
hsp70: T. D. Ignolia, E. A. Craig, B. J. McCarthy, (1986); and chicken grp78: M. Y. Stoccklc et al., Liquist and L. Hightower for thc MAb 7.10; M. 
Cell 21,669 (1980); yeast ssal and ssa2 (formerly Mol. Cell Biol. 8, 2675 (1988). Bcme for the pcptidc sequencing; and J. Faust, M. 
callcd YGlOO and YGlO1): T. D. Ignolia, M. R. 26. T. Mushall and K. M. Wfiams, Anal. Biorhm. Forgac, G. Sahagian, and I. Arias for critical review 
Slatcr, E. A. Craig, Mol. Cell Biol. 2, 1388 (1982); 139,502 (1984). of thc manuscript. S u p p o d  by NIH grants 
E. coli dnaK product: J. Bardwell and E. A. Craig, 27. Wc thank S. Sadis and L. Hightower for helpful AGO6116 and DK07542. 
Roc. NaQ. A d .  Sci. U.S.A. 81, 848 (1984); rat discussions and for providing p d c d  bovine 
grp78: S. M- and H. R. B. Pdham, Cell46,291 hscp73, bovine grp78, and E. cdi dnaK product; S.  5 June 1989; accepted 29 August 1989 

The Neostriatal Mosaic: Striatal Patch-Matrix 
Organization Is Related to Cortical Lamination 

might suggest that limbic-related systems 
provide the major input to the patches, 
whereas neocortical areas provide inputs to 
the matrix. Before accepting as a rule 

CHARLES R. GERFEN this allocortical versus neocomcal segrega- 
tion of patch and matrix inputs, a more 

The basal gaoglia, of which the striatum is the major component, process inputs h m  
virtuay. all cerebral cortical areas to affect motor, emotional, and cognitive behaviors. 
Insiits into how these seemingly disparate functions may be integrated have emerged 
h m  studies that have demonstrated that the mammalian striatum is composed of two 
compartments arranged as a mosaic, the patches and the matrix, which differ in their 
n d e m i c a l  and neuroanatomical properties. In this study, projections from pre- 
hntal, cingulate, and motor cortical areas to the striatal compartments were exam- 
ined with the Phareolus vulgaris-leumagglutinin (PHA-L) antemgrade axonal tracer in 
rats. Each cortical area projects to both the patches and the matrix of the striatum', 
however, deep layer V and layer VI corticostriatal neurons project principally to the 
patches, whereas super6cial layer V and layer III and II c o r t i d a t a l  neurons project 
principally to the matrix. The relative contribution of patch and matrix corticostriatal 
projections varies among the cortical areas examined such that allocortical areas 
provide a greater number of inputs to the patches than to the matrix, whereas the 
reverse obtains for neocortical areas. These results demonstrate that the compartmen- 
tal organization of corticostriatal inputs is related to their laminar origin and 
secondarily to the cytoarchitectonic area of origin. 

T HE STmATUM, WHICH COMPRISES and the amygdala has been shown to project 
the caudate, putamen, and accum- directly to the patches (12). These findings 
bens nuclei, is composed of two dis- 

tinct compartmen&, termeh the patches and 
matrix, that are arranged as a mosaic (1-4). 
N e d e m i c a l  markers are differentially 
distributed in these compartments. For ex- 
ample, patches are rich in p-opiate receptor 
biding sites (3), whereas the matrix con- 
tains calbidin DZgkD immunoreactive neu- 
rons and a rich plexus of somatostatin fibers 
(5). Neuroanatomical studies have' estab- 
lished that the compartmental patterns of 
cortical (2, 4, 6, 7), thalamic (3, 8), and 
dopaminergic (9) inputs and the patterns of 
the outputs of the patches and matrix (4, 5, 
10) reflect segregated input-output systems. 
Previous studies have related the compart- 
mental organization of corticosmatal inputs 
to the cortical area of origin (4, 6), that is, 
the prelibic cortex has been shown to 
project to the patch compartment, whereas 
most neocortical areas examined, including 
motor and visual cortices, have been shown 
to project to the matrix. The prelirnbic 
cortex receives major inputs from limbic 
brain areas, including the amygdala (11), 

thorough examination of the -cornpartmen- 
tal organization of corticostriatal projections 
was initiated. 

