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

CHARLES R. GERFEN

The basal ganglia, of which the striatum is the major component, process inputs from
virtually all cerebral cortical areas to affect motor, emotional, and cognitive behaviors.
Insights into how these seemingly disparate functions may be integrated have emerged
from 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
neurochemical and neuroanatomical properties. In this study, projections from pre-
frontal, cingulate, and motor cortical areas to the striatal compartments were exam-
ined with the Phaseolus vulgaris—leucoagglutinin (PHA-L) anterograde 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 superficial layer V and layer III and II corticostriatal 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.

THE STRIATUM, WHICH COMPRISES
the caudate, putamen, and accum-
bens nuclei, is composed of two dis-
tinct compartments, termed the patches and _
matrix, that are arranged as a mosaic (1-4). | Y tv
Neurochemical markers are differentially : '
distributed in these compartments. For ex-
ample, patches are rich in p-opiate receptor
binding sites (3), whereas the matrix con-
tains calbindin Dygyp 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 corticostriatal inputs
to the cortical area of origin (4, 6), that is,
the prelimbic 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 prelimbic
cortex receives major inputs from limbic
brain areas, including the amygdala (11),

and the amygdala has been shown to project
directly to the patches (12). These findings
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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 general rule
this allocortical versus neocortical segrega-
tion of patch and matrix inputs, a more
thorough examination of the compartmen-
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
Daskp, a striatal matrix-specific marker (5),
to identify the distribution of PHA-L-la-
beled corticostriatal inputs to either the ma-
trix or patch striatal compartments. The
cortical areas injected were the infralimbic,

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-
L~injected 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 cortex (B) and in the
striatal patches (arrows in
C), which are marked by
low levels of calbindin im-
munoreactivity in the adja-
cent section (arrows in D).
In the second animal (E to
H), PHA-L-injected neu-
rons are located in upper
layer V and in layers II and
IIT (E). Axonal labeling is
observed in the superficial
layers of the contralateral
homotypic cortex (F) and in
the striatal matrix (G),
which is marked by calbin-
din immunoreactivity in the
adjacent section (H).
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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 cytoarchitecturally 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
(i) the distribution of labeled afferents in
the thalamus.

Neurons with PHA-L labeling were con-
fined to the prelimbic cortex in 20 cases. In
the thalamus, labeled afferents were distrib-
uted most densely in the mediodorsal nucle-
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

Prelimbic Cortex

input to striatum

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-L—injected 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-L-injected
neurons were located in superficial layer V
and layers II and III of the prelimbic cortex,
and the input to the contralateral cortex was
distributed also to these more superficial
laminae. Labeled corticostriatal inputs for
these two animals were similarly distributed
in the medial striatum, but differed in terms
of their relative distributions to the patch
and matrix compartments. In the case of the
deep cortical injection, striatal inputs were
distributed primarily to the patches, whereas
in the case of the more superficial laminar
injection, the labeled inputs were distributed
primarily to the striatal matrix (15).
Injections in the infralimbic, anterior cin-
gulate (Figs. 2 and 3), and lateral and medial

Fig. 2. The patterns of
PHA-L labeling in the cor-
tex and striatum from injec-
tions in the prelimbic cortex
(A and B) and anterior cin-
gulate cortex (C and D). In
this diagrammatic represen-
tation, camera lucida trac-
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 II and III neurons
(cells and axons labeled blue
or green) in a single cortical
area. Injections into both
cortical areas show a correla-
tion between the laminar lo-

Cingulate Cortex

input to striatum
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cation of the PHA-L-la-
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
striatal 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
striatum, 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
infralimbic and prelimbic cortex, moderate
inputs from the anterior cingulate cortex,
and rather sparse, albeit distinct, inputs
from the medial and lateral agranular corti-
ces. These findings are consistent with stud-
ies in which retrogradely transported tracers
have demonstrated a transition of the lami-
nar distribution of corticostriatal 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 III (16, 17). A similar,
although more complex, laminar organiza-
tion of corticostriatal neurons in primates
and dogs has shown a greater concentration
of corticostriatal neurons in infragranular
layers in allocortical areas as compared with
a greater number of supragranular cortico-
striatal neurons in neocortical areas (18).
Third, some injections into superficial layer
V resulted in discontinuous patterns of in-
puts to the striatal matrix (Fig. 4G). Such
patterns are not to be confused with inputs
to the striatal 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-
costriatal projection from each area (4, 6).
Although the present data reaffirm that the
cortical area of origin is an important deter-
minant of the relative contribution of inputs
to the striatal 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, from 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
dichotomy between “limbic” and “nonlim-
bic” function is required, given the present
findings of prelimbic cortex inputs to the
striatal matrix and neocortical (medial and
lateral agranular cortices) inputs to the
patches in the dorsal striatum. The differ-

Fig. 3. Photomicrographs
of PHA-L labeling after in-
jections into the anterior
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 striatal
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 II and III (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-
bindin 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 striatal patches (arrows
in C), which are marked by
low levels of calbindin 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 II and III (arrows
in E). Axonal labeling is ob-
served in the superficial lay-
ers of the contralateral ho-
motypic cortex (F) and in
the striatal matrix (G),
which is marked by calbin-
din immunoreactivity in the
adjacent section (H).
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ences in the projections from different corti-
cal areas to the two compartments are rela-
tive, as each area examined provides inputs
to both striatal patch and matrix compart-
ments. Thus, these findings indicate a more
fundamental principle of patch-matrix func-
tion is related to an organization in all

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 corticostriatal 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 striatum (17,
20). Corticostriatal 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-
striatal 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 differendially affect these compart-
mentally organized output pathways of the
striatum.
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