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Striosome- and matrix-enriched striatal zones were defined 
in coronal and sagittal brain sections of the rat, on the basis 
of 3H-naloxone binding to r-opiate receptors (a striosome- 
specific marker). Then, using a new in vifromicrosuperfusion 
device, the NMDA (50 PM)-evoked release of newly synthe- 
sized 3H-dopamine (3H-DA) was examined in these four stri- 
atal areas under Mgz+-free conditions. The amplitudes of the 
responses were different in striosomal(l71 f  6% and 161 
-t 5% of the spontaneous release) than in matrix areas (223 
f  6% and 248 + 12%), even when glycine (1 or 100 PM) 
was coapplied (in the presence of 1 PM strychnine). In the 
four areas, the NMDA-evoked release of 3H-DA was blocked 
completely by Mg*+ (1 mr.!) or (+)d-methyl-lo,1 1 -dihydro- 
5H-dibenzo(a,d)cyclohepten-5,10-imine maleate (MK-801; 
1 PM) and almost totally abolished by kynurenate (100 @I). 
Because the tetrodotoxin (TTX)-resistant NMDA-evoked re- 
lease of 3H-DA was similar in striosome- (148 f  5% and 152 
f  6%) or matrix-enriched (161 f  5% and 156 f  7%) areas, 
the indirect (TTX-sensitive) component of NMDA-evoked re- 
sponses, which involves striatal neurons and/or afferent fi- 
bers, seems more important in the matrix- than in the strio- 
some-enriched areas. The modulation of DA release by 
cortical glutamate and/or aspartate-containing inputs through 
NMDA receptors in the matrix appears thus to be partly dis- 
tinct from that observed in the striosomes, providing some 
functional basis for the histochemical striatal heterogeneity. 

Within the basal ganglia, the striatum plays a major role in the 
processing of sensorimotor and prelimbic cortical inputs. Two 
anatomical compartments, the striosomes and the matrix, ar- 
ranged as a mosaic, were initially defined by Graybiel and Rags- 
dale (1978) as AChE-poor and AChE-rich zones, respectively. 
These compartments differ in the distribution of numerous neu- 
ronal markers, suggesting that the neuronal populations are 
different in each area. For instance, the striosomes are rich in 
p-opiate receptors (Herkenham and Pert, 198 1) and M 1 mus- 
carinic cholinergic receptors (Nastuk and Graybiel, 1988), 
whereas the matrix contains the calbindin protein (Gerfen et 
al., 1985) the cell bodies of choline& neurons (Graybiel et 
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al., 1986) and somatostatin interneurons (Chesselet and Gray- 
biel, 1986). Moreover, the patterns of afferent fibers and efferent 
neurons are different in each compartment. For instance, limbic- 
related systems provide major inputs to the striosomes, whereas 
neocortical areas favor the matrix (Gerfen, 1984; Donoghue and 
Herkenham, 1986; Malach and Graybiel, 1986). In addition, 
the organization of cortical inputs is related to their laminar 
origin (Gerfen, 1989): superficial layers project principally to 
the matrix and deeper layers to the striosomes. The striatal 
compartments also differ by their mesencephalic dopaminergic 
innervation. Nigral dopaminergic neurons issued from the “den- 
so-cellular” zone of A9 project only to the striosomes, and A8 
neurons only to the matrix, while the remaining A9 neurons 
project to both compartments (Gerfen et al., 1987; Jimenez- 
Castellanos and Graybiel, 1987). On the other hand, the sub- 
stantia nigra pars compacta receives projections only from the 
striosomes, while the pars reticulata and the globus pallidus are 
innervated by the matrix (Gerfen, 1984; Desban et al., 1989; 
Jimenez-Castellanos and Graybiel, 1989). 

As a result of this complex organization, the analysis of in- 
teractions between the corticostriatal glutamate- and/or aspar- 
tate-containing fibers and nerve terminals of the nigrostriatal 
dopaminergic neurons in both striatal compartments seemed to 
be of particular interest. 

