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It is well known that the striatum has a chemical architecture 
dividing it into striosomes and matrix, and that these com- 
partments have different input-output connections. How- 
ever, striatal afferent-fiber systems also form vividly patchy 
terminal fields in the matrix, and studies in the past year 
have uncovered instances of nonstriosomal clustering of 
striatal output neurons. In the experiments reported here, 
we systematically investigated this output-neuron clustering 
in the primate, using the striatopallidal system as a model. 
Our goals were to determine whether the modular organi- 
zation is a general characteristic of projection neurons in 
the striatal matrix, whether the modularity occurs indepen- 
dent of striosomal boundaries, and whether the output mod- 
ules are systematically organized. 

We studied the distribution of striatopallidal projection 
neurons in 9 adult squirrel monkeys by centering deposits 
of the retrograde tracer HRP-WGA in either the external 
segment or the internal segment of the globus pallidus. Fol- 
lowing injections of each type, many retrogradely labeled 
neurons appeared in the striatal matrix in clusters and bands 
having cross-sectional diameters of 0.2-0.8 mm. Compari- 
sons with adjoining sections stained to demonstrate strio- 
somes established that the local groups of striatal output 
neurons sometimes abutted striosomes but often did not. 
The retrogradely labeled clusters and bands appeared both 
in the caudate nucleus and in the putamen. Their arrange- 
ments were regular and often periodic. 

These findings suggest that the large matrix compartment 
of the primate striatum, which is the primary site of origin of 
striatal outputs to the pallidum and the reticular part of the 
substantia nigra, contains systematic mosaics of projection 
neurons. We propose that this output-neuron modularity of 
the striatal matrix in the primate could serve as the template 
for redistribution of the massive afferent-fiber systems of 
the striatum into specialized striatopallidal output channels. 
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The neurochemical anatomy of the striatum suggests a two- 
compartment mosaicism of striatal tissue in which a smaller 
striosomal compartment is embedded in a much larger body of 
extrastriosomal tissue referred to as the matrix (Graybiel and 
Ragsdale, 1978, 1983; Herkenham and Pert, 198 1; Gerfen, 1984, 
1985; Gerfen et al., 1985; Chesselet and Graybiel, 1986; Gray- 
biel et al., 1986; Joyce et al., 1986; Besson et al., 1988; Groves 
et al., 1988; Desban et al., 1989; Graybiel, 1989).The striosomes 
and matrix, in addition to being chemically distinct from one 
another, have different input-output connections and different 
developmental histories (Graybiel et al., 1979; Ragsdale and 
Graybiel, 1981, 1988a,b, 1990; Kent et al., 1982; Gerfen, 1984, 
1985, 1989; Graybiel, 1984; Murrin and Ferrer, 1984; Dono- 
ghue and Herkenham, 1986; Gerfen et al., 1987; JimCnez-Cas- 
tellanos and Graybiel, 1987, 1989; van der Kooy and Fishell, 
1987; Langer and Graybiel, 1989; Gimtnez-Amaya and Gray- 
biel, 1990; Lowenstein et al., 1990). The borders of striosomes 
are also specialized, particularly in the primate (Graybiel and 
Ragsdale, 1978, 1983; Beach and McGeer, 1984; Faull et al., 
1989). Although the distributions of neurotransmitter and re- 
ceptor markers are not uniform in the matrix (Joyce et al., 1986; 
Besson et al., 1988) no sharply delimited neurochemical in- 
homogeneities comparable to striosomes have yet been found 
in the matrix. 

There is growing evidence, however, that many afferent-fiber 
systems terminating in identified matrix have patchy distribu- 
tions (Malach and Graybiel, 1986; Alexander et al., 1988; Rags- 
dale and Graybiel, 1988b; Flaherty et al., 1989; Sadikot et al., 
1990). This patchiness, documented in both the cat and the 
monkey, suggests that the input-output organization of the ma- 
trix is modular. Moreover, recent findings in the cat suggest that 
output neurons of the matrix also form clusters, some projecting 
to the pallidum and some to the substantia nigra (Desban et al., 
1989; Jimtnez-Castellanos and Graybiel, 1989). Retrogradely 
labeled cell clusters have been noted in the primate in our own 
and others’ studies of the striatopallidal and striatonigral con- 
nections (Gimtnez-Amaya and Graybiel, 1988, 1989a,b, 1990; 
Koliatsos et al., 1988; Selemon and Goldman-Rakic, 1989) but 
no systematic study of this phenomenon has yet been reported. 
In the work presented here, we made a detailed study ofneuronal 
clustering in the matrix of the squirrel monkey. With the stria- 
topallidal system as a model, we focused on three key issues: 
(1) whether the clumping of projection neurons is a general 
characteristic of matrix in the caudate nucleus and putamen or 
a property only of part of the primate striatum, (2) whether the 
clumping is independent of the striosomal system or mainly a 
striosome-avoidance pattern that gives the appearance of in- 
dependent aggregation of matrix neurons, and (3) whether the 
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modularity is systematic and periodic in nature, as though re- 
flecting a basic macroscopic plan of cellular organization of the 
primate striatum as a whole. Understanding such cellular mod- 
ularity clearly would be essential for any account of the input- 
output organization of the primate striatum, and also could be 
helpful in interpreting patterns of striatal degeneration occurring 
as a consequence of extrapyramidal disorders in the human. 

