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A characieriatic festure of the rat Y tex
Is a i topographic repr of the lacial whis-
kars. Afferent fibers projecting to this vibrissas represen-
tation wars “bulk-labeled’ by injecting horseradish percxi-
dase Into the white matter, Terminal arbors with the
marphological characteristics of Lorents de No's (19489)
“specific” thalamocortical affarents were then reconstruct-

od through serial 5 Thess inal arbors, ch
terized by the discrete organizetion of their d [ in
layer IV, have a | hon of b that paraliels

the laminar pattern of terminal degenerstion resulting from
lesicns of the ventral posterior nucleus of the thalamus. The
reglonal disirtbution of different-sized arbors corresponds
to the digirbution of vibrissse-relsted clusters of different
sizes. Larger arbors were found in the posteromaedial region
corresponding to the mystacial vibwissse repressntstion,
whila smalier arbors wete found in the anterciatersl region
corresponding to the repr jon of the sinus
hairs. Terminal arbors were siso reconstructed from sactions
aimuita ty 1o te the pattern of vibris-
sae-related cl 8. The gr t of bout
on these axons occurred within a single vibrissae-related
cluster. Furthermore, when 2 lbers terminated within a
singla cluster, their lerminal arbors appeated to be largely
coextensive. Tha morphology, size, and distribution of these
terminal arbors support the hypothesis thet the layer IV plex-
us of a singie specific thalamocortical afferent tends to fill
n vibrissae-related ch Thus, the org 10l spacitic
N scal af may be responsible for clustered
organization within the somatotopic map of the rodeot nec-
cortex.

The relationship between thalamocortical axons and their cor-
tical targets remains a basic question of neocortical organization.
This question has at lzast 2 components. The first of these is
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the distribution of thalamic axon terminals with respect lo the
neocortical layers. The second is the areal distribution of 1ha-
lamic axons and their relation to cortical maps of the peripheral
receptor surfaces. The discrete cyloarchitecionic organization
of the rodent somaloseénsory cortex makes it an ideat sile in
which to address these questions. A prominent [eature of the
somatosensory neocortex of a number of rodent specics is a
discrele topographic representation of portions of the body sur-
face, which is easily visualized with routine anatomical tech-
niques (Woolsey and Van der Loos, 1970; Weiker 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 10 describe
the patiemn of discrete cytoarchitectonic units within the mouse
somalosensory cortex and 1o retate their distnbution pattem 10
the peripheral receptor surface. These cytoarchitecionic units,
which Woolsey and Van der Loos (1970} termed “barrels,” are
found in cortical layer 1V and are composed of small neurans
aggregated into well-defined clusters. Woolsey and Van der Loos
suggested that a “barrel” was the cortical correlate of a penph-
eral receptor unit, a mystacial vibrissa. Physiological studies
have since established Lhat the majority of neurons within a
“barrel” respond o the stimutation of only a single vibrissa
(Welker, 1971, 1976; Simons, 1978; Simons and Woolsey, 1979).
Furthermore, the number of ncurons in a single “bamel™ is
proportional to the number of myelinated trigeminal nerve A-
bers innervating the corresponding vibrissa (Lee and Woolsey,
1975; Welker and Van der Loos, 1986). Thus, the size of a given
“barrel™ is related 10 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, aher-
able by meonatal peripheral damage, at cach synaptic level of
the pathway from the sensory periphery 1o the neocortex (Bel-
ford and Killackey, 1979a, b, 1980; Bates et al., 1982; Erzurumiu
and Killackey, 1983; Bates and Killackey. 1985). These obser-
valions have been interpreted as suggesting that the sensory
periphery, acling through aflereni pathways, plays a major role
int \he formation of neocortical representations of sensory sur-
faces (Killackey. 1980). Consistent with this hypothesis, thala-
mocortical alleremts from the ventroposterior nucleus 10 layer
IV arc organized into discrete clusters (Killackey, 1973; Kil-
lackey and Leshin, 1975) and the pattern of thalamocortical
terminations in layer [V can be altered by neonatal peripheral
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Figure . Low-power ph h of & I section of the
anterolateral region of the y ilk inga WGA~-
HRP injection into the junction of ke white maticr and layer V1. Butk-
labeled fhibers can be sren wraverting the deeper layers and branching in
layer IV (£F). Lateral is o the fef. Diaminobenzidine. Scale bar, 500
um.

