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The striosome and matrix compartments of the striatum are
clearly identified by their neurochemical expression patterns and
anatomical connections. To determine whether these compart-
ments are distinguishable functionally, we used [14C]deoxyglu-
cose metabolic mapping in the rat and tested whether neutral
behavioral states (free movement, gentle restraint, and focal
tactile stimulation under gentle restraint) were associated with
regions of high metabolic activity in the matrix, in striosomes, or
in both. We identified metabolic peaks in the striatum by means
of image analysis, striosome–matrix boundaries by [3H]nalox-
one binding, and primary somatosensory corticostriatal input

clusters by injections of anterograde tracer into electrophysi-
ologically identified sites in SI. Peak metabolic activity was
primarily confined to the matrix compartment under each be-
havioral condition. These findings show that during relatively
neutral behavioral conditions the balance of activity between
the two compartments favors the matrix and suggest that this
balance is present in the striatum as part of normal behavior
and processing of afferent activity.
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The striatum is characterized by a striking anatomical architec-
ture that divides it into striosomes and matrix (Graybiel and
Ragsdale, 1978; Graybiel, 1990; Gerfen, 1992). These compart-
ments exhibit different levels of expression of neurotransmitter-
related molecules ranging from receptors to second messengers.
They also have different input–output connections and different
complements of striatal interneurons (Donoghue and Herken-
ham, 1986; Jimenez-Castellanos and Graybiel, 1987; Gerfen,
1989; Ragsdale and Graybiel, 1990; Kincaid and Wilson, 1996;
van Vulpen and van der Kooy, 1998). The large matrix compart-
ment itself has patchy sets of inputs and outputs, suggesting that
it, too, is divided into modular domains that have been called
matrisomes (Flaherty and Graybiel, 1994; Kincaid and Wilson,
1996). It is still not known, however, how these anatomically
identified compartments are related to functional processing in
the striatum. For example, despite evidence for heterogeneity in
activity patterns of neurons recorded in awake behaving animals
(Schultz and Romo, 1988; Alexander and Crutcher, 1990;
Kimura, 1990; Carelli and West, 1991; Hikosaka, 1991; Rolls,
1994; Kermadi and Joseph, 1995; Mink, 1996; Trytek et al., 1996;
Jog et al., 1999), the sites of recordings have generally not been
referable to particular compartments. Clustering of functionally

related neurons has been observed in a few studies, suggesting
that the anatomical clusters could have functional counterparts
(Crutcher and DeLong, 1984; Liles and Updyke, 1985; Carelli
and West, 1991; Jog et al., 1999), but differences in the functional
properties of nearby units have also been found. Moreover, there
is widespread electronic coupling of some striatal interneurons
(Koos and Tepper, 1999), suggesting that functional processing
may blur anatomical boundaries. Similarly, although most striatal
input fibers and output neurons form clusters distinguishable in
anatomical labeling studies, even the most vividly patchy anatom-
ical labeling is always accompanied by more diffuse labeling likely
representing diffuse projection systems (Jones et al., 1977;
Künzle, 1977; Selemon and Goldman-Rakic, 1985; Flaherty and
Graybiel, 1991; Giménez-Amaya and Graybiel, 1991; Cowan and
Wilson, 1994; Kincaid and Wilson, 1996; Parthasarathy and Gray-
biel, 1997; Alloway et al., 1999; Wright et al., 1999). Thus neither
current electrophysiological evidence nor current anatomical ev-
idence has settled the question of whether compartmentation
within the striatum exists at the functional level, or whether the
compartments are coactive in the course of natural behaviors.

To address this issue, we used the [14C]deoxyglucose (2DG)
mapping method to study metabolic activity in the striatum of
awake behaving rats both in the free-moving state and during
quiet restraint and gentle tactile stimulation. Although such met-
abolic activity is an indirect measure of ongoing neural activity
(Durham and Woolsey, 1977; Sokoloff et al., 1977; Hubel et al.,
1978; Juliano and Whitsel, 1987; Friedman and Goldman-Rakic,
1994), the 2DG method has the high resolution and broad cover-
age that allowed us to compare tissue activity levels with com-
partmental distribution patterns determined in the striatum post-
mortem. Our findings suggest that neural activity predominates in
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the matrix compartment of the striatum under behavioral condi-
tions of rest, free movement, and restraint as well as during
specific afferent activation in the form of somatosensory
stimulation.

MATERIALS AND METHODS
Somatosensory stimulation and [ 14C]deoxyglucose autoradiography. Ex-
periments were performed on 25 male Sprague Dawley rats (250–350
gm; Taconic Farms, Germantown, NY) housed on a daylight cycle with
ad libitum access to food and water. The rats were divided into seven
experimental groups. The first, free-movement group (n � 5) was made
up of rats allowed to move freely in a dark observation chamber or in a
laboratory cage containing chocolate squares. Other groups received
somatosensory stimulation on the left hindlimb (HL, n � 3), left forelimb
(FL, n � 4), or left vibrissae (VIB, n � 4), or served as matched
restrained control groups, receiving similar gentle restraint but no stim-
ulation (n � 3 for hindlimb; n � 4 for forelimb; and n � 2 for vibrissa).

