border of layers V and VI. Lateral is to the left. Scale bar, 100 pm. 

by the anterior to posterior extent of the plexus. This procedure resulted 
in an estimate of the number of branches that occupy an average cubic 
millimeter of the terminal field. 

Descriptive statistics. The dimensions of the terminal arbors and cy- 
tochrome oxidase clusters from the anterolateral and posteromedial 
regions were compared using analysis of variance. Following a log-log 
transformation, the relationship between branching density and projec- 
tion area was analyzed using Pearson’s r for correlation. Estimates of 
the slope and intercept were determined by linear regression. 

Results 
Appearance of bulk-labeled axons 
Following WGA-HRP injections into the white matter beneath 
the somatosensory cortex, fibers that have dense terminal arbors 

in layer IV are labeled (Figs. 1,2). The parent fibers arising from 
the white matter are approximately l-4 pm in diameter. They 
ascend obliquely from the white matter, following a tortuous 
anterior course through the deeper layers. In some instances, 
the large-caliber parent fibers branch in layer VI, giving rise to 
both large- and small-caliber branches. In coronal sections, the 
larger-caliber branches appear to run parallel to one another to 
layer IV (Figs. 3B, 5-9). When fine-caliber branches can be 
followed for an extended distance, they turn toward the pia and 
ascend to layer IV. Few, if any, collaterals have branches or 
boutons in layer Vb. In layer Va, numerous radially oriented 
branches arise from the parent fibers. These branches give off 
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fine collaterals in layer IV, which form a characteristic dense 
plexus and extend into layer III. The density of collaterals, how- 
ever, is much lower in layer III, and only a few fine-caliber 
collaterals reach layer II. Thus, the greatest branching density 
of these terminal arbors occurs in layer IV. The lateral extension 

. 

Figure 4. The pattern of succinate de- 
hydrogenase activity in tangential sec- 
tions of the vibrissae representation of 
SmI. The anterolateral (AL) segments 
(left) are smaller than the posteromedial 
(PM) segments (right). Scale bar, 1 mm. 
B, a, Coronal view of a terminal arbor 
from the anterolateral region of the so- 
matosensory cortex, with a layer IV 
plexus that extends 200 pm in both me- 
diolateral and anteroposterior dimen- 
sions. b, Coronal view of a terminal ar- 
bor from the posteromedial region with 
a layer IV plexus extending 530 pm in 
the mediolateml dimension and 300 pm 
in the anteroposterior dimension. Scale 
bar, 100 Mm. 

of branches in other layers does not usually exceed the width 
of the layer IV plexus. 

In material reacted with diaminobenzidine, a background 
staining occurs that parallels the distribution of cytochrome 
oxidase activity (Figs. 1, 2). Patches of this cytochrome-like 
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Table 1. Dimensions of the layer IV plexus of individual terminal 
arbors 

Antero- Pro- 
Branch Medio- pos- jec- 
(b) lateral terior tion 
density extent extent area 

Figure (b/mm? (mm) (mm) (mm*) 

Anterolateral region 

Posteromedial region 

Other regions 

38, a 994 0.20 0.20 0.03 
3B, b 415 0.25 0.30 0.06 
4B, a 818 0.20 0.20 0.03 
5a 534 0.15 0.18 0.02 
56 436 0.30 0.24 0.06 
5C 575 0.30 0.18 0.04 
8 622 0.35 0.25 0.07 
9a 433 0.30 0.20 0.05 
9b 228 0.30 0.30 0.07 
4B, b 264 0.53 0.30 0.13 
6a 209 0.50 0.40 0.16 
6b 392 0.45 0.30 0.11 
6c 204 0.45 0.30 0.11 
la 197 0.50 0.50 0.20 
lb 222 0.60 0.45 0.21 
5d 934 0.10 0.23 0.02 
7c 120 0.93 0.44 0.31 

staining are evident in layer IV, and a lighter band was also 
visible in layer VI. Since the pattern of segments of the vibrissae 
representation are clearly demonstrated with mitochondrial 
stains, such as cytochrome oxidase, this background staining is 
useful in identifying well-filled axons whose terminal arbors are 
associated with the segments. 