Our findings strongly suggest that modularity of cellular com- 
position is a general phenomenon in the primate striatum, en- 
compassing not only the neurochemically distinct striosomes, 
but also systematically arranged groups of projection neurons 
within the matrix. Thus, like the cerebral cortex, the entire 
striatum appears divisible into local neuronal sets distinguish- 
able on the basis of their specialized efferent connections. 

Materials and Methods 
Deposits of horseradish peroxidase conjugated with wheat germ agglu- 
tinin (HRP-WGA;IO% in saline; Sigma Chemical Co.; Gonatas et al., 
1979) were made unilaterally or bilaterally in the pallidal complex or 
striatum of 9 adult squirrel monkeys (Suimiri sciureus) first tranquilized 
with ketamine hydrochloride (25 mg/kg) and then anesthetized with 
sodium pentobarbital (Nembutal; 12.5 mgkg). The tracer deposits were 
made under stereotaxic guidance (Gergen and MacLean, 1962; Emmers 
and Akert, 1963) with vertically or obliquely held glass micropipettes 
through which brief puffs of air were applied by means of a Pneumatic 
Pica Pump (PV800, World Precision Instruments). Volumes injected 
ranged from 10 to 80 nl. For the pallidal injections, the tracer deposits 
were centered in either the internal segment (cases SMHP 5L, SMHP 
5R, SMHRF 2L, and SMHRP 1L) or the external segment (cases 
SMRHNP 1 L, SMHP 12L, and SMHP 4L). Striatal injection sites were 
in the caudate nucleus (SMHPNT IL), putamen (SMRHN lL), or both 
(SMHP 1R). Survival times after surgery ranged from 44 to 48 hr. 
Experiments described elsewhere (Gimenez-Amaya and Graybiel, 1990) 
provided controls in which HRP-WGA was injected at different levels 
of the internal capsule, cerebral peduncle, and substantia nigra. In ad- 
dition, some of the animals used in that study were reanalyzed for this 
report. 

Animals were perfused under deep sodium pentobarbital (Nembutal) 
anesthesia with (1) 0.5-l liter of saline (0.9% NaCl), (2) 2 liters of 4% 
paraformaldehyde in 0.1 M dibasic phosphate buffer containing 0.9% 
saline (PBS; pH, 7.4) and 5% sucrose, and (3) 1.5 liters of the sucrose- 
PBS solution containing 5% sucrose. The brains were then blocked, 
soaked overnight in 30% sucrose-PBS solution, and cut in the coronal 
plane at 40 pm on a freezing microtome. Sections were processed to 
demonstrate HRP-WGA, butyrylcholinesterase (BuChE), acetylcholin- 
esterase fAChE). and enkenhalin-like immunoreactivitv. For HRP-WGA 
histoche’mistry,sections were reacted according to the tetramethylben- 
zidine (TMB) protocol of Mesulam (Mesulam, 1978; Mesulam et al., 
1980) with frequent changes of incubation solution and concentrations 
of H,O, (0.006-0.015%) determined by trials. AChE and BuChE stain- 
ing was carried out by a slightly modified Geneser-Jensen and Blackstad 
protocol as described elsewhere (Geneser-Jensen and Blackstad, 197 1; 
Langer and Graybiel, 1989). For enkephalin-like immunohistochem- 
istry, sections were processed by the peroxidase-antiperoxidase method 
(Stemberger, 1979;/protocol B~of Graybiel and Chesselet, 1984) with 
anti-met-enkephalin antiserum kindly provided by Dr. R. P. Elde and 
diluted 1: 1000. 

Sections stained by the TMB method were studied with bright- and 
dark-field illumination and with crossed polarizers placed in the light 
path (Illing and Wlssle, 1979). The sizes of the effective injection sites 
were estimated by eye and are shown in illustrations at their maximum 
estimated size including their less densely labeled peripheries. Retro- 
gradely labeled neurons in selected sections from each case were charted 
with the aid of a drawing tube. Patterns of retrograde cell labeling in 
the striatum were compared to patterns of BuChE and AChE staining 
and enkephalin-like immunoreactivity visible in adjacent sections. As 
often as possible, reliance was placed on interstain consistency of iden- 
tification of the striosomes (usually three stains in the caudate nucleus 
and usually two, but occasionally one or all three, in the putamen). 
Where the staining patterns were blurred, such scoring was not at- 
tempted. 