All rats were brought from the animal facility to the laboratory in cages
the night before experiments were done. Deoxyglucose experiments were
performed according to established procedures (Sokoloff et al., 1977;
Crane and Porrino, 1989). The morning of the experiment, the rats were
anesthetized with halothane; catheters were implanted in the external
iliac vein and artery and were externalized at the back of the neck. The
rats were returned to their cages to recover for 2–4 hr. Rats in the
free-moving group were either left in their cages, to which squares of
chocolate were added (n � 2), or moved to a 2.5 cubic foot sound-
attenuating chamber with ambient white noise �20 min before injection
of deoxyglucose to allow time for exploration (n � 3). A 0.5 ml bolus of
2-[1- 14C]deoxy-D-glucose (DuPont NEN; Boston, MA) in 0.9% saline
was injected through the intravenous catheter at a concentration of 0.05
�Ci/gm of body weight. To quantify the glucose utilization rate, 13
arterial samples were taken over the course of the 45 min experimental
period (Sokoloff et al., 1977). During the period after injection, the rats
sat quietly, groomed, explored, or ate.

All HL and FL rats, whether stimulated or restrained only, were
placed in a Plexiglas restrainer (Braintree Scientific, Inc., Braintree,
MA) 20 min before 2DG injection, with the hindlimb or forelimb
extended and secured with a cuff of soft surgical tape onto the surface of
the Plexiglas restrainer. Rats in the VIB groups were placed in a
movement-restricting plastic cone with an opening allowing experi-
menter access to the vibrissae. For the stimulation groups, each rat was
stimulated for at least 10 min before injection of the 2DG bolus as above
and for 45 min afterward. In the stimulated HL and FL animals, a nylon
bristle attached to a rotating wheel was swept across the hairy skin of the
dorsal surface of the limb at a rate of three to four sweeps/sec. The bristle
bent at a pressure of 2.5 gm and moved over a range of 1–2 cm. The FL
stimulus swept between the elbow and the wrist; the HL stimulus
traversed a path between the patella and the pelvis. In the VIB group,
stimulation was applied to a single vibrissa (C1 or D1) in three animals
and to all vibrissae in the fourth rat. The stimulation bristle was moved
at three to four sweeps/sec from caudal to rostral. In the control groups,
the stimulation apparatus was activated, but the bristle did not touch the
animals.

At the end of the experiment, each rat was given a lethal dose of
sodium pentobarbital (Nembutal, 100 mg/kg, i.v.). Vertical 26 gauge
stainless steel oil-coated needles were inserted under stereotaxic guid-
ance at sites 3.0 mm posterior to bregma and 3.0 mm to the left and right
of the midline to make fiducial tracks for later coronal alignment. The
brain was removed, and anteroposterior fiducial needle tracks were made
in each hemisphere for registration of brain sections during subsequent
imaging procedures. The brain was frozen in methyl butane at �35°C
and cut on a cryostat at 30 �m into serial coronal sections throughout the
striatum, from anteroposterior (AP) �2.0 to �2.0 mm relative to bregma
(Paxinos and Watson, 1998). The sections were mounted on glass slides,
and the slides were apposed to SB5 x-ray film and stored at �70°C in
light-tight cassettes for 12–14 d. Films were developed with Ciné devel-
oper (White Mountain Imaging, Webster, NH). The sections were re-
turned to �70°C and stored until [ 3H]naloxone binding was performed.

[ 3H]Naloxone ligand binding. [ 3H]Naloxone binding was performed on
sections previously processed for 2DG according to the procedure de-
scribed by Moratalla et al. (1992). Briefly, the sections were allowed to
come to room temperature and were then preincubated for 5 min at 4°C
in 50 mM Tris-HCl buffer in 100 �M NaCl, which removed enough 2DG
so that it was not detected by the film. They then were incubated for 60

min in 2.5 nM [ 3H]naloxone (DuPont NEN). Controls for nonspecific
binding were treated with a 1 �M solution of unlabeled naloxone hydro-
chloride (Sigma, St. Louis, MO). All slides were washed three times in 50
mM PBS, rinsed in distilled water, dried, and apposed to Hyperfilm- 3H
(Amersham Biosciences, Arlington Heights, IL) for 5 weeks at room
temperature before development with Ciné developer.

Image analysis of autoradiographic data. Reliable visualization and
unbiased localization of peaks in 2DG autoradiograms representing
increases in glucose utilization on the order of �20% required use of
computer-assisted imaging techniques. To obtain an unbiased selection
of peaks and an unbiased determination of their borders, we developed
computer programs that automatically detected regions of peak metab-
olism as activity features in digitized 2DG images of the striatum (Fig.
1 A–A�,B–B�). Other programs detected striosomes in the paired
[ 3H]naloxone images of the same sections (Fig. 1C–C�). The program for
detection of 2DG peaks automated the thresholding method used in
previous studies (Brown et al., 1996) to avoid the necessity for visual
selection of “regions of interest” in 2DG images and provided a stan-
dardized method for assigning edges to the peaks.