Iontophoretic injections of the antero- 
gradely transported axonal tracer Phaseolus 
vulgaris-leucoagglutinin (PHA-L) (13) 
were stereotaxically placed into the frontal 
cortex of 150 adult Sprague-Dawley rats. 
After 2 weeks the brains were processed by 
standard immunohistochemical procedures 
(14) to localize the PHA-L, which had been 
incorporated into neurons at the injection 
site in the cortex and anterogradely trans- 
ported in the axons. Adjacent sections 
through the striatum were processed for 
immunohistochemical staining of calbindin 
DZskD, a smatal matrix-specific marker (5), 
to identify the distribution of PHA-I.-la- 
beled corticosmatal inputs to either the ma- 
trix or patch striatal compartments. The 
cortical areas injected were the infralimbic, 
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Fig. 1. Photomicrographs 
of PHA-L labeling after in- 
jections into the prelimbic 
cortex in two animals. In the 
first animal (A to D), PHA- 
Linjected neurons are lo- 
cated in layer VI and deep 
layer V (A). Axonal labeling 
is observed in the deep lay- 
ers of the homotypic contra- 
lateral coxtex (B) and in the 
striatal patches (arrows in 
C), which are marked by 
low levels of calbindin im- 
munoreactivity in the adja- 
cent d o n  (arrows in D). 
In the second animal (E to 
H), PHA-L-injected neu- 
rons are located in upper 
layer V and in layers I1 and 
111 (E). Axonal labeling is 
observed in the superficial 
layers of the contralateral 
homotypic cortex (F) and in 
the smatal matrix (G), 
which is marked by calbin- 
din immunoreactivity in the 
adjacent section (H). 



prelimbic, and anterior cingulate cortices on 
the medial bank of the frontal pole, the 
medial agranular motor cortex on the medial 
shoulder of the frontal pole, and the lateral 
agranular motor cortex on the dorsal surface 
of the frontal pole. Three criteria were used 
to determine that PHA-L-labeled neurons 
at the injection site in a single case were 
confined to a single c y t o a r c h i t e y  de- 
fined cortical area: (i) the location of the 
PHA-L-labeled neurons at the injection 
site, (ii) the distribution of the crossed 
corticocortical projection, which is densest 
in the contralateral homotypic cortex, and 
(iii) the distribution of labeled aEerents in 
the thalamus. 

Neurons with PHA-L labeling were con- 
fined to the prelibic cortex in 20 cases. In 
the thalamus, labeled aEerents were dismb- 
uted most densely in the mediodorsal nude- 
us. A dense input was labeled in the homo- 
typic cortical area contralateral to the injec- 
tion. Although the patterns of thalamic and 
cortical labeling in each of the prelimbic 
injection cases were similar, there were vari- 
ations in the laminar distributions of the 

crossed corticocortical projection among an- 
imals, which was related to the laminar 
location of the labeled neurons at the injec- 
tion site (Figs. 1 and 2). In the first animal, 
the majority of PHA-Linjected neurons 
was located in layers VI and deep layer V of 
the prelimbic cortex, and the input to the 
contralateral homotypic cortical area was 
restricted to these same layers. In the second 
animal, the majority of PHA-Linjected 
neurons were located in superficial layer V 
and layers I1 and I11 of the prelimbic cortex, 
and the input to the contralateral cortex was 
dismbuted also to these more superficial 
laminae. Labeled corticosmatal inputs fbr 
these two animals were similarly dismbuted 
in the medial smatum, but differed in terms 
of their relative distributions to the patch 
and matrix compartments. In the case of the 
deep cortical injection, smatal inputs were 
distributed primarily to the patches, whereas 
in the case of the more superficial laminar 
injection, the labeled inputs were dismbuted 
primarily to the striatal matrix (15). 