It is well established that the corticostriatal glutamatergic neu- 
rons exert a stimulatory effect on striatal neurons (Kitai et al., 
1976) and are involved in the presynaptic regulation of dopa- 
mine (DA) release from nerve endings of nigrostriatal dopa- 
minergic neurons (Nieoullon et al., 1978; Romo et al., 1986). 
Indeed, as shown in vitro in the rat (Giorguieff et al., 1977; 
Roberts and Anderson, 1979) or in vivo (at 1O-8 or lo-’ M) in 
the cat (Cheramy et al., 1986) the application of glutamate 
increases the release of DA in the striatum. Previous experi- 
ments in vitro and in vivo have demonstrated that glutamatergic 
receptors of both quisqualate/kainate and NMDA types are in- 
volved in this regulation (Roberts and Anderson, 1979; Snell 
and Johnson, 1987; Carter et al., 1988; Clow and Jhamandas, 
1989; Krebs et al., 1989; Ransom and Deschbnes, 1989; Bar- 
beito et al., 1990). Furthermore, as has been observed with both 
glutamate and kainate, the stimulatory effect of NMDA on DA 
release was found to be partly resistant to tetrodotoxin (TTX; 
Roberts and Anderson, 1979; Snell and Johnson, 1987; Clow 
and Jhamandas, 1989; Ransom and Deschenes, 1989; Krebs et 
al., 199 1). In the presence of TTX, a voltage-dependent sodium- 
channel blocker, indirect regulations, which involve other neu- 
rons or nerve terminals, are blocked, whereas direct regulations 
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are resistant. NMDA-mediated regulation of DA release seems 
thus to be both indirect (TTX sensitive) and direct (TTX re- 
sistant). The presence of NMDA receptors on the dopaminergic 
nerve terminals themselves was recently confirmed on purified 
rat striatal synaptosomes (Krebs et al., 1991). 

Using a new in vitro microsuperfusion device, which allows 
the estimation of DA release from restricted areas of the rat 
striatum (Krebs et al., 1989), we have previously noticed vari- 
ations in the amplitude of the NMDA-evoked responses. The 
aim of this study was to determine whether or not these vari- 
ations could be related to striatal compartmentalization, as re- 
ported recently for the cholinergic presynaptic regulation in the 
cat caudate nucleus (Kernel et al., 1989). We have thus inves- 
tigated the NMDA receptor-mediated presynaptic regulation of 
DA release in striosome- and matrix-enriched areas, defined on 
the basis of the compartmentalization of p-opiate receptors on 
both coronal and sagittal rat striatal sections. Our results provide 
further evidence for a functional relevance of the anatomically 
described heterogeneity of the striatum. 

Materials and Methods 
Autoradiography of 3H-naloxone on r-opiate binding sites. 3H-naloxone 
binding sites were visualized according to a procedure previously de- 
scribed by Trovero et al. (1990), adapted from Herkenham and Pert 
(1982). Briefly, male Sprague-Dawley rats were killed, and the brains 
were rapidly removed and frozen in isopentane at -40°C. Sections (20 
pm), cut with a cryostat at -20°C and mounted onto gelatin-coated 
glass slides, were incubated for 60 min at 4°C with 2 nM 3H-naloxone 
(56.1 Ci/mmol; Amersham) in Tris-HCl buffer (50 mM, pH 7.4, 100 
mM NaCl). Nonspecific binding was determined with 10 PM morphine. 
After five washes (2 min each) with ice-cold 50-mM Tris-HCl buffer, 
sections were dried and apposed to a 3H-Ultrofilm (LKB) during 8 weeks 
at 4°C. 