Autoradiograms of coronal sections were digitized into 256 gray levels
(0 � white, and 255 � black) with a Sony CCD camera and a Scion LG-3
frame grabber. The software was a Macintosh-based version of NIH
Image written by Wayne Rasband at the National Institute of Mental
Health (available from the Internet at http://rsb.info.nih.gov/nih-image).
The two digitized images of each histologic section, one [ 3H]naloxone
and one 2DG, were registered in an image “stack” by means of a
customized macro within NIH Image. Fiducial markers, salient features,
and tissue artifacts were all used to align the autoradiographic images.
The macro incorporated bilinear interpolation to rescale the [ 3H]nalox-
one images to compensate for the shrinkage of the sections that occurred
during tissue processing, relative to the 2DG labeling before the pro-
cessing. The alignment procedure was repeated several times for each
pair of images for each section. All measurements were performed
bilaterally.

Algorithm for detection of local metabolic peaks. For detection of 2DG-
labeled metabolic peaks, we used an algorithm designed to locate on a
Cartesian grid the largest, most intensely labeled (darkest) peaks of
radiolabeling in the striatum. In autoradiograms imaged at a resolution
of 256 gray levels, the striatum contained �50 gray levels that could be
seen by eye to be heterogeneously distributed into light and dark patchy
regions (Fig. 1 A,B). This level of imaging is constrained by the resolution
of the x-ray film, �0.0025–0.01 mm 2 (50–100 linear �m; 2500–10,000
�m 2; Smith, 1983). The custom-written macro in NIH Image that we
used for peak detection first applied a 7 � 7 Gaussian filter to smooth the
deoxyglucose image and then selected the darkest striatal pixel as the
starting point for autothresholding. A primary peak was then identified.
Starting from the gray level of the darkest pixel, the left striatum was
thresholded iteratively at successively lower gray levels until a peak was
found that exceeded the preset minimum peak area (200 pixels � 0.116
mm 2, 0.340 linear mm, 115,600 �m 2), approximately the size of a circle
with a diameter of 0.384 mm. This size criterion was reached by an initial
analysis of �200 autoradiograms, which showed that this size minimum
(well above the resolution of the film) avoided spurious small artifacts
and resulted in separable activity peaks. The procedure followed is
similar to a computer vision tool called scale-space primal sketch that has
been used successfully in human metabolic mapping studies to localize
functional activation (Lindeberg et al., 1999).

To define the limits of the detected primary peak, its final size was
determined by its rate of growth during iterative thresholding. A sudden,
rapid increase in the size of the feature during autothresholding indi-
cated that the primary feature had merged with a smaller one. The
strategy of restricting the primary metabolic peak to a feature size less
than a maximum of 0.145 mm 2 that grows at a rate �0.029 mm 2 served
to locate features with high-contrast edges. Features with low-contrast
edges grow more quickly than do features with high-contrast edges when
iterative thresholding at progressively lower values is applied. As a result,
the high-contrast features can be selectively extracted by this step. We
thus identified a primary peak in the striatal image as a cluster of pixels
of limited size that had the darkest pixel and high contrast.

After a primary peak was identified, its threshold level was applied to
the entire image, and the peak identification process was repeated.
Between 1 and 20 secondary peaks were typically identified in the
striatum of one hemisphere (Fig. 1 A�,B�). They ranged in size from
0.0027 to 0.390 mm 2 with a mean of 0.053 mm 2. The original image was
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then rotated 180° around its vertical axis, and the processing was re-
peated on the contralateral striatum.

Detection of [ 3H]naloxone-positive striosomes. To locate the [ 3H]nalox-
one-positive features in digitized autoradiograms, a second customized
macro in NIH Image applied a 5 � 5 Gaussian filter to accentuate the
contrast borders within the image and then smoothed the resulting image
by application of a 5 � 5 mean filter. This image was then multiplied by
the original image, and the result was scaled back to gray level values that
range from 0 to 255. The program then found the high-contrast point in
the gray level histogram of the image, where the histogram peak leveled
off and included the darkest pixels. This gray level was used to detect
striosomes, which were defined as features between 0.0058 and 5.81 mm 2

in the [ 3H]naloxone autoradiogram (Fig. 1C�). The size criterion was
determined by study of �200 autoradiograms and was easily validated by
matching the size and shape of the clearly defined features in an image
stack consisting of the original digitized [ 3H]naloxone autoradiogram
and the image that resulted from feature detection.

Combining 2DG and [ 3H]naloxone features into a comparison image.
After completion of feature extraction for the left and right striata for
each section, the 2DG and [ 3H]naloxone images were combined in a
single comparison image to determine the extent to which the deoxyglu-
cose and [ 3H]naloxone features overlapped. A copy of the original
digitized [ 3H]naloxone image was taken as a template within which to
place the 2DG and [ 3H]naloxone features. The macro then used NIH
Image utilities to calculate the feature areas of each type and the
percentage of the total [ 3H]naloxone feature pixels that overlapped the
2DG features. It also assigned colors to these values via a color lookup
table, which helped in viewing the features and regions of overlap. The
centroid position (x and y coordinates) and area (square millimeters) of
each 2DG peak, each striosome, and each region of overlap were mea-
sured in the dorsal half of the striatum in comparison images throughout
the striatum using the NIH Image macro. Positions were calculated in
millimeters relative to lines marking the midline and the dorsal edge of
the striatum. Once the peaks and striosomes in the dorsal striatum had
been selected, their areas were measured separately, as well as their
percent overlap. Percent overlap of the total 2DG peak area with strio-
somes was calculated separately from percent overlap between the 2DG
peaks and total striosome area. In addition to defining overlaps of 2DG
peaks and striosomes in this manner, we also systematically increased the
sizes of the 2DG peaks to the point at which striosomes were included.