In addition to the anterograde labeling of fibers in the neo- 
cortex, retrogradely labeled neurons were observed in a number 
of locations, including the ventral posterior nucleus. 

Comparison of the distribution of boutons of bulk-labeled 
jibers with terminal degeneration following lesions of the 
ventral posterior nucleus 
A striking feature of the “bulk-labeled” axons was the appear- 
ance of boutons as enlargements along fine-calibrated fibers (Fig. 
2). These boutons vary in size and appear most dense along the 
smallest-caliber fibers. The overwhelming majority of boutons 
are on the collaterals of the layer IV plexus (Figs. 3B, 5-9). We 
have not discerned a differential distribution of boutons within 
the layer IV plexus of the terminal arbors. Rather, the most 
complex arbors appear to have a fairly uniform distribution of 
boutons throughout the layer IV plexus (Figs. 3B, 5-7). A lower 
density of boutons was found on branches extending into layer 
III. Boutons also occurred on the sparsely distributed branches 
in layer II. While there were few fine-caliber branches in layer 
VI, they generally exhibited numerous boutons along their length 
within layer VI, while only a few boutons were observed in layer 
V (Figs, jB, 5-7). 

When the ventral posterior nucleus of the thalamus was le- 
sioned and the somatosensory cortex stained by the Fink-Hei- 
mer method (Fig. 3A), dense concentrations of terminal degen- 
eration were apparent in discrete patches in layer IV. This 
terminal degeneration extends less densely into layer III, and, 
to a slight extent, into layer II. In addition, some terminal de- 
generation also occurs in layer VI. Thus, the pattern of terminal 

degeneration in the somatosensory cortex following lesions of 
the ventral posterior nucleus precisely parallels the pattern of 
distribution of boutons found on fibers that have a dense ter- 
minal arbor in layer IV. 

Distribution of terminal arbors of dlflerent sizes within the 
primary somatosensory cortex 
The pattern of vibrissae-related clusters in the rat somatosensory 
cortex is clearly revealed by the pattern of succinate dehydrog- 
enase activity (Fig. 4A). Within this representation, the sinus 
hairs located anteriorly on the face are represented by small 
clusters in the anterolateral aspect of SmI. In contrast, the vi- 
brissae located more posteriorly on the face are represented by 
large clusters located within the posteromedial aspect of SmI. 
When cytochrome oxidase clusters were measured along an axis 
equivalent to the coronal plane of section, clusters of the pos- 
teromedial vibrissae representation ranged in their mediolateral 
extent from approximately 350 to 450 Km. In the anteropos- 
terior dimension these clusters ranged from 450 to 600 pm. The 
clusters of the anterolateral sinus hair representation ranged in 
their mediolateral extent from approximately 150 to 350 Km. 
These fibers ranged from 200 to 400 pm in the anteroposterior 
dimension. 

The mediolateral extent of the layer IV plexus of terminal 
arbors from coronal sections of the anterolateral region of SmI 
range in size from 150 to 350 pm (Table 1, Figs. 3B, 5). The 
anteroposterior extent of these anterolateral arbors range from 
180 to 300 pm. The mediolateral extent of the layer IV plexus 
ofterminal arbors from the posteromedial region, corresponding 
to the mystacial vibrissae representation, range from 450 to 600 
wrn (Table 1, Figs. 4B, b, 6, 7). The anteroposterior extent of 
these posteromedial arbors range from 300 to 500 pm. The 
narrowest arbor reconstructed has a mediolateral extent of 100 
wrn (Fig. 5d) and is located laterally, in a region corresponding 
to the SmII cortex (Carve11 and Simons, 1986). The largest 
terminal arbor reconstructed, which extends 930 pm in the me- 
diolateral dimension and 440 wrn in the anteroposterior di- 
mension (Fig. 7c), is located posteromedial to the vibrissae rep- 
resentation, corresponding to the representation of the trunk. 
In one of the fibers reconstructed from the anterolateral region, 
a collateral enters layer II approximately 650 pm medially from 
the layer IV plexus of this terminal arbor (Fig. 8). The boutons 
associated with this collateral are sparsely distributed through- 
out the neocortical layers and do not appear to be concentrated 
in layer IV. When 2 fibers were observed to terminate in the 
same localized area, their terminal fields appeared to be largely 
coextensive in the coronal plane (Fig. 9). 