Estimation of 3H-DA release in striosome- and matrix-enriched areas 
of the rat striatum. As previously described (Krebs et al., 1989), brains 
of male SpragueDawley rats (250-300 gm; Charles River, France) were 
rapidly removed and cooled, and thick slices (1 mm) were cut using a 
vibratome. Appropriate slices were then placed in a superfusion cham- 
ber in a continuously renewed Mg2+-free artificial cerebrospinal fluid 
(CSF; 34°C saturated with O/CO,, 95:5 v/v). Onto each of the selected 
areas (see Fig. l), a microsuperfusion device was placed vertically, and 
Mg2+-free CSF containing L-3,5-3H-tyrosine (60 &i/ml) was continu- 
ously delivered (50 &min) through each device. After a prelabeling 
period (40 min), the release of newly synthesized 3H-DA was estimated 
in superfusates collected in successive 5-min fractions, )H-DA being 
separated from 3H-tyrosine and ‘H-metabolites by ion-exchange chro- 
matography and alumina adsorption (Nieoullon et al., 1978). - 

When added, Mg2+ (1 mM), (+)-5-methyl- 10,ll -dihydro-SH-diben- 
zo(a,d)cyclohepten-5,10-imine maleate (MK-80 1; 1 PM), TTX (1 PM), 

or strychnine (1 PM) were present throughout the superfusion, while 
NMDA (50 or 100 UM). alvcine (1 or 100 UM). or kvnurenate (100 UM~ 

were applied 65 mm aft&- the beginning and’remhned applied up to 
the end of the superfusion. 

The evoked release of ‘H-DA was expressed as a percentage of the 
average spontaneous release, estimated in the first four fractions. Results 
are the means -t SEM of data obtained in 6-l 2 experiments. Differences 
between treatments were evaluated with Student’s t test; level for sig- 
nificance was p < 0.05. 

L-3,5-‘H-tyrosine (50 Ci/mmol) was purchased from New England 
Nuclear or Commissariat a 1’Energie Atomique (France). MK-801 was 
a gift from Merck-Sharp and Dohme. Other compounds were purchased 
from Sigma. 

Autoradiographic control of the dtfjusion and the volume of the su- 
perfusion. At the end of each experiment, slices were washed with fresh 
CSF, dried at room temperature, and exposed to 3H-Ultrofilm (LKB) 
during various times (4-24 hr). Autoradiograms indicated that the la- 
beling was restricted to the tissue located under the superfusion device 
(see Fig. 1). In some cases, after the experiments, the slices were included 
in an embedding resin (Ystosystem, RUA Instruments), and longitu- 
dinal sections were cut and exposed in the same conditions. The radio- 

activity was limited to a half-spherical volume that did not reach the 
opposite side of the slice. The volume of labeled tissue was thus esti- 
mated to be approximately 1 mm’. 

Results 
Localization of striosomal and matrix compartments on 
coronal and sagittal brain sections 
Visualization by autoradiography of 3H-naloxone binding on 
p-opiate receptors, the best striosome-specific marker in the rat 
striatum, was performed on coronal and sagittal brain sections 
(20 pm). In agreement with previous reports (Herkenham and 
Pert, 1981; Mansour et al., 1987; Tempel and Z&in, 1987; 
Sharif and Hughes, 1989), 3H-naloxone binding exhibited a 
patchy distribution, with highly labeled striosomes contrasting 
with the weakly labeled matrix. Labeled patches were very nu- 
merous on anterior coronal slices of the striatum [anteriority 
(A), 11.6 > A > 10.6, according to the atlas of Paxinos and 
Watson, 19861, covering approximately 50% of the striatal tissue 
(at A = 11.0; Fig. 1). In contrast, beyond the anteriority 
of 9.4, labeled patches were very sparse, and the unlabeled tissue 
represented more than 80% of the striatum. 

On sagittal sections, the most lateral brain sections revealed 
the existence of a pure unlabeled matrix area with only a thin 
labeled border [laterality (L), >3.9], whereas medial slices (L < 
2.4) exhibited many patches, especially near the anterior border. 

Thus, striosome-enriched areas can be defined on anterior 
coronal slices and medial sagittal sections, which comprise many 
striosomes. Matrix-enriched areas are located on posterior co- 
ronal sections and lateral sagittal sections. These zones being 
large enough, the analysis of the NMDA-mediated regulation 
of DA release was undertaken in each of these zones on both 
sagittal and coronal sections. 

