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Reconstruction of the nigrostriatal pathway by long axon
growth derived from dopamine-rich ventral mesencephalic
(VM) transplants grafted into the substantia nigra may en-
hance their functional integration as compared to VM grafts
implanted ectopically into the striatum. Here we report on
a novel approach by which fetal VM grafts are implanted
unilaterally into the substantia nigra (SN) of 6-hydroxydo-
pamine (6-OHDA)-lesioned neonatal pups at postnatal day
3 (P3) using a microtransplantation technique. The results
demonstrate that homotopically placed dopaminergic neu-
rons survive and integrate well into the previously
6-OHDA-lesioned neonatal SN region. Moreover, the tyro-
sine hydroxylase (TH)-positive neurons extended axons
rostrally along the white matter tract of the internal capsule
closely following the course of the original nigrostriatal
pathway. The graft reestablished a TH-positive axon ter-
minal network in the ipsilateral caudate-putamen, with the
highest density in the medial and central parts. Retrograde
labeling with Fluoro-Gold from the host striatum demon-
strated that most of the transplant neurons giving rise to
the graft-derived fiber outgrowth were TH-positive, but re-
vealed also a small proportion of projecting neurons which
were TH-negative. Amphetamine-induced striatal Fos ex-
pression was normalized in the caudate-putamen ipsilat-
eral to the intranigral VM grafts, showing hyperexpression
in some areas of the striatum, and the apomorphine-in-
duced Fos expression seen in the 6-OHDA-lesioned ani-
mals was completely reversed on the grafted side. These
findings indicate that the graft-derived dopaminergic rein-
nervation of the striatum is functional.

The microtransplantation strategy may provide new av-
enues for the exploration of morphological and functional
integration of fetal dopamine neurons in the nigrostriatal
system and give new insights into the mechanisms con-
trolling long-distance axon growth in the brain.
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In the lesioned brain of adult recipients dopamine-rich grafts
from fetal ventral mesencephalon (VM) are unable to reinner-
vate the caudate-putamen unless they are placed close to, or
within, the denervated target structure (Bjorklund et al., 1983b;
Nikkhah et al., 1994b). The failure of regenerating dopaminergic
axons to reinnervate the striatum from more distant implantation
sites, including their normal site of origin, the substantia nigra
(SN), may at least in part be due to inhibitory factors present
along the trajectory of the pathway, as suggested for other my-
elinated fiber tracts in the CNS (Schnell and Schwab, 1990;
Schwab, 1990, 1993), and for the absence of adequate substrate-
related guidance cues in adult host.

Attempts to reconstruct the nigrostriatal pathway in adult
6-OHDA-lesioned rats by fetal VM grafts have employed bridg-
es formed by strings of fetal striatal tissue spread along a single
tract through the frontal pole and the caudate-putamen to the SN
(Dunnett et al., 1989). In some cases VM transplants implanted
into the SN region were observed to extend TH-positive fibers
along the striatal bridge graft and extend terminals in the pre-
viously denervated host striatum. In support of these morpho-
logical findings, Dunnett et al. (1989) observed a significant re-
duction in amphetamine-induced rotational asymmetry in the
bridge-grafted animals.

In an alternative approach, xenografts of fetal human neuro-
blasts implanted into adult rats, have been found to be able to
emit long axonal growth along white matter tracts. Thus, intra-
striatal grafts of human fetal striatal primordia have been shown
to project axons along the striatonigral tract (Wictorin et al.,
1990), and human fetal VM neuroblasts can exhibit extensive
axonal elongation along the nigrostriatal pathway (Wictorin et
al., 1992). Similar results have been obtained also with grafts of
embryonic mouse hippocampal neurons which can grow into the
spinal cord (Li and Raisman, 1993), the fimbria (Davies et al.,
1993), or the corpus callosum (Davies et al., 1994). These data
suggest that fetal CNS neurons may under certain circumstances
be able to escape the inhibition exerted by the adult brain en-
vironment. In developing animals the ability of fetal CNS grafts
to establish long axonal pathways has been well documented. In
particular, highly organized and specific axonal projections have
been demonstrated from grafts of fetal cortex implanted into the
cerebral cortex (Floeter and Jones, 1984; Castro et al., 1985;



Stanfield and O’Leary, 1985; Hefner et al., 1990), from grafts
of hippocampal neurons in the hippocampus (Sunde et al., 1984;
Zimmer et al., 1987) and for retinal ganglion cells in the reti-
notectal system (Hankin and Lund, 1987, 1990; Lund et al.,
1988) in neonatal recipients. A similar developmental plasticity
has been demonstrated for fetal spinal cord grafts implanted into
the neonatally lesioned spinal cord associated with signs of func-
tional restoration (Iwashita et al., 1994),

Attempts to achieve reconstruction of the nigrostriatal system
in neonatal hosts have so far not been reported, probably due to
the difficulties in performing transplantation into small structures
in the neonatal brain. Ectopically implanted intrastriatal VM
grafts have been explored in 6-OHDA-lesioned neonatal rat
pups (Snyder-Keller et al., 1989; Herman et al., 1991; Abrous
et al., 1993a—). Even though the grafted TH-positive neurons
showed more extensive morphological integration and migration
within the caudate-putamen than in adult recipients, the behav-
ioral compensation induced by these grafts was no different from
that seen with grafts implanted into the striatum in adult hosts.
Interestingly, graft-derived TH-positive neurites were seen to
course through the corpus callosum to reach the contralateral
hemisphere (Herman et al., 1991), which indicates, that the neo-
natal brain may permit TH-positive fiber growth through white
matter tracts, and, hence, that the neonatal brain may provide a
more favorable environment for dopamine growth and integra-
tion.

