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Embryonic striatal grafts develop a modular organization in 
which patches of tissue enriched in many transmitter sub- 
stances characteristic of striatum (P regions) are embedded 
in surrounds (NP regions) expressing only low levels of these 
substances. Catecholaminergic fibers from the host brain, 
identified by their expression of tyrosine hydroxylase (TH), 
grow into such grafts and selectively terminate in the stria- 
turn-like P regions. This terminal pattern suggests that cell- 
cell affinities between neurons of the substantia nigra and 
striatum may play a role either in the aggregation of the 
striatal cells into P regions, or in the targeting of the TH- 
positive fibers to the cell clusters. In the present study, we 
tested the first of these possibilities. Striatal grafts derived 
from embryonic day 15 striatal primordia were implanted into 
the ibotenate-damaged host striatum of rats previously treat- 
ed with 6-hydroxydopamine (6-OHDA) to destroy TH-con- 
taining dopaminergic nigrostriatal afferents. 

The 6-OHDA lesions that eliminated nearly all TH-like im- 
munostaining in the host striatum also resulted in disap- 
pearance of nearly all TH-positive fibers in the grafts. In this 
dopamine-depleted environment, the grafts nevertheless 
developed a clear modular organization. They contained 
striatum-like patches with neurons expressing many of the 
neurochemicals characteristic of striatum (ACh, ChAT, cal- 
bindin-D,,,,, met-enkephalin, and dopamine- and adenosine 
3’:5’-monophosphate-regulated phosphoprotein-32,000 or 
DARPP-32), and these patches were surrounded by graft 
tissue expressing few of these striatal markers. These ob- 
servations suggest that the ingrowth of TH-positive fibers 
from the host is not obligatory for the sorting out of striatal 
from nonstriatal cells during the formation of P regions in 
embryonic striatal grafts. 

Despite the fact that dopaminergic denervation of the host 
striatum did not disrupt either the aggregation of grafted 
cells into P regions or the acquisition of striatal neurochem- 
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ical phenotypes by cells in the P regions, there were clear 
differences between the staining patterns of these grafts 
and grafts placed into dopamine-innervated striatum. Most 
striking was a sharp increase of met-enkephalin-like im- 
munostaining in the P zones of the denervated grafts. Upreg- 
ulation of met-enkephalin is known to occur in the dopamine- 
depleted mature striatum, and was observed in the parts of 
host striatum surrounding the grafts on the side ipsilateral 
to the 6-OHDA lesions. This result suggests that functional 
interactions between dopaminergic and enkephalinergic 
systems can occur in the striatal circuits reconstructed by 
embryonic striatal grafting. More generally, our results sug- 
gest that TH-containing afferents from the host striatum, 
though not required for induction and maintenance of striatal 
phenotypy in striatal grafts, can chronically regulate neu- 
rotransmitter/neuromodulator expression in neurons of the 
striatum-like P zones in a manner similar to that found for 
the normal striatum. 

The dopamine-containing nigrostriatal tract probably is the first 
afferent system to innervate the developing striatum. The fibers 
of this tract start to innervate the striatal anlage as early as 
embryonic day 14 (E14) in the rat (Specht et al., 198 1; Moon 
Edley and Herkenham, 1984; Voorn et al., 1988). At this time, 
only a small number of striatal cells have been born (Fentress 
et al., 198 1; Bayer, 1984; Marchand and Lajoie, 1986), but 
dopamine D2-like receptor binding sites and Dl and D2 re- 
ceptor mRNAs are present in the striatal primordium (Sales et 
al., 1989; Guennoun and Bloch, 1991; Schambra et al., 1991). 
Besides reaching the striatal anlage, a few of the early arriving 
dopamine-containing fibers also invade the ganglionic eminence 
(Specht et al., 198 1; Newman-Gage and Graybiel, 1988; Voom 
et al., 1988), which is the presumptive striatal primordium (Smart 
and Sturrock, 1979; Sidman and Rakic, 1982; Mtiller and O’Ra- 
hilly, 1988, 1990). Dopamine D2-like receptor binding sites and 
Dl and D2 receptor mRNAs are also transiently expressed in 
the ventricular and subventricular zones of striatal primordium 
during early prenatal development (Sales et al., 1989; Guennoun 
and Bloch, 1991; Schambra et al., 199 1). 

Such early innervation of the ganglionic eminence and the 
striatal anlage by tyrosine hydroxylose (TH)-containing dopa- 
minergic fibers raises the possibility that these dopaminergic 
fibers may regulate the development of striatal cells. For ex- 
ample, Laijiness et al. (199 1) have shown that activation of 
dopamine D2 receptors in transfected Chinese hamster ovary 
cells results in an increase of mitogenesis. Thus, the transient 
dopamine-containing fibers in the ventricular zone may partic- 
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ipate in the regulation of cell proliferation there. The early- 
arriving dopamine-containing fibers in the striatal anlage, in 
which neurogenesis does not occur, may regulate neurite out- 
growth (e.g., Lankford et al., 1988; McCobb et al., 1988) or 
they may support the survival of developing striatal neurons 
or be involved in the induction and/or maintenance of expres- 
sion of neurochemical substances in these neurons. It has been 
shown in both the visual and somatosensory systems that de- 
nervation of target neurons during development can result in 
anterograde atrophic effects on target neurons (for review, see 
Purves and Lichtman, 1985; Oppenheim, 199 1). 

In the striatum, dopamine-containing nigrostriatal afferents 
exert control over striatal neuropeptides and also GABA through 
its synthetic enzyme glutamic acid decarboxylase (GAD) (Gale 
et al., 1988; Vernier et al., 1988; Besson et al., 1991; Sogho- 
monian et al., 1991). Depletion of dopaminergic inputs to the 
mature striatum results in up- or downregulation of neuropep- 
tides and neuropeptide mRNAs (Hong et al., 1978,1985; Young 
et al., 1986; Li et al., 1987; Normand et al., 1987, 1988; Sivam 
et al., 1987; Voom et al., 1987; Merchant et al., 1988; Walaas 
et al., 1989; Weiss and Chesselet, 1989; Jiang et al., 1990; Gerfen 
et al., 199 1; for review, see Graybiel, 1990). For striatal tissue 
in culture, coculturing with ventral mesencephalon has been 
shown to increase the activity of ChAT and levels of substance 
P (Kessler, 1986). However, it is not known how dopamine- 
containing afferents affect striatal target neurons during devel- 
opment in vivo. 