NMDA-evoked release of 3H-DA in striosome- and 
matrix-enriched areas 

In all areas, NMDA (50 PM) increased the release of newly 
synthesized 3H-DA from the dopaminergic nerve terminals (Fig. 
2). However, the amplitude of the response was different in 
striosomal than in matrix areas. In anterior (coronal slices) and 
medial (sagittal slices) striosome-enriched zones, the NMDA- 
evoked release of 3H-DA during the first 5 min was only 17 1 
f 6% and 16 1 f 6% of the spontaneous release, respectively. 
In the posterior matrix-enriched area (frontal slices), NMDA 
induced a significantly higher response (223 f 6% of the spon- 
taneous release), approaching the response obtained in the lat- 
eral matrix area (sagittal slices; 248 f 12%). In all cases, the 
maximal NMDA-evoked release of 3H-DA was observed during 
the first 5 min of NMDA application. Thereafter, 3H-DA release 
declined progressively, but the evoked response represented still 
about 50% of the maximal value at the end of the 25-min 
NMDA application. 

When a higher dose of agonist was used (100 PM), the re- 
sponses were increased, but the difference between striosomal 
and matrix areas remained (203 f 17% and 266 f 10% of the 
spontaneous release on medial and lateral sagittal slices, re- 
spectively). 

Pharmacological characterization of NMDA-evoked release of 
3H-DA in striosome- and matrix-enriched areas 

Confirming our previous results (Krebs et al., 1989), all NMDA- 
evoked responses were blocked by either MK-801 (1 FM) or 
Mg2+ (1 mM; Fig. 3). 
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We have also previously shown that the NMDA-evoked re- 
lease of 3H-DA is potentiated by glycine, which acts on the 
strychnine-insensitive site of the NMDA receptor, while kyn- 
urenate (an endogenous antagonist of this site; Kessler et al., 
1989) blocks that effect of NMDA (Krebs et al., 1989). Under 
our conditions, probably due to the high flow rate of the su- 
perfusion, the glycine sites were not saturated by endogenous 
glycine, because the potentiating effect of glycine (1 PM) on 
NMDA response was seen directly. Experiments were per- 
formed in order to analyze whether or not the differences in the 
magnitude of the responses observed between striosome- and 
matrix-enriched areas could be due to regional variations in the 
concentration of endogenous agonists (glycine, D-set-me, etc.) or 
antagonists (kynurenate). The effect of the coapplication of gly- 
tine (1 KM) and NMDA (50 KM) in the presence of strychnine 
was first examined. In all areas, the NMDA-evoked response 
was potentiated (Fig. 3): 250 -t 20% and 213 + 15% of the 
spontaneous release in the striosome-enriched areas of anterior 

80 mm. 

Figure 2. TTX-resistant and -semi- 
tive NMDA-evoked release of 3H-DA 
in striosome- and matrix-enriched ar- 
eas. Experiments were performed on rat 
coronal and sagittal striatal slices as de- 
scribed in Materials and Methods. 
NMDA (50 FM) was added for 25 min 
(open bars), 65 min after the beginning 
of the superfusion with the ‘H-tyrosine- 
enriched Mgz+-free medium. TTX (1 
PM), when used, was present through- 
out the superfusion. The release of ‘H- 
DA was estimated in 5-min fractions 
and expressed as the percentage of the 
average spontaneous release deter- 
mined during the first four fractions. 
Results are the means -t SEM of data 
obtained in IO-18 experiments. Basal 
spontaneous 3H-DA releases in the 4 
zones were not significantly different. In 
all the cases, the values of NMDA- or 
TTX + NMDA-evoked responses were 
significantly different from their re- 
spective controls, even for the last point. 
(A, p < 0.05, significance ofthe NMDA 
effect when compared to the NMDA + 
TTX response; *, p < 0.05, significance 
of the NMDA effect in matrix areas 
when compared to striosomal areas; A, 
p < 0.05, significance of the NMDA 
effect in the lateral matrix area when 
compared to that found in the posterior 
matrix area. 

and medial slices, respectively; 367 + 23% and 369 f 34% in 
the matrix-enriched areas of posterior and lateral slices, re- 
spectively. Nevertheless, the NMDA-evoked release of 3H-DA 
in striosome-enriched areas did not reach the level found in 
matrix-enriched zones, even when a higher concentration of 
glycine (100 PM) was used: 249 f 28% and 204 + 16% in 
anterior and medial striosome-enriched areas, respectively; 290 
-t 20% and 307 -+ 50% in posterior and lateral matrix-enriched 
areas, respectively. In addition, kynurenate (100 PM) almost 
totally blocked the NMDA-evoked release of 3H-DA, suggesting 
that in the four zones examined endogenous glycine partially 
occupies the glycine modulatory sites on the NMDA receptors. 