Recently, we have introduced a microtransplantation approach
which allows precise and reproducible placements of small graft
deposits, suitable for intracerebral grafting during development
(Nikkhah et al., 1994c). The purpose of the present study was
to investigate whether intranigral VM grafts, implanted homo-
topically into the 6-OHDA-lesioned SN of neonatal pups, could
demonstrate long-distance axon growth towards their normal
major target, the caudate-putamen, and to analyze the functional
effects such grafts may have when testing the animals in adult-
hood. The grafted animals were tested on a range of spontaneous
and drug-induced behaviors, which is described in detail in the
following companion report (Nikkhah et al., 1995). Here we
report that grafts implanted into the SN of P3 hosts can suc-
cessfully reinnervate the caudate-putamen and form functional
connections as assessed by dopamine-related Fos expression in
the reinnervated target.

Materials and Methods

Animals and 6-OHDA lesion surgery. A total of 52 male and female
Sprague-Dawley rats (ALAB, Stockholm, Sweden) were used in the
experiments. Litters were reared by the mothers until weaning at 21 d
of age. They were housed under a 12 hr light-dark cycle with free
access to food and water in groups of four to six following weaning.
Animals were allocated into three groups: normal (n = 10), 6-OHDA
(n = 20), and graft (n = 22) groups. On the day after birth (Postnatal
day P1) the animals in the 6-OHDA and graft groups received bilateral
intraventricular injections of 2 X 5 pl 6-OHDA (110 pg of 6-OHDA
HCL in 0.2 mg/ml ascorbic acid/saline) using the coordinates: AP —0.6,
L +0.8,V 2.1. Grafting was performed 2 d later (P3). Following lesion
and transplantation surgery a battery of tests for spontaneous and drug-
induced behavior was performed, as described in detail in the following
companion article (Nikkhah et al., 1995). During this period seven le-
sioned and nine grafted animals died, most likely due to cardiovascular
decompensation, after the amphetamine rotation test at P21.

Neonatal transplantation surgery. Transplants of dopamine-rich cell
suspensions were prepared from ventral mesencephalic (VM) tissue of
14 d old rat fetuses (E14) according to a modified microtransplantation
approach (Nikkhah et al., 1994c¢) based on the cell suspension technique
(Bjorklund et al., 1983a; Herman et al., 1986). VM tissue from 20-25
fetuses were used in each surgical session. The VM pieces were incu-
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bated in 0.1% trypsin/0.05% DNase/DMEM at 37°C for 20 min, rinsed
four times in 0.05% DNase, and mechanically dissociated using a 1 m)
Eppendorf pipette. The tissue was then centrifuged at 600 rpm for 5
min and the pellet resuspended in 0.05% DNase/DMEM. The cell num-
ber of this suspension was 140,000 cells/pl and the viability was >95%
as determined by the trypan blue dye exclusion method.

The transplantation surgery on P3 animals was performed in two
surgical sessions as described in detail elsewhere (Cunningham et al.,
1993). Briefly, P3 animals were fixed in the Cunningham hypothermic
miniaturized stereotaxic device (Cunningham and McKay, 1993; Stoelt-
ing Co.). The micrografts were implanted using a glass capillary with
an O.D. of 50-70 pwm connected to a 1 pl Hamilton microsyringe; 300
nl of the cell suspension was implanted unilaterally into the right SN
at two sites: AP (1) —3.7(2) —4.3,L +1.6, V —4.3,

Drug treatment and immunohistochemical procedures. At 3 months
of age d-amphetamine (5 mg/kg, i.p.; five grafted, five lesioned, and
four normal animals) or apomorphine (0.25 mg/kg, s.c.; five grafted,
five lesioned, and four normal animals) were injected. Two hours after
injection the animals were deeply anaesthetized with choral hydrate and
perfused transcardially with 30 ml of 0.9% saline, followed by 300 ml
of ice-cold 4% paraformaldehyde in 0.1 m phosphate buffer (PB, pH
7.4) over 9 min. The brains were postfixed for 2 hours and dehydrated
overnight in 20% sucrose, 0.1 M PB. Serial coronal sections were cut
on a freezing microtome at 30 um thickness. Every third section
through the striatum was processed for Fos immunohistochemistry as
described previously (Cenci et al., 1992). Briefly, sections were incu-
bated overnight with the primary antibody (1:1000, sheep polyclonal
antiserum OA-11-823, Cambridge Research Biochemical, U.K.) using
the ABC-Kit and nickel-intensified DAB for visualization.