One strategy to approach this intriguing question is to destroy 
dopamine-containing afferents to the developing striatum using 
the catecholamine neurotoxin 6-hydroxydopamine (6-OHDA). 
Snyder-Keller (199 1) has shown that nigrostriatal interactions 
can be studied as early as El 7 in the rat by intraventricular 
injection of 6-OHDA into rat embryos, but injections earlier 
than El7 result in morbidity of the majority of embryos. In the 
study reported here, we reasoned that experiments with em- 
bryonic striatal grafts might allow these technical limitations to 
be circumvented, and might thus provide a system in which to 
study nigrostriatal interactions. We and others have previously 
shown that TH-containing nigrostriatal fibers of adult host brain 
are capable of innervating such embryonic striatal grafts, which 
can grow to a large size when placed in previously excitotoxin- 
damaged host striatum (Pritzel et al., 1986; Graybiel et al., 1987; 
Isacson et al., 1987; Clarke et al., 1988; Wictorin et al., 1988, 
1989; Liu et al., 1990; Labandeira-Garcia et al., 1991). In the 
grafts, the TH-positive fibers from the host form patches that 
are spatially aligned with AChE-rich patches seen in sections 
through the grafts (Graybiel et al., 1987; Wictorin et al., 1989; 
Liu et al., 1990). Many striatal markers are concentrated in the 
AChE-rich patch regions (P regions) of the grafts, whereas they 
are represented at low levels, if at all, in the nonpatch regions 
(NP regions) surrounding the AChE-rich P regions (Graybiel et 
al., 1989; Wictorin et al., 1989; Liu et al., 1990, 1991b). Thus, 
the P regions probably represent aggregations of striatal tissue, 
whereas the AChE-poor NP zones may represent nonstriatal 
and/or immature striatal tissue (Graybiel et al., 1989; Wictorin 
et al., 1989; Liu et al., 1990, 1991b). 

This situation suggests that affinities between nigral fibers and 
striatal cells could guide the formation of the patches of stria- 
turn-like tissues in the grafts. Local TH-containing fibers at the 
site of grafting could trigger the aggregation of cells into P zones, 
and could influence expression of striatal phenotypy. Altema- 

tively, intrinsic factors such as common cell-surface ligands and 
receptors (Lander, 1989) could lead to aggregation of committed 
striatal cells, which in turn could attract the host’s nigrostriatal 
fibers (Graybiel and Hickey, 1982; Krushel et al., 1989). 

In the study presented here and briefly summarized elsewhere 
(Liu et al., 1991a), we tested the first of these possibilities by 
transplanting El5 embryonic striatal primordia into the stria- 
turn of adult host rats in which nigrostriatal inputs had been 
previously removed by 6-OHDA lesions. We used the ibote- 
nate-damaged striatum as the host system for the grafts, because 
in such excitotoxin-damaged striatum, embryonic striatal grafts 
grow to a large size, yet have patterns of expression of neuro- 
chemical markers similar to those observed in grafts placed into 
intact striatum (Zhou and Buchwald, 1989; Liu et al., 1990; 
Labandeira-Garcia et al., 199 1; Lu et al., 199 1; F.-C. Liu, S. B. 
Dunnett, and A. M. Graybiel, unpublished observations). We 
first determined with certainty that the TH-positive fibers in 
striatal grafts are derived from mesostriatal afferents of the host 
brain. We then tested whether the ingrowing TH-positive fibers 
are necessary for inducing or maintaining subpopulations of 
grafted E 15 cells to form P regions, and whether the absence of 
TH-containing fibers affected the development and mainte- 
nance of the neurochemical phenotypes of the grafted neurons. 

Materials and Methods 
Animals. Twenty-five female Sprague-Dawley rats (Harlan-OLAC, 
Bicester, Oxfordshire, UK), aged 1 O-l 4 weeks at the start of the study, 
were used as the host animals. Graft tissue was derived from embryos 
obtained by cesarian section from pregnant rats of the same outbred 
strain. 

Denervation ofdopaminergic &rents of the host striatum. Unilateral 
dopaminergic denervation of the right striatum of hosts (n = 19) was 
accomplished 29-32 d before grafting by injecting 4 ~1 of 6-OHDA HBr 
(2 wg/wl, calculated as free base, dissolved in 0.1 mg of ascorbic acid/ 
ml in saline) over 4 min at the following nigral coordinates: A = -4.4 
mm from bregma, L = -0.9 mm from midline, and V = 7.8 mm from 
the dura mater with the nose bar set at -2.3 mm below the interaural 
line. The rats were tested for methamphetamine (2.5 mg/kg)-induced 
rotation in rotometer bowls 12 d after the 6-OHDA lesions to select 
rats with large lesions. The rats responding with over 300 turns in the 
90 min test period were considered to have effective 6-OHDA lesions, 
and only these were chosen for grafting (n = 11). 

Ibotenic acid lesions of the host striatum. Four weeks after the 6-OHDA 
lesions were made, the 11 rats with effective 6-OHDA lesions and 6 
normal rats were given unilateral intrastriatal injections of 0.5 pl of 0.06 
M ibotenic acid dissolved in 0.1 M nhosnhate buffer (PB: DH 7.4) over 
3 min at each of two sites: A = 0.6 mm, L = -3.0 mm; V = 5.6 mm 
and A = 1.2 mm, L = -2.6 mm, V = 5.0 mm. 

Embryonic striatal transplantation. One week after the ibotenic acid 
lesions, donor tissue was dissected from the lateral ganglionic eminence 
of embryonic day 15 embryos (crown rump length = 13-l 5 mm), and 
cell suspensions were prepared for grafting as described elsewhere (Gray- 
biel et al., 1989; Liu et al., 1990). Four microliters of the cell suspensions 
(36 striatal primordia190 ~1 glucose-saline) were injected over 8 min 
into the degenerated striatum at coordinates located in the middle of 
the ibotenate-exposed tissue (A = 0.8 mm, L = -2.8 mm, and V = 4.5 
mm). After injection, the needle was left in place for 6 min before being 
slowly retracted. In this article, we employ the term denervated grafts 
to refer to striatal grafts implanted into host striatum denervated of 
catecholaminergic afferents by 6-OHDA lesions made prior to grafting. 
We refer to striatal grafts implanted into host striatum with intact cat- 
echolaminergic innervation as control grafts. 

All the procedures involved in animal experiments reported here were 
approved by the Committee on Animal Care of the Massachusetts In- 
stitute of Technology. 