Results 
Three characteristic patterns of retrograde cell labeling were 
observed in the striatum following tracer injections affecting 
predominantly the internal (GPi) or external (GPe) segment of 
the globus pallidus. These patterns are illustrated for the pu- 
tamen in Figure 1, which shows a cross-section from a case in 
which the HRP-WGA injection site principally involved the 
GPi (see Fig. 8, case SMHP 5L). First, there were fields of 
retrograde labeling containing gaps in which labeled neurons 
were relatively sparse. As described in our previous report (Gi- 
menez-Amaya and Graybiel, 1990) many of the sparsely la- 
beled gaps corresponded to striosomes identified in serially ad- 
joining sections. Second, even in zones in which there was 
abundant retrograde labeling, it was often possible to identify 
clusters of strongly labeled cells and other clusters of less strongly 
labeled cells alternating with one another. Third, there were 
usually clusters and bands of labeled neurons that were not 
connected with the main field of labeling in the planes of sections 
in which they occurred. Both the clusters and the bands in the 
main field and those at a distance from it were about the size 
of striosomes (ca. 0.2-0.8 mm wide in transverse sections). 

General occurrence of bands and clusters of cell labeling in the 
matrix compartment and their independence of striosomal 
boundaries 
The cases illustrated in Figures 2 and 3 establish that circum- 
scribed groupings of retrogradely labeled projection neurons are 
features of the extrastriosomal matrix of both the putamen and 
the caudate nucleus. Furthermore, the cases show that these 
clusters and bands are not necessarily bordered by striosomes 
and thus are entities within the matrix itself. 

Figure 2A shows three nearly horizontal bands ofretrogradely 
labeled neurons (a-c) in the putamen of a monkey in which the 
injection site was placed in the rostra1 pole of the GPe (see Fig. 
8, case SMRHNP 1 L). The deposit extended caudally to involve 
the dorsal part of both pallidal segments. The labeled bands in 
the putamen and the gaps between them are about 0.3-0.4 mm 
wide. In the near-serial sections stained for BuChE activity (Fig. 
2B) and for enkephalin-like immunoreactivity (Fig. 2C’), strio- 
somes with about the same or slightly greater dimensions are 
visible within the same district of the putamen. 

Comparisons among the three patterns of staining demon- 
strate that the bands of retrogradely labeled matrix cells are not 
simply formed as a result oflabeled neurons avoiding striosomes 
in the field of labeling. As shown in the consecutive panels in 
Figure 2, the upper two bands of cell labeling (a, b) are in the 
matrix, and the sparsely labeled gap between them corresponds 
to a well-delineated striosome. However, the gap between the 
two lower bands of retrograde cell labeling (b, c) does not cor- 
respond to a histochemically identifiable striosome. It thus ap- 
pears to represent a band of unlabeled matrix neurons inter- 
vening between two parallel bands of labeled matrix neurons. 

Striking bands and clusters of retrogradely labeled matrix 
neurons were also found in the caudate nucleus. An example of 
such arrangements of labeled neurons is shown in Figure 3. 
Retrogradely labeled neurons are collected into diagonally ori- 
ented bands, all of which lie within the matrix. Some of these 
contain strongly labeled neurons; others, weakly labeled neu- 
rons. Each band is surrounded by unlabeled matrix tissue. The 
injection site in this case was situated quite rostrally in the GPe 
and the adjoining dorsolateral comer of the GPi (see Fig. 8, case 
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SMHP 12L). The injection tract also involved the caudal head 
of the caudate nucleus, but this would not affect labeling at the 
rostra1 levels shown in Figure 3, because the striatum does not 
have long-distance association connections and labeling around 
striatal injection sites was limited to a l-2 mm radius. 

Systematic organization of neuronal modules in the striatal 
matrix 
Two patterns of cellular labeling pointed to a high degree of 
order in the modules of retrogradely labeled matrix neurons. 
First, circumscribed zones of strong and weak cell labeling fre- 
quently alternated with one another in the matrix. Figure 4 
illustrates this pattern of labeling in case SMHP 4L, in which 
the HRP-WGA deposit was centered in the ventral part of the 
GPe and extended into the outer margin of the GPi (see Fig. 
8). As shown at low magnification in Figure 4A, nearly the entire 

Figure 1. Characteristic patterns of 
retrograde cell labeling in the striatum 
elicited by injections of HRP-WGA 
centered in the internal segment of the 
globus pallidus, from case SMHP SL; 
see Figures 7B and 8 for drawings of 
the injection site. Abundant cell lahel- 
ing is evident in the dorsal putamen, 
and clusters of retrogradely labeled neu- 
rons appear ventrally. Note that, in the 
main dorsal field of labeling, clusters of 
strongly labeled and weakly labeled 
neurons alternate with one another. 
There are prominent gaps in the label- 
ing, including 2 dorsal gaps (asterisk) 
that were identified as striosomes by 
reference to serially adjoining sections 
stained for BuChE. Elsewhere, the his- 
tochemistry was uninformative with re- 
spect to scoring striosomes. There is a 
thin unlabeled “peripallidal strip” next 
to the GPe; in all cases, this zone was 
nearly devoid of cell labeling. The pho- 
tograph also illustrates labeled neurons 
in the globus pallidus. CN, caudate nu- 
cleus; IC, internal capsule; GPe, exter- 
nal segment of the globus pallidus; P, 
putamen. Scale bar, 1 mm. 

ventrolateral part of the putamen contained prominent retro- 
grade labeling distributed in a series of broad bands (a-d) sep- 
arated by narrower bands with few labeled neurons. 