Statistics. The centroids of all peaks were plotted on atlas diagrams of
sections in horizontal, coronal, and sagittal planes (Paxinos and Watson,
1998). Large differences were noted by visual inspection. To compare
metabolic peak location results statistically, we used a mixed models
repeated measures analysis of covariance on the x and y variables
(MANCOVA; criterion p � 0.05) followed by t tests to compare indi-
vidual groups of animals (SAS software, version 6.12, spatial statistics,
mixed model; SAS Institute, Inc., Cary, NC). The t tests reported were all
planned comparisons. AP levels (the z variable) were divided into six
ranges relative to bregma, in 300, 400, 500, and 600 �m blocks: AP �2.0
to �1.5, �1.5 to �1.0, �1.0 to �0.3, �0.3 to �0.1, �0.1 to � 0.4, and
�0.4 to �1.0 mm. These ranges span known corticostriatal projection
patterns from SI cortex in the rat (Brown et al., 1998; Alloway et al.,
1999).

Immunohistochemistry for anterograde tracer studies and deoxyglucose
autoradiography. In four additional rats, biotinylated dextran amine
(BDA) was injected into electrophysiologically identified sites in SI
cortex (Brown et al., 1998; n � 3, HL; n � 1, FL), and a 2DG experiment
was performed 2 weeks after the injections. A 2 week delay was necessary
to allow cortical metabolism to return to normal after the surgery. At the
end of the 45 min experimental DG period, the rats were perfused with
0.9% saline and 10% neutral buffered formalin, and fiducial markers
made of stainless steel tubing were placed anteroposteriorly in the brains.
Cryostat sections were cut at 30 �m, and sections were alternately
mounted on slides or placed in individual wells containing PBS. The
sections on slides were apposed to film for autoradiography, and the
sections in PBS were processed for BDA immunohistochemistry (Bevan
et al., 1997). The BDA sections were floated onto slides, and both the DG
autoradiograms and matching BDA-stained sections were digitized. Met-
abolic peaks were detected and outlined onto the two sets of images, and
they were aligned by means of the fiducial markers and the external
capsule. The images showed that these procedures resulted in local
diffusion of label so that individual axons were not visible. However,
projection fields were readily identifiable.

RESULTS
Rats in the free-movement groups sat quietly in the observation
chamber, only occasionally grooming or otherwise moving
(“quiet group”), or, for the rats in cages, ate chocolate more than
half of the time or otherwise rested or groomed (“active group”).
Striatal glucose utilization in the striatum of these rats included
regions of relatively lower and higher glucose utilization rates
compared with the average rate of the entire striatal region
sampled, as described previously (Brown, 1992; Brown and Sharp,
1995; Brown et al., 1996). The metabolic peaks (115 	 10 com-
pared with 91 	 9 �mol � 100 gm�1 � min�1 for the average) were
readily identified by the algorithm (Fig. 1A�) and appeared
throughout the striatum. In the quiet group there was a 300- to
500-�m-wide lateral zone with fewer peaks than found in the
same location in rats that moved about and ate (Fig. 2A,B). In the
group of lightly restrained rats, metabolic peaks were also widely
distributed, but the conditions of restraint affected the distribu-
tions, especially laterally (Fig. 2C,E,G). Peak locations in the
restrained HL, FL, and VIB control groups were different
from each other ( p � 0.01–0.05, depending on the AP level,
MANCOVA and t tests).

Metabolic activity in the striatum of rats given tactile stimula-
tion was heterogeneous as in the controls (Fig. 1B), but the
highest metabolic peaks in these animals clearly occurred in the
far lateral part of the striatum, corresponding to the sensorimotor
sector (Fig. 2D,F,H; Brown, 1992). Mean 	 SEM glucose utili-
zation of the peaks was 105 	 9 �mol � 100 gm�1 � min�1 com-
pared with the average of 96 	 8.

The peak distributions in the striatum in all of the stimulation
groups were statistically different from those in their respective
restraint controls from AP �1.0 to �1.0 mm ( p � 0.05 for VIB
vs VIB control; p � 0.005 for HL vs HL control and FL vs FL
control; MANCOVA and t tests). Compared with the distribu-
tions in the quiet free-movement rats, the patterns in the VIB
group were different at AP �1.5 to �1.0 and �0.3 to �1.0 ( p �
0.05), and the distributions in the HL and FL stimulation groups
were different at most AP levels from �1.0 to �1.0. Thus, differ-
ences related to the applied somatosensory stimulation occurred
over a 2.5 mm range but not at all levels within that range for each
group.

Comparison of striatal metabolic activity distributions
and the distribution of striosomes
The results of the compartmental analysis were clear-cut: there
was minimal overlap of the peaks of metabolic activity with
striosomes in any of the rats, whether they had been free-moving,
lightly restrained, or stimulated under light restraint (Fig. 3). In
30% of the sections analyzed, there was no overlap whatsoever.
The mean percentages of the total striosomal area coincident
with DG peaks per section were 3.4 	 0.2% (left) and 3.5 	 0.2%
(right) for the free-movement rats and were 3.5 	 0.2% (left) and
3.4 	 0.2% (right) for the restraint controls. For stimulated
animals, the overlap was nearly identical: 3.0 	 0.2% (left),
ipsilateral to the side of stimulation, and 2.9 	 0.2% (right),
contralateral to the side of stimulation. The mean percentages of
the total DG peak area containing striosomes were 6.7 	 0.4%
(left) and 6.8 	 0.5% (right) for the free-moving rats, 6.4 	 0.4%
(left) and 5.2 	 0.5% (right) for the lightly restrained rats, and
6.3 	 0.3% (left) and 6.3 	 0.3% (right) for stimulated animals.
There were no differences in striosome peak overlap among the
stimulated groups.