Immunocytochemistry and histochemistry. Four to six months after 
transplantation, the grafted rats were deeply anesthetized and perfused 
through the heart with 4% paraformaldehyde in 0.1 M PB containing 
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Figure 1. Photomicrographs illustrating the extent of the 6-OHDA lesion as demonstrated by TH-like immunostaining in the striatum (A) and 
in the midbrain (B) of case V18. A, Very little TH-like immunostaining is present in the striatal graft (G) or in the surrounding host caudoputamen. 
However, one TH-positive neuron is present in the graft, but it is not visible at this magnification. Note that TH-like immunostaining in the 
nucleus accumbens and olfactory tubercle ipsilateral to the graft is also nearly eliminated by the lesion. B, No TH-positive neurons are present in 
the substantia nigra pars compacta or in the ventral tegmental area on the side ipsilateral to the lesion. AC, anterior commissure; CP, caudoputamen; 
Lv, lateral ventricle; MGB, medial geniculate body; Olf Z olfactory tubercle; S, septum; SNpc, substantia nigra pars compacta; VTA, ventral 
tegmental area. Scale bars, 1 mm. 
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Figure 2. Photomicrographs of sections stained for AChE. A shows a control striatal graft implanted into the caudoputamen (CP) in case AG- 
94, which lacks a 6-OHDA lesion. B illustrates the striatal graft implanted into the denervated caudoputamen (case V-20). In both grafts, patches 
with enhanced AChE activity (P) are embedded in AChE-poor surrounds (NP). In some P regions of the denervated graft, the AChE activity is 
perceptibly lower than that in the P regions of the control graft. AC, anterior commissure; LV, lateral ventricle;fb, fiber bundles. Scale bar, 500 pm. 

either 5% sucrose and 0.9% saline or 15% saturated picric acid (pH 7.4). 
The brains were removed and kept in fresh fixative at 4°C for 2-4 hr, 
and then were stored in 20% sucrose in 0.1 M phosphate-buffered saline. 
Brain tissue was sectioned in the coronal plane at 30 wrn on a freezing 
microtome. Immunostaining was performed with peroxidase-antiper- 
oxidase immunocytochemistry as described previously (Stemberger, 
1979; Graybiel, 1984; Graybiel and Chesselet, 1984; Liu et al., 1990). 
The concentrations of primary antisera were as follows: 1:240 for rabbit 
polyclonal anti-tyrosine hydroxylase antiserum (Eugene Tech, Allen- 
dale, NJ); 1: 1000 for rabbit polyclonal anti-calbindin-D,,, antiserum 
(gift from Dr. P. C. Emson, Institute of Animal Physiology, Babraham, 
Cambridge, UK); 1: 1000 for rabbit polyclonal anti-met-enkephalin (gift 
from Dr. R. P. Elde, University of Minnesota, Minneapolis, MN); 
1:20,000 for mouse monoclonal anti-dopamine- and adenosine 3’:5’- 
monophosphate-regulated phosphoprotein-32,000 (DARPP-32; gift from 
Drs. E. L. Gustafson and P. Greengard, The Rockefeller University, 
New York, NY); and 1:2000-2500 for mouse polyclonal antiChAT 
(gift from Dr. R. W. Baughman, Harvard Medical School, Boston, MA). 
A double-bridge procedure was followed routinely. For immunostaining 
controls, selected sections were incubated without the primary antisera. 
No staining was found in the controls. Acetylcholinesterase histochem- 
istry was carried out according to a modified Geneser-Jensen and Black- 
stad method (Geneser-Jensen and Blackstad, 197 1; Graybiel and Rags- 
dale, 1978). 

Quantitative analysis. Densitometric measurements of met-enkeph- 
alin-like immunoreactivity were made with the aid of an image analysis 

system (Biocom, Les Ulis, France). Sections were chosen for the analysis 
from the brains of rats that had received 6-OHDA lesions before grafting 
(n = 6, 35 sections) and from the brains of rats in which no 6-OHDA 
lesions were made (n = 5, 28 sections). Measurements were made both 
on the side of the graft and on the contralateral side. The computer 
calculated the gray level of each pixel in a 5 12 x 480 matrix over a 
range of gray values from 0 (black, no light transmission) to 255 (white, 
maximum light transmission). For each section on the side contralateral 
to the grafts, the average gray levels within a square of 60 wrn2 were 
measured, respectively, for tissue in the medial caudoputamen adjacent 
to the lateral ventricle, in the center of the dorsal caudoputamen, in the 
lateral caudoputamen, and in two of the strong met-enkephalin-positive 
patches chosen randomly among those in the medial and ventral cau- 
doputamen. All sets for measurements were carefully chosen to avoid 
large bundles of internal capsule fibers. On the side ipsilateral to the 
grafts, measurements with the same sample size were taken from matched 
regions of the host caudoputamen except that no measurements were 
obtained from the center of the caudoputamen into which most of the 
grafts were implanted. Measurements with 60 pm* squares were also 
taken from all of the P zones of the grafts and from three regions chosen 
randomly in the NP zones of the grafts. In a few sections, measurements 
could not be taken for the host striatum ipsilateral to the grafts due to 
the near-total depletion of host tissue by large ibotenate lesions. 

In order to pool data from different sections from individual brains, 
we corrected for variations in staining from section to section. First, for 
each brain the gray values of the medial, the dorsocentral, and the lateral 
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caudoputamen, and also the enkephalin-rich patches in the ventro- 
medial caudoputamen contralateral to the graft side, were measured. 
These values were divided, respectively, by the average gray values 
measured for the lateral cortex and the lateral septum on the contra- 
lateral side in the same sections. The control cot&al and septal mea- 
surements were made in three 60 pm2 square samples centered, respec- 
tively, in the middle layers of the lateral cortex adjacent to the 
caudoputamen and in the lateral septal nucleus. The results of this 
analysis demonstrated that the immunostaining density in the contra- 
lateral caudoputament was not different in the 6-OHDA-treated animals 
and the normal animals except in the ventromedial patches (see Results). 
Therefore, the average immunostaining intensity of these unchanged 
contralateral striatal regions was used as the baseline for estimating 
changes on the side ipsilateral to the grafts. Gray values were then read 
for the grafts and adjoining host caudoputamen, and normalized values 
were obtained by dividing the gray values of the sampled regions on 
the ipsilateral side by the average gray values of the unchanged contra- 
lateral striatal regions. The resulting ratios were inverted before being 
plotted, because the gray level values measured by the computer pro- 
gram were inversely related to the staining intensity (minimum values 
= dark staining; see above). 

ChAT-positive P zones in the denervated grafts, as previously 
described for grafts in host striatum retaining normal dopa- 
minergic innervation (Liu et al., 1990). 

Pattern of calbindin-D,,,,-like immunostaining 

Two populations of calbindin-D,,,, (calbindin)-immunoreac- 
tive neurons with different phenotypes were present in the con- 
trol grafts (Fig. 4C), as described in a previous report (Graybiel 
et al., 1989). Medium-sized calbindin-positive neurons resem- 
bling those in the host striatum were clustered in P regions. 
Outside these calbindin-positive patches, there were many mc- 
dium-sized to large multipolar calbindin-immunoreactive neu- 
rons that did not resemble calbindin-positive neurons in the 
host striatum. The removal of TH-containing afferents did not 
appear to change this heterogeneity in the patterning of calbin- 
din-like immunoreactivity in the grafts. Clusters of medium- 
sized neurons immunoreactive for calbindin were present in 
AChE-rich P regions, and large calbindin-positive neurons with 
prominent dendrites were present in NP regions (Fig. 4A,B,D). 