From each animal one series of sections extending from the nucleus
accumbens, rostrally, to the end of the SN, caudally, was processed for
tyrosine hydroxylase (TH) immunohistochemistry (1:500, rabbit poly-
clonal antiserum, Pel-Freez, USA; Nikkhah et al., 1994a) using the
ABC-Kit and DAB for visualization. Remaining animals, not chal-
lenged with drugs, were processed as above at 3 months of age. Serial
sections in the coronary plane were processed either for TH, as above,
or for combined TH-FG using FITC immunofluorescence (see below).

Quantitative analysis of drug-induced Fos expression. Striatal Fos
expression after amphetamine and apomorphine treatment was assessed
according to the procedure described by Cenci et al. (1992). Briefly,
Fos-positive nuclei were counted in each animal in 10 different areas
(0.42 mm? in size) at four different rostrocaudal levels of the caudate-
putamen as well as in the nucleus accumbens and the globus pallidus
(see Fig. 6A) using a computerized image analysis system (Zeiss IBAS,
Kontron). For statistical evaluation, data were subjected to one-way
analysis of variance (ANOVA) and Newman-Keuls post hoc test. Sta-
tistical significance level was set at p < 0.05.

Fluoro-Gold injections into the caudate-putamen. The fluorescent ret-
rograde tracer Fluoro-Gold (FG; Fluorochrome Inc.; 2% in saline) was
injected by iontophoresis into the right caudate-putamen in five grafted,
five lesioned, and two normal animals at the following two injections
sites: (1) AP +0.5, L +2.5, V —4.5; (2) AP —0.5, L +3.5, V —45.
The technical details of this procedure have been described in detail
previously (Wictorin et al., 1989). Two of the grafted and lesion-only
animals were injected with apomorphine and included in the Fos ex-
periment above. One series of sections was directly mounted onto slides,
coverslipped with buffered glycerol and analyzed in a fluorescence mi-
croscope at 365 nm excitation. Adjacent sections were immunostained
for simultaneous TH and FG visualization in the same section. TH
immunohistochemistry was performed using the primary antibody at
1:50 to 1:100 dilution overnight (Peel-Freez), and a secondary fluores-
cein isothiocyanate (FITC) conjugated antibody (SBL, Stockholm, Swe-
den) at a 1:30 dilution for 1 hr at room temperature. Double labeled
cells in the substantia nigra region were examined and photographed
by switching between 365 nm and 450-490 nm excitation.

Results

TH immunohistochemistry

Consistent with previous studies (Snyder et al., 1986; Abrous et
al., 1993b) we found that the neonatal intraventricular 6-OHDA
lesion produced an almost complete lesion of the TH-positive
neurons in the SN proper, but tended to spare those in the ventral
tegmental area (VTA) (Figs. 1, 3). Accordingly, only few scat-
tered TH-positive fibers remained in the caudate-putamen
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Figure 1. 'TH-immunostained sections at four representative levels through the SN, internal capsule and globus pallidus in an animal which
received bilateral 6-OHDA lesions at P1 and a unilateral nigral graft at P3. Grafted TH-positive neurons could be seen in the ventral part of the
SNpr, extruding into the cerebral peduncle (B; AP —6.7). The rostral graft deposit was well integrated in the anterior part of the SN (D: AP —5.2).
Numerous TH-positive fibers extended from the grafted cells into the white matter forming a lose bundle, which could be traced further rostrally
along the cerebral peduncle (F; AP —2.8) through the globus pallidus (4; AP —2.3) into the caudate-putamen. The contralateral lesion-only side
was almost totally devoid of TH-positive neurons in the SN (A, C) and no or very few TH-positive fibers were seen along the nigrostriatal pathway
(E. G). cp, Cerebral peduncle; ic, internal capsule;: MFB, medial forebrain bundle; SNpc, substantia nigra pars compacta; SNpr, substantia nigra
pars reticulata; T, transplant; VTA, ventral tegmental area. The AP coordinates used here and in Figure 3 refer to the atlas of Paxinos and Watson
(1986). Scale bar, 100 pm.
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Figure 2.

Dark-field photomicrographs, from the same specimen as in Figure 1, illustrating abundant TH-positive fibers in the medial (B) and

central (D) portion of the caudate-putamen ipsilateral to the intranigral VM graft and only few scattered TH-positive fibers in the medial (A) and
central part (C) of the contralateral lesion-only caudate-putamen. There was a decreasing density of TH-positive fibers from medial to lateral. *,

Fiber bundles of the internal capsule. Scale bar, 100 pm.

whereas the dopaminergic innervation in the mesolimbic areas
was relatively spared. Thus, the graft-derived TH-positive fibers
could not clearly be differentiated from residual host TH-posi-
tive fibers, for example, in the nucleus (nc) accumbens, the ol-
factory tubercle or the amygdala.