TTX-resistant NMDA-evoked release of 3H-DA in striosome- 
and matrix-enriched areas 

Additional experiments were performed in the presence of TTX 
(1 FM) in order to distinguish direct and indirect presynaptic 
regulations of DA release in each area. In agreement with pre- 
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Figure 3. Characterization of the NMDA-evoked release of ‘H-DA in striosome- and matrix-enriched areas. Experiments were performed on rat 
coronal and sagittal slices as described in Materials and Methods and in Figure 2. Results are expressed as the percentage ? SEM of the spontaneous 
release of 3H-DA estimated during the first four fractions before NMDA and/or glycine application. Values are the mean of the evoked release of 
‘H-DA estimated in the first two fractions following the application of the agonist. Glycine experiments were performed in the presence of strychnine 
(1 PM). MK-801 (1 FM), Mg2+ (1 mM), or strychnine were added from the beginning into the superfusion medium; NMDA (50 PM), glycine (GLY; 
1 PM) or kynurenate (KYN, 100 PM) were added after 65 min. Results are the mean of data obtained in 6-l 2 experiments. In all the cases, NMDA- 
or NMDA + glycine-evoked responses were significantly different from their respective controls (p < 0.05). The blockade of NMDA-evoked 
responses by kynurenate, MK-801, or Mg*+ in the four areas were significant. (A, p < 0.05, significance of the NMDA + glycine effect when 
compared to the NMDA-evoked response; *, p < 0.05, significance of the NMDA effect in matrix areas when compared to that observed in 
striosomal areas. 

vious results (Krebs et al., 1991), NMDA could still increase 
the release of 3H-DA in the presence of TTX (Fig. 2). In fact, 
the NMDA-evoked response had similar maximal amplitude 
in the four selected zones: 148 f 5% and 161 * 5% in the 
anterior and posterior zones of coronal slices, respectively; 152 
+ 8% and 156 f 7% in the medial and lateral zones of sagittal - 
sections, respectively. Contrasting with results obtained in the 
absence of TTX, no significant decline in 3H-DA release was 
seen during the 25min NMDA application. 

Thus, in striosome-enriched areas, the effect of NMDA was 
almost totally resistant to TTX, while in matrix areas, it was 
diminished by more than half (particularly in sagittal sections), 
suggesting that the indirect component of the stimulating effect 
of NMDA on DA release is more important in the matrix areas. 

Discussion 

Regional variations have often been described in pharmacolog- 
ical studies performed in the rat striatum, but their relation to 
the anatomical compartmentalization has never been demon- 
strated. Due to the very small size of rat striosomes, pharma- 
cological analysis of pure striosomal striatal tissue is not con- 
ceivable. We thus had to define areas enriched in striosomes or 
matrix. This was done in both coronal and sagittal brain sec- 
tions, on the basis of 3H-naloxone binding-site autoradiography, 
the best striosome-specific marker in the rat striatum (Herken- 
ham and Pert, 198 1). Because our experimental device allows 
the superfusion of restricted areas, we were thus able to compare 
the NMDA-evoked release of 3H-DA not only between anterior 
and posterior or medial and lateral parts of the striatum, but 
between striosome- and matrix-rich striatal areas in each of the 