Nearly all overlap that did occur between peak metabolic
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activity and striosomes was at the edges of the striosomes or at
out-jutting parts of the striosomes or involved very small strioso-
mal features (Figs. 3C–F, 4A). We estimate that the overlap was
no more than 1–20 �m. Of all the DG peaks measured in the
free-moving, restrained, and stimulated animals, 40% overlapped
a striosome in this minimal manner. This overlap could have
resulted from errors intrinsic to our overlay method, which in-
cluded correction for shrinkage and relied on fiducial points that
were not immediately adjacent to the features compared. There
were rare instances of complete overlap (3 of 2603 overlap in-
stances measured) fitting the size and shape of striosomes exactly,
which indicated that the method we used could detect peak
activity in striosomes were it present. These instances were not
associated with any behavioral group.

As a check on our single-section comparison method, we chose
from a HL stimulation case a single metabolic peak in the DG
image that lay next to a striosome and aligned it with the corre-
sponding peaks in nine consecutive serial sections (Fig. 3G,H).
The small amount of overlap of the metabolic peak with the
striosome noted in the original section did not expand to overlap
the striosome significantly, and the overlap sites did not form
larger areas than those seen in single sections did.

We performed a detailed analysis to determine how critical the
border assignments for the metabolic peaks were to the results
(Fig. 4). We systematically increased the image area of the met-
abolic peaks in individual sections in two to four animals from

each treatment group. We reasoned that if the observed overlap
were a random process, then it would follow a linear function
( y � x). When peak image sizes were increased by progressively
lowering the threshold for peak gray levels across the entire range
for detection of metabolic activity, the overlap of metabolic peaks
and striosomes did not increase beyond 10% until the detection
threshold was set below a gray level that could distinguish indi-
vidual peaks (Fig. 4A). Accordingly, plotting overlap as a func-
tion of percentage detected was not linear until the background
was detected (Fig. 4B). In contrast, when we generated sets of
randomly distributed peak images for individual brain sections
(Fig. 4C) and randomly distributed 100 sets of the peaks on a
template of the striosomes for that section, overlap with strio-
somes was substantial (Fig. 4D) and significantly greater for the
randomly distributed sets than for the actual peaks detected ( p �
0.00007).

Comparison of metabolic activity distributions
and matrisomes
We analyzed SI inputs labeled by BDA injections placed at
electrophysiologically identified sites in SI cortex representing the
hindlimb (n � 3) and forelimb (n � 1) in relation to metabolic
peaks labeled by somatotopically matched HL and FL stimulation
at the periphery performed in the same animals.

The direct matrisome–metabolic peak comparisons (Fig. 5)
demonstrated predominant overlap of the cortical input zones

Figure 1. Computer-based detection of peak glucose utilization rate and striosomes in [ 14C]DG and [ 3H]DG autoradiograms of the striatum. A,
[ 14C]2DG autoradiogram of transverse sections through the left striatum of an unstimulated, lightly restrained control rat. The arrow indicates a medial
region of relatively high activity. B, Autoradiogram at a similar level from a rat that received tactile stimulation of the hindlimb. Arrows indicate medial
(right) and lateral (lef t) regions of highest metabolic activity estimated by visual inspection. Note that metabolism is heterogeneous in the control as well
as the stimulated animal; the effect of stimulation is determined by the location of the peaks that are unique to the stimulated group, in this case the
lateral striatum. C, [ 3H]Naloxone autoradiogram of the same section illustrated in B after washout of the 14C that had been in the tissue, which permitted
detection of the [ 3H]naloxone binding. Arrows indicate two of the �-opioid receptor-rich striosomes. A
–C
, Digitized and enhanced images of sections
shown in A–C. Standard image processing (equalization) shows the darkest regions in the autoradiograms (arrows) as peaks (A
, B
) or striosomes (C
).
A�–C�, A computerized algorithm detected metabolic peaks (A�, B�) and striosomes (C�), shown as black features on images of the brain sections. Note
that although the original 14C-labeled autoradiograms have no sharp feature edges, the algorithm located the largest, darkest, clearly separable features.
The top lef t arrow in B� indicates a metabolic peak in the lateral striatum that was absent in the control shown in A�. This peak location, found reliably
in all stimulated animals, corresponded to a hindlimb sensorimotor cortex input zone. CC, Corpus callosum; EC, external capsule. Scale bar, 500 �m.