Close inspection of the bands showed that they were made 
up of pairs (or even triplets) of weakly and strongly labeled 
subbands (see bl and b2 in Fig. 4B). In the section illustrated, 
the widths of the subbands were about the same as those of the 
intervening interband zones containing few retrogradely labeled 
neurons (ca. 0.3-0.4 mm). Each of these interbands could be 
shown to correspond to a striosome by reference to near-serial 
sections stained for BuChE activity (Fig. 4C) or for enkephalin- 
like immunoreactivity (Fig. 40). The macroscopic banding pat- 
tern thus reflected the presence of bands of strongly labeled and 
weakly labeled matrix cells alternating with one another and 
with striosomes. 

Second, there was a marked tendency toward periodic ar- 
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Figure 2. A, Illustration of regularly spaced bands of striatal neurons in the putamen (u-c), retrogradely labeled by a pallidal injection centered 
in the rostra1 GPe (case SMRHNP 1 L, see Figs. 7B, 8). The bands of labeled cells alternate with bands of very sparse labeling. The upper 2 weakly 
labeled bands (marked by single asterisks) correspond to striosomes, as identified in adjoining BuChE-stained (B) and enkephalin-immunostained 
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Figure 3. Banding of retrogradely labeled neurons in the matrix of the cauciate nucleus (CN) in case SMHP 12L, illustrated in a section stained 
by the TMB method (A). An adjacent section, stained for AChE activity, is shown in B. The injection site (see Figs. 78, 8) was centered in the 
GPe. In A, 2 weakly labeled cell bands (a, c) and 2 intensely labeled cell bands (6, d) appear in a field of retrograde labeling. Three AChE-poor 
striosomes in the region are marked by asterisks in B, and the corresponding zones are illustrated by the same symbols in A. By reference to the 
AChE staining, it can be seen that the bands of labeled cells appear in the matrix, and that their aggregation into bands is not forced by the presence 
of striosomal tissue everywhere flanking the bands. ZC, internal capsule; P, putamen. Scale bar, 1 mm for A and B. 

rangement of the nonadjacent clusters of labeled neurons in the 
matrix. The schematic chartings in Figure 5 were drawn to 
illustrate the spacing of retrogradely labeled clusters and bands 
for the entire region of retrograde labeling in one case of GPi 
injection (SMHRF 2L). Both in the zones of prominent banding 
and in the main field made up of adjoining weakly and strongly 
labeled clusters, the aggregates of labeled neurons tended to line 
up along Curved lines with a periodicity of about 0.25-0.3 mm. 
The photomicrographs in Figure 6, from another case of GPi 
injection (SMHRP lL), demonstrate that, in a single case, the 
individual modules of retrogradely labeled neurons can have 
the form of elongated bands (34 mm long) or rounded elliptical 
clusters (0.243 mm wide) at different transverse levels. The 
aggregates thus do not have the simple shape of anteroposterior- 
ly elongated cylinders, but instead, have more complex forms 
subtending large transverse dimensions at some levels. 

Internal and external pallidal placement of injection sites as a 
predictor of projection-neuron clustering 

The possibility that different clumps of neurons project to the 
external or internal pallidum was the leading hypothesis 

t 

prompted by our initial study of the striatopallidal connection 
(Gimenez-Amaya and Graybiel, 1988, 1990) and by that of 
Koliatsos et al. (1988). For technical reasons, however, it was 
not possible to be sure ofthis. First, no cases ofdouble retrograde 
labeling of the two pallidal segments had sufficiently well-matched 
injection sites to permit adequate two-tracer analysis of the 
problem. Second, injection sites large enough to elicit the wide- 
spread labeling in which such macroscopic clusters can be iden- 
tified tended to extend beyond the confines of a single pallidal 
segment. Third, all injections of GPe involved fibers en route 
to GPi, and injections in either pallidal segment could involve 
en passant striatonigral fibers. Finally, there was an unexplained 
pattern of extensive “main fields” of cell labeling in some regions 
of the striatum, with more isolated clusters and bands of cell 
labeling in other regions. This latter property of the labeling left 
open the possibility that the clustering was a sporadic phenom- 
enon, related to randomly occurring unevenness in the distri- 
bution of tracer at the injection sites, rather than an organized 
systematic modularity intrinsic to the striatum. 