Transplants of E14 fetal VM tissue were implanted at P3 as
two single 0.3 pl deposits into the right SN region in pups that
had received intraventricular 6-OHDA injections at P1. Two rep-
resentative examples of the appearance of intranigral VM grafts
and their rostral projections 3 months postgrafting are given in
Figures 1-3. The grafts survived well and demonstrated a high
level of integration, which was seen in all of the 13 surviving
animals. Grafts from the posterior deposits were found in the
ventral part of the SN pars reticulata (SNpr), extruding in some
cases into the cerebral peduncle (Fig. 3B,D). The anterior de-
posits were located at the rostral tip of the SN close to the
subthalamic nucleus. TH-positive neurons were dispersed in
both gray and white matter and appeared to be completely in-
tegrated with the host tissue (Figs. 1D, 3B). Occasionally,
clumps of TH-rich graft tissue occurred at the ventral brain sur-
face, attached to the cerebral peduncle (Fig. 3D), and in some
cases TH-positive cells were found scattered along the needle
tract (Fig. 4C) and at the dorsal thalamic surface indicating that
some back-leakage had occurred.

Numerous TH-positive fibers extended from the grafted neu-

rons into the adjacent white matter of the cerebral peduncle
forming loose bundles of projecting axons (Figs. 14,D; 3F).
These TH-positive fibers could be traced rostrally (but not cau-
dally) along the cerebral peduncle and the internal capsule along
a trajectory that closely followed that of the normal nigrostriatal
pathway. At the level of the caudal hypothalamus the TH-posi-
tive fibers coursed through the ventral aspect of the cerebral
peduncle spread along its medial-lateral extension (Fig. LF).
Further rostrally the fibers penetrated the globus pallidus (Figs.
1H, 3H) and extended further to reinnervate the caudate-puta-
men (Fig. 2B,D). Reinnervation of TH-positive fibers within the
ipsilateral caudate-putamen was heterogeneous. The density of
fibers was highest within the dorsomedial part (Fig. 2B), grad-
ually decreasing towards the central and lateral parts of the cau-
date-putamen (Fig. 2D). No or only single, scattered TH-positive
neurons occurred within the SN on the contralateral non-grafted
side in the grafted animals, or bilaterally in the lesion-only con-
trols. Very few TH-positive fibers remained along the nigro-
striatal pathway on the lesioned side (Figs. 1, 3A,C.E,G), and
on this side (contralateral to the grafts) the caudate-putamen had
as few TH-positive fibers as in the lesion-only controls (Fig.
2A,C). On the nongrafted side, as well as in the lesion-only
specimens, consistently no mediolateral gradient in the caudate-
putamen could be seen (Fig. 24, C).

Spared TH-positive neurons occurred in varying numbers in
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Figure 3. TH-immunostained sections of another lesioned and grafted animal showing four representative levels throughout the ventral part of
the SN, the cerebral peduncle and the internal capsule. Dense clusters of transplant-derived TH-positive neurons (B; AP —4.8; D; AP —4.5) gave
rise to an abundant TH-positive fiber outgrowth coursing through the cerebral peduncle (F; AP —4.2) and the internal capsule (H; AP —2.3). In
contrast, the lesion-only contralateral side were almost completely depleted of any nigral TH-positive neurons and TH-positive fibers. ¢p, Cerebral
peduncle; ic, internal capsule: SNpr, substantia nigra pars reticulata. Scale bar, 100 pm.
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Examples of host and graft neurons retrogradely labeled from an intrastriatal FG injection. Concomitant visualization of TH (A, C, E)

FG (B, D, F) in the same sections through the r 1l SN. Fluores
(B) cells in the lesion-only SN, especially in the SNpr. In the SN, v
along the needle tract (C) and, in this cas
F). Scale bar, 100 pm.

the VTA, that is, medial to the SN, and spared TH-positive ax-
ons were found within the medial forebrain bundle on both sides.

Double labeling with TH and FG

In order to provide further evidence for the projection of graft-
derived TH-positive fibers from the intranigral VM implants to

ce photomicrographs illustrate num
ch had received a VM graft, ¢
0 in the cerebral peduncle (£); some of these cells we

s TH-negative (A) and FG-positive
s of TH-positive neurons were found
o double labeled (arro with FG (D,

the caudate-putamen, the retrograde tracer Fluoro-Gold (FG)
was injected unilaterally into the caudate-putamen in five graft-
ed, five | n-only controls, and in two normal intact rats. The
two intrastriatal FG injections sites were well centered within
the head of the caudate-putamen with a small, necrotic core
surrounded by a 1-1.5 mm wide halo of cellular labeling (not
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shown). In the normal animals the FG injections resulted in a
prominent retrograde labeling of the ipsilateral SN pars com-
pacta (SNpc) neurons, but also of cells situated in the cortex and
in the thalamus (not shown). In the lesion-only animals no or
single TH- and FG-double labeled cells could be identified in
the SN (Fig. 44,B). Interestingly, there seemed to be an increase
in the number of TH-negative cells that were retrogradely la-
beled with FG in the SNpr in the lesioned rats. Labeled cells
within the intranigral VM transplants could be identified in all
of the five grafted and FG-injected rats. These cells displayed
three different kinds of labeling patterns: (1) TH- and FG-double
labeled (positive), (2) TH-positive FG-negative, and (3) TH-neg-
ative FG-labeled (Figs. 4, 5). Some of the double-labeled cells
were clearly located in the SN (Fig. 5) while others occurred in
ectopic positions (Fig. 4C—F). A cluster of TH-positive cells
distributed along the needle tract just above the SN, is shown in
Figure 4C. As can be seen from Figure 4D, some of these cells
were also FG-labeled. A portion of a transplant located within
the cerebral peduncle is shown in Figure 4, E and F. Double-
labeled cells and TH-positive neurites extending dorsally into
the white matter tract could be observed.

