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In the previous paper (Gerfen et al., 1987) mesostriatal do- 
paminergic neurons were shown to be subdivided into dorsal 
and ventral tiers that project to the striatal matrix and patch 
compartments, respectively. The present study provides ex- 
perimental evidence that these patch-matrix mesostriatal 
dopaminergic systems are biochemically and develop- 
mentally distinct. A 28 kDa calcium-binding protein (CaBP, 
or calbindin-D 28LDa) is expressed in dorsal tier mesostriatal 
dopaminergic neurons. The distribution of such neurons, lo- 
cated in the ventral tegmental area, dorsal tier of the sub- 
stantia nigra pars compacta, and retrorubral area, matches 
that of dopaminergic neurons that project to the striatal ma- 
trix. Dopaminergic neurons that do not express CaBP-those 
in the ventral tier of the pars compacta and in the pars re- 
ticulata-are distributed in a pattern that matches the origin 
of the dopaminergic projection to the striatal patches. During 
development, dopaminergic afferents to the striatal patch 
compartment are in place prior to the development of those 
to the matrix. Injections of the neurotoxin 6-hydroxydopa- 
mine (6-OHDA) into the striatum of newborn rats result in a 
selective and long-lasting depletion of dopaminergic affer- 
ents in the striatal patches. The later-developing matrix pro- 
jection is relatively spared by such lesions. The distribution 
of surviving dopaminergic neurons, labeled with tyrosine hy- 
droxylase (TH) immunoreactivity, matches the pattern of dor- 
sal tier neurons previously shown to provide inputs to the 
matrix. Surviving neurons also express CaBP immunoreac- 
tivity and have dendrites that spread mediolaterally, in the 
plane of the pars compacta. On the other hand, those neu- 
rons that project to the patches are selectively lesioned by 
the neonatal 6-OHDA striatal injections, do not express CaBP, 
and have dendrites that are directed ventrally into the pars 
reticulata. 

The homogenous appearance of dopaminergic innervation of 
the adult striatum is comprised of the interlaced mosaic of patch- 
and matrix-directed systems arising from separate ventral and 
dorsal sets of midbrain dopaminergic neurons (Gerfen et al., 
1987). Several studies suggest that these 2 mesostriatal systems 
are differentially regulated and/or biochemically or physiolog- 
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ically distinct. For example, following pharmacologic treat- 
ments that deplete dopamine stores in mesostriatal terminals, 
there is a more rapid replenishment of dopamine in patch than 
in matrix areas (Olson et al., 1972; Fuxe et al., 1979; Fukui et 
al., 1986). Also, chronic apomorphine treatment results in an 
increase in dynorphin immunoreactivity in patch and not matrix 
striatonigral neurons (Li et al., 1986). The manner in which the 
patch- and matrix-directed mesostriatal dopaminergic neurons 
may be differentially regulated by the compartmental organi- 
zation of striatonigral projections (Gerfen, 1984, 1985) was dis- 
cussed in the previous paper (Gerfen et al., 1987). In the present 
study, the 2 mesostriatal dopaminergic systems are shown to 
be biochemically differentiated by the expression of a 28 kDa 
calcium-binding protein (calbindin-D,, IrDa, or CaBP; Baim- 
bridge et al., 1982) in the matrix-directed dorsal mesostriatal 
neurons. This protein has also previously been shown to be 
expressed in striatal matrix neurons that project to the substantia 
nigra pars reticulata (Gerfen et al., 1985). 

Patch- and matrix-directed mesostriatal systems develop 
asynchronously, with the dopaminergic inputs to the patches 
developing prior to those in the matrix (Olson et al., 1972; 
Tennyson et al., 1972; Butcher and Hodge, 1976; Graybiel et 
al., 198 1; Graybiel, 1984; Moon-Edley and Herkenham, 1984; 
van der Kooy, 1984). This developmental sequence was ex- 
amined in the present study by making injections of the neu- 
rotoxin 6-hydroxydopamine (6-OHDA) into the striatum of 
newborn rats at a time when the patch-directed system was in 
place, and prior to the ingrowth of the bulk of the input to the 
matrix. Analysis of mesostriatal neurons that survive such le- 
sions, resulting in the relatively selective deafferentation of stria- 
tal patches, provides a means of determining the distribution 
and dendritic morphology of matrix-directed neurons. 