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

The morphology of afierents 10 the somalosensory contex of
the mouse was described by Lorenie de No (1922) in his now
classic Golgi study. He described afferents that ascend through
layers V1 and V and braach repeatedly in layer IV to form &
dense plexus that exiends into layer 1. The luyer 1V plexus of
these afferents is orga d into clusiers, or gl uli.” The
collaierals of a single parent fiber branch extensively in layer IV
10 form a uniformly dense 1erminal pleaus that appears scpa-
rated from those in adjacent glomeruli. This description of al-
ferents 10 coriex was the basis for Lorenic de No's (1949) clas-
sification of thalamocortical afferenis into 2 types. The frst1ype,
the unspecific™ or “pluriareal™ afferents, give off collarerals in
the while matier that innervate multiple cortical fields and have
aparse terminals in all cortical Layers. The second type, the “spe-
cific™ thalamoconical afferents, innervate & single cortical field
and are characterized by a dense terminal plenus in layer 1V,

In the present investigation, we have examined terminal ax-
onal arbors characieristic of the “specific™ thslamocorucal af-
feremts in the somatosensory contex of the adult rar. The objec-
live was 1o determine how the marphology of individual terminal
axonal arbors is related 1o the clusiered organization of the
samatotopic map of the rodent neocories. Three approaches
were used. First, the laminar organization of boutons ol the
terminal arbors was compared 10 the laminar organization of
terminal degeneration following lesions of the ventroposicrior
nucleus. Second, the size of lerminal arbors in different regions
of the somaiosensory coriex was compared 10 the size of vi-
brissac-related clusiers. Third, arbors were recanstrucied in tan-
gential sections stained simul yualy to d aie the vi-
brissae-relared clusters.

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

Materisls and Methods

Anrmals. This siudy was based on observation in 38 adull female
Sprague-Dawity . The rats were hetized with & ol
ketamine hydrochloride (30 my/kg), xylazine {} myrkg). and sodwum
pentobarbital (10 meskg)- WGA-HRP was pressure-injecled by mseans
of stereonanically placed micropipeites (Amarsl and Prce. 1983). The
up d of the micropips manged from 15 10 33 wm. The con-
centration of WGA-HRP varied between 3 and 2% in disiitled waser
and volumes between 0.0% and 0.25 ul were injecied. A pOALETION ap-
proach wan used for injections of WGA-HRP into the internal capsule
beneath the somatosensory conea. The optimal angle of the injection
pipeue appeared 10 be approximaiely |3* above the horizontal planc.
entenng he coriCs in the occipiul region. This approach allowed the
1ip of the pipette to transect Bibery 1n the white matier and, in some
cases, fibers a1 the junction of the white masier and tayer VL0 {Fig. I}
Survival Limes ranged [yom 4 to 24 hr. Animals wert then intracardially
perfused under ether heti ding ko the method of Roscne and
Mesulam (1978). The bemin way removed and allowed to sink in 20%
SCTOIC ight. Additional ani is were periused in the same man-
ner for demonsiration of cytochrome oxidase activity.

Hisiology. For demoasirtions of HRP-flled fibens. the brains went
secuoned coronally ob & freezing Microrome Bt cither 60 or 100 pm.
The WGA-HRP was visusiized by the method of 1ioh ¢t al. 11979) wirth
diaminobenzid To & i ly the ina} arbor
morpholosymdllnpammnl"" Lated i isph
were sectioned in a plane langantial o the concal surface. Following
1he HRP reaction, (he wngantish sections were rinsed 3 times in phos-
phate bufler and reacied for cytochrome oxidase activity {Wong-Riley,
1979; Land and 5 1985). Hemisph from ki | wnimal
were Ratiened, sectioned wngentially, and reacsed for cytochrome os-
idast activity.

The laminar distribution of HRP-Biled fibers was compared with the
! istnb of | dege of thal. ) nffer-
en1s, 38 determined by the Fink-Heimer method, following jesions of
the veniral postenor nucheus. Flaitened sections of the neocortes stained
for wwccinate dehydrogenste sctivity weve also canmined. These ma-
terigls were from the labossiory collection and 1he proceduses have been
previously described (Killackey, 1973; Killackey et al., 1976).

Reconstruction. Individual terminal arbors were dawn using an oil-
immersion 40 x objective and kn oi-immersion condenser. Branch points
and fiber intersections were Checked with an oil-immersion 100 = ob-
jective. Well-Mled terminal arbors of +specific” thalamocontical affer-
ents were charsctenzed by & densc plexus in layer [V and distincily
visibie higher-order b ey, cruling with b Emphasis was placed
on arbors whose parent fiber could be traced so layer VI or Lhe whise
matter. The fibers illustrsed were reconsirucied over 210 secuons.
Sections were first atigned &t lower magnification, and Lhen all visible
cut ends were used 1o align Gelds ot hugher magmiication. Only un-
equivocal branches were drawn. This procedure lied in & p
sbly conservalive irnage of an anonal srbor that we INECPICL s TEpre-
senting the signibcans aspecis of its ierminal Geld.