As another approach to this problem, we tried to determine 
whether the degree of patchiness of the retrograde striatal la- 

(C) sections (see matched single asterisks). The TMB and enkephalin-immunostained sections are serially adjoining; 1 section is missing between 
the TMB and BuChE sections. The ventral band of sparse labeling, however, does not correspond to an identifiable striosome (see photomicrographs 
in D and E of regions bracketed in A and C). Arrow in A points to a cell cluster adjoining a striosome marked by double asterisks in A-C. CN, 
caudate nucleus; ZC, internal capsule; Z’, putamen; bv, blood vessel. Scale bar, 1 mm for A-C. 
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Figzue 4. Banding of strongly and weakly labeled matrix neurons in the putamen elicited by an HRP-WGA deposit centered in ventral GPe (see 
case SMHP 4L in Figs. 7B, 8). The low-power photograph in A illustrates 3 broad bands of HRP-WGA-positive neurons (u-c) and a fourth smaller 
band (d) visible with TMB histochemistry; band b can be further subdivided in 2 retrogradely labeled subbands running from dorsal and medial 
to ventral and lateral. The edge of the pipette track is at upper left-hand corner. Gaps between the bands of cell labeling correspond to striosomes 
identifiable in nearby BuChE-stained (C) and enkephalin-immunostained (0) sections lying on either side of the TMB-stained section; some 
corresponding regions in the 3 panels are marked by arrows. Note the U-shaped striosome visible in A and C (1 section apart), only part of which 
appears in D (separated from A by 3 sections). The higher-magnification photomicrograph in B (see rectangle in A) spans the dark (bl) and light 
(b2) subbands of band b, the striosome (s) between bands b and c, and the dark region of band c on the bottom. Both the neuropil and the cell 
bodies in the densely stained subbands are more strongly stained than the neuropil and cell bodies of the more weakly labeled subbands. Scale bar, 
1 mm for A, C, and D. 
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beling could be interpreted in terms of the known geometry of 
the striatopallidal projection. We first studied the distribution 
of anterogradely labeled striatopallidal fibers within the palli- 
dum (experiments not illustrated). We confirmed the general 
“spokes-in-a-wheel” radial pattern for the striatopallidal, wherein 
the caudate nucleus projects dorsally within the pallidum at 
midpallidal levels, and successively more ventrolateral parts of 
the striatum (within the putamen) project to progessively more 
ventral wedges of pallidal tissue (Voneida, 1960; Szabo, 1962; 
Cowan and Powell, 1966; Kemp and Powell, 197 1; Percheron 
et al., 1984b; Parent, 1986; Smith and Parent, 1986). This or- 
ganization allowed us to assess the patterns ofretrograde labeling 
in relation to the radial positions of the deposits (Fig. 7). Ac- 
cording to this radial geometry, injections centered in the GPe 
should lead to some fiber-of-passage labeling of fibers en route 
to radially matched parts of GPi, but if separate striatal cell 
clusters do project, respectively, to the GPe and the GPi, then 
the degree of patchiness in striatal labeling should be roughly 
predictable by the relative involvement of corresponding wedge- 
shaped sectors of the two pallidal segments at different anter- 
oposterior levels. 

The cases studied support this prediction. In Figure 1, the 
main field of labeling (containing weakly and strongly labeled 
cell clusters) appears dorsally, whereas isolated bands and clus- 
ters of labeled cells appear ventrally. In the pallidum, the in- 
jection site was confined to the GPi except at its dorsal periphery, 
which extended into the GPe (Fig. 8). According to the hy- 
pothesis that there are separate GPi-targeted and GPe-targeted 
neuronal clusters in the matrix, the dorsal intermixing of weakly 
and strongly labeled clusters could represent peripherally labeled 
GPe-projecting neurons (weakly labeled) alternating with in- 
tensely labeled GPi-projecting neurons. The more isolated ven- 
tral patches could correspond to neurons projecting to the region 
in which the deposit infiltrated only one pallidal segment (GPi). 
A similar analysis could account for the pattern of labeling in 
the GPi case illustrated in Figure 6. 

Of the GPe injections, the most restricted was that illustrated 
in Figure 4; only the extreme outer margin of GPi was affected 

Figure 5. Schematic chartings for case 
SMHRF 2L, illustrating the entire stri- 
atal region containing retrograde cell la- 
behng (stippling). Within the main field 
of retrograde labeling, distinguishable 
clusters of stronger and weaker cell la- 
beling are indicated (see also Fig. 1). 
The disjunct clusters tend to have a reg- 
ular periodic arrangement along axes 
parallel to the sides of the putamen (in- 
dicated schematically in 2 charting@. 
The injection site (shading) was cen- 
tered in GPi rostrally and invaded both 
segments dorsally and caudally (see Fig. 
74. The extensive tracer deposit along 
the pipette’s track through the internal 
capsule is also shown. An arrow marks 
the level of the center of the pallidal 
iniection site. CN. caudate nucleus; AC, 
anterior commissure; ZC, intemal’cap- 
sule; P, putamen; GPe. external seg- 
ment of the globus pallidus; GPi, inter- 
nal segment of the globus pallidus. 