The dimensions of both the cytochrome oxidase clusters and 
the terminal arbors were significantly different in the 2 regions 
of the somatosensory cortex (Table ?.). The size of the cyto- 
chrome oxidase clusters parallels the size of the terminal arbors 
from the corresponding region. Furthermore, when the approx- 
imate location and size of the terminal arbors were plotted on 
a surface view of the somatosensory cortex, the relative size of 
the arbors correspond to the location of the different-sized vi- 
brissae-related clusters. 

Relationship of projection area and branch density 
The dimensions of the layer IV plexus of each of the recon- 
structed arbors are given in Table 1. The size of the projection 
area of the terminal arbors in the posteromedial region is sig- 
nificantly larger than the area of those in the anterolateral region 
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Figure 6. Coronal views of terminal arbors from the posteromedial region of the somatosensory cortex. These arbors are located in the region 
corresponding to the representation of the mystacial vibrissae. The layer IV plexuses of these terminal arbors range in size from 450 to 500 pm in 
the mediolateral dimension and from 300 to 400 pm in the anteroposterior dimension. Scale bar, a-c, 100 pm. 

Table 2. Dimensions of layer IV plexuses of terminal arbors and cytochrome oxidase clusters in the 
anterolateral and posteromedial regions of the somatosensory neocortex 

Antero- Postero- 
lateral medial 
region region 
(n = 9) (n = 6) P 

layer IV terminal plexuses of bulk-filled fibers 
Branching density (b/mm)) 562 f 72 248 I? 28 co.01 
Anteroposterior extent (mm) 0.26 k 0.02 0.51 f 0.02 <O.OOl 
Mediolateral extent (mm) 0.23 k 0.01 0.38 f 0.03 <0.0001 
Projection area (mm2) 0.05 f 0.01 0.15 * 0.02 <o.ooo 1 

Cytochrome oxidase-stained clusters 
Anteroposterior extent (mm) 0.21 f 0.01 0.44 f 0.01 <0.0001 
Mediolateral extent (mm) 0.28 + 0.02 0.56 f 0.03 <0.0001 
Projection area (mm*) 0.05 + 0.01 0.19 * 0.01 <0.0001 

0 The probability that differences between anterolateral and posteromedial values occurred by chance (ANOVA). 
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. 

Figure 8. Coronal view of a terminal 
arbor of the anterolateral region of the 
somatosensory cortex that exhibits a 
branch entering layer II approximately 
650 urn mediallv from its dense layer 
IV plexus. The layer IV plexus extends 
350 Km in the mediolateral dimension 
and 250 pm in the anteroposterior di- 
mension. Scale bar, 100 pm. - 

(Table 2). These differences correspond closely to the differences 
in the size of cytochrome oxidase clusters from the 2 regions 
(Table 2). Conversely, the branch density is significantly greater 
in the terminal arbors of the anterolateral region than in the 
posteromedial region. The relationship between projection area 
and branch density for all terminal arbors examined is described 
by the hyperbolic function, 

Branch density = 67.6 l (projection area)-“.6*. 

A log-log transformation yields a linear model (p < 0.001): 

log(branch density) = -0.65 l log(projection area) + 1.83. 