Afer all fibers were drawn, coverslips were remoaved and the tissue
was countersinined with cresyl violey, The layers were then recorded on
the drawings. The drawings were mechancally reduced by $0% with s
ﬂlf;l':lﬂph prior . beng photographed.

P of each inal arbor ucied
from | was & ined by 1he ber of sec-
Jions from histological landmarks fic., g of the com-

) and o g their | ion relative Lo b The medio-

iateral locanon of the terminal arbors was determined by mensunng
curved (parailel to the pial surface) d from the longiludhinal fissure.
This procedure resalts in sightly lasger et of the mediok: |
exient of the pnmary somatosensory coriex (Smll, 1.5-4.5 mm laieral
16 bregma) than ar¢ found in physiologically determined maps of Sm!
{£.5-7.5 mm laseral 1o bregma; Chapin and Lin, 1984). Thus, 10 provide
coordi [F ] ison of the location of the termanal
arbors 1o the location of wibrissse-retated clusiens demonsirated in s¢c-
rions of flatiened corex, small elecirolytic lesions were placed at various
d in an additional animal, and the cores fattened,
sectioned Wngentially, and stumed for succinate dehydrogenase acuvity.
The location snd nize of the layer [V plexus of the terminal arbors were
then plotied oa a surface view of the SOmMalosensory neocornex for com
parison with 1he location and size of vibrissac-relawed clusiers demn-
onstrated with succinate dehydrogenase or cylochrome onidase misto-
chemivry.
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Figure 2. A, Phowomicrograph of the layer [V plexus of 1erminal arbor reconstructed in Figure 48, b. Arrow indicates branch enlarged in 8 and

is located st the junction of layers Va and LV, Top of the figure 1

Diaminobenzidine. Scale bar, 50 um. B, Branch with s layer IV plenus of &
o e Driarminobenzidi

Scale bas, 5 um.

the plial surface of the conex; e Figure 48, b for lsminar boundaries.

L artsor ill the of b

Quwanvitanve analysis. The wangeotial area of layer IV d by
individual axons was esu d from the mediol | & P

rerior eatent of the layer IV picxus. The mediolateral exient of the layer
1V terminal plexus was measured direcily [rom reconsiructions and the
masifum D exient was csti d lrom the bes of
coronal sections the tesminal arbor occupied. An estimate of the wn-
aenusl arca of the layer 1V plexus was then calculaied from the formula
for the arca of an ¢ilipse, using the mediol | and anie; "

P

on the Bne-callber

a3 the long and shon axes. An unalogous estimale way

made of the clusters of cytochrome oxidase activily from angentially

sectioned fiaitened neocoriex.
The density of branching in the layer 1V 1

rminal plexuses was esti-

mated from drawings by using probe lines spaced 25 um apart and
parallel 1o Ihc pial surface. The number of branches inlensecling the
probe hines was divided by the length of the probe lines overlaying the

rerminal arbor. The number of branches per un

it length was then divided
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Figwre 3. A, The laminar pailern of terminsl degenermtion in corons] sections of the anierolateral region of the ¥y conei
from lesions of the ventrobasal nucleus. Discrete paiches of dense terminal degeneration occur in layer £V {iv). A ddits

| 1ierminal deg

can be seen in layer VI (v} Fink-Heumer. Scale bar. 100 um. B, Coranal views of reconstructed terminal arbory from the anterolateral region of
ihe somaloscnsory conex. The majority of boutons sre Tocaled in the dense 1erminal plexus in layer 1V, Triangles indicate the border of layers 111
and [V, Circles indicate the border of layers 1V and ¥. Squares indicate the border of layers ¥ and V1. Laweral is to the fefi. Scale bar, 100 ym.

by the anterior 10 posterior extent of the plexus. This procedure resutted
in an estimale of the number of branches that occupy #n average cubic
mullimeter of the iermnal field.