m addition to GPe. This placement is compatible with the find- 
ing of alternating bands of strongly and weakly labeled neurons 
in the putamen, the weakly labeled groups reflecting fiber-of- 
passage labeling of axons en route to GPi and/or direct labeling 
of axons projecting to the outer part of GPi. In the cases shown 
in Figures 2 and 3, the injection sites were confined to GPe 
rostrally and extended into both segments farther caudally (Fig. 
8). In apparent accord, the zones in which labeling in the matrix 
was in the form of relatively isolated bands and clusters of 
neurons occurred rostrally, and the fields with extensive labeling 
occurred caudally. Finally, in the case illustrated in Figure 5, 
the injection site strongly involved both pallidal segments, ex- 
cept in a rostra1 and rostroventral zone where GPi was injected 
without associated involvement of the GPe. Correspondingly, 
there was widespread labeling in the matrix at caudal levels of 
the putamen, but at the rostra1 end of the field of putamenal 
labeling, and also rostroventrally, there were discrete bands and 
clusters of retrogradely labeled neurons. 

Discussion 
The matrix compartment makes up over 80% of the volume of 
the caudate nucleus and putamen and is the main source of 
striatal fibers projecting to the pallidum and the substantia nigra 
pars reticulata. The findings described here demonstrate that, 
in the primate, the striatal projection neurons of the matrix are 
organized into a systematic series of macroscopic clusters and 
bands with about the same size as striosomes. The initial evi- 
dence for sorting of striatal projection neurons into compart- 
ments was confined to distinguishing striosomes and matrix as 
separate efferent entities (Graybiel et al., 1979; Gerfen, 1984). 
The implication of the findings reported here is that output- 
neuron modularity is a general characteristic of striatal tissue 
in the primate and thus could serve as a template for input- 
output channeling in the striatum. 

Widespread cellular modularity in the matrix compartment 

Our evidence clearly indicates that the clumpy character of the 
matrix is not specific to one functional (or anatomical) subdi- 
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Figure 6. Regularly spaced bands and clusters of retrogradely labeled neurons in 2 sections through the putamen of case SMHRP 1 L, for which 
the injection site (shown in C) was centered in GPi but invaded dorsal GPe. The sections are 2.24 mm apart. The HRP-positive pipette track 
skirted the dorsomedial edge of the putamen, shown in A and B in exaggerated form because of the contrast needed to make retrogradely labeled 
neurons in the adjoining putamen visible at low magnification. At the more rostral level illustrated (A), there is a main field of retrograde cell 
labeling dorsally, comprised of very strongly and less strongly labeled cell clusters interrupted by sparsely labeled gaps. Ventrally, there are long 
bands comprised of weakly and strongly labeled cells. The more medial band (short arrows) extends 3-4 mm in a curve parallel to the medial face 
of the putamen. The lateral band (long arrows) extends for about 3 mm along the lateral edge of the putamen. Along the lengths of the 2 bands, 
there are intervals of denser cell labeling and intervals of weaker cell labeling. The 2 bands merge ventrally. In the more caudal section (B), there 
also is a main dorsal field of retrograde labeling, but nearly all of the other cell labeling is in the form of clusters of labeled neurons (examples at 
arrowheads). Many labeled neurons appear also in the globus pallidus in both sections. GPe, external segment of the globus pallidus; GPi, internal 
segment of the globus pallidus; P, putamen. Scale bar, 1 mm for A and B. 



vision of the striatum, for example, the putamen with its dom- 
inant inputs from sensory-motor cortex. Projection neurons (1) 
were found at nearly all levels of the striatum, (2) appeared in 
every case, (3) tended to be regularly spaced whether in the main 
field or dispersed sets, (4) occurred whether the pallidal injection 
site was rostral, caudal, dorsal, or ventral, and (5) could be 
found, in individual cases, in regions extending for millimeters. 
Our findings further suggest that, at least for matrix neurons 
labeled by GPi injections, the aggregates of efferent cells, though 
appearing patchy in cross-sections, can be extended three-di- 
mensionally and branched. Interestingly, these are characteristic 
hallmarks of the striosomal system (Graybiel and Ragsdale, 
1978; Graybiel et al., 1981a; Groves et al., 1988; Desban et al., 
1989). 

Many neurons in the primate’s caudate nucleus project to the 
substantia nigra (Parent et al., 1984; Parent, 1986; Smith and 
Parent, 1986) and there is also a considerable putamenonigral 
projection in the primate (Jimtnez-Castellanos and Graybiel, 
1989; Selemon and Goldman-Rakic, 1989). Some striatonigral 
neurons may have been labeled by infiltration of striatonigral 
fibers in transit (see Gimenez-Amaya and Graybiel, 1990) though 
little striatal cell labeling was observed with control injections 
made at different levels of the internal capsule or in the cerebral 
peduncle (see Gimenez-Amaya and Graybiel, 1990). Desban et 
al. (1989) and Jimenez-Castellanos and Graybiel (1989) have 
presented evidence that there are striatonigral cell clusters in 
the matrix of the cat’s caudate nucleus, and the brief report by 
Selemon and Goldman-Rakic (1989) suggests that these occur 
also in the primate. Thus, the modular arrangements of projec- 
tion neurons demonstrated here following pallidal injections 
might represent only part of the cellular mosaic in the matrix 
compartment of the primate’s striatum. 