Results 
Extent of 6-OHDA lesions as assessed with TH 
immunohistochemistry 
The 6-OHDA injection sites were centered in the medial fore- 
brain bundle at the level of the posterior hypothalamus, and 
the lesions resulted in the disappearance of nearly all the TH- 
positive neurons in the substantia nigra pars compacta, retro- 
rubral area, and ventral tegmental area, except for a few TH- 
positive neurons persisting in the medial part of the ventral 
tegmental area in some brains (Fig. IB). Accordingly, very few 
TH-immunoreactive fibers were present in the ipsilateral host 
caudoputamen, nucleus accumbens, and olfactory tubercle, and 
very few were found in the grafts (see Figs. lA, 60). Small 
numbers of TH-immunoreactive neurons were scattered in the 
denervated grafts, as they are in control grafts implanted into 
the host striatum without 6-OHDA lesions (Liu et al., 1990). 
These findings are in good accord with those reported by La- 
bandeira-Garcia et al. (199 1). 

Patterns of AChE staining and ChAT-like immunostaining 

Characteristic patchy regions of high AChE activity embedded 
in AChE-poor surrounds were present in all the control grafts 
(Fig. 2A), as previously documented (Sanberg et al., 1986; Isac- 
son et al., 1987; Walker et al., 1987; Graybiel et al., 1989; 
Wictorin et al., 1989; Liu et al., 1990). A modular organization 
of AChE staining was also present in the denervated grafts (Figs. 
2B, 3A, 4A, 6A), but it was perceptibly different from that in 
the control grafts. The AChE staining intensity in the denervated 
grafts was generally weaker than that in the control grafts. In 
many of the denervated grafts (n = 7), the AChE-rich P regions 
lacked borders as sharp as those in the control grafts (Figs. 3A, 
4A). The size and shape of the AChE-rich P regions varied from 
graft to graft in the 6-OHDA lesion group (Figs. 2B, 3A, 4A, 
6A) as they did in the control group. 

A few medium-sized and large ChAT-immunoreactive neu- 
rons were present in the control and the denervated grafts (Fig. 
3C,D). Clear ChAT immunostaining of the neuropil was ob- 
tained in one of the denervated brains. The ChATpositive neu- 
ropil was mainly in patches, and some of these contained me- 
dium-sized to large ChAT-positive neurons. The ChAT-positive 
patches were spatially aligned with AChE-rich patches visible 
in adjacent sections (Fig. 3A, B). Thus, the ChAT-positive patch- 
es corresponded to P regions. Scattered medium-sized bipolar 
ChAT-immunoreactive neurons were also present outside the 

Pattern of dopamine- and adenosine 
3‘:5’-monophosphate-regulatedphosphoprotein 
(DARPP-32)-like immunostaining 
DARPP-32-like immunoreactivity in the control grafts (Fig. 5A) 
was distributed in patches as previously described (Wictorin et 
al., 1989) and in accord with the findings by Labandeira-Garcia 
et al. (199 l), the destruction of TH-containing nigrostriatal af- 
ferents prior to grafting did not perceptibly alter this pattern. 
Distinct clusters of medium-sized neurons immunoreactive for 
DARPP-32 were present in the denervated grafts (Fig. 5B), and 
these DARPP-32-positive neurons (Fig. 5D) were similar to 
those in the control grafts (Fig. 5C’) and in the host striatum. 
Close spatial alignments of DARPP-32-positive patches and 
AChE-rich P regions in adjacent sections were also observed in 
both the denervated grafts (Fig. 6A,C) and the control grafts 
(data not shown). A few medium-sized DARPP-32-immuno- 
reactive neurons were scattered outside DARPP-32-positive P 

Pattern of met-enkephalin-like immunostaining 
There were striking differences in the expression of met-en- 
kephalin in the dopamine-innervated and dopamine-depleted 
grafts. In the control grafts, medium-sized met-enkephalin-im- 
munoreactive neurons (Fig. 7C) with phenotypes similar to those 
in the normal striatum were clustered in patches as noted pre- 
viously (Graybiel et al., 1989) and these met-enkephalin-pos- 
itive patches were closely aligned with AChE-rich and DARPP- 
32-positive P regions visible in adjoining sections. The intensity 
of immunostaining of the met-enkephalin-positive P zones var- 
ied from patch to patch, but was generally similar to or slightly 
higher than that of the met-enkephalin-positive neurons and 
neuropil in the contralateral caudoputamen (Fig. 7A,C,D). Met- 
enkephalin-immunoreactive neurons were distributed through- 
out the normal striatum, and in addition, a few patches con- 
taining densely immunostained neuropil appeared, mainly in 
the ventral and medial caudoputamen (Fig. 7A). Quantitative 
analysis indicated that the intensity of met-enkephalin-like im- 
munostaining in the caudoputamen contralateral to the side of 
grafting did not differ between the control and 6-OHDA-treated 
rats except in the patches in the ventromedial.caudoputamen. 

The denervation of the host striatum resulted in marked 
changes in met-enkephalin-like immunostaining both in the grafts 
and in the surviving host caudoputamen ipsilateral to the 
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Figure 3. A and B, Photomicrographs of adjacent sections stained for AChE (A) and for ChAT-like immunoreactivity (B) illustrating the denervated 
striatal graft of case AG-78. Small AChE-rich P regions, most lacking sharp boundaries, are present in this denervated graft. Similarly, small weakly 
stained ChAT-positive patches are present in the graft as well as ChAT-immunoreactive neurons, a few of which lie in or beside the patches. The 
AChE-rich and ChAT-rich patches are coincident (example shown by asterisks). Cand D, High-magnification photomicrographs illustrating ChAT- 
immunoreactive neurons in the control striatal graft of case AG-89 (C) and the denervated striatal graft of case V-20 (0). A few medium-sized 
and large ChAT-positive neurons with elongated aspiny dendrites (examples at arrows) are present in the P regions of both the control and the 
denervated grafts. Staining of the neuropil is too weak to identify P zones (but see B and Liu et al., 1990), but AChE-rich P zones were identified 
in serially adjacent sections. Some of the ChAT-immunoreactive neurons form clusters within the P regions. CP, caudoputamen. Scale bars: B (for 
A and B), 500 pm; C (for C and D), 100 pm. 
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Figure 4. A and B, Photomicrographs of adjoining sections stained for AChE (A) and for calbindin-like immunoreactivity (B) in the denervated 
striatal graft of case V-20. C and D, High-magnification photomicrographs showing calbindin-positive neurons in the control striatal grail of case 
AG-89 (C) and the denervated striatal graft of case AG-78 (0). Calbindin-like immunoreactivity is distributed heterogeneously in the control graft 
and the denervated graft. In both grafts, patches of medium-sized calbindin-immunoreactive neurons (P) are surrounded by NP zones (iVP) in 
which larger multipolar calbindin-positive neurons appear in clusters and singly. The patches of medium-sized calbindin-positive neurons are 
aligned with AChE-rich P regions in adjacent sections of the denervated graft (example shown by asterisks). LV, lateral ventricle. Scale bars: B (for 
A and B), 500 pm; D (for C and D), 50 pm. 