Injections in the infkalimbic, anterior cin- 
gulate (Figs. 2 and 3), and lateral and medial 

Rg. 2. The patterns of 
PHA-L labeling in the cor- 
tex and smatum from injec- 
tions in the prelimbic cortex 
(A and 8) and anterior cin- 
gulate cortex (C and D). In 
this diagrammatic represen- 
tation, camera lucida uac- 
ings from individual animals 
were merged to depict label- 
ing from layer VI and deep 
layer V neurons (cells and 
axons labeled orange or red) 
and superficial layer V and 
layer 11 and 111 neurons 
(cells and axons labeled blue 
or green) in a single comcal 
area. Injections into both 
cortical areas show a correla- 
tion between the laminar lo- 
cation of the PHA-Lla- 
beled neurons at the injec- 
tion site, the laminar distri- 
bution of projections to the 
contralateral homotypic cor- 
tical area, and the specific 
targeting of labeled inputs 
to striatal patches (from 
deep layer injections) and 
smatal matrix (from superfi- 
cial layer injections). 

agranular cortices (Fig. 4) showed similar 
patterns of the laminar origin of striatal 
patch and matrix inputs as observed with the 
prelimbic injections. These cases revealed 
additional organizational features. First, 
there was a rough topographic organization 
of the inputs from cortical areas to the 
smatum, with ventral and dorsal cortical 
areas projecting to ventral and dorsal striatal 
regions, respectively. This topographic or- 
ganization applied to inputs of both com- 
partments such that patches innervated by a 
particular cortical area were surrounded by 
matrix innervated by the same cortex. Sec- 
ond, there was a difference in the relative 
contribution of the different cortical areas in 
the density of inputs to the patch compart- 
ment, with the densest inputs from the 
intialimbic and prelimbic cortex, moderate 
inputs from the anterior cingulate cortex, 
and rather sparse, albeit distinct, inputs 
from the medial and lateral agranular com- 
ces. These findings are consistent with stud- 
ies in which retrogradely transported tracers 
have demonstrated a transition of the lami- 
nar distribution of comcostriatal neurons 
from the prelimbic cortex, where most cells 
are located throughout layer V and some in 
layer VI, to the agranular motor cortex, 
where the majority are located in superficial 
layer V and in layer I11 (16, 17). A similar, 
although more complex, laminar organiza- 
tion of comcosmatal neurons in primates 
and dogs has shown a greater concentration 
of corticostriatal neurons in infkagranular 
layers in allocortical areas as compared with 
a greater number of supragranular cortico- 
smatal neurons in neocortical areas (18). 
Thud, some injections into superficial layer 
V resulted in discontinuous patterns of in- 
puts to the smatal matrix (Fig. 4G). Such 
patterns are not to be confbed with inputs 
to the smatal patch compartment and are 
related to other aspects of corticostriatal 
organization. 

Reports that the prelimbic cortex project- 
ed to the striatal patches and neocortical 
areas to the matrix most likely reflected the 
labeling of the predominant type of corti- 
cosaiatal projection from each area (4, 6). 
Although the present data re&rm that the 
cortical area of origin is an important deter- 
minant of the relative contribution of inputs 
to the smatal compartments, they suggest 
additionally that the underlying organiza- 
tion is related to the laminar origin of those 
inputs. Previous studies have stressed the 
relation between striatal patches and con- 
nections with the limbic system, for exam- 
ple, fiom the amygdala (12) and prelimbic 
cortex (4, 6). However, such connections 
are regionally specific to the ventral and 
medial striatum. Moreover, a reassessment 
of the suggestion that the striatal patch- 
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matrix organization is related to a simple ences in the projections from different corti- 
dichotomy between "limbic" and "nonlii- cal areas to the two compartments are rela- 
bic" function is required, given the present tive, as each area examined provides inputs 
findings of prelimbic cortex inputs to the to both smatal patch and matrix compart- 
striatal matrix and neocortical (medial and ments. Thus, these findings indicate a more 
lateral agranular cortices) inputs to the fundamental principle of patch-matrix func- 
patches in the dorsal striatum. The differ- tion is related to an organization in all 