The higher-order quadratic and cubic models are not significant, 
(p > 0.8). The log of the branch density is negatively correlated 
with the log of the projection area (r = -0.90, p < 0.000 1; Fig. 
10). 

Correspondence between neocortical clusters and aferent 
terminal arbors 
The direct correspondence between the terminal arbors of in- 
dividual afferent fibers and vibrissae-related neocortical clusters 

was examined by reconstructing terminal arbors from tangential 
sections stained simultaneously for cytochrome oxidase activity. 
The large number of fine-caliber fibers that had to be aligned 
between adjacent sections made reconstruction across tangential 
sections particularly difficult. One partial (Fig. 11 B, b) and one 
more completely reconstructed terminal arbor (Fig. 11 B, a) were 
obtained. These were located in clusters corresponding to the 
representation of the mystacial vibrissae (Fig. 11A). The tor- 
tuous anterior course of the parent fiber as it leaves the white 
matter (Fig. 11 B, b, arrow) and runs through the deeper layers 
is obvious in tangentially reconstructed sections. The majority 
of the boutons of each of these axonal arbors remain within a 
single segment. In one case (Fig. 11 A, a), a few branches exhib- 
iting boutons reach adjacent clusters within the row. 

The appearance of terminal arbors in tangential sections is 
consistent with the appearance of the projection areas of recon- 
structed fibers plotted on a surface view of the somatosensory 
neocortex (Fig. 12). Two features of the terminal arbors are 
apparent when the data are viewed this way. First, there are 
consistent differences in the size of projection areas in the an- 
terolateral and posteromedial regions of the somatosensory neo- 
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3.2 

2.0, 

r= - 0.90 
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LOG (PROJECTION AREA) 
Figure 10. A log-log plot of density of branches (density) in the layer IV plexus of reconstructed terminal arbors versus the area of projection 
onto layer IV (projection area). All reconstructed terminal arbors are included in this analysis (see Table 1). Pearson’s r = -0.90, p < 0.0001. The 
probability that the linear relationship occurred by chance is less than 0.0001. The intercept equals 1.83 + 0.10 and the slope equals -0.65 + 0.08 
(a i 0.0001). 

cortex. Second, there is a close correspondence between the size 
of the projection area of a layer IV plexus and that ofcytochrome 
oxidase clusters in the corresponding region. 

Discussion 
In this report we have described the morphology ofaxons “bulk- 
labeled” by injection of WGA-HRP into the white matter be- 
neath the somatosensory cortex of the rat. We conclude that 
these axons, which are characterized by a dense layer IV terminal 
plexus, originate in the ventral posterior nucleus and correspond 
to the “specific” thalamocortical afferents first described by Lo- 
rente de No (1922, 1949). This conclusion is based on the fol- 
lowing evidence. First, the laminar distribution of boutons on 
these terminal arbors corresponds to the laminar distribution 
of terminal degeneration following lesions of the ventral pos- 
terior nucleus, the pattern of anterogradely transported tritiated 
amino acids from the ventral posterior nucleus (Herkenham, 
1980), and the pattern of anterogradely transported Phuseolus 
vulguris lectin (Keller et al., 1985). In addition, we have ob- 
served retrogradely labeled neurons in the ventral posterior nu- 
cleus following the white matter injections that anterogradely 
labeled these afferent arbors. Second, the regional distribution 
of arbors of different size corresponds to the regional variation 
in cluster size, as demonstrated with succinate dehydrogenase 
histochemistry. 