Detcriptive statistics. The dimensions of ihe terminal arbors and cy-
lochrome onidase clusters (rom the amerotaieral and posteromedial
regions were compared uving analysis of vanance. Following a iog-log

I ion, the rel, hip between branching denity and projec-
tion area was snalyzed wsing Pearson's r for corrclavon. Estimaies of
the slope and & were d d by lnear

Results
Appearance of bulk-laheled axons

Following WGA-HRP injections into the while matter beneath
the somatosensory cortex, libers that have dense lerminal arbors

in tayer IV are labeled (Figs. 1, 2). The parent fibers arising from
Ihe white matier arc approximatety 1-4 um in diameter. They
ascend obliquely from the white matier, following a 1oruous
anterior course through the deeper layers. [n some instances,
the large-caliber parent fibers branch in layer VI, giving nise 1o
both iarge- and smali-caliber branches. In coronal sections. the
larger-caliber branches appear to run parallel Lo one another 10
layer [V {Figs. 18, 5-9}. When finecaliber branches can be
folowed for an exiended distance, they turn toward the pia and
ascend 10 layct 1¥. Few, if any, collaterals have branches or
boutens in layer Vb, In layer Va, numerous radially oriented
branches arise from Lhe parent fibers. These branches give ofl

fine collaterals in layer 1V, which form a characteristic dense
plexus and extend into layer 116, The density of collaterals, how-
ever. is much lower in layer [11. and only a few fAine-caliber
collaicrals reach tayer 1. Thus, the greatest branching density
of these terminal arbors occurs in layer V. The lateral extension

—_—
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Figure ¢ The patiern of succinate de-
hydrogenase activily in langentisl sec.
tions of 1he vibrissae represenanon of
Sml. The anterolatersl {£1) segmenis
{lefr) are smaller than the posieromedial
{PAN segments (right). Scale bar, 1 mm.
B a. Coronal view of & tcrminal arbor
from the anicrolateral region of the so-
matosensery cortex, with a layer IV
plenys that extends 200 um in both me-
diolateral and anterop jor dimen-
sions. b. Coronal view of a lerminal ar-
bor from the posteromedial region with
a layer |V pleaus extending 530 am in
the mediolateral dimension and 300 wm
in the anteroposterior dimension. Scale
bar, |00 um.

of branches in other layers does no1 usually exceed the width
of 1he layer IV plexus.

In material reacted with diaminobenzidine, 8 background
siaining occurs that parallels the distribution of cytochrome
ondase activity (Figs. 1. 2). Palches of this cytochrome-like
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Tabiz 1. Dimenslons of the layer IV plexus of individual terminal
arbery

Ansra- Pro-
Branch Medio- pos-  jec-
b el 1enor  tion

density extent  exient  arca
Figure (b/mm” (mm} {mm) (mm?)
Anterolaserat region 3f.a 994 620 020 003
3B. b 415 0.25 0.30 a.0¢
48a A 020 020 003

Sa 34 o1 048 002
b1 434 030 014 006
3¢ 375 03 018 004
1 622 035 02% 007
92 43} 03 02X 008
1] 228 0. 0¥ 007
Posicromedial region 48 b 264 033 03 013
6a W09 050 040 0.6
6b 192 045 03 O
bc 204 048 030 041
Ta 197 050 050 020
kL] 122 060 045 021
Onher regions d 934 ol 01y 002
Tc 120 093 044 0.3

staining are evident in layer IV, and a lighter band was also
visibie in layer V1, Since the patiern of scgments of Lhe vibrissae
represciation are clearly demonsiraled with miwochondrial
sLains, such as cytochrome oxidase, this background staining is
uscful in identifying well-filled axons whase tcrminal arbors are
associated with the segments.

In addition 10 I1he anterograde labeling of fibers in the nco-
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
[fibers with terminal degeneration following lesions of the
veniral posterior Rucleus

A siriking feature of the “bulk-labeled™ sxons was the appear-
ance ol boutons as enlargements along fine-calibrated fibers (Fig.
2}. These boutons vary in size and appear most dense along the
smallesicaliber Abers. The overwhelming majority of boulons
are on the collaterals of the Iayer 1V plexus (Figs. 38, 5-9). We
have not discerned a differential distribuiion of boutons within
the tayer IV piexus of the terminal srbors. Rather, the most
complex arbors appear (0 have a faidy umiform distribution of
boutons throughout the fayer IV plexus (Figs, 38, 5=7). A lower
density of boulons was found on branches extending into layer
1i1. Boutons aiso occurred on the sparsely distnibuted branches
in layer 11. While therc were few fine-caliber branches in layer
V1, they gencrally exhibited numerous boutons along their kength
within layer VI, while anly a few boutons were cbserved in layer
V (Figs. 38, $~7).