Materials and Methods 

Immunohistochemistry. The midbrains of adult Sprague-Dawley rats 
were processed to localize 28 kDa calcium-binding protein (CaBP, cal- 
bindin-D 28 tDa) and tyrosine hydroxylase (TH) by standard immuno- 
histochemical methods. The rats were deeply anesthetized with ether 
and perfused transcardially with normal physiological saline (0.9% NaCl), 
followed by 500 ml of fixative, containing 4% formaldehyde (from para- 
formaldehyde), 20 mM sodium buffer (pH 7.4), and 100 mM NaCl. 
Brains were removed and postfixed for 24-48 hr and then sectioned 
with a Vibratome. Sections 30 pm thick were collected in 0.02 M po- 
tassium phosphate-buffered saline (KPBS, pH 7.4). Adjacent series of 
sections through the midbrain were incubated in solutions of KPBS and 
2% normal goat serum (NGS) and 0.5% Triton X-100, in which were 
diluted either rabbit antiserum directed against CaBP (1: 1000; see Ger- 
fen et al., 1985) or rabbit antiserum directed against TH (1:lSOO; see 
Arluison et al., 1984) for 24-48 hr at 4°C. Sections were then rinsed 3 
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Figure 1. Photographs of adjacent coronal sections through rostra1 (A. A’), mid (B, B’), and caudal (C, C’) levels of the ventral midbrain show 
TH-immunoreactive labeling of dopaminergic neurons (TH, A-C) and calbindin-D,,,,, -containing neurons and terminals (C&P, A’-C’). At rostra1 
levels (A, A’), the A10 dopamine cell group in the ventral tegmental area (VT’) is located medial (to the left) to the A9 dopamine cell group, which 
at this level is confined to the substantia nigra pars compacta @NC), dorsal to the pars reticulata (SNr). CaBP immunoreactivity is expressed in 
many VTA and dorsal tier SNc cells (A’). CaBP-immunoreactive terminals, from striatal matrix neurons, are distributed in the SNr and avoid 
dopar..ine cell bodies. At mid midbrain levels (B, B’), there is a similar distribution of A10 and A9 dopaminergic and CaBP-immunoreactive 
neurons, except that there are A9 dopaminergic neurons distributed in the ventral SNr (broad arrow). At this level, neither ventral tier SNc nor 
SNr dopaminergic cells express CaBP immunoreactivity. Also of note is the absence of CaBP-immunoreactive terminals in those parts of the pars 
reticulata where dopaminergic neurons are located (open arrow, B’). At caudal levels (C, C’), the VTA is similar to that at other levels in containing 
a high percentage of CaBP-immunoreactive neurons, and the A8 dopaminergic cell group, which is evident dorsally in the retrorubral area (RR), 
similarly has a high percentage of CaBP-immunoreactive neurons. Scale bar, 500 pm. 

times for 5 min in KPBS and reacted for immunoperoxidase localization 
of the primary antisera. First, sections were incubated for 60 min in 
goat anti-rabbit IgG conjugated to biotin (BRL, Bethesda, MD, diluted 
1:200 in KPBS plus 2% NGS and 0.5% T&ion X-100) and then rinsed 
3 times for 5 min. Next, sections were incubated for 60 min in strep- 
tavidin-conjugated HRP (BRL, diluted 1:200 in KPBS) and then rinsed 
3 times for 5 min in KPBS. Sections were then reacted for 5-25 min 
in a solution containing 0.05% diaminobenzidine (DAB, Litton Bio- 
netics), 0.004% hydrogen peroxide diluted in KPBS, which had previ- 
ously been filtered through a 0.22 pm Millipore filter. To stop the re- 

action, sections were transferred to 10% formalin for 5-10 min and 
then rinsed in KPBS before mounting onto chrom-alum-coated slides. 
After air-drying, the slide-mounted sections were dehydrated and de- 
fatted in equal parts of chloroform and methanol twice for 30 min, 
rehydrated and intensified in 0.005% osmium tetroxide for 4 hr, rinsed 
for 15 min, dehydrated, and coverslipped out of xylene. 