308 J. Neurosci., January 1, 2002, 22(1):305–314 Brown et al. • Functional Activity of the Striatal Matrix



and the peak zones of metabolic activity. The BDA labeling in
sections processed for 2DG showed diffusion of a reaction prod-
uct so that our estimates of overlap did not have single-fiber
resolution. Even so, there was striking consistency in overlap of
the metabolic peaks and BDA-labeled cortical inputs. Figure 5
illustrates this pattern in a HL case. The largest metabolic peak
almost exactly matched the BDA labeling in size, shape, and
location. Altogether, in the three HL rats and one FL rat, there
was direct overlap of the metabolic peaks and lateral striatal
projection fields in 60–80% of the sections collected from AP
�1.0 to AP �1.7 mm. In contrast, in the medial striatum, to which
SI cortex projects minimally, there was no overlap in one HL rat
and the FL rat and one small peak overlapping a BDA-labeled
zone in the other HL rats.

DISCUSSION
Our findings demonstrate that the highest metabolic activity in
the striatum occurs in the matrix compartment rather than in
striosomes in awake behaving animals under a range of behav-
ioral conditions, including voluntary movement, light restraint,
and focal stimulation of different parts of the body surface. Like
other imaging techniques depending on metabolic activity or
blood flow (Hevner et al., 1995; Disbrow et al., 2000; Gsell et al.,
2000; Nakao et al., 2001), the 2DG method is an indirect measure
of neural activity and is not sensitive to phasic activity states.
Nevertheless, in a variety of other experimental conditions, it has
been closely correlated with neuronal activity, especially at axon
terminals (Hubel et al., 1978; Mata et al., 1980; Yarowski et al.,
1983; Ackermann et al., 1984). Our finding that activity predom-
inates in the matrix throughout the striatum during resting and
neutral behavioral states suggest that the neurochemically distin-
guished striosome and matrix compartments of the striatum rep-
resent not only anatomically distinct subdivisions of the striatum
but also subdivisions that can have differential rather than coor-
dinate activity during natural behaviors. Specifying the nature of
the behavioral states that coordinately or independently activate
these striatal compartments could have major implications for
understanding the normal functions of the basal ganglia and their
dysfunction in extrapyramidal disorders.

Metabolic activity in the matrix predominates during
voluntary movement and quiet restraint
A striking finding in our study is that even in rats free to move
about, groom, or eat, peak metabolic activity occurred preferen-
tially in the matrix compartment and not in striosomes. This
result held for the entire striatum, suggesting that under relatively
natural conditions of free movement or rest, the dominant activity
of axon terminals in the striatum is in the matrix compartment.

It is unlikely that the matrix predominance of peak metabolic
activity resulted from a failure of the technique to detect large
overlaps between metabolic peaks and striosomes, because there
were very rare instances of extensive overlap detected and nu-
merous instances of overlap of a few micrometers at striosomal
borders, nor could the low level of activity in striosomes simply
have reflected a failure of our technique to measure peaks as
small as striosomes, because the areas of the metabolic peaks and
striosomes were very similar, and both had irregular edges within
the detection threshold. The possibility remains that activity was
elicited in striosomes but at levels below our background values or
in phasic episodes too brief to be detected.

Interestingly, we did find very slight overlaps between the edges
of metabolic peaks and the edges of striosomes. We were unable

Figure 2. Distribution of metabolic peaks in the striatum in the quiet and
free-movement groups and in the restrained control and stimulation
groups. Centroids of peaks are shown as dots. The drawings illustrate the
2.5 mm anteroposterior range in which the peak distribution (dots drawn
on horizontal sections) in the comparison groups were statistically differ-
ent. The far lateral striatum was especially activated by movement and
somatosensory stimulation. Color dots indicate the area of lateral peaks
not present in restraint controls. A, Quiet group. B, Active group. Peaks
appear farther laterally in the striatum in the active than in the quiet
animals. The same was true for stimulated versus restraint controls for HL
stimulation (C, restraint control; D, stimulated), VIB (E, restraint con-
trol; F, stimulated), and FL (G, restraint control; H, stimulated) stimula-
tion groups. ec, External capsule. The template for the horizontal sections
is modified from Paxinos and Watson (1998) at interaural 5.26 mm. Scales
are in millimeters.
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to determine whether this slight overlapping indicated true peris-
triosomal activation or errors of alignment, but rims around
striosomes have been noted repeatedly in anatomical studies
(Graybiel and Ragsdale, 1978; Faull et al., 1989; Graybiel, 1996;
Jakab et al., 1996; Waldvogel et al., 1999). These boundary zones
could be functionally important regions for striatal processing
involved in learning and transforming neutral inputs related to
motivationally important signals (Aosaki et al., 1995).

The strong metabolic activity in the matrix that occurred dur-

ing free movement, quiet rest, and quiet restraint could reflect the
broad array of cortical and thalamic inputs that reach the matrix
compartment. The matrix receives most corticostriatal inputs
from sensory cortices, from motor and premotor areas, and from
the association cortex and also much of the large thalamic input to
the striatum (Donoghue and Herkenham, 1986; Malach and
Graybiel, 1986; Flaherty and Graybiel, 1991; Ragsdale and Gray-
biel, 1991; Kincaid and Wilson, 1996; Brown et al., 1998). As the
free-movement rats moved about, rested, or engaged in grooming