6-OHDA lesions. Within the denervated grafts, met-enkepha- Quantitative analysis demonstrated that the increase in staining 
lin-positive patches aligned with AChE-rich P regions were intensity of the P regions was significant (II < 0.01; Fig. 8). The 
present (Fig. 6A,B), and the immunostaining intensity of many increase resulted mainly from enhanced immunostaining of the 
of these met-enkephalin-positive P regions was greatly increased neuropil in the patches; we did not detect obvious increases in 
relative to the intensity seen in control grafts (Fig. 7C,E). numbers of immunostained cells. No substantial increase of 





met-enkephalin-like immunostaining was observed in the NP 
regions of denervated grafts, despite the presence of some small- 
to medium-sized weakly stained met-enkephalin-immunoreac- 
tive cells in NP regions. On the contrary, the met-enkephalin- 
like immunostaining of the NP regions was decreased in the 
denervated grafts relative to values for control graft NP regions 
(p < 0.01; Fig. 8). 

In the host caudoputamen, there was a much-enhanced het- 
erogeneity in the distribution of met-enkephalin-like immu- 
nostaining (Fig. 7B,F). In addition, there was an obvious in- 
crease in the intensity of immunostaining. The increases in the 
medial and lateral host caudoputamen ipsilateral to 6-OHDA 
lesions relative to values in control host brains were statistically 
significant (p < 0.01; Fig. 8). The immunostaining of the met- 
enkephalin-positive patches in the medial and ventral host cau- 
doputamen ipsilateral to 6-OHDA lesions was also significantly 
increased (Fig. 8). Our measurements for the host striatum 
showed that there was also up-regulation of the ventral met- 
enkephalin-positive patches on the side contralateral to the 
6-OHDA injections 0, < 0.05; data not shown). These results 
are in good accord with the findings of Voorn et al. (1987). 

Discussion 
The experiments reported here demonstrate a remarkable ca- 
pacity of cells from embryonic striatal primordia to develop and 
to maintain striatal phenotypy in the absence of a TH-positive 
mesostriatal innervation. Our experiments further show that the 
grafted cells can form and maintain cell-type specific aggregates 
(the P and NP regions) without this innervation. Our findings 
indicate, however, that mesostriatal fibers from the host brain 
are necessary to maintain normal levels of expression of met- 
enkephalin-like peptide in such grafts. These contrasting find- 
ings suggest a dissociation between the developmental-induc- 
tive interactions and the chronic regulatory interactions of 
mesostriatal fibers with cells of embryonic striatal primordia 
grafted into the striatum. 

TH-positive fibers of P zones in striatal grafts originate from 
host mesostriatal system 
The selective removal of TH-containing afferents innervating 
the host striatum a month or more prior to introducing embry- 
onic cell suspension grafts resulted in elimination of nearly all 
the TH-positive patches in the embryonic striatal grafts. This 
observation establishes that the TH-positive fibers innervating 
the P regions of striatal grafts are derived from the midbrain 
catecholaminergic cell groups of the host, almost certainly the 
dopamine-containing mesostriatal cells. This conclusion is in 
accord with evidence from retrograde tract-tracing studies that 
striatal grafts can receive innervation by nigrostriatal afferents 
from the host (Pritzel et al., 1986; Wictorin et al., 1988). A few 
TH-positive neurons were scattered in the denervated grafts as 
in grafts into hosts without 6-OHDA lesions. The potential 
sources of these rare TH-positive neurons, as discussed previ- 
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ously (Liu et al., 1990), may be from embryonic cortical or 
striatal cells. Our results suggest that these TH-positive neurons, 
although supporting local TH-positive processes, do not con- 
tribute in a major way to the TH-positive fiber plexus of P 
zones. 

Mesostriataljibers from the host striatum are not required for 
induction or maintenance of the modular organization of 
striatal grafts 
It has been shown that TH-positive fibers appear in striatal grafts 
before the first appearance of clusters of DARPP-32-positive 
neurons representing P regions (Labandeira-Garcia et al., 199 1). 
These initial TH-positive fibers are not distributed in a patchy 
pattern. This sequence suggests that the initial ingrowing TH- 
containing fibers from the host striatum might attract a sub- 
population of grafted cells and stimulate them to form P regions 
in the grafts. Labandeira-Garcia et al. (199 1) did report, how- 
ever, a subsequent sprouting of fine TH-positive fibers from the 
initial coarse TH-positive fibers within DARPP-32-positive 
patches. This observation raised the possibility that the TH- 
positive fibers responded to cues from P zone cells. 

Our findings provide direct evidence that after the complete 
or nearly complete removal of TH-positive host fibers in the 
grafts, the modular organization of the grafts, as characterized 
by the occurrence of P zones containing ChAT-positive neurons, 
medium-sized DARPP-32-positive, met-enkephalin-positive, 
and calbindin-positive neurons, as well as AChE-positive and 
ChAT-positive neuropil, still can be achieved. These results 
strongly suggest that the ingrowing TH-positive fibers from the 
host striatum are not required either for the process of inducing 
a subpopulation of grafted cells to form P regions in the grafts, 
or for the processes of maintaining these striatum-like cellular 
aggregates. 

Target selectivity has been documented for dopamine-con- 
taining nigrostriatal fibers in vitro and in vivo. They preferentially 
innervate striatal tissue over other types of tissue when given 
choices in both tissue culture and intracranial graft conditions 
(Hemmendinger et al., 198 1; Bjiirklund et al., 1983; Denis- 
Donini et al., 1983; Won et al., 1989; Ostergaard et al., 1991). 
We and others have argued elsewhere that the modular orga- 
nization of embryonic striatal grafts reflects an admixture of 
striatal tissue (AChE-rich P regions) and nonstriatal tissue (AChE- 
poor NP regions) rather than an immature state of striosome/ 
matrix compartmentation in which the AChE-rich P zones are 
protostriosomes (Graybiel et al., 1989; Wictorin et al., 1989; 
Liu et al., 1990, 199 1 b). The implication of our findings is that 
the selective innervation of the P regions by host TH-positive 
fibers probably represents a further example of the target-se- 
lecting capability of mesostriatal afferents: the TH-containing 
afferents are attracted to P zone cells, rather than the reverse. 