Modules in the matrix have nonstriosomal as well as 
striosomal boundaries 
Two observations prompted our conclusion that there are sets 
of cell clusters in the matrix whose boundaries are not solely 
determined by striosomal borders. First, isolated clusters and 
bands of retrogradely labeled cells were found that were sur- 
rounded by unlabeled matrix tissue, not by striosomes. Second, 
in zones where there were alternating bands of cell labeling, 
some of the labeled bands alternated with sparsely labeled gaps 
that were not striosomes, as well as with gaps that did correspond 
to striosomes. Reliable identification of striosomes was crucial 
to accurate interpretation of these retrograde labeling patterns. 
If  the presence of clusters and bands of retrogradely labeled 
neurons simply resulted from the intervention of sparsely la- 
beled striosomes into fields of more heavily labeled matrix neu- 
rons, modularity ofthe matrix would not be indicated. Similarly, 
if adjoining weakly and strongly labeled clusters and bands could 
not be identified as belonging to the matrix, again, striosome/ 
matrix modularity could account for the clustered arrangements 
observed. Identifying striosomes posed no special problem in 
the caudate nucleus, but achieving comparably clear images of 
striosomes was difficult in parts of the putamen. By staining 
many sections, however, and by choosing cases in which these 
stains seemed particularly well differentiated, we obtained im- 
ages of striosomes in a considerable part of the putamen as well 
as in the caudate nucleus. We conclude on this basis that both 
the evidence for nonstriosomal gaps in matrix cell labeling and 
the evidence for clustering in identified matrix point to true 
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SMHP-SR SMHRF-2L 

Figure 7. A, Examples of radial analysis of the injection sites (shading) 
shown for cases SMHP 5R and SMHRF 2L. In both cases, the injection 
site was centered in a ventral sector of GPi, but GPe was contaminated 
dorsally. Maximum extents of the injection sites are shown. Broken 
lines indicate radial sectors parallel to striatopallidal afferents. The rel- 
ative overlap of the injection sites with the external and internal halves 
of these pallidal sectors was used to interpret the patterns of retrograde 
striatal labeling observed (see text). B, Schematic horizontal view of the 
caudate and lenticular nuclei with reconstructions of the centers of the 
injection sites (shading) in the pallidurn of the cases illustrated in Figure 
8. A radial analysis similar to that shown in A can be used to analyze 
the anteroposterior locations of the deposits relative to the locations of 
retrogradely labeled striatal cells organized into cluster formations. IC, 
internal capsule; GPe, external segment of the globus pallidus; GPi, 
internal segment of the globus pallidus; P, putamen; R, rostral; L, lateral. 

modularity in the organization of projection neurons in the 
matrix compartment. 

Modules in the matrix have regular arrangements 
A systematic spacing of retrogradely labeled cell clusters and 
bands was one ofthe most striking findings in this study. Regular 
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Figure 8. Schematic diagrams illus- 
trating the pallidal injection sites (shad- 
lng) in the cases illustrated photograph- 
ically in Figure 1 (case SMHP 5L), 
Figure 2 (case SMRHNP IL), Figure 3 
(case SMHP IZL), and Figure 4 (case 
SMHP 4L). The maximum extent of 
the deposits is indicated. For each case, 
an arrow marks the level of the center 
ofthe injection site, and sections shown 
are about 0.4 mm apart. AC, anterior 
commissure; CN, caudate nucleus; ZC, 
internal capsule; GPe, external segment 
ofthe globus pallidus; GPi, internal seg- 
ment of the globus pallidus; P, puta- 
men; Th, thalamus. 
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C 
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P 
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spacing of alternating weak and strong labeling was a common 
finding in the main fields oflabeling, as well. The fact that weakly 
and strongly labeled bands, clusters, and gaps in the matrix 
alternated with each other (and with identifiable striosomes) 
points to the presence of multiple systems of projection neurons 
in the matrix and suggests that the different modular systems 
can abut each other as well as striosomes. Striosomes are them- 
selves quite regularly spaced through the matrix and may impose 
systematicity on the adjoining matrix. The regular spacing of 
individual sets of retrogradely labeled cell clusters that we ob- 
served may thus represent a general multicompartment peri- 
odicity rather than a singular pattern referable to matrix pro- 
jection neurons alone. 