Neonatal 6-OHDA striatal lesions. The forebrains of newborn rat pups 
(postnatal days O-8, PO-8) were processed for TH immunohistochemical 
localization to determine the extent of dopaminergic innervation of the 
striatum during the first postnatal week. The above-described immu- 
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Figure 2. Higher magnification of Figure 1, A and A’. A, TH-immunoreactive neurons in the SNc and the ventrally directed dendrites of ventral 
tier SNc neurons extending into the SNr. A’, The same area from the adjacent section, labeled for CaBP immunoreactivity. Note that only dorsal 
tier SNc neurons express CaBP immunoreactivity, whereas ventral tier SNc neurons are unlabeled. Labeled dorsal tier neurons have dendrites 
extending mediolaterally within the plane of the SNc. CaBP immunoreactivity in terminals of matrix striatonigral efferents are distributed in the 
SNr and clearly avoid the location of the cell bodies of SNc neurons. 

noperoxidase protocol was followed. These preliminary studies showed 
that, from birth through P2, TH immunoreactivity in the striatum is 
distributed primarily, but not exclusively, in the patch compartment. 
After this time, TH immunolabeling in the matrix increases dramati- 
cally, such that the borders between patch and matrix compartments 
with this label are not as easily recognized. Newborn rat pups, either 
PO or Pl, were taken from their mothers and hypothermically immo- 
bilized. A 2 ~1 solution of 6-OHDA (2 mg/ml) in saline plus 0.02% 
ascorbic acid was injected into the right striatum. The rat pups were 
revived and returned to their mothers. Injected rats were then perfused 
on P30 by the method described above and their brains processed for 
immunohistochemical localization of TH and CaBP. Some sections at 
the level of the striatum were cut and immediately mounted onto chrom- 
alum-coated glass slides, air-dried, and stored frozen. These slide- 
mounted sections were then processed for the autoradiographic local- 
ization of p-opiate receptors, using 3H-naloxone as a ligand (Herkenham 
and Pert, 1982) in perfusion-fixed tissue (Gerfen et al., 1985). In brief, 
slide-mounted sections were thawed and incubated in a solution con- 
taining 2.5 nM 3H-naloxone (sp act, 44.4 Ci/mmol; New England Nu- 
clear) in 50 mM Tris buffer (pH 7.4) and 100 mM NaCl at 4°C for 90 
min and then rinsed 3 times for 1 min in Tris-buffered saline, air-dried, 
fixed in formaldehyde vapors (80°C) for 90 mitt, dehydrated, defatted 
in chloroform/methanol, and apposed to tritium-sensitive film (3H- 
Ultrotilm; LKB) for 3 weeks. The film was then developed in Kodak 
D- 19 (23°C for 5 min), rinsed, and air-dried. 

Results 
Dopaminergic and CaBP-containing mesostriatal neurons 
Figure 1 shows adjacent coronal sections at rostral, mid, and 
caudal levels through the midbrain, labeled for TH and CaBP 
immunoreactivity. The A10 dopaminergic cell group, located 
medially in the ventral tegmental area through the rostrocaudal 
extent of the midbrain, is labeled with TH immunoreactivity 
(Fig. 1, A-C). A high percentage of neurons in this area are also 
labeled with CaBP immunoreactivity (Fig. 1, A’-C’). The A9 
dopaminergic cell group, located in the substantia nigra pars 
compacta at all 3 levels (Fig. 1, A-C) and in the ventral pars 
reticulata at mid and caudal midbrain levels (Fig. 1, B, C), is 
also labeled by TH immunoreactivity. Some of the pars com- 
pacta neurons have dendrites that extend ventrally into the pars 
reticulata; these are situated in a ventral tier of the pars com- 
pacta. CaBP immunoreactivity is located in only a subset of 
pars compacta neurons, those located in the dorsal tier. These 

CaBP neurons are most prevalent at rostra1 (Fig. 1A’) and mid 
(Fig. 1 B’) nigral levels and are distinctive not only in their dorsal 
location, but also in that their dendrites spread mediolaterally 
in the plane of the pars compacta and do not extend into the 
pars reticulata. Notably, few CaBP-immunoreactive neurons are 
located in the pars reticulata. CaBP is also localized in stri- 