When the veniral posterior nucleus of the thalamus was le-
sioned und the y cortex staned by the Fink-Hei-
mer method (Fig. 34), dense concentrations of terminal degen-
eration were appareni in discrele patches in layer 1V, This
terminal degeneration exiends less densely into layer 111, and,
10 a slight extent, into layer . In addition, some wrminal de-
generation also occurs in layer V1. Thus, the patlern of terminal

degencration in the somatosensory coricx following lesions of
the ventral posterior nucleus precisely parallels the pattern of
distribution of boutons found on fibers that have & dense ter-
minal arbor in layer 1V.

Distribution of terminal arbors of different sizes within the
primary somalosensory corex

Thep of vibri lated cf in the Al SOMalosensory
conex is clearly revealed by the patiern of succinate dehydrog-
enase activity (Fig. 44). Within 1his representation, the sinus
hairs located antcriorly on the face are represented by small
clusters in the anterolateral aspect of Smi. In conirast, the vi-
brissac located more posteriorly on the face are represented by
Iarge clusters located within the posteromedial aspect of Sml.

When cytock oxidase cl were d slong an axis
equivalent to the coronal plane of section, clusiers of the pos-
teromedial vibrissac repr ion ranged in their mediol L

extent from approzimately 330 1o 450 2m. In 1he anieropos-
terior dimension these clusters ranged from 450 1o 600 um. The
chusters of the anterolateral sinus hair representation ranged in
their mediolateral extent from approximately 150 10 350 um.
These fibers runged from 200 to 400 um in the anieropostetior
dimension.

The mediolateral extent of the layer IV plenus of terminal
arbors from coronal sections of the anterolateral region of Sml
range in size from 150 10 350 wm (Table 1, Figs- 18, 5). The
snicroposierior extent of these anterolateral arbors range from
180 to 300 um, The mediotateral exient of the layer TV plexus
of terminal arbors from the posicromedial region, colresponding
10 the mystacial vibrissae repeesentation, range from 45010 600
um (Table 1, Figs. 48, b, 6, 7). The anteroposienor exient of
these posicromedial arbors range from 300 w 500 um. The
farrowest arbor reconstrucied has a mediolateral extent of 100
#m {Fig. $d) and iy locaied lawerally, in a region comesponding
o the Smil corex {Carvell and Simons, 1986). The largest
terminal arbor reconstructed. which extends 930 um in the me-
diolateral dimension and 440 um in the anicroposienor di-
mension (Fig. 7c). is locaied p dial to Lhe vibri rep-
resentation, corresponding 1o the representation of the trunk.
In one of the fibers reconstrucied rom the anterolateral region,
2 collateral enters layer 11 approximately 650 um mediatly from
1he layer [V pleaus of this ierminal arbor (Fig. 8). The boutons
associated with this collateral are sparsely disinbuted 1hrough-
out the neocortical layers and do not appear 10 be concenirated
in layer 1¥. When 2 fibers were obscrved 1o terminate in the
same localized ared. their ierminal beids appeared 10 be largely
coextensive i the coronal plane (Fig. 9).

The dimensions of bath the cytochrome oxidase clusters and
the terminal arbors were significanily differcnt in the 2 regions
of the somalascnsory coriex {Table ). The size of the cylo-
chrome oxidase clusters parallels the size of the iwerminal arbors
from the corresponding region. Furthermore, when Lhe approx-
imate jocation and size of 1he lerminal arbors were plotied on
a surface view of the somatosensary conex, the relauve size of
the arbors correspond 10 Lhe location of the different-sized vi-
brissac-related clusters.

Relationship of projection area and branch density

The dimensions of the layer 1V piexus of each of the recon-
sicucied arbors are given in Table 1. The size of the projection
area of the 1erminal arbors in the posieromedial segion is sig-
nificantly larger than the area of those in the anterolatcral region

The Joumal of Neurcscence. Novernber 1987, 7(11} 3836

300 um in the
and sguares the

uses of these arbors range in size from 150 1o
and 1V, circles the borders of layers 1V and ¥,

the border of layers il

somaiosensary coriel. The layer 1V plex

T

region of the

mension and from 180 10 240 um in the arieroposienor di
and V1, Lateral is 1o Lhe jeff. Scale bar, a—d, 100 um.