Our observations indicate that in the rat somatosensory cor- 
tex, the plexus of an individual specific thalamocortical afferent 
occupies the full vertical width of layer IV and extends into layer 
III and, to a much lesser extent, into layer II. This result is, to 
a large extent, in accord with a previous report on terminal 
arbors in the somatosensory cortex of the cat (Landry and 
Deschenes, 1981). However, it contrasts with reports of the 
segregated distribution of terminals within subzones of layer IV 
in the visual cortex of several different species. In both the 
monkey (Blasdel and Lund, 1983) and the tree shrew (Conley 
et al., 1984), given laminae of the lateral geniculate project to 
specific subzones of layers IV and III. In the lateral geniculate 
of the cat, functionally distinct populations of neurons are in- 
termixed in a given layer, but appear to project differentially to 
specific subzones of layers IV and III (Humphrey et al., 1985a). 
Thus, the sublaminar specificity of geniculocortical axons ap- 
pears to be related to the processing of visual information. The 
apparent lack of such sublaminar specificity in the somatosen- 
sory system suggests that there may be differences in the pro- 
cessing requirements of different sensory systems. 

In the somatosensory (Landry and Deschenes, 198 1) and vi- 
sual cortices (Ferster and Levay, 1978; Gilbert and Wiesel, 1983; 
Humphrey et al., 1985a, b) of the cat, as well as the visual cortex 
of the monkey (Blasdel and Lund, 1983), many terminal arbors 
of thalamic axons appear to have multiple patches of dense 
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Figure Il. A. Fibers reconstructed from tangential sections of the posteromedial portion of the face region stained simultaneously for HRP and 
cytochrome oxidase activity. Stippling represents the area between clusters of cytochrome oxidase activity. The arrow indicates where fiber a 
emerges from the white matter. Scale bar, 100 pm. B, Low-power photomicrograph of one of the tangential sections from which fibers a and b 
were reconstructed. The clusters of cytochrome oxidase activity in which the reconstructed fibers of Figure A have their dense plexuses are indicated 
by a and b, respectively. PM and AL, posteromedial and anterolateral aspects of the mystacial vibrissae representation, respectively. Scale bar, 
500 pm. 

terminal arbors separated by zones relatively devoid of boutons. 
In the visual system, these patches can be clearly related to 
functionally defined ocular dominance columns (Blasdel and 
Lund, 1983; Gilbert and Wiesel, 1983). The significance of such 
multiple patches in the somatosensory cortex of the cat is ob- 
scure. In the present study, we found no evidence of such mul- 
tiple patches. While we cannot rule out the possibility that in- 
dividual axons branch along their course within the internal 
capsule, several lines of evidence indicate that the failure to 
label multiple patches is not due to technical limitations. One, 
the labeled fibers represented were considered to be well filled 
since collaterals generally exhibited terminal boutons. Two, the 
laminar pattern of boutons appears complete when compared 
with the pattern of anterograde degeneration that follows lesions 
of the ventral posterior nucleus and the pattern of anterogradely 
transported amino acids from the ventral posterior nucleus 
(Herkenham, 1980). In particular, fine collaterals bearing ter- 
minal boutons could be detected in layer VI. Three, patches 
appear most distinct when arbors are viewed tangential to the 
cortical surface (Blasdel and Lund, 1983; Gilbert and Wiesel, 
1983). The well-filled arbor reconstructed in the tangential plane 
did not exhibit multiple patches of boutons. Four, when the 
appearance of anterograde label of WCA-HRP from the ven- 
trobasal complex to SmI is compared in the vibrissae and trunk 
regions, we find that the label in the vibrissae region exhibited 

its characteristic clustered organization, while the label in the 
trunk region appeared continuous. The size of the terminal ar- 
bors in these 2 different regions varied in a corresponding fash- 
ion. We attribute the absence of such multiple patches on the 
axons we observed in rat SmI to be a consequence of the discrete 
character of the rodent trigeminal system as compared to the 
more continuous character of the visual fields and some portions 
of the body surface. We therefore interpret our findings as in- 
dicating that the individual terminal arbors from the ventral 
posterior nucleus terminate in a discrete pattern that is reflected 
in the vibrissae-related clusters in SmI. Thus, the one vibrissa- 
one cluster relationship is an expression of the size and distri- 
bution of individual arbors of thalamocortical axons. 