Figure 3. A coronal section through the striatum of a newborn rat (PO) 
showing TH immunoreactivity. At this age, dopaminergic innervation 
is concentrated in the patches, with a markedly reduced input to the 
matrix compartment. Rats of this age received unilateral striatal injec- 
tions of 6-OHDA. UC, Anterior commissure. Scale bar, 1 mm. 
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Figure 4. Striatal TH immunoreactivity is shown in a coronal section of a P30 rat contralateral (A) and ipsilateral (B) to an injection of 6-OHDA 
made at PO. The dense and homogenous pattern of TH immunoreactivity contralateral to the injection is typical of the adult pattern of striatal 
dopaminergic innervation. Corticofugal fiber fascicles are unlabeled. On the side of the lesion there are distinct patches of low density of TH-im- 
munoreactive fibers (II). These dopamine-denervated patches are aligned with patches containing few CaBP-immunoreactive neurons, shown in 
the adjacent section (C’). Arrows point to aligned patches of low TH fiber labeling (B) and the corresponding patches of low CaBP immunoreactivity 
(C). An area containing 3 such aligned patches is shown at higher magnification in B’ and @. Arrows point to the patches in both sections. The 
scar left by the needle tract is seen dorsolaterally in both B and C (large arrow). UC, Anterior commissure. Scale bar, 500 pm. 
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atonigral axon terminals distributed in the pars reticulata, and 
such terminals clearly avoid the location of dopaminergic neu- 
rons in both the pars compacta and the pars reticulata. Figure 
2 shows a higher magnification of the central portion of the 
substantia nigra pars compacta and underlying pars reticulata 
of Figure 1, A, A’. The A8 dopaminergic cell group is located 
at caudal levels (Fig. 1 C) of the midbrain in the retrorubral area 
and is situated just dorsal to the pars compacta, above the medial 
lemniscus. These TH-immunoreactive neurons have radially 
oriented dendrites and are relatively widely dispersed. CaBP 
immunoreactivity also labels many neurons in the retrorubral 
area (Fig. 1 C’). 

Neonatal 6-OHDA striatal lesions 

TH immunoreactivity in the striatum is patchy on PO, the day 
of birth (Fig. 3). The appearance of adult striatal TH immu- 
noreactivity after unilateral lesions were made in the striatum 
by 6-OHDA administered on PO is shown in Figure 4. On the 
unlesioned side, TH immunoreactivity is dense and homoge- 
nous (Fig. 4A), typical of the striatum in normal adults. On the 
lesioned side, TH-labeled fibers are distributed heterogeneously, 
with distinct patches that contain relatively few fibers (Fig. 4, 
B, B). These areas of low fiber density correspond to the patches 
marked in adjacent sections by the relative absence of CaBP- 
immunoreactive neurons (Fig. 4, C, C). The depletion of TH 
immunoreactivity in the patches was by no means absolute. 
There were some labeled fibers in the patches and there was 
also a decrease in fiber labeling in the matrix compartment 
relative to the unlesioned side. Patches are not to be confused 
with the unlabeled bundles of corticofugal fibers. 

The distribution of M-opiate receptors was also examined in 
adjacent sections (Fig. 5). On the unlesioned side, the distinctive 
concentration of 3H-naloxone binding sites in the striatal patches 
is evident, whereas on the lesioned side there is a dramatic 
depletion of the binding in the patches. 

The distribution of dopaminergic midbrain neurons, which 

Figure 5. Photograph of an LKB au- 
toradiographic film image of the distri- 
bution of 3H-naloxone binding to r-op- 
iate receptor sites in a coronal section 
of the striatum adjacent to that shown 
in Figure 3, A, B. The left side is con- 
tralateral to the 6-OHDA injection and 
shows the typical pattern of distribu- 
tion of dense ligand binding in the stria- 
tal patches. On the right side, which 
received the neonatal injection of 
6-OHDA, there is a clear absence of 
increased binding in patches. ac, An- 
terior commissure. 

project to the normal (Fig. 4, left) and lesioned (Fig. 4, right) 
striatum in the above-documented case is shown in Figure 6 
and summarized quantitatively in Table 1. At rostra1 midbrain 
levels (Fig. 6A), surviving dopaminergic neurons in the ventral 
tegmental area on the lesioned right side are only partially re- 
duced in number compared to the unlesioned side. In the pars 
compacta there is a marked reduction in surviving neurons 
compared to the unlesioned side. Surviving neurons on the le- 
sioned side are located in the dorsal tier of the pars compacta 
and have dendrites that spread mediolaterally in the plane of 
the nucleus. The neurons that are lost at this level from the A9 
dopaminergic cell group are those located in the ventral tier of 
the pars compacta. The dendritic morphology ofthe lost neurons 
is inferred from the absence of ventrally directed dendrites into 
the pars reticulata, as compared on the unlesioned side. Only 
a few of these neurons remain on the lesioned side (see Table 
1). At mid midbrain levels (Fig. 6B) there is a similar pattern 
of surviving dopaminergic neurons on the lesioned side. As at 
rostra1 levels, the ventral tegmental area shows only a slight 
reduction of neurons on the lesioned side. In the substantia 
nigra, most dorsal tier pars compacta neurons survive on the 
lesioned side, whereas there is a selective loss of most ventral 
tier pars compacta neurons that have dendrites extending into 
the pars reticulata. In addition, there is an almost complete loss 
of dopaminergic neurons in the pars reticulata. At caudal levels 
(Fig. 6C), there is again a relatively undiminished number of 
surviving dopaminergic neurons in the ventral tegmental area 
on the lesioned versus the unlesioned side. Similarly, there ap- 
pears to be a relative sparing of retrorubral dopaminergic neu- 
rons on the lesioned side. At this level the most marked decrease 
in numbers of dopaminergic neurons is in the pars compacta 
and pars reticulata. 