four selected slices. Even though these areas were not pure, the 
good concordance of the results obtained between the two strio- 
somal areas or the two matrix areas validates this distinction. 
However, differences in the responses between the two matrix 
or the two striosomal areas were seen, especially in the matrix, 
though these did not reach significance (except for the first frac- 
tion of NMDA-evoked response in matrix areas; Fig. 2). Several 
explanations can be given: (1) the two section planes (sag&al 
or coronal) might have led to differential lesions of the afferents; 
(2) matrix and striosomal superfused areas seemed more “pure” 
with sagittal than with coronal slices; (3) anatomical and func- 
tional heterogeneity of the matrix has been reported (Malach 
and Graybiel, 1986; Desban et al., 1989); and (4) besides the 
striosome/matrix organization, other factors of topographical 
heterogeneity may exist because, for instance, dopaminergic and 
cholinergic agents have been shown to modify differently the in 
vivo release of 3H-GABA in the rat striatum when applied in 
either the dorsal or the ventral part of the structure (Girault et 
al., 1986). 

As already emphasized, glutamatergic presynaptic regulation 
of DA release from nerve terminals of nigrostriatal neurons has 
been fully demonstrated (Giorguieff et al., 1977; Roberts and 
Anderson, 1979; ChCramy et al., 1986), and the role of NMDA 
receptors has been characterized previously (Sell and Johnson, 
1987; Carter et al., 1988; Clow and Jhamandas, 1989; Krebs et 
al., 1989; Ransom and Deschbnes, 1989). According to auto- 
radiographic studies, the striatum contains a large density of 
NMDA receptors, but their repartition is heterogeneous (Mon- 
aghan and Cotman, 1985). Nevertheless, a preferential local- 
ization of these receptors in the striosomes or the matrix has 
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not yet been demonstrated. We now report that the NMDA- 
evoked release of DA is greater in matrix than in striosomal 
zones. 

Allosteric modulators acting on the glycine site of the NMDA 
receptor, such as glycine or kynurenate (Moroni et al., 1988) 
are found endogenously and modulate its function. Differences 
in this modulation between the two compartments could help 
to illuminate some of the mechanisms of neurodegenerative 
disorders, because NMDA receptor-mediated neurotoxicity has 
been implicated in some cases (Beal et al., 1986; Rothman and 
Olney, 1987; Choi et al., 1988; Young et al., 1988). However, 
the difference in amplitude of the NMDA-evoked release of DA 
between the two compartments does not seem to be related to 
regional variations in the concentrations of glycine/kynurenate, 
because at saturating concentrations of glycine (1 and 100 PM, 

in the presence of 1 WM strychnine), responses in the striosome- 
enriched zones still remained lower than those found in matrix 
areas. 

TTX-resistant NMDA-evoked responses were not signifi- 
cantly different in the two compartments. Because TTX blocks 
most indirect regulations, these results suggest that the direct 
presynaptic regulation of DA release, which involves presyn- 
aptic NMDA receptors located on dopaminergic nerve termi- 
nals, is similar in striosomes and matrix. In contrast, indirect 
mechanisms, involving intrinsic striatal neurons or other affer- 
ent fibers, seem to play a more important role in the matrix, 
because marked differences were seen between the NMDA- 
evoked responses in the absence or presence of TTX in matrix- 
enriched areas. 

The mechanisms of the modulation by corticostriatal fibers 
of DA release from nerve terminals of nigrostriatal neurons 
mediated by NMDA receptors thus seem distinct in the strio- 
somes and in the matrix. Such a functional difference between 
the two compartments has already been demonstrated in our 
laboratory for the choline& presynaptic regulation of DA re- 
lease in the cat caudate nucleus. Indeed, this regulation is more 
complex in the matrix, involving indirect excitatory and inhib- 
itory regulations through muscarinic and nicotinic cholinergic 
receptors, respectively (Kernel et al., 1989). In addition, a het- 
erogeneity in the indirect inhibitory cholinergic regulation of 
DA release has also been demonstrated, because this inhibitory 
effect can be blocked either by naloxone or by bicuculline, de- 
pending on the matrix area superfused (Gauchy et al., 199 1). 

The compartmentalization in striosomes and matrix seems 
to be of crucial importance in explaining how the striatum can 
process information as different as that mediated by limbic and 
sensorimotor inputs. This hypothesis, corroborated by the seg- 
regation of input/output systems, thus finds further support with 
the demonstration of functional differences between the two 
striatal compartments. 
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