Examples of implants located within or close to the SNpr are
illustrated in Figure 5. It can be seen that the majority of the
TH-positive cells (Fig. 5A,C,E,G) are retrogradely FG-labeled
(Fig. 5B,D,F,H). There are, however, also clear cases of single
labeled cells, both for TH and FG (Fig. 5A,G,H).

Fos expression

No consistent left-right side differences in Fos expression were
seen in either the normal or the lesion-only animals. Therefore,
in the quantitative analysis (Fig. 6) the values given for the nor-
mal and lesion-only animals represent the means of the two
sides.

Amphetamine-induced Fos expression. Consistent with pre-
vious data (Cenci et al., 1992) the density of amphetamine-in-
duced Fos-positive nuclei in the normal intact animals was high-
est in the centromedial portions of the caudate-putamen and
lower in the lateral, ventral and rostral portions, including the
nucleus accumbens (Fig. 6B8). The number of Fos-positive nuclei
ranged from 23/0.42 mm? (in area I:2, Fig. 6A) to 117/0.42 mm?
(in area IV:2, Fig. 7A) in the caudate-putamen, and reached 46
and 31 Fos-positive nuclei/0.42 mm? in the nucleus accumbens
and the globus pallidus, respectively. The neonatal 6-OHDA le-
sion produced a marked bilateral decrease in the number of am-
phetamine-induced Fos-positive nuclei, which amounted to be-
tween —50% and —85% at levels III and IV in the
caudate-putamen (Fig. 7C), —78% in the nucleus accumbens,
and —87% in the globus pallidus (Fig. 7D). Fewer Fos-positive
cells were also seen at level T and II, but this change did not
reach statistical significance.

In the grafted animals (3 months postgrafting) the numbers of
Fos-positive nuclei on the grafted side were significantly in-
creased above those seen either on the contralateral nongrafted
side (crosses in Fig. 6) or in the lesion-only controls (asterisks),
and they exceeded the values of the normal animals in most
areas (Fig. 7E), from about 50% in area III:2 to fivefold in area
I:2. Fos expression was not different from normal in the nucleus
accumbens, in areas III:3 and IV:2 of the caudate-putamen, and
in the globus pallidus (Fig. 7F). Only in one area (IV:3) did the
number of Fos-positive nuclei remain below normal (—42%).
As in the normal striatum the grafted ipsilateral caudate-putamen
displayed a decreasing gradient in the density of Fos-positive

nuclei from medial to lateral at levels 1, II, and III, and from
dorsal to ventral at level III.

On the nongrafted lesioned side in the grafted animals the
number of Fos-positive nuclei was generally not significantly
different from the lesion-only rats after the amphetamine chal-
lenge, with two exceptions: areas ITI:1 and III:2 of the nongraft-
ed caudate-putamen had significantly more (around threefold)
Fos-positive nuclei than the corresponding areas in the
lesion-only controls. In these areas Fos-expression was not sig-
nificantly different from normal.

Apomorphine-induced Fos expression. In the intact animals
Fos-positive nuclei were much lower in density and more evenly
distributed after apomorphine challenge (0.25 mg/kg, s.c.) than
after the amphetamine treatment, and no mediolateral gradient
was observed at levels I and II (Fig. 6C). The 6-OHDA lesion
resulted in a striking increase in the density of apomorphine-
induced Fos-positive nuclei throughout the caudate-putamen
(see also Fig. 8A,C), nucleus accumbens and globus pallidus
(see also Fig. 8B,D) with a marked dorsal-to-ventral gradient at
levels III and IV of the caudate-putamen.

The increase in Fos expression reached its maximum in area
I:1 where 161 Fos-positive nuclei/0.42 mm? were seen in the
lesion-only animals, compared to 2 nuclei/0.42 mm? in the nor-
mals. In the grafted animals the numbers of Fos-positive nuclei
on the grafted side were not significantly different from normal
levels in all areas counted (see also Fig. 8E,F) and in most areas,
including globus pallidus, they were significantly reduced com-
pared to the lesion-only controls. On the nongrafted side, the
density of Fos-positive nuclei in the caudate-putamen tended
overall to be reduced to a level intermediate between those seen
in the normal and lesion-only animals. This reduction reached
significance in areas 1:2, III:2, and IV:2, whereas Fos-expression
in the contralateral nucleus accumbens and globus pallidus re-
mained unchanged compared to the lesion-only animals.