Coronal views of lerminal arbors from the anierolatersl

meciolatersl di
border of layers V

Figure §.
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ation of the

d to the rep
imension, respectively, The
he anteropostenor dimension.

of terminal arbors @ and b ¢

] y cortex. The | i
and & are 500 and 400 um in the anieroposierior dimension and 500 and 400 xm In the meadiotatenal di

ds 10 the representation of the trunk region, and its layer TV plexus extends 930 um in the mediolateral dimension and 440 um in o

:
:
Figure 6. Coronal views of terminal arbors from the posteromedial region of the somaiosensory cortex. These arbors are located in the region =
cor ding to the repr aton of the mystacial vibrissac, The layer 1V plexuses of these terminal arbors mnge in size from 450 to 500 ym in i
Lhe mediolaterat dimension and from 300 (o 400 um in the anteroposierior dimension. Scale bar, a~, 100 um. £
- L] - gu
Table 1. Dimensions of layer IV plexuses of terminal srbors and cytochreme oxidase clusters (m (he . . . ‘E_g
! 1 nnd po dinl regions of the somstosensary nesceriex " =
. [}
Aneg- Postero- é g
lateral medial a3
fepion region EE3
(n =9 {n=6) r E;,
Layer IV iermunal pleavses of bulk-flled fibers 3 1
Branching denuity (b/mm') 62+ 12 248 + 28 <00 oF !
Anieropostenior cxlent (mm} 026 £ 002 051 002 <0.001 EE
Mediglareral extent {(mm} 0.23 + 001 03 + 0.03 <0.0001 - >Te .
Projection arew (mm?) 0.08 £+ 001 0.15 + 0.02 <0.0001 g 38
Cytochrome oridase-sunned clusters 5E E =2
ANteroposicrior extent {mm} 0.2) + 001 044 + 0.01 < 0.0001 b3 Eu -
Mediatateral extent (mm) 0.28 + 002 0.36 + 0.03 <{.000] ~3 5
Projction arca {mm') 005 + 041 0.19 + 00t <N . . . Eg ¥
o
TEZ]

= The pethatilmy that dificiences between anierolateral and posteromedial values occurred by chance IANOY A
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Figure 8. Coronal view of & termanal
arbor of the amierolsieral region of the
somalosensory cortea that exhibis a
branch entering layer 11 approxmately
650 um medislly from its dense layer
IV plexus. The layer 1V pleaus exiends
350 um ih the mediolateral dimension
and 250 sm in the anteroposterior di-
mension, Scale bar, 100 um.

(Tabie 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 atbors of the anterolaicral region than in the
posieromedial region. The relationship between projection area
and branch density for all lerminal arbors examined is described
by the hyperbolic function,

Branch density = 67.6 - {projection area)—°*%.

A log=icg transformation yields a linear model (p < 0.001)
log(branch density) = -0.65 + logiprojection area) + 1.83.
The higher-order quadratic and culbiic madels are not significant,
¢ > 0.8). The log of the branch density is negatively correlated

with the log of the projection area (r = —0.90,p < 0.0001; Fig.
10).

Corresporndence between neocortical clusiers and afferent
terminal arbors

Tpc direct correspondence between the terminal arbors of in-
dividual afferent fibers and vibrissae-related neocorueal clusters

was examined by reconsiructing terminal arbors from tangential
sections sisined simultancously for cytochrome oxidase activity.
The Large number of finc—caliber fibers that had 10 be aligned
belween adjacent sections made (eCOASITUCUON BCTOSS Langential
sections particutarly difficult. One parual (Fig. 11 8, b) and one
more completely reconstructed terminal arbor (Fig. 11 8. a) were
obtamed. These were Jocated in clusiers corresponding to the
represeniabion of the mystaciat vibnssae (Fig. 114). The tor-
‘uous anserior course of the parent fiber as it leaves the white
malter (Fig. 11 8. b, arrow) and runs through the deeper layers
i$ obvious in tangentially reconstrucied sections. The majonty
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-
iling boulons reach adjacent clusters within the row.

The appearance of lerminal arbors in tangential sections is
consistent with the appearance of 1he projection arcas of recon-
structed fibers plotted on a surface view of the somaloscnsory
neocortes, (Fig. 12). Two features of the terminal asbors are
apparent when the data are viewed this way. First, there are
consistent dfferences in the size of projection arcus wn the an-
rerolaleral and posteromedial regions ol the SOMal0sENSONY ALO-
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arbors 1hat innervale the same localized area of layer 1V, Their terminal fields withan layer 1V are Langely

diameter. Lateral is to the righr. Scale bar. 100 ym.

Figure 9. Coronal view of 2 erminal
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Figure 10. A log-log plot of densily of brunches (denstiy) in the layer [V plexus of reconsirucied terminal arbors versus the ares of projection
onto layer |V {prajecrion area). All reconstrucied iermnal arbors are included in this analysis (see Tabie 1). Peatson's 7 = -0.90, p < 0.000L. The
probability that the linear relstionship occurted by chance is less than 0.0001. The iniercept equals 1.83 + 0.10 and the slope equals -0.65 + 0.08

(p < 0.0001).

cortex. Second, there is a close cormrespondence between the size
of the projection area of a layer [V plexus and that of cytochrome
oxidase clusters in the correspending region.