iections into the anterior A '" L' V ? - 
cingulate cortex. In the first 
animal (A to D), PHA-L- 
injected neurons are located 
in layer VI and deep layer V 
(A). Axonal labeling is ob- 
served in the deep layers of 
the homotypic contralateral 
cortex (B) and in the smatal 
patches (arrows in C), 
which are marked by low 
levels of calbindin immuno- 
reactivity in the adjacent sec- 
tion (arrows in D). In the 
second animal (E to H), a 
few labeled neurons are in 
deep layer V and layer VI, 
but the majority are located 
in upper layer V and in lay- 
ers I1 and 111 (E). Axonal 
labeling is observed in the 
superficial layers of the con- 
tralateral homotypic cortex 
(F) and in the striatal matrix 
(G), which is marked by cal- 
bidin immunoreactivity in 
the adjacent section (H). 

Fig. 4. Photomicrographs 
of PHA-L labeling after in- 
jections into the medial 
agranular motor cortex. In 
the first animal (A to D), 
labeled neurons are located 
in layer VI and deep layer V 
(arrows in A). Axonal label- 
ing is observed in the deep 
layers of the homotypic con- 
tralateral cortex (B) and in 
the saiatal patches (arrows 
in C), which are marked by 
low levels of calbidin im- 
munoreactivity in the adja- 
cent sections (arrows in D). 
In the second animal (E to 
H), labeled neurons are lo- 
cated in upper layer V and 
in layers I1 and 111 (arrows 
in E). Axonal labeling is ob- 
served in the superficial lay- 
ers of the contralateral ho- 
motypic cortex (F) and in 
the smatal matrix (G), 
which is marked by calbin- 
din immunoreactivity in the 
adjacent section (H). 

cortical areas that segregates the outputs of 
separate types of cortical neurons to differ- 
entially affect the striatal patch and matrix 
neurons. 

The laminar organization of the cerebral 
cortex is related to the aggregation of pyra- 
midal neurons that have common axonal 
projection targets (19). A number of differ- 
ent subtypes of corticosmatal neurons have 
been described that differ on the basis of 
axon collaterals to other brain sites, such as 
to the pyramidal tract, thalamus, contralat- 
eral cortex, and contralateral smatum (17, 
20). Corticosmatal neurons also show dif- 
ferences in local axon collaterals with differ- 
ent patterns of laminar and regional spread 
(17, 20). Although the laminar and subla- 
minar distributions of subtypes of cortico- 
smatal neurons have not been established, 
these types of connectional distinctions pre- 
sumably underlie the functional significance 
of the laminar origins of corticostriatal pro- 
jections to the striatal patch and matrix 
compartments. As previously demonstrated, 
patch and matrix neurons provide different 
inputs to the location of the dopaminergic 
neurons and neurons expressing y-aminobu- 
tyric acid (GABA) in the substantia nigra, 
respectively (4, 5, 10). Thus the laminar 
segregation of the outputs of corticostriatal 
neurons provides pathways for each cortical 
area to differentially affect these compart- 
mentally organized output pathways of the 
smatum. 