Discussion

The present series of experiments demonstrate, for the first time,
(1) that fetal nigral microtransplants survive and differentiate
well when implanted homotopically into the 6-OHDA-lesioned
SN in neonatal hosts, (2) that the grafted TH-positive neurons
can grow axons from the SN along the course of the original
nigrostriatal pathway, and (3) that the graft-derived dopaminerg-
ic reinnervation can normalize dopamine receptor-mediated Fos
expression in the striatum and globus pallidus, and after am-
phetamine challenge even induce supranormal Fos responses in
the reinnervated striatum.

Two small VM cell suspension grafts, each containing about
40,000 cells in a volume of 300 nl, were implanted unilaterally
into the SN region in bilaterally 6-OHDA-lesioned neonatal rat
pups. Three months after transplantation TH immunohistochem-
istry revealed a high level of anatomical integration of the graft-
ed neurons into the host parenchyma. Moreover, graft-derived
TH-positive fibers could be seen to project rostrally along the
cerebral peduncle and the internal capsule, coursing through the
globus pallidus to produce a substantial terminal reinnervation
within the caudate-putamen on the grafted side. The graft origin
of the newly formed TH-positive terminal network in the cau-
date-putamen was confirmed by the retrograde labeling of TH-
positive graft neurons from an intrastriatal FG injection. The FG
experiment also indicated the presence of a nondopaminergic
projection from TH-negative neurons in the VM grafts.
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¢ Concomitant visualization of TH (A, C, E, G) and FG (B, D, F, H) in the same sections through the SN of animals, which had received
tem] 6-OHDA lesion at P1 followed by an unilateral intranigral VM graft at P3. rescence photomicrographs were taken from the SNpr

at high power. Many of the TH-positive neurons within the grafts were retrogradely labeled with FG (indicated by long arrows in A, B), and only

few cells were either only TH positive (indicated by arrowheads in A, G) or FG labeled (indicated by shorter arrows in H). Scale bar, 50 pm.
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A

Figure 6.  Amphetamine- (B) and ap-
omorphine- (C) induced Fos expres-
sion. Densities of Fos-positive nuclei in
normal (n = 4), lesion-only (n = 5),
and VM-grafted (n = 5) animals were
measured in ten areas at four different
rostrocaudal levels of the caudate-pu-
tamen, as well as in the nucleus accum-
bens and GP, as illustrated in A. The
right and left side of the normal and the
lesion-only animals have been aver-
aged, since the two sides did not differ
significantly from each other. Data was
analyzed with ANOVA and Newman-
Keuls post hoc test.
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Factors that might stimulate and guide long-distance axon
growth from intranigral VM grafts in neonatal hosts

Previous studies on homotopic intranigral VM grafts in adult rats
have revealed outgrowth of processes with a dendritic morphology
into the SNpr, but no significant axon outgrowth from the trans-
plants even into the immediate vicinity of the grafts (Bjorklund et
al., 1983b; Robertson et al., 1991; Nikkhah et al., 1994b). In a
previous study (Nikkhah et al., 1994b) we have used the micro-

transplantation technique to implant multiple small deposits of VM
cell suspension with minimal trauma into the adult SN. Even in

these animals, where the TH-positive neurons had integrated well
into the host SN, we still could not observe any signs of directed
TH-positive axonal outgrowth along the nigrostriatal pathway. The
developmental age of the host is thus likely to be an important
determining factor for the reformation of the nigrostriatal pathway
by transplanted rat fetal dopaminergic nigral neurons.
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Figure 7. Photomicrographs illustrating Fos-positive nuclei after amphetamine treatment (5 mg/kg, i.p.) of a normal (A, B), lesioned (C, D), and
VM-grafted (E, F) animal in the caudate-putamen (Level IV, left row) and GP (right row). Scale bars: A, C, and E, 100 pm; B, D, and F, 50 pm.

The failure of VM grafts to express long-distance axonal
growth in adult hosts, as opposed to what has been found here
after implantation into neonatal rats, would speak in favor of a
more permissive graft environment during the early postnatal
period. In fact, previous studies have demonstrated long axon
growth from fetal neural grafts in neonatal hosts in different
experimental models. For example, retinae transplanted onto the
surface or into the parenchyma of the midbrain exhibit a target
directed outgrowth towards the superior colliculus in a highly
specific manner (Hankin and Lund, 1987, 1990). Fetal cortical
(Floeter and Jones, 1984; Castro et al., 1985; Stanfield and

O’Leary, 1985; Heffner et al., 1990) and hippocampal neurons
(Sunde et al., 1984; Zimmer et al., 1987) transplanted into neo-
natal animals can establish organotypic afferent and efferent
connections with the host brain restoring part of the normal neu-
ronal circuitry.