Discussion

In this repon we have described the morphology of axons “bulk-
labeled™ by injection of WGA-HRP into the white maticr be-
neath the somatosensory cortex of the rat. We conclude that
these axons, which are characierized by w dense layer 1V terminal
plexus. originale in the ventral posterior auckeus and cormespond
10 the “*specific’” thatarmnocortical afferents first described by Lo-
rente de No (1922, 1949). This conciusion is based on Lhe fol-
lowing evidence. First, the laminar distribution of boutons on
these terminal arbors corresponds 1o the laminar distribution
of lerminal degeneration following lesions of the ventral pos-
terior nucleus, the pattern of antcrogradely transported tnitiated
amino acids from the ventral postenior nucleus (Herkenham,
1980), and the patiern of antcrogradely transporied Phaseoius
vulgaris lectin (Keller et al., 19835). In addiuon, we have ob-
served retrogradely labeled neurons in the ventral postenor nu-
cleus following the white maner injections that anterogradely
fabeled these afferent arbors. Second, the regional distribution
of arbors of different size corresponds (o the regional vanation
in clusier size, as demonstrated with succinate dehydrogenase
histochemistry.

Our observations indicate that in the rat somatosensory cor-
tex, the plexus of an individual specific thalamocortical aflerent
occuptes the (ull vertical width of layer 1V and exlends into layer
Il and, 10 a much lesser extent, into fayer [1. This result is, to
a large exient, in accord with & previous report on terminal
arbors in the somatosensory coriex of the cal (Landry and
Deschenes, 1981). However, it conlrasts with reports of the
segregated distribution of terminals within subzores of layer 1V
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 laminac of the lateral geniculate project to
specific subzones of layers 1V and IIL. [n the [ateral geniculate
of the cat, funciionally distinct populations of neurons are in-
wermixed in a given layer, but appear 10 project differentially to
specific subzanes of layers 1V and I (Humphrey et al., 1983a).
Thus, the sublaminar specificity of geniculocortical axons ap-
pears to be related 10 the processing of visual information. The
apparent lack of such sublaminar specificity in the somalosen-
sory sysiem suggests that there may be differences in the pro-
ceysing requirements of different sensory sysicms.

In the somaltosensory {Landry and Deschencs, 1981) and vi-
sual cortices {Ferster and Levay, 1978; Gilbert and Wiesel, 1983;
Humphrey etal., 1985a. bl ol the cat. as well as Lhe visual coriex
of the monkey (Blasdel and Lund, 1983), many termmal arbors
of thalamic axons appear 1o have muluple paiches of dense
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Figure [1. A, Fibers d lrom

inl i of the posie

dial portion of the face region stained simulanecusly for HRP and

cytochrome onidase activity, Stippling represents the area b

clusters of ¢y

dase activity. The arrow indicaies where fiber g

emerges from the white matier. Scale bar, 100 um. 8. Low-power photomicrograph of one of the langentwl sections from which fibers 2 and b
were recansirucied. The clustens of cytochrome oxidase activity in which the reconstrucied fibers of Figure A have their dense pleauses are indicated
by @ and b, respeciively. PAf and AL. posicromedial and anterolateral aspects of the mystacial vibnssae representaton. respectivety. Scale bar,

300 gm,

terminal arbors separated by zones relatively devoid of boutons.
In the visual system, these patches can be clearly related 10
functionally defined ocular domi e col {Blasdel and
Lund, 1983; Gilbert and Wiesel, 1983). The sipnificance of such
multiple paiches in the somatosensory cortex of the cs i ob-
scure. fn the present study, we found no evidence of such mul-
tiple paiches. While we cannot rule out the possibility that in-
dividual axons branch along their course within the inlemal
capsule, several lines of evidence indicale that the failure 10
Jabel multiple paiches is not due to technical limitations. One,
the labeled fibers represented were considered 50 be well filled
since coblaterals generally exhibited terminal boutons. Two. the
laminar pattern of boulons appears compleie when compared
with the patiern of anterograde degencration that follows lesions
of the ventral posterior nucleus and the patern of anicrogradely
transporied amino acids from the ventral postenior nucieus
{Herkenham. 1980). In particular, fine collaterals bearing ter-
minal boutons could be detected in layer VI. Three, paiches
appear most distinct when arbors are viewed tangential fo the
cortical surface (Blasde! and Lund, 1983; Gilbert and Wicsel,
1983). The weli-filled arbor reconstructed in the tangential plane
did not exhibit mulliple patches of boutons. Four. when the
appearance of anterograde label of WGA-HRP from the ven-
trobasal comptex to Sml is compared in the vibrissac and trunk
regions. we find that the label in the vibrissae region exhibited