Whereas there is a loss of a set of dopaminergic neurons on 
the lesioned side of neonatally injected 6-OHDA rats, the rel- 
ative number ofCaBP-immunoreactive neurons in the midbrain 
is similar on the lesioned and unlesioned sides. Figure 7 shows 
an example of the distribution of CaBP-immunoreactive neu- 
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Figure 6. Photographs of coronal sections through rostra1 (A), mid (B), and caudal (C) levels of the ventral midbrain showing the distribution of 
TH-immunoreactive cells contralateral (AL-CL) and ipsilateral (AR-CR) to the neonatal striatal injection of 6-OHDA from the same case documented 
in Figure 4. At rostra1 levels (A), there is only a slight decrease in the number of surviving A10 dopaminergic neurons in the ventral tegmental 
area (WA), whereas those A9 cells surviving are distributed in the dorsal tier of the substantia nigra pars compacta (XV&). These surviving A9 
cells have dendrites extended within the plane of the SNc, whereas, by comparison with the contralateral side, most ventral tier A9 SNc neurons, 
with dendrites extended ventrally into the substantia nigra pars reticulata (SNr), are selectively lost. At mid midbrain levels (B), there is a similar 
pattern of survival of A10 and A9 dopaminergic neurons on the lesioned side (BR). At this level it is also evident that not only are most ventral 
SNc neurons lesioned, but also those dopaminergic neurons in the ventral SNr. At caudal midbrain levels (C), both A10 and A8 dopaminergic 
cells survive on the lesioned side. At this level there is a dramatic loss of A9 neurons in both the SNc and SNr. Scale bar, 500 pm. 
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Figure 7. Adjacent coronal sections from a P30 rat through the rostra1 midbrain contralateral (AL, BL) and ipsilateral (AR, BR) to a neonatal striatal 
6-OHDA injection showing the distribution of dopaminergic neurons labeled with TH immunoreactivity (A) and CaBP-immunoreactive neurons 
(B). Again, as shown in Figure 6, there is little reduction in the number of A10 dopaminergic neurons and the select loss of ventral tier, but not 
dorsal tier, A9 pars compacta neurons. However. there is little difference between the numbers of CaBP-immunoreactive neurons on the lesioned 
and the unlesioned side. Scale bar, 250 pm. 

Table 1. Average number of cells labeled for TH or CaBP 
immunoreactivity per area in a 30-pm-thick section from 5 P30 rats 
that had received a 6-OHDA injection into the right striatum on PO 

Left Right (lesioned) 

TH CaBP TH (% of left) CaBP (% of left) 

VTA 217 ? 18 156 f 17 179 t 25 (82) 132 + 13 (84) 
SNc-d 79 Ik 8 86 -I 8 54 _t 8 (68) 62 -t 9 (72) 
SNc-v 87 + 12 9a6 14 k 8 (16) 4 + 3 (44) 
SNr 32 + 4 2a2 3 * 3 (9) 1 + 1 (50) 
RR 109 -+ 12 89 k 10 96 k 13 (88) 78 _t 11 (87) 

These rats have a select depletion of TH immunoreactivity in the striatal patches 
on the lesioned side, similar to that shown in Figure 4. The pattern of TH 
lmmunoreactivity in the unlesioned left striatum and midbrain appears identical 
to that of normal rats. Cell counts for each area are taken, in each case, from 2 
sections, from levels corresponding to those shown in Figure 6: ventral tegmental 
area (VTA), mid midbrain level; dorsal tier of the substantia nigra pars compacta 
(SNc-d), rostra1 level; ventral tier of the pars compacta (SNc-v), rostra1 level; 
substantia nigra pars reticulata (SNr), mid midbrain; and retrorubral area (RR), 
caudal midbrain. The demarcation between the dorsal and ventral tier of the SNc 
is determined by the distribution of CaBP-containing neurons. 