Pallidal targets of the projection-neuron modules in the matrix 
Although our experiments indicate widespread modularity in 
the organization of projection neurons in the striatal matrix and 
strongly support the view that the modularity is a property of 
striatopallidal neurons, they do not settle the question ofwheth- 
er the modules are comprised of neurons projecting to one or 

the other segment of the globus pallidus, or neurons projecting 
to different subdivisions within each segment, or some mixture 
of neurons of these types. The highly ordered cellular architec- 
ture of the pallidum (Fox et al., 1974; Percheron et al., 1984a), 
the bands and disks formed by the radially oriented afferent 
fibers terminating there (Parent, 1986; Smith et al., 1990; J.-M. 
Gimenez-Amaya and A. M. Graybiel, unpublished observa- 
tions), and the subdivision of the internal segment into inner 
and outer halves (Carpenter, 198 1, 1989; Haber and Elde, 198 1) 
all suggest that the pallidum has a complex internal structure 
not probed by our experiments. Such pallidal subdivisions, rath- 
er than the better-known internal and external pallidal segments, 
clearly could be the targets of the striatal output modules de- 
scribed here. Interestingly, however, we were unable to reject 
the hypothesis that the labeled neurons in the cell clusters might 
have axons preferentially directed toward either GPe or GPi. 
First, by taking into account the radial organization of striato- 
pallidal fibers, the degree and location of patchiness of the la- 
beled matrix-cell distributions could usually be predicted quite 
readily from the injection site placements in the two segments. 
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Retrogradely labeled clusters and bands were particularly strik- 
ing when the segment injected was GPi, avoiding the fiber-of- 
passage problem attending GPe injections. By contrast, when 
the injection sites were mainly confined to GPe, we often ob- 
served regions of abundant but heterogeneous matrix-neuron 
labeling in which strongly labeled and weakly labeled cellular 
clusters alternated with or abutted each other. Finally, a com- 
bination of patterns was present in cases in which both pallidal 
segments were heavily infiltrated by the injected tracer. To take 
into account the finer-scale geometry of striatopallidal fibers, 
however, further refinement of single and multiple retrograde 
tracer methods for intrapallidal injections will be needed, and 
ultimately, anterograde tracer injections confined to individual 
projection-neuron clusters will be required to identify with cer- 
tainty the intrapallidal compartments corresponding to the clus- 
ters of striatopallidal neurons. 

Multicompartment model of striatal organization and its 
functional implications 

The output modules described here for the primate’s matrix 
compartment bear a striking resemblance to modular distri- 
butions of corticostriatal and thalamostriatal afferent fibers that 
have been explicitly identified as terminating in the striatal ma- 
trix in primates (Ragsdale and Graybiel, 1988b; Flaherty et al., 
1989; Sadikot et al., 1990). The generality of the projection- 
neuron clustering also parallels the generality of modularity in 
the organization of striatal afferent connections (Ktinzle, 1975; 
Goldman and Nauta, 1977; Jones et al., 1977; Yeterian and 
Van Hoesen, 1978; Herkenham and Pert, 198 1; Ragsdale and 
Graybiel, 198 1, 1984, 1988a,b, 1990; Reale and Imig, 1983; 
Selemon and Goldman-Rakic, 1985, 1989; Jimenez-Castellanos 
and Graybiel, 1987; Sadikot et al., 1990). The relationship be- 
tween these input and output clusters of the matrix remains to 
be explored. The findings presented here suggest, however, that 
projection neurons of the striatal matrix are sufficiently orga- 
nized at the macroscopic level to permit modular input-output 
conduction through the striatum and specialized processing 
within individual modules. An anatomical basis for modular 
intrinsic processing in the striatum has already been demon- 
strated for striosomes (Graybiel et al., 198 1; Gerfen, 1984; Gray- 
biel and Chesselet, 1984; Chesselet and Graybiel, 1986; Sandell 
et al., 1986; Besson et al., 1988; Bolam et al., 1988; Kawaguchi 
et al., 1989). 

Finally, from a functional viewpoint, clumping of matrix neu- 
rons is of particular interest in two respects: First, a number of 
electrophysiological studies have demonstrated distinct sub- 
types of striatal neurons (Kimura et al., 1984; Kimura, 1986; 
Niesenbaum et al., 1988; Alexander and Crutcher, 1989; Hi- 
kosaka et al., 1989a-c), and these could be differentially rep- 
resented in different anatomical clusters. Clusters of units shar- 
ing somatosensory receptive fields (Crutcher and DeLong, 1984; 
Liles and Updyke, 1985) and small “microexcitable zones” in 
which stimulation elicits movements (Alexander and DeLong, 
1985) have already been identified in the monkey. Second, our 
evidence supports the view that the modularity may reflect spe- 
cific targeting of the subdivisions within the globus pallidus. 
Accordingly, the modularity could ultimately contribute to the 
functional specializations of the pallido-subthalamic (GPe-based) 
and pallido-thalamic (GPi-based) systems of the basal ganglia, 
including subsystems that may lie within them (Schell and Strick, 
1984; Alexander et al., 1986; Crossman, 1987; Reiner et al., 
1988; Graybiel, 1989; Young et al., 1989). 
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