its characienistic clustered organization. while the label in the
trunk region appeared continoous. The size of the terminal ar.
bors in these 2 different regions varied in a corresponding fash-
ion. We autribute the absence of such multiple patches on the
asons we observed in rat Smi 1o be a cansequence of the discrele
character of the rodent tngemunal sysiem as compared Lo the
muore comlinuous character of the visual iields and some portions
of 1he body surface. We therefore interpret our findings as in-
dicating that the individual terminal arbors from the ventral
posterior nucleus terminate in a discrete paitern that is reflected
in the vibnssae-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.

tt should also be noted that not all geniculate axons lermninate
in multiple patches. In 1he cat visual cortex, the majonity of
X-cell terminations form a single patch (Humphrey etal., 1983a,
b). while in monkey visual cortex, a lype of axon projecting to
layer 4C beia has a highly circumscribed terminal arbor. Indeed,
Blasde! and Lund (1983} suggest that the uze af the discreie
arhors terminating in tayer 4C beta is the mos1 likely candidaie
underltying the high degree of rerinolopic specificily characier-
istic of the macague monkey striate cortex.

With regard 1o the 1angential dimension of the cortex, we
have observed thal the projection area of a terminal arbor vanes
in size depending on the pontion of the cortical map 1o which



4=

' |
-2 -4

O

Figure 2. A, Dhagr ic rep ion of the approai size
and location of the layer 1V plexus of the seconstrucied terminal arbors
represenied in the previous figurcs. The ourlines represtnl the approx-
imate ofientations of the different body parts within the somalolop
map. Ficlds within 1he anterolateral ponion of the face region: 2 and
8, i inal arbory d in Figure 9, ¢, arbor repre-
sented in Figure }0: d. 185, ¢, arboe represented in 48a: ), 3a, 8. b,
&, 3¢, @ 8. Fiekds within be postercmediat poriion of the face region:
i cormesponds 1o layer IV pheaus of he arbor represented i Figure 114,
@, j, 48k k. 6a: 1. &b m, 6c; n, Ta; 0. Th. Field p represents the layer
1¥ plexus of the arbor located in the region comresponding 10 the truak
repeesentation, Figure 7c. B, Diagrammauc repsesenialion of succinale
dehy aclivity in A d sections of y conea,
indicating the paern of ¢ g of th ical progections for
comparison with A. Horizontal scale. millimercrs from bregma; vertical
scale, millimeters lateral from the midline.

it is retated. Furihermore, arbors that have a larger projection
area have a lower density of branches. This observation is par-
ticularly significani in light of previous findings that the number
of neurons in a neocortical “barrel,” and conscquently i1s size,
is proportional Lo the aumber 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 arca and
branching density for all icrminal arbors examined is consisient
with the homogeneity of thalamocortical projection neurons i
the ventrobasal nuckeus of the rat (Hamis, 1986). The relation-
ship between these 2 aspects of ierminal arbor morphology may
therefore be, 10 some degree, intrinsically regulated by thata-
mocortical prok S d. peripheral infl
piay s significant role in determining both the charscteristic size
and density of the fnyer IV plexus. The quantitative relationship
between neocortical cluster size and peripheral innervalion den-
sily suggests at feast 2 possible ways in which the periphery may
influence thalamocortical projection neurons, One possibility is
that smaller vibrissac-related clusiers receive axons from fewer
thalamic projection n¢urons and, 83 & consequence, ench thal-
amocortical neuron contributes more branches to the cluster.
This is unlikely. howcver, since a uniform reduction m the
number of primary affersnts docs not significantly alier the size
of whisker-related clusiering (Sikich et al., 1986). Another pos-
sibility is that the periphery may influcrce the rate of branching
a3 an axon grows into layer 1V. A greater degree of branching
would resuln in a smaller projection area, while a lesser degree
of branching would result in  larger one.

1n summary. ierminal arbors af specifc thalamoconical axons
vary in size and branching density sccording to their regional
distribyngn. These characterisiics of the thalamocortical ter-
minal yrbors parallel peripheral innervation density. Thus, ter-
minal arbor morphology may underlie the peripherally depen-
dent characieristics of the ncocortical somatotopic Map.
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