rons in another case, which shows a similar reduction in striatal 
patch TH immunoreactivity. In this case there is a selective loss 
of ventral tier pars compacta dopaminergic neurons, which have 
ventrally directed dendrites, while dorsal tier pars compacta 
neurons are spared (Fig. 7A). In an adjacent section, the relative 
number and distribution of CaBP-immunoreactive neurons in 
the ventral tegmental area and substantia nigra are similar on 
both sides (Fig. 7B). Throughout the rostrocaudal extent of the 
midbrain, including the retrorubral area, there is only a slight 
apparent difference between the distribution of CaBP-immu- 
noreactive neurons on the lesioned and unlesioned sides. Table 
1 provides cell counts of TH and CaBP neurons in various 
midbrain areas from 5 cases which had select depletions of TH 
in the patches. 

Discussion 
CaBP labeling in matrix-directed mesostriatal neurons 
The 28 kDa calcium-binding protein (CaBP, or calbindin- 
D 28 ,,,J, purified from human cerebellum and shown to be sim- 
ilar to a protein originally isolated from the chicken intestine 
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that is induced by vitamin D (Baimbridge et al., 1982), has been 
shown to be compartmentally distributed in the basal ganglia 
(Gerfen et al., 1985). In the striatum, CaBP is preferentially 
localized in neurons distributed in the matrix compartment, 
which project to the location of GABA neurons in the substantia 
nigra pars reticulata. This system is distinct from that arising 
from the striatal patch compartment, which projects to the lo- 
cation of dopaminergic neurons in the substantia nigra pars 
compacta and pars reticulata (Gerfen, 1984, 1985). Thus, the 
striatonigral patch and matrix systems are biochemically dif- 
ferentiated by CaBP. Additionally, we showed that CaBP is 
colocalized within a subset of dopaminergic (and non-dopa- 
minergic) midbrain neurons in the ventral tegmental area, sub- 
stantia nigra pars compacta, and retrorubral area (Gerfen et al., 
1985). The present study examines the distribution of these 
midbrain CaBP neurons in more detail. Their distribution co- 
incides with that of midbrain neurons projecting to the striatal 
matrix compartment (Gerfen et al., 1987). Figure 1 shows the 
distribution of CaBP neurons, which, when compared with the 
distribution of neurons that project to the striatal matrix (Figs. 
11, 12 in Gerfen et al., 1987), demonstrates the coincidence in 
patterns of distribution. 

Developmental dissociation of patch and matrix nigrostriatal 
dopaminergic systems 
In the present study, advantage was taken of the asynchronous 
development of striatal dopaminergic innervation by injecting 
6-OHDA into the striatum at a time when this input was well- 
developed in the patches but not in the matrix (PO). Such lesions 
result in the relatively selective and long-lasting depletion of 
dopaminergic innervation of the striatal patch compartment 
(Fig. 3). Two pieces of evidence support the interpretation that 
the dopaminergic innervation to the patches is selectively le- 
sioned by this manipulation. First, there is a direct correspon- 
dence between the patches of low density of TH-immunoreac- 
tive fibers on the lesioned side and those of low density of 
CaBP-immunoreactive neurons, which have previously been 
shown to be a consistent marker for the striatal matrix (Gerfen 
et al., 1985). Second, there is a selective loss of the high-density 
binding of ‘H-naloxone in striatal patches on the lesioned side. 
Thus, whereas cells in the patches are intact, there is a selective 
absence of 2 biochemical markers in the patches, TH-immu- 
noreactive fibers and p-opiate receptor binding sites. This latter 
finding warrants further study, as it would appear to confirm 
earlier reports that such receptor sites may be localized presy- 
naptically on dopaminergic afferents (Murrin et al., 1980; Bowen 
et al., 1986; but see Hattori and Fibiger, 1982). 