Our experiments leave open the possibility that the El5 
embryonic striatal primordia we used as donor tissue could have 
been influenced by the earliest (E 14)-arriving mesostriatal fibers 

Figure 5. Photomicrographs showing the patterns of immunostaining for DARPP-32 in the control graft of case AG-89 (A) and in the denervated 
graft of case V-l 8 (B). Similar clusters of DARPP-32-immunoreactive neurons (P) appear in both the control and the denervated striatal grafts. 
Neurons in the P regions indicated by P in A and B are illustrated at higher magnification in C and D, respectively. The neurons in the P regions 
of the control and the denervated grafts are medium sized, and they have similar phenotypes (examples at curved arrows). The regions outside the 
P zones (NP zones, NP) in both the control and the denervated grafts contain only a few scattered medium-sized DARPP-32-positive neurons. 
CP, caudoputamen; AC, anterior commissure. Scale bars: B (for A and B), 500 pm; D (for C and D), 25 pm. 
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Figure 6. Photomicrographs of adjoining sections stained for AChE (A), met-enkephalin-like immunoreactivity (B), DARPP-324ike immuno- 
reactivity (C), and TH-like immunoreactivity (0) in the denervated striatal graft of case V- 18. Patches of met-enkephalin-positive neurons and 
DARPP-32-positive neurons are aligned with AChE-rich P regions (examples at asterisks). Very little TH-like immunoreactivity is present. LV, 
lateral ventricle; CP, caudoputamen. Scale bar, 500 pm. 
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developing in the donor brains prior to transplantation. This 
possibility does not alter our conclusion that, once the donor 
cells are dissociated and transplanted into the ibotenate-dam- 
aged host striatum, mesostriatal afferents are unnecessary for 
aggregation of the cells and for the modular pattern formation 
characteristic of the developed grafts. The observation that P 
region aggregates can form without exposure to host TH-posi- 
tive fibers suggests that cellular mechanisms other than those 
dependent on dopamine-containing afferents, such as prefer- 
ential adhesion among striatal cells and repulsion between stri- 
atal and nonstriatal cells, may underlie the formation of P and 
NP zones in the grafts. 

Expression of cholinergic markers in embryonic striatal grafts 
implanted into host striatum denervated by 6-OHDA lesions 
before grafting 
It is well established that functional interactions exist between 
the dopaminergic and cholinergic systems of the mature stria- 
turn. Electron microscopic studies have shown close appositions 
between the TH-containing terminals and ChAT-immunoreac- 
tive dendrites and perikarya (Kubota et al., 1987; Chang, 1988; 
Pickel and Chan, 1990). Furthermore, in situ hybridization stud- 
ies have documented expression of dopamine D2 receptor 
mRNA by most of the large neurons of the striatum, which are 
known to be the cholinergic interneurons (BrenC et al., 1990; 
Le Moine et al., 1990a,b; Weiner et al., 199 1). Our finding that 
large ChAT-positive neurons were present in the denervated 
grafts suggests that removal of incoming TH-containing affer- 
ents before transplantation does not profoundly change the dif- 
ferentiation process of cholinergic neurons in embryonic striatal 
grafts. For technical reasons, we had only limited material in 
which ChAT-positive neuropil in the grafts could be analyzed. 
In the available sections, we observed patches of ChAT-positive 
neuropil, and these also were apparently similar to ChAT-pos- 
itive patches found in control grafts, though in general smaller. 
We cannot discount the possibility that TH-immunoreactive 
fibers associated with the sparsely scattered TH-positive neu- 
rons in the grafts were sufficient to induce the expression of 
ChAT-like immunoreactivity in cells and neuropil of the de- 
nervated grafts, but these rare TH-positive neurons were not 
particularly associated with the P zones. It is not known whether 
ChAT-positive neurons can develop in the dopamine-depleted 
developing striatum in utero, but BrenC et al. (1990) have re- 
ported that the removal of nigrostriatal afferents of the young 
adult striatum by 6-OHDA lesions does not alter levels of stri- 
atal ChAT mRNA. 

Despite this apparent independence of cholinergic neuronal 
differentiation in the denervated striatal grafts, the pattern of 
AChE staining in the grafts was not altogether normal. It has 
been reported that about 12% of striatal AChE activity is present 
in dopaminergic nigrostriatal axons and terminals (Lehmann 
and Fibiger, 1978). Therefore, the lack of crispness in the AChE 
staining pattern in the denervated grafts might have resulted 
from removal of AChE activity associated with nigrostriatal 
afferents. AChE in the striatum is associated mainly with cho- 
linergic neurons but is also expressed by some noncholinergic 
neurons (Bolam et al., 1984). Therefore, second-order (including 
transynaptic) anterograde effects following the 6-OHDA lesions 
could also underlie the changes of AChE expression we found. 
During normal development, destruction of dopamine-contain- 
ing inputs to the developing striatum in the perinatal period 
does not profoundly alter the AChE staining pattern in the post- 

natal striatum (Snyder-Keller, 199 1). Subtle changes do occur, 
however, as there is more pronounced heterogeneity in the AChE 
staining in the developing striatum than in the striatum of rats 
without lesions (Liu, Dunnett, and Graybiel, unpublished ob- 
servations). 

The cholinergic neurons of the striaturn are among the earliest 
cells born during striatal neurogenesis (Semba et al., 1988; Phelps 
et al., 1989). The majority of them are generated at E12-E15. 
However, in contrast to the early expression of DARPP-32 by 
medium-sized striatal neurons (Foster et al., 1987) ChAT-like 
immunoreactivity in large striatal neurons is not detectable in 
the developing rat striatum until E 18 (see Fig. 1 in Armstrong 
et al., 1987) by which time many TH- and dopamine-containing 
fibers are already present in the striatal anlage (Specht et al., 
198 1; Moon Edley and Herkenham, 1984; Voom et al., 1988). 
This developmental time lag between neurogenesis and ChAT 
expression by cholinergic neurons suggests that the induction 
of ChAT-like immunoreactivity may be triggered by signals 
other than those from early-arriving nigrostriatal afferents. On 
the other hand, ChAT activity is increased in striatal tissue 
cocultured with ventral mesencephalon (Kessler, 1986). 

Expression of DARPP-32-like immunoreactivity in embryonic 
striatal grafts implanted into host striatum denervated by 
6-OHDA lesions before grafting 
One of the most clear-cut findings in the present study is that 
the expression of DARPP-32 by the grafted neurons in the P 
regions was not perceptibly affected by prior catecholaminergic 
denervation of the host striatum. Distinct clusters of DARPP- 
32-immunoreactive neurons still appeared in the denervated 
grafts, and these DARPP-32-positive neurons were similar to 
the neurons in the DARPP-32-positive P zone cell clusters found 
in grafts with intact dopamine-containing afferents. It has also 
been shown that denervation of TH-containing afferents of stri- 
atal grafts several months after grafting does not change the 
immunostaining pattern of DARPP-32 in the grafts (Wictorin 
et al., 1989). Together, these findings suggest that the expression 
of DARPP-32, a phosphoprotein thought to be associated with 
dopamine D 1 -like receptor subtypes (Walaas and Greengard, 
1984; Sunahara et al., 1991) is probably not regulated in em- 
bryonic striatal grafts by TH-containing afferents from the host. 