It should also be noted that not all geniculate axons terminate 
in multiple patches. In the cat visual cortex, the majority of 
X-cell terminations form a single patch (Humphrey et al., 1985a, 
b), while in monkey visual cortex, a type of axon projecting to 
layer 4C beta has a highly circumscribed terminal arbor. Indeed, 
Blasdel and Lund (1983) suggest that the size of the discrete 
arbors terminating in layer 4C beta is the most likely candidate 
underlying the high degree of retinotopic specificity character- 
istic of the macaque monkey striate cortex. 

With regard to the tangential dimension of the cortex, we 
have observed that the projection area of a terminal arbor varies 
in size depending on the portion of the cortical map to which 
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Figure 12. A, Diagrammatic representation of the approximate size 
and location of the layer IV plexus of the reconstructed terminal arbors 
represented in the previous figures. The outlines represent the approx- 
imate orientations of the different body parts within the somatotopic 
map. Fields within the anterolateral portion of the face region: a and 
b, coextensive terminal arbors represented in Figure 9; c, arbor repre- 
sented in Figure 3Ba; d, 3Bb; e, arbor represented in 4Ba; J; Sa, g, 5b; 
h, SC; q, 8. Fields within the posteromedial portion of the face region: 
i corresponds to layer IV plexus of the arbor represented in Figure 1 lA, 
a; j, 4Bb; k, 6a; 1, 6b; m, 6c; n, la; o, lb. Field p represents the layer 
IV plexus of the arbor located in the region corresponding to the trunk 
representation, Figure 7c. B, Diagrammatic representation of succinate 
dehydrogenase activity in flattened sections of somatosensory cortex, 
indicating the pattern of clustering of thalamocortical projections for 
comparison with A. Horizontal scale, millimeters from bregma; vertical 
scale, millimeters lateral from the midline. 

it is related. Furthermore, arbors that have a larger projection 
area have a lower density of branches. This observation is par- 
ticularly significant in light of previous findings that the number 
of neurons in a neocortical “barrel,” and consequently its size, 
is proportional to the number of myelinated axons innervating 
the corresponding vibrissa (Lee and Woolsey, 1975; Welker and 
Van der Loos, 1986). Taken together, these observations suggest 
2 organizing principles governing thalamocortical projections. 
First, the consistent relationship between projection area and 
branching density for all terminal arbors examined is consistent 
with the homogeneity of thalamocortical projection neurons in 
the ventrobasal nucleus of the rat (Harris, 1986). The relation- 
ship between these 2 aspects of terminal arbor morphology may 
therefore be, to some degree, intrinsically regulated by thala- 
mocortical projection neurons. Second, peripheral influences 
play a significant role in determining both the characteristic size 
and density of the layer IV plexus. The quantitative relationship 
between neocortical cluster size and peripheral innervation den- 
sity suggests at least 2 possible ways in which the periphery may 
influence thalamocortical projection neurons. One possibility is 
that smaller vibrissae-related clusters receive axons from fewer 
thalamic projection neurons and, as a consequence, each thal- 
amocortical neuron contributes more branches to the cluster. 
This is unlikely, however, since a uniform reduction in the 
number of primary afferents does not significantly alter the size 
of whisker-related clustering (Sikich et al., 1986). Another pos- 
sibility is that the periphery may influence the rate of branching 
as an axon grows into layer IV. A greater degree of branching 
would result in a smaller projection area, while a lesser degree 
of branching would result in a larger one. 

In summary, terminal arbors of specific thalamocortical axons 
vary in size and branching density according to their regional 
distribution. These characteristics of the thalamocortical ter- 
minal arbors parallel peripheral innervation density. Thus, ter- 
minal arbor morphology may underlie the peripherally depen- 
dent characteristics of the neocortical somatotopic map. 
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