The selective depletion of dopaminergic inputs to the patches 
is by no means absolute. There is a decrease in fiber labeling in 
both compartments relative to the unlesioned side. However, 
there is clearly a greater loss of fibers in the patches. This is to 
be expected since, at the time of the lesions on PO, while there 
is a far greater presence of dopaminergic afferents in the patches, 
there are also some afferents in the matrix. Presumably striatal 
6-OHDA lesions on PO denervate both systems, but have a 
greater effect on the patch innervation system. This result for- 
tuitously provides a means for comparing the distribution of 
surviving midbrain dopaminergic neurons that provide inputs 
to the striatal matrix with that predicted from the preceding 
neuroanatomical study (Gerfen et al., 1987) and from the pres- 
ent results concerning the distribution of CaBP-containing do- 
paminergic neurons, which have been suggested to project to 

the striatal matrix. The results of the neonatal 6-OHDA striatal 
lesions appear to confirm both predictions in the following man- 
ner. Dopaminergic neurons selectively lost by this procedure 
are those in the ventral tier of the pars compacta and in the 
substantia nigra pars reticulata, which were shown in the pre- 
ceding study to project to the striatal patches (Gerfen et al., 
1987). Dopaminergic neurons surviving this procedure are dis- 
tributed in the ventral tegmental area, the dorsal tier of the 
substantia nigra pars compacta, and in the retrorubral area. 
These surviving neurons also appear to express CaBP, whereas 
the ones that do not are selectively lost with the concomitant 
depletion of dopaminergic inputs to the striatal patches. 

These results confirm an additional point concerning the mor- 
phology of the neurons that project to the patch and matrix 
compartments. Substantia nigra neurons that project to the 
patches, those lost by neonatal 6-OHDA striatal lesions, have 
dendrites that extend into the pars reticulata, whereas the neu- 
rons that survive this procedure, which are located dorsally and 
project to the matrix, have dendrites that are extended medio- 
laterally in the plane of the pars compacta. Fallon et al. (1978) 
described a similar morphologic dissociation of dorsal and ven- 
tral tier midbrain dopaminergic neurons. It might be argued 
that the present data, based on the distribution of dorsal tier 
neurons surviving neonatal 6-OHDA lesions, reflect the survival 
of neurons projecting to cortical areas, which are unaffected by 
the lesions. However, the preceding neuroanatomical study, us- 
ing PHA-L anterograde tracing, clearly demonstrated the pro- 
jections from dorsal tier neurons to the striatal matrix com- 
partment. Furthermore, it has been shown that pars compacta 
neurons have collaterals that are distributed both to the striatum 
and to nonstriatal telencephalic areas, including the septum and 
cortex (Fallon and Loughlin, 1982; Loughlin and Fallon, 1984; 
Takada and Hattori, 1986). 

Functional implications 
The categorization of separate mesolimbic and nigrostriatal do- 
paminergic systems serves a useful role in attempts to determine 
the manner in which these systems regulate behavior. The ni- 
grostriatal system, providing inputs to the caudate and putamen, 
is clearly related, at least in part, to motor functions, as evi- 
denced by the characteristic movement disorders associated with 
its degeneration in Parkinson’s disease (Homykiewicz, 1966). 
The mesocorticolimbic dopaminergic system, innervating the 
ventral striatum, cortex, and limbic areas, is thought to be re- 
lated to mood (Heimer and Wilson, 1975; Nauta et al., 1978; 
Fibiger, 1984; Fibiger and Phillips, 1986). Dysfunction of this 
system has been hypothesized to underlie the etiology of schizo- 
phrenia and depression (Stevens, 1973). Numerous behavioral 
studies have suggested that the mesolimbic dopaminergic path- 
ways are substrates for motivation and reward (see Fibiger, 
1984, and Fibiger and Phillips, 1986, for review). Pharmaco- 
logical manipulation points to the interrelation of dopaminergic 
affects on movement and mood (see Creese, 1983, and Penney 
and Young, 1983). For example, L-DOPA therapy for the al- 
leviation of Parkinsonian movement disorders may have pro- 
found mood-altering effects and lead in some instances to 
psychotic episodes. Conversely, antipsychotic dopamine recep- 
tor-blocking agents, in many cases of long-term use, result in 
significant movement disorders, such as tardive dyskinesia. Re- 
cently, certain dopamine antagonists, the so-called “atypical 
neuroleptics,” have been shown to be effective as antipsychotic 
drugs without producing dyskinesias (see Creese, 1983). Phys- 
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iological studies suggest that such drugs have different effects 
on the A 10 mesolimbic and A9 nigrostriatal projection systems 
(Chiodo and Bunney, 1983; White and Wang, 1983). These data 
are consistent with concepts of the functional dissociation of 
striatal subregions (Heimer and Wilson, 1975; Nauta et al., 
1978; Kelley et al., 1982). 