As regards the development of the intrinsic dopaminergic sys-
tem, the nigrostriatal pathway projections are already established
in the early postnatal period (P1-3), whereas the expansion of
the terminal innervation network in the striatum is still in prog-
ress (Specht et al., 1981a,b; Voorn et al., 1988). The grafted VM
cells, on the other hand, were taken from the fetuses at a time
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Figure 8. Photomicrographs illustrating Fos-positive nuclei after apomorphine treatment (0.25 mg/kg, s.c.) of a normal (A, B), lesion-only (C, D),
and VM-grafted (E, F) animal in the caudate-putamen (level 1L, left row) and GP (right row). Scale bars: A, C, and E, 100 pm; B, D, and F, 50

pm.

point (E14) when the dopaminergic nigral neurons are starting
to elicit axons rostrally (Specht et al., 1981a; Voorn et al., 1988).
The 6-OHDA lesion (at P1) and the transplantation of E14 nigral
cells (at P3) have thus been performed in the present study dur-
ing a period of development when the nigrostriatal pathway is
in an active growth phase. Interestingly, the development of the
host environment was 10 d ahead of that of the implanted nigral
cells. Despite this developmental mismatch the fetal nigral neu-
rons retained their capacity to extend axons along the nigro-
striatal pathway and elaborated a substantial terminal network

in the caudate-putamen, that is, the appropriate target of the
intrinsic nigral neurons (Nikkhah et al., 1994b). This raises in-
teresting questions as regards the cellular and molecular mech-
anisms underlying axonal guidance and pathway formation. It
should be noted, on the other hand, that the implanted TH-pos-
itive neurons remained at or near the site of implantation, which
suggest that the migratory mechanisms which normally allow
the fetal dopaminergic neurons to move into the pars compacta
layer of the SN during early development are not available to
them in the environment of the early postnatal brain.




The ability of fetal nigral neurons implanted in the early post-
natal period to exert long-distance growth in white matter tracts
implies that at this point in development growth-promoting fac-
tors dominate over possible growth-inhibiting factors. This has
been suggested also in studies of ectopic intrastriatal VM grafts
in neonatal pups, where a more extensive migration of grafted
dopaminergic cells and TH-positive fiber outgrowth has been
observed (Snyder-Keller et al., 1989; Herman et al., 1991). The
candidate factors, capable of influencing axonal growth in the
developing CNS, might be both soluble and membrane bound
and have been extensively discussed elsewhere (Crossin et al.,
1990; Steindler et al., 1990, 1993). Of particular interest for the
findings of the present study is the work of by McKeon et al.
(1991). They observed minimal expression of certain extracel-
lular matrix (ECM) molecules (chondroitin-6-sulfate proteogly-
can and cytotactin/tenascin) within and around experimentally
induced glial scars in the neonatal cortex, while the same lesion
procedure produced an intense upregulation of both ECM mol-
ecules together with a strong GFAP expression in adult animals.
Potential growth promoting substrate factors, such as laminin,
collagen and fibronectin, were expressed equally in both age
groups. Glial tissue, explanted from the lesioned site of neonatal
animals, supported neurite outgrowth, whereas cortical scar tis-
sue from adult animals greatly reduced neurite extension from
chick retinal ganglion cells in vitro. McKeon et al. (1991) con-
cluded from these observations that the regenerative potential
seen in neonates is more closely linked to the absence or low
expression of growth-inhibiting molecules rather than increased
transient expression of growth-promoting substrate molecules or
glial factors. These two mechanisms, in fact, are likely to com-
plement each other.

Characteristics of the TH-positive reinnervation of the striatum

Consistent with previous reports (Snyder et al., 1986; Herman
et al., 1991) the intraventricular injection of 6-OHDA at P1 re-
sulted in a destruction of nearly all TH-positive neurons in the
SN and an almost complete denervation of the striatum, whereas
the TH-positive neurons in the VTA and the TH-positive inner-
vation of the nucleus accumbens and the olfactory tubercle were
partially spared. The reinnervation pattern formed from the in-
tranigral VM transplants was densest medially and demonstrated
a consistent medial-to-lateral gradient within the ipsilateral cau-
date-putamen. A similar preference of TH-positive fiber out-
growth towards the medial half of the striatum has been reported
from intrastriatal VM grafts in neonatal pups (Snyder-Keller et
al., 1989), although the underlying cause remains unknown. It
may be speculated that specific patterns in the distribution of
ECM molecules within the striatum might guide or direct TH-
positive fiber outgrowth more medially during this period of
development. In fact, Voorn et al. (1988) have suggested that
the development of the dopaminergic innervation of the rostral
striatum follows a “‘spatiotemporal gradient” from ventrolateral
to dorsomedial during the late embryonic—early postnatal period.