REFERENCES AND NOTES 

1. L. Olson, A. Sciacr, K. Fux+ Brain Res. 44, 283 
(1972); 6. B. Pe< M. J. ~ u h & ,  S. H. snyder, Proc. 
Natl. Acad. Sci. U . S . A .  73, 3729 (1976); A. M. 
Graybiel and C. W. Ragsdak, Jr., ibid. 75, 5723 
(1978). 
P. S. Goldman and W. J. H. Naum, J. Comp. 
Neurol. 171,369 (1977); P. S. Goldman-Rakic, ibid. 
205,398 (1982). 
M .  Herkenham and C. B. Pert, Nature 291, 1129 
(1981). 
C. R Gerfen, ibid. 311,461 (1984). 
C. R. Gerfen, K. G. Bairnbridge, J. J. Miller, Rw. 
Narl. Acad. Sci. U . S . A .  82, 8780 (1985). 
J. P. Donoghuc and M. Herkenham, Brain Res. 365, 
397 (1986). 
C. W. Ragsdale, Jr., and A. M. Graybiel, ibid. 208, 
259 (1981). 
R. M. Beckstcad, ibid. 335, 153 (1984); H. W. 
Bcrcndsc el al., J. Chem. Neuroanat. 1, 3 (1988). 
C. R Gcrfen, M. Herkenham, J. Thibault, J. Neuro- 
science 7, 3915 (1987); J. Jimencz-Castellanos and 
A. M. Graybiel, Neuroscience 23, 223 (1987). 
C. R. Gerfcn, J. Comp. Neurol. 236,454 (1985). 
J. E. Krcttek and J. L. Price, ibid. 172,687 (1977). 
C.  W. Ragsdale, Jr., and A. M. Graybiel, ibid. 269, 
506 (1988). 
C. R. Gerfcn and P. E. Sawchenlco, Brain Res. 290, 
219 (1984). 
When the rats wcrc ansthetized with sodium p m -  
barbital, a 2.5% solution of PHA-L diluted in 
0.05M sodium phosphate buffer (pH 7.8) was inuo- 
duced by iontophornis into the cortex through glass 
micropipes (tip diameter 10 to 15 pm) with a 
positive current of 5 pA applied every other 7 s for 
15 min. Afvr 14 days, the animals were deeply 
anesthetized and perfuscd uanscardially with 0.9% 
saline followed by 4% formaldehyde in 0.1M sod- 

20 OCTOBER 1989 REPORTS 387 



un1 phosphate-buffered saline (PBS, pH 7.4). After 
saturation with 20% sucrose, the frozen brains were 
cut on a microtome into 30-pm-thick sections, 
which were processed by immunohistochemical pro- 
cedures to obtain labeling of axonally transported 
PHA-L. Sections reacted for immunohistochemical 
labeling were first incubated for 48 hours at 4°C in 
potassium PBS plus 2% normal goat serum and 
0.5% Triton X-100 to which had been added rabbit 
antiserum directed against PHA-L (diluted 1 : 2000, 
Vector Labs). After incubation in the primary anti- 
serum, sections were processed with the avidin- 
biotin immunoperoxidase method (5, 7, 12, 15). 

15. The particular crossed corticortical axons that were 

labeled were not assumed to be collaterals of axons 
also projecting to the striaturn. Rather, it was the 
consistent correlation benveen the laminar location 
of the labeled neurons, the laminar distribution of 
the crossed corticocortical projection, and the distri- 
bution of labeled inputs to the patch or matrix 
compartment that indicated that the laminar distri- 
bution of labeled corticostriatal neurons determined 
the compartmental distribution of their striatal pro- 
jections. From the set of cases with prelimbic injec- 
tions (n  = 20), seven showed inputs directed princi- 
pally to patches, five showed inputs directed princi- 
pally to matrix, and seven showed inputs to both 
compartments. In the last case these inputs had both 

deep and superficial layer neurons injected. 
16. F. Ferino, A. M. Theirry, M. Saffroy, J. Glowinski, 

Brain Res. 417, 257 (1987). 
17. C. J. Wilson, J. Comp. Neuroi. 263, 567 (1987). 
18. T. Arikuni and K. Kubota, J. Comp. Neuroi. 24.4, 

492 (1986); D. Tanaka, J. Neuroscience 7, 4095 
(1987). 

19. E. G. Jones, in Cerbml Cortex, A. Peters and E. G. 
Jones, Eds. (Plenum, New York, 1984), vol. 1, pp. 
521-553. 

20. J. P. Donoghue and S. T. Kitai, J. Comp. Neuroi. 
201, 1 (1981). 

19 June 1989; accepted 24 August 1989 

-- - 

"Apparently big science isn't big enough for both of them." 

SCIENCE, VOL. 246 