This situation for striatal grafts is compatible with in vivo and 
in vitro evidence on regulation of DARPP-32 expression in the 
developing and mature striatum. The immunoreactivity and 
biochemical activity of DARPP-32 in the adult rat striatum are 
not altered by the removal of dopaminergic input in the neonatal 
period or at adulthood (Luthman et al., 1990; Raisman-Vozari 
et al., 1990). Furthermore, chronic injections of the dopamine 
Dl receptor antagonist SCH23390 into adult rats does not change 
the level of DARPP-32 mRNA (Grebb et al., 1990). DARPP- 
32 levels in the dopamine-deficient striatum of patients with 
Parkinson’s disease are not different from those in controls 
(Raisman-Vozari et al., 1990). Finally, coculturing striatal cells 
with mesencephalic cells does not change DARPP-32 levels in 
the striatal neurons (Ehrlich et al., 1990). 

All these different lines of evidence suggest that the devel- 
opment of DARPP-32 expression and its later regulation in the 
striatum are largely independent of the dopaminergic nigrostria- 
tal innervation. Dopamine-containing nigrostriatal afferents may, 
however, play a role in the induction of striatal DARPP-32 
expression during development. The onset of DARPP-32 ex- 
pression in striatal grafts has been reported to be delayed about 



4292 Liu et al. - Mesostriatal Inputs Influence Striatal Grafts 

Figure 7. Photomicrographs illustrating met-enkephalin-like immunostaining patterns in the control striatal graft (G) of case AG-94 (A) and the 
denervated striatal graft of case V- 18 (B). High-magnification photographs of the control and the denervated grafts are shown in Cand E, respectively. 
The host caudoputamen adjacent to the control and to the denervated grafts is shown at high magnification in D and F, respectively. The arrows 
in C-F indicate fiducial marks for alignment of C with D and E with F. Patches of met-enkephalin-like immunoreactivity (P) with weakly 
immunostained surrounds (NP) are present in both the control and the denervated grafts. The met-enkephalin-like immunostaining in the P regions 
of the denervated graft (B, E) is more intense than that in the P regions of the control graft (A, C); for quantitative measurements, see Figure 8. 
An upregulation of the met-enkephalin-like immunostaining is also evident in the denervated host caudoputamen, especially in the region (double 
arrowheads in B) adjacent to the lateral ventricle, in a rim (double asterisks in 0 along the ventrolateral caudoputamen and in patches distributed 
through the remaining caudoputamen (examples at single asterisks in B, F). No such striking increase in met-enkephalin-like immunoreactivity is 
present in the host caudoputamen ipsilateral to the control graft (A. D), nor is there unusually intense immunostaining in the caudoputamen 
contralateral to the control graft (A). In the caudoputamen contralateral to the denervated graft (B), met-enkephalin-like immunostaining is also 
normal except ventrally, in the ventromedial met-enkephalin-rich patches (examples at stars). Quantitative measurements show upregulation in 
these patches (p < 0.05; data not shown). Note that the met-enkephalin-like immunostaining in the ventral pallidum (VP) ipsilateral to the 6-OHDA 
lesion also appears greatly increased. S, septum; fi, fiber bundles. Scale bars: A (for A and B), 1 mm; D (for C-F), 500 Wm. 
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Figure 8. Histogram illustrating the results of quantitative analysis of 
met-enkephalin-like immunostaining in the control (solid bars) and the 
denervated (hatchedhzrs) striatal grafts. Mean gray scale values (see 
Materials and Methods) were measured for the P regions (P) and NP 
regions (ZVP) of both the denervated and control grafts and, in the ip- 
silateral host caudoputamen of the two sets of brains, for the medial 
and lateral caudoputamen (MLCZ) and the ventromedial patches of 
heightened met-enkephalin-like immunostaining (PMVZ). As the im- 
munostaining intensity in the caudoputamen contralateral to the graft 
side was not altered in the 6-OHDA-treated rats except in the patches 
in the medial and ventral caudoputamen @ < 0.05; data not shown), 
the immunostaining intensity of the measured regions ipsilateral to the 
graft side was expressed relative to the averaged immunostaining in- 
tensity of the regions outside the ventromedial patches in the contra- 
lateral caudoputamen. The ratio values illustrated in the bar graph 
represent the means of these ratios pooled from different sections. Data 
represent mean ratios + SEM. All of these normalized values for matched 
regions from the brains with 6-OHDA lesions and without 6-OHDA 
lesions were statistically significant @ < 0.0 1). Individual p values were, 
for P, p = 6 x lo-‘; for MLCZ, p = 2.87 x lo-‘; for PMVZ, p = 0.001; 
and for NP, p = 0.004; demonstrated by two-tailed t tests. The met- 
enkephalin-like immunostaining in the host caudoputamen (MLCZand 
PMVZ) ipsilateral to the grafts was higher in the grafted brains with 
6-OHDA lesions than in those without 6-OHDA lesions, and the in- 
tensity of met-enkephalin-like immunoreactivity in the P regions of the 
denervated grafts was increased relative to P regions in the control grafts. 
By contrast, the immunostaining density in the NP regions of the de- 
nervated grafts was lower than that in the NP regions of the control 
grafts. 

8 d in grafts placed in the host striatum previously treated with 
6-OHDA lesions (Onteniente et al., 1990). Moreover, a few TH- 
and dopamine-containing nigrostriatal fibers reach the rat stri- 
atal primordium as early as El4 (Specht et al., 198 1; Moon 
Edley and Herkenham, 1984; Voom et al., 1988), a day before 
we took donor tissue. Thus, we cannot rule out the possibility 
that such early-arriving TH- and dopamine-containing fibers in 
the donor striatal primordia had preconditioning effects on the 
subsequent expression of DARPP-32 in the grafts. As men- 
tioned above for the ChAT-positive system of the grafts, TH- 
immunoreactive fibers from the scattered TH-positive neurons 
in the denervated grafts also could be capable of triggering the 
expression of DARPP-32 in the grafts. These arguments apply 
equally to the calbindin system, discussed below. 

Expression of calbindin-like immunoreactivity in embryonic 
striatal grafts implanted into host striatum denervated by 
15OHDA lesions before grafting 
Calbindin is expressed in the medium-sized neurons of the stri- 
atal matrix at adulthood (Gerfen et al., 1985) and throughout 
development (Liu and Graybiel, 1992). We have previously 

shown that striatal grafts contain two different populations of 
calbindin-positive neurons (Graybiel et al., 1989). The medium- 
sized calbindin-positive neurons clustered in P zones resemble 
mature calbindin-positive striatal neurons. Calbindin-positive 
neurons in NP regions have a nonstriatal phenotype. Our results 
clearly demonstrate that the destruction of TH-containing af- 
ferents before grafting does not prevent the expression of cal- 
bindin-like immunoreactivity by either population of neurons. 
Denervation of the striatum by perinatal6-OHDA lesions also 
does not change the subsequent pattern of calbindin expression 
in the striatum (Snyder-Keller, 199 1). 