Characteristics of the TH-negative reinnervation of the
striatum

Fiber outgrowth from intrastriatal VM transplants has been well
characterized (see, e.g., Bjorklund et al., 1983b; Schultzberg et
al., 1984; Abrous et al., 1988; Mahalik and Clayton, 1991; Men-
dez et al., 1991). In the present study we found, in addition to
the TH-positive neurons, also moderate numbers of TH-negative
neurons retrogradely labeled from the intrastriatal FG injection
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site within the intranigral VM transplants. In a combined im-
munohistochemical and retrograde tracing study on fetal intra-
striatal VM grafts in adult rats, Mahalik and Clayton (1991) have
demonstrated that the second most prominent neuron type pro-
jecting from VM grafts to the host striatum (beside the dopamine
neurons) are serotonergic cells, most likely derived from por-
tions of the mesencephalic raphe included in the VM dissection
(Doucet et al., 1989). It is interesting to note in this context that
the neonatal dopamine denervation stimulates a sprouting of se-
rotoninergic afferents from raphe neurons into the striatum (Sny-
der et al., 1986). This sprouting response, in turn, is not influ-
enced by a “competitive” reinnervation of TH-positive fibers
derived from ectopic intrastriatal VM grafts in the neonates
(Snyder-Keller et al., 1989; Abrous et al., 1993).

Functional reinnervation of the striatum by intranigral VM
grafts as revealed by the induction of Fos

The expression of the immediate-early gene c-fos through do-
pamine receptor-mediated mechanisms has been well character-
ized, both on the protein (Graybiel et al., 1990; LaHoste et al.,,
1993) and mRNA (Johansson et al., 1994) level. In the present
study amphetamine-induced Fos expression in normal rats was
seen at high levels throughout the striatal complex, whereas only
very few Fos-positive nuclei were encountered in the striatum
after apomorphine treatment, which is consistent with a previous
report (Cenci et al.,, 1992). Lesion-only animals exhibited the
reverse picture, that is, a reduced expression in response to am-
phetamine, and a greatly increased response after apomorphine
(given at 0.05 mg/kg, a dose which activates only supersensitive
dopamine receptors). The changes seen after the neonatal
6-OHDA lesion was qualitatively similar but somewhat lower
in magnitude than those observed after a complete 6-OHDA
nigrostriatal bundle lesion in adult rats (Cenci et al., 1992). An-
imals with intranigral VM grafts implanted at P3 demonstrated
a significant hyperexpression of Fos in most areas of the striatum
as compared to normal intact controls, and normalized Fos ex-
pression in the nucleus accumbens and the globus pallidus on
the side ipsilateral to the grafts. Apomorphine-induced hyper-
expression, as seen in the neonatally 6-OHDA-lesioned animals,
was completely reversed by the intranigral VM grafts in all areas
examined ipsilateral to the transplants. Interestingly, there was
a significant effect also in some areas on the contralateral side.
Similar results have been reported with ectopic intrastriatal VM
grafts in adult (Abrous et al., 1992; Cenci et al., 1992), and
neonatal (Snyder-Keller, 1991; Abrous et al., 1993) hosts. It was
concluded from those studies that the normalization of striatal
Fos expression was mediated via dopamine released from graft-
derived TH-positive fibers, which had reinnervated the striatum,
although the graft-induced effect clearly extended into nonrein-
nervated, more distant areas of the striatum as well (Cenci et
al., 1992). The normalization of apomorphine-induced Fos ex-
pression obtained by intranigral VM grafts in the neonates
strongly suggests that dopamine released from the intrastriatal
terminals of grafted dopaminergic neurons located in the SN
region had reversed the 6-OHDA lesion-induced supersensitivity
of striatal D1 and/or D2 receptors. Similarly, the restoration of
amphetamine-induced Fos expression indicates that dopamine
released from the graft-derived axon terminals in the striatum is
capable of inducing a functional dopamine-receptor mediated
response in the striatal projection neurons of the host. In adult
recipients, dopamine released from intrastriatal VM grafts has
been shown to recover to between 40 and 85% of control values
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(Zetterstrom et al., 1986; Strecker et al., 1987; Rioux et al.,
1991), and supranormal dopamine receptor levels are reversed
back to normal (Dawson et al., 1991; Chritin et al., 1992). Sim-
ilar graft-mediated mechanisms might contribute to the effects
seen in the graft-reinnervated striatum in the present study. The
effect seen on apomorphine-induced Fos expression on the side
contralateral to the graft, which occurred in the absence of any
clear-cut TH-positive fiber projection to that side, is most prob-
ably explained by some kind of functional interaction between
the two sides, as noted also in other studies (Nieoullon et al.,
1977: Leviel et al., 1979, 1981).

In conclusion, intranigral VM grafts transplanted homotopi-
cally into the SN region in the neonatal brain revealed a novel
pattern of morphological integration, which permits the fetal do-
pamine neurons to reestablish a functional nigrostriatal pathway.
The behavioral analysis of the present animals, reported in the
following companion article (Nikkhah et al., 1995), provides
evidence that the reformation of the nigrostriatal pathway is as-
sociated with recovery of certain lesion-induced deficits, such
as spontaneous and stress-induced turning and skilled forelimb
use, which are resistant to transplant-induced behavioral recov-
ery after ectopic intrastriatal VM grafts in neonatal pups (Her-
man et al., 1991; Abrous et al., 1993a,b). The microtransplan-
tation strategy, therefore, may provide new insights into the
mechanisms controlling long-distance axon growth in the ni-
grostriatal system and contribute to the ongoing efforts to
achieve more complete functional recovery with fetal VM trans-
plants in experimental and clinical neurotransplantation in Par-
kinson’s disease.
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