Figure 3. Metabolic peaks in the striatum of stimulated and free-movement animals overlap minimally with striosomes. A, Surface plot of the
dorsolateral striatum in a HL-stimulated animal (shown in Fig. 1B), color-coded to illustrate the peaks and valleys formed by the high and low gray levels
that represent glucose utilization rates. The gray level of the yellow–brown peak (white arrow 1) is 20% higher than the gray level of the baseline measured
at black arrow 5, which is the mean gray level measured for the entire striatum. The white dotted line indicates the level of the cross-section shown in B.
The white arrows indicate the peaks, and the black arrows indicate the valleys that correspond to those shown in B. B, Profile of gray levels plotted along
the white dotted line in A. Each color represents four gray levels. The program used for peak detection first detects the darkest pixels ( yellow) and then
progressively lowers the threshold to include the gray levels shown in the browns and greens. In this example, when the gray levels in the light green range
are detected, the two largest peaks merge across the valley indicated by black arrow 4. The program then chooses the level of detection that does not
merge the two peaks. C, Image of the metabolic peaks detected in A overlaid on the autoradiogram with labeled striosomes. The program detected two
peaks in the dorsolateral striatum (arrow), color-coded according to the plot profile and surface plots in A and B. The region of highest metabolism is
shown in yellow. Asterisks show examples of striosomes (blue; compare locations in A and C). D, Same image as in C, except that the detection level was
set to include gray levels well below those illustrated in C. Accordingly, the program detected larger peaks than those shown in C, which allowed the peaks
to merge but still produced very little overlap (white) with striosomes. E, F, Two examples of minimal or no overlap in the free-movement group.
Metabolic peaks ( green) avoid striosomes (blue) or show overlap (red). G, Three-dimensional rendering of 10 serial sections (30 �m each; 300 �m total)
in the anterior striatum illustrating two stimulus-specific metabolic peaks ( green) and striosomes (blue). Regions of overlap are shown in red. H, Same
10-section reconstruction rotated forward 75° around the x-axis to illustrate the view from the dorsal surface of the striatum. The arrows indicate the same
small regions of overlap shown in G and H. Reconstructions and three-dimensional renderings were made using VoxBlast software (Vaytek Inc., Fairfield,
IA). EC, External capsule. Scale bar, 500 �m.
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or feeding behaviors, these inputs appeared to have predomi-
nated. In the one electrophysiological study differentiating neu-
ronal activity in striosomes and matrix during open-field behav-
ior, the neurons activated were also found in the matrix (Trytek
et al., 1996). A large part of the striatal neuropil is made up of the
processes of intrinsic neurons, so that the strong metabolic activ-
ity in the matrix could also reflect such local circuit function
(Kawaguchi et al., 1995). Our results suggest that the activity of
such intrinsic circuitry also did not blur or abolish the matrix
predominance of functional metabolic activity.

The near absence of peak metabolic activity in striosomes in
this study suggests that strong or sustained striosomal activation
or both may require special behavioral circumstances. Unlike the
matrix, striosomes receive strong cortical inputs preferentially
from posterior orbital and anterior cingulate and caudal prefron-
tal cortical areas, regions that have been associated with limbic
and evaluative circuits of the forebrain (Donoghue and Herken-
ham, 1986; Ragsdale and Graybiel, 1990; Eblen and Graybiel,
1995; Ferry et al., 2000). Indirect evidence has implicated strio-
somes in motivation-based processing and the development of

Figure 4. Restriction of metabolic peaks to the striatal matrix after tactile stimulation. A, Panels 155–144 (numbers at top right) show digitized images
of the right striatum from a single section from an FL stimulation case, subjected to iterative thresholding from gray level 155 to gray level 144. Even
when metabolic peak detection was increased to include most of the dorsolateral striatum, the progressively lower rates of glucose utilization included
still lay within the matrix. The DG peaks (red) were superimposed on a template of striosomes (blue) detected in the same transverse section by
[ 3H]naloxone binding. Overlap is shown in yellow. The arrows in panel 151 indicate the peaks associated with FL stimulation according to comparisons
with controls. The gray level in panel 151 was chosen by the algorithm for measurement of peak feature size. B, Plot of the overlap of DG peaks with
[ 3H]naloxone-positive striosomes (solid line) and a hypothetical linear function for overlap (dotted line). The actual overlap is nonlinear at �8% DG
detection (A, panels 155–149). C, Panels 2–12 show 11 artificial, randomly distributed sets of DG features superimposed on the same template as in A.
The first panel illustrates the actual data. The number of pixels in which DG peaks (red) and striosomes (blue) overlap is shown in the top right. The area
of overlap in the first panel with actual data (27 pixels) is less than in any of the randomly distributed sets (89–241 pixels; each pixel � 24 �m). D,
Comparison of the overlap of striosomes with peaks detected in actual cases (white bars) and with artificial, randomly distributed peaks (black bars). The
21 pairs of bars are data derived from transverse sections through the striatum in 11 rats. For each section, overlap with [ 3H]naloxone-positive striosomes
was measured for 100 sets of actual peaks and for these peaks given randomly generated locations. Bars represent median overlap; overlap of the
randomly distributed features was significantly greater (64.3 vs 23.7 pixels; p � 0.0007).
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behavioral focus (Aosaki et al., 1995; Houk et al., 1995; White and
Hiroi, 1998; Graybiel et al., 2000). For example, striosomes have
been identified as sites that sustain intracranial self-stimulation
(White and Hiroi, 1998). In studies with early gene markers of
activity, striosome-predominant activation has been found under
conditions in which repetitive movements are induced by intense
stimulation of dopamine receptors with agonist drugs (Canales
and Graybiel, 2000) and, in experimental parkinsonism, when
dyskinesias are induced by agonist treatments (Cenci et al., 1999;
Saka et al., 1999). Activation of the striosomal compartment
might have been weak in the animals studied here, because they
were neither trained to engage in motivation-based or reward-
seeking behaviors nor engaged in forced, repetitive, or stereo-
typed behaviors. In the free-movement groups, animals rested,
briefly groomed or explored, or ate chocolate, and the restrained
animals rested quietly without exhibiting agitation, whether re-
ceiving tactile stimulation or not.