Regulation of met-enkephalin-like immunoreactivity in 
striatal grafts 
Striking effects of dopamine-containing nigrostriatal afferents 
on the expression of striatal neuropeptide have been shown in 
the mature striatum (for review, see Graybiel, 1990). For the 
enkephalinergic system of the striatum, depletion of dopami- 
nergic signaling either by 6-OHDA lesions or by pharmacolog- 
ical blockade with dopamine D2 receptor-selective antagonists 
results in significant increases of enkephalin levels and of pre- 
proenkephalin and proenkephalin mRNAs (Hong et al., 1978; 
Young et al., 1986; Normand et al., 1987, 1988; Roman0 et al., 
1987; Sivam et al., 1987; Voom et al., 1987; Morris et al., 1988; 
Gerfen et al., 199 1). It therefore has been suggested that do- 
pamine-containing nigrostriatal afferents normally exert a tonic 
inhibitory effect on the enkephalinergic system of the mature 
striatum. This regulatory influence seems to apply to the en- 
kephalinergic system in the postnatal striatum of rats with 
6-OHDA lesions made during the neonatal period (Sivam et 
al., 1987; Chen and Weiss, 1991). 

Our findings demonstrate that denervation of the host stria- 
turn before introducing embryonic striatal grafts also results in 
enhanced met-enkephalin-like immunostaining in the P zones 
of the grafts. We therefore suggest that the met-enkephalin- 
positive neurons in the P regions of striatal grafts are sensitive 
to the control ofTH-containing afferents from the host striatum, 
and that in the absence of these inputs, they respond by in- 
creasing met-enkephalin expression as do neurons of the host. 
Consistent with this suggestion is evidence that dopamine D2- 
like (and Dl-like) receptor binding sites and cells expressing 
proenkephalin mRNA and enkephalin are predominately pres- 
ent in the P regions of striatal grafts (Isacson et al., 1987; Gray- 
biel et al., 1989; Liu et al., 1990; see also Deckel et al., 1988; 
Mayer et al., 1990; Sirinathsinghji et al., 1990; Helm et al., 
1991; Lu et al., 1991). Signaling mechanisms similar to those 
in the normal striatum could thus underlie the upregulation of 
met-enkephalin-like immunoreactivity we report here. Similar 
regulation also has been observed following dopamine receptor 
blockade by A. Bjijrklund and coworkers (personal communi- 
cation). 

An argument against this conclusion could be made by sug- 
gesting that the darkly stained met-enkephalin-positive P regions 
of the denervated grafts represent tissue of the ventral caudo- 
putamen, in which there normally are patches of strong met- 
enkephalin-like immunoreactivity even in the normal rat. This 
is unlikely, however, because our quantitative analysis shows 
that the met-enkaphlin-like immunoreactivity in the P regions 
of the control grafts was significantly less than that in the P 
regions of the denervated grafts (Fig. 8), despite the fact that P 
regions representing ventral caudoputamen should be present 
in the control as well as the denervated grafts. Moreover, much 
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of the increased staining in the met-enkephalin-positive patches 
in the normal ventromedial caudoputamen is in the neuropil 
and is probably derived from afferent fibers rather than from 
intrinsic striatal neurons. We did note that not all met-enkeph- 
alin-positive neurons in the host striatum seem to be subjected 
to equal regulation by dopaminergic inputs, because the in- 
creases in met-enkephalin-like immunostaining we found on 
the side of the 6-OHDA lesions were in patchy regions heter- 
ogeneously distributed through the caudoputamen. We found 
little heterogeneity in the P regions of the denervated grafts. The 
enhanced immunostaining of the P zones may have obscured 
nonresponsive met-enkephalin-positive neurons in the P regions. 
Alternatively, in the novel graft environment, met-enkephalin- 
positive striatal neurons that normally would not respond to 
denervation by 6-OHDA lesions may become sensitive to do- 
paminergic regulation. 

cholinesterase-containing neurons in the rat neostriatum. Neuroscience 
12:687-709. 

Brene S, Lindefors N, Herrera-Marschitz M, Persson H (1990) Ex- 
pression ofdopamine D2 receptor and choline acetyltransferase mRNA 
in the donamine deafferented rat caudate-nutamen. Exn Brain Res 
83:96-104. 

Chang HT (1988) Dopamine-acetylcholine interaction in the rat stria- 
turn: a dual labeling immunocytochemistry. Brain Res Bull 21:295- 
304. 

Chen JF, Weiss B (1991) Ontogenetic expression of D, dopamine 
receptor mRNA in rat corpus striatum. Dev Brain Res 63:95-104. 

Clarke DJ, Dunnett SB, Isacson 0, Sirinathsinghji DJS, Bjijrklund A 
(1988) Striatal grafts in rats with unilateral neostriatal lesions. I. 
Ultrastructural evidence of afferent synaptic inputs from the host 
nigrostriatal pathway. Neuroscience 24:79 l-80 1. 

Cue110 AC, Paxinos G (1978) Evidence for a long leu-enkephalin strio- 
pallidal pathway in rat brain. Nature 27 1:178-l 80. 

Deckel AW, Moran TH, Robinson RG (1988) Receptor characteristics 
and recovery of function following kainic acid lesions and fetal trans- 
plants of the striatum. II. Dopaminergic systems. Brain Res 474:39- 
47. The specific regulation by TH-containing afferents of the P 

zone is consistent with our previous suggestion that the stria- 
turn-like P regions are the principal zones in which functional 
integration between the graft and host occurs by way of recon- 
structed striatal circuits (Liu et al., 1990, 199 1 b). We have no 
way to account for the apparent downregulation of met-en- 
kephalin in the NP regions. These regions of the grafts receive 
only sparse innervation by TH-positive fibers in control grafts 
(Graybiel et al., 1987; Isacson et al., 1987; Clarke et al., 1988; 
Liu et al., 1990). Most of the met-enkephalin-immunoreactive 
neurons present in the NP regions do not have the morphology 
of normal striatal cells (Graybiel et al., 1989). Such cells may 
respond by downregulating enkephalin on being deprived of the 
sparse catecholaminergic input to the NP regions. Alternatively, 
they may respond indirectly to the catecholaminergic dener- 
vation of the host. 

The P regions are the principal sites within the grafts giving 
rise to outputs to the host pallidum (Wictorin et al., 1989). 
Enkephalin is a principle coexisting neuropeptide in the GA- 
BAergic striatopallidal pathway (Cue110 and Paxinos, 1978; Ha- 
ber and Elde, 198 1; Aronin et al., 1984). This pathway, in turn, 
controls the subthalamic nucleus, which is thought to modulate 
activity in the pallidothalamic “release circuit” of the basal 
ganglia (Albin et al., 1989; DeLong, 1990; Graybiel, 1990). Re- 
constituting normal enkephalinergic regulation in striatal grafts 
could thus help to ensure normal release function of pallidal 
outflow pathways in the host brain. 
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