Given the present findings that midbrain dopaminergic neu- 
rons are anatomically and biochemically parcelled into dorsal 
and ventral tier sets, rather than by their inclusion in the A10 
and A9 cell groups, a reevaluation of the pharmacologic effects 
of neuroleptics on midbrain dopamine neurons is required. There 
is already considerable evidence suggesting that both A10 and 
A9 cell groups are pharmacologically and physiologically het- 
erogeneous in terms of their discharge patterns and sensitivity 
to autoreceptor regulation. In the ventral tegmental area, slow- 
firing A10 dopamine neurons are more sensitive to the effects 
of dopamine agonist action on autoreceptors than are fast-firing 
cells (Chiodo et al., 1984; Shepard and German, 1984; White 
and Wang, 1984; Clark et al., 1985). Furthermore, Al0 neurons 
projecting to the prefrontal and cingulate cortex lack autore- 
ceptors, whereas A 10 neurons projecting to the pyriform cortex 
possess such autoreceptors (Chiodo et al., 1984). Similarly, 
Shepard and German (1987a, b) have reported the existence of 
2 sets of nigrostriatal neurons, distinguished by a correlation 
between their discharge patterns and their sensitivity to auto- 
receptor regulation. It would be of interest to determine whether 
the 2 neuroanatomically and biochemically distinct patch and 
matrix mesostriatal systems are correlated with physiologically 
distinct types of neurons. Such a correlation would suggest that 
the differential effects of typical and atypical neuroleptics on 
movement and mood, and the interrelationship between these 
functions, may be related to the compartmental organization of 
mesostriatal systems. 

The manner in which pharmacological treatments may dif- 
ferentially affect the dual mesostriatal dopaminergic systems is 
now being examined. After pharmacological treatments that 
deplete striatal dopamine stores in adult rats, there is a more 
rapid replenishment of dopamine in patches than in the matrix 
(Olson et al., 1972; Fuxe et al., 1979; Fukui et al., 1986). Using 
in situ hybridization techniques, Young et al. (1986) have shown 
that mesostriatal dopaminergic systems affect the expression of 
striatal peptide levels, demonstrating that 6-OHDA lesions of 
the entire system result in an up-regulation of enkephalin mRNA 
expression and a down-regulation of substance P mRNA expres- 
sion. Chronic apomorphine treatment of rats causes a selective 
increase in dynorphin immunoreactivity in the striatonigral patch 
system (Li et al., 1986) despite the expression of dynorphin in 
both the patch and matrix striatonigral systems (Young et al., 
1986; C. R. Gerfen and S. J. Young, unpublished observations). 
Such studies provide the means for examining the differential 
effects of pharmacologic manipulation on the patch- and matrix- 
directed mesostriatal dopaminergic systems. 

The present results provide further evidence for the existence 
of separate mesostriatal systems that differentially innervate the 
striatal patch and matrix compartments. In the preceding paper 
(Gerfen et al., 1987) the relationship of this system to the com- 
partmentally organized striatonigral system (Gerlen, 1984, 1985; 
Gerfen et al., 1985) was discussed in terms of the integration of 
movement and mood by the basal ganglia. How this organi- 
zation is manifested in terms of the neurochemical regulation 
of behavior is currently under investigation. Much attention has 
been focused on the role of the transmitters and peptides used 

in these systems. However, the finding of a dissociation of the 
compartmentally organized striatonigral (Gerfen et al., 1985) 
and mesostriatal systems on the basis of the expression of CaBP 
suggests a need to examine other aspects of the biochemical 
phenotype of these neurons to determine the mechanism by 
which the physiologic patterns in complexly organized neural 
circuits are regulated. For example, calcium-dependent mech- 
anisms appear to underlie the physiologic basis of irregular and 
bursting dopaminergic neurons (Grace and Bunney, 1984a, b) 
and the regulation of dendritic release of dopamine from ventral 
tier pars compacta neurons (Llinas et al., 1984). Whether the 
expression of CaBP by dorsal and not ventral tier mesostriatal 
dopaminergic neurons is related to these physiologic mecha- 
nisms is of interest. Similarly, in the striatum, patch and matrix 
medium spiny neurons share many of the same peptides and 
transmitters, including GABA, dynorphin, substance P, and en- 
kephalin (Aronin et al., 1984; Penny et al., 1986; Young et al., 
1986) but are dissociated by the expression in matrix neurons 
of CaBP. Elucidating the manner in which such a protein is 
related to the physiological and pharmacologic regulation of 
neuronal activity and of peptide expression will provide addi- 
tional insights to the functional organization of the basal ganglia. 
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