Tactile stimulation elicits peak metabolic activity in
matrisomes in the sensorimotor striatum
Within the matrix compartment, corticostriatal inputs from SI
cortex terminate predominantly in patchy zones called matri-

somes. Our findings provide the first evidence that these anatom-
ically identified input matrisomes can be specifically and selec-
tively activated by natural sensory stimulation. There was
predominant overlap of metabolic peaks and BDA fibers labeled
from small injection sites made in somatotopically corresponding
SI sites and some near-total matches of the two labels, despite the
technical problem of local diffusion of the BDA introduced by the
conjoint 2DG processing. The overlap was well within the limits
observed in previous experiments in which electrical stimulation
of the somatosensory or motor cortex has been shown to activate
local clusters of striatal neurons (Liles and Updyke, 1985;
Parthasarathy and Graybiel, 1997).

It was not obvious that this predominant alignment of peaks
and SI input patches would occur, given that the 2DG peaks likely
reflect the activity of inhibitory as well as excitatory terminals and
thus could have represented the local inhibitory network of the
striatum (Kawaguchi et al., 1995; Koos and Tepper, 1999) as well
as the stimulated afferents themselves. Our results suggest that
whatever anatomical cross-connections do exist locally do not blur
matrisome-predominant patterns of peak functional activity ex-
cited by stimulation at the periphery, nor, apparently, do the

Figure 5. Anatomically identified matrisomes and neural activity coincide over a wide anteroposterior extent of the sensorimotor striatum. Cortico-
striatal inputs from the hindlimb region of cortex were labeled with BDA (A1–D1), and 2DG maps of the striatum were made after HL stimulation. Row
A and rows B–D are from two different rats. Each row shows a different anteroposterior level, ranging from �0.8 to �1.0 mm relative to bregma.
BDA-labeled terminal arborization fields are indicated by arrows. A2–D2, Digitized versions of the BDA-stained sections at a size and resolution
comparable with those of the adjacent section 2DG autoradiograms. A3–D3, Metabolic peaks (white) detected in adjacent section 2DG autoradiograms
after tactile stimulation of the contralateral hindlimb. A4–D4, Outlines of the metabolic peaks in A3–D3 overlaid on images of the BDA-stained sections,
showing good correspondence between the anatomic HL projection field and the largest HL metabolic peaks. A5, The dashed rectangle indicates the
region shown in the preceding panels. B5–D5, Low-power views of sections shown in B1-D1. AC, Anterior commissure; CC, corpus callosum; EC,
external capsule; S, septum; STR, striatum. Scale bars, 500 �m.
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diffuse systems of corticostriatal projections identified in several
studies (Malach and Graybiel, 1986; Cowan and Wilson, 1994;
Kincaid and Wilson, 1996; Wright et al., 1999). Other behavioral
conditions might evoke other patterns of activity, but these results
strongly support the hypothesis that matrisomes represent a func-
tional substructure in the matrix compartment and suggest that
the striatum uses modular processing of ongoing somatosensory
inputs in the waking state.

Behavior-dependent activation of
striatal compartments
The striatum is the main input station of the basal ganglia. How
the striatum responds in behavioral situations is, therefore, likely
to be a crucial determinant of how the basal ganglia process
information to affect motor and cognitive functions. Our results
suggest that the balance of synaptic activity between striosome
and matrix compartments favors the matrix in neutral behavioral
states, including free movement and quiet rest and during passive
restraint either alone or with focal tactile stimulation. The matrix
compartment gives rise to the direct and indirect output pathways
of the basal ganglia, which operate to control basal ganglia out-
flow to the neocortex and brainstem. For the motor system, these
pathways have been shown to constitute an opponent mechanism
to engage in selecting and releasing movements (Mink, 1996).
These patterns likely have comparable opponent functions in
modulating cognitive activity (Swerdlow and Koob, 1987; Gray-
biel, 1997; Bej jani et al., 1999). Thus, under many conditions, the
matrix–direct–indirect pathway system may dominate striatal ac-
tivity. Striosomes, in contrast, have the special property of pro-
jecting to the region of the dopamine-containing substantia nigra
pars compacta (Gerfen, 1985; Jiménez-Castellanos and Graybiel,
1989). They thus may be active in the modulation of dopamine-
containing inputs to the basal ganglia, including the modulation
of the reward-based signals that are thought to be carried by these
dopaminergic fibers (Schultz and Romo, 1988). This property
suggests that they may be part of an architecture contributing to
learning and memory functions of the basal ganglia (Graybiel and
Kimura, 1995; Houk et al., 1995; Brown et al., 1999). Our findings
do not address the issue of learning-based activity in the striatum
but do strongly suggest that striosomes and matrix have distinct
patterns of activation in the course of normal voluntary behavior.
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