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Summary. The ventral mesencephalon, containing 
the developing dopaminergic neurons of the substan- 
tia nigra-ventral tegmental region, was obtained from 
aborted human fetuses of 9-19 weeks of gestation. 
The tissue was grafted into the striatum of rats 
previously subjected to a 6-hydroxydopamine lesion 
of the mesostriatal dopamine pathway. The graft 
recipients were immunosuppressed by daily injec- 
tions of Cyclosporin A. Amphetamine-induced 
motor asymmetry was reduced, and finally totally 
reversed, only in rats receiving grafts from the 9-week 
old fetal donor. The fluorescence microscopic analy- 
sis revealed large numbers of surviving dopamine 
neurons, and extensive fiber outgrowth into the host 
striatum, in these rats. By contrast, rats receiving 
grafts from 11-19 week old donors had at most only 
few surviving dopamine neurons. These results indi- 
cate that human fetal mesencephalic tissue may be an 
efficient source of dopamine neurons for functional 
intracerebral grafting in patients with Parkinson's 
disease. 
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Introduction 

In Parkinson's disease (PD) the progressive degener- 
ation of mesostriatal dopamine (DA) neurons even- 
tually leads to motor symptoms, primarily hypo- 
kinesia, rigidity and tremor. Despite the marked 
symptomatic relief provided by levodopa treatment, 

* A preliminary account of some of the results from this study was 
presented at the New York Academy of Sciences meeting on 
"Cell and tissue transplantation into the adult brain", New 
York, April 4, 1986 
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a large proportion of PD patients gradually become 
severely disabled within a few years after the onset of 
the disease. A novel strategy for the treatment of PD 
has been stimulated by the successful functional 
grafting of catecholamine-producing tissues to the 
striatum in animal models of the disease (Brundin 
and Bj6rklund 1987; Olson et al. 1985). So far 4 PD 
patients have received intrastriatal implants of 
chromaffin cells obtained from their own adrenal 
medulla (Backlund et al. 1985; Lindvall et al. 1987, 
submitted). However, the clinical effects of these 
grafts have only been minor and transient (Lindvall 
et al. 1987, submitted). Therefore it is highly war- 
ranted to seek other sources of donor tissue that can 
be used for implantation into DA deficient regions in 
the Parkinsonian brain. Fetal DA neurons from 
rodents and, more recently, primates, have been 
shown to survive intracerebral transplantation to the 
striatum of DA depleted recipients and give rise to 
more pronounced and long-lasting functional effects 
than adrenal medullary tissue (for review see Brun- 
din and Bj6rklund 1987; Olson et al. 1985). If human 
fetal DA neurons are to be used for grafting in PD 
patients, however, it is important to establish optimal 
dissection, parameters of preparation, and donor-age 
limitations. Cross-species transplants of mesence- 
phalic tissue can consistently yield functional DA 
grafts in rats, if the host is immunosuppressed with 
Cyclosporin A (Brundin et al. 1985b). This suggests 
that the immunosuppressed rat can provide a good 
model to explore the utility of human fetal mesence- 
phalon as a source for DA neurons in clinical 
grafting. 

The present study was undertaken to clarify to 
what extent DA neurons from human fetuses of 
different developmental stages can survive intra- 
cerebral grafting, reinnervate the host striatum and 
compensate for motor abnormalities in rats with 
lesions of the mesostriatal DA pathway. 
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Material and methods 

Lesion surgery and behavioural testing 

Female Sprague-Dawley rats (ALAB, Stockholm, Sweden), 
weighing 180-200 g, were given 2 unilateral stereotaxic injections 
of 6-hydroxydopamine (6-OHDA, 3 ~tg/~l in 0.2 mg/ml ascorbate- 
saline) into the right ascending mesotelencephaiic pathway. 
Briefly, 2.5 ~tl were injected into the mesostriatal DA pathway 
(Bjrrklund et ai. 1980), and 2 ~xl into the DA fibers originating 
from more medial VTA cells (Dunnett et al. 1984). Two to three 
weeks after the lesion the rats were given 5 mg/kg of dexam- 
phetamine i.p. and their rotational behaviour was monitored in 
automated "rotometer bowls" for 90 min (Ungerstedt and Arbuth- 
nott 1970). Twenty-six rats that exhibited a mean of at least 5.6 full 
body turns per min ipsilateral to the lesion were selected for 
transplantation. An additional 4 rats were left as ungrafted lesion 
controls. Six rats that did not reach the rotation criterion for 
complete DA denervation of the striatum were used as graft 
recipients in the PC-16a group (see below). All rats with complete 
DA denervation were tested again 2-5 times for amphetamine- 
induced rotation at various times after transplantation (see 
Fig. 2A). 

.Donor tissue, experimental design and drug treatment 

Six groups of rats with 6-OHDA lesions received implants of 
mesencephalic tissue from aborted human fetuses of different 
post-conceptional ages (time from fertilization), between i and 5.5 
months after the lesion. The fetuses were obtained at induced 
abortions 1 and neural grafting was then performed within 2-5 h. 
Four fetuses, aged 15, 16, 16 and 19 weeks (denoted PC-15, PC- 
16a, PC-16b, PC-19), were obtained by hysterotomi, and 2 fetuses, 
9 and 11 weeks old (PC-9 and PC-11), by careful removal from the 
uterus using forceps prior to a suction curretage. 

Two modes of graft preparation were used (number of hosts 
reaching final histological analysis is given in brackets). In the PC- 
9 (n = 7), PC-11 (n = 6), PC-15 (n = 5) and PC-16a (n = 6) groups 
the region of the ventral mesencephalon containing DA neurons 
was dissected (as shown for PC-9 in Fig. 1A, B) and prepared 
according to the cell suspension method (see Brundin et al. 1985a - 
the PC-9 donor tissue was dissociated in about a 40 ~tl volume); 4~tl 
of the cell suspension was implanted into each host. In the PC-16b 
(n = 5) and PC-19 (n = 3) groups the DA-neuron-containing 
mesencephalic regions were cut into small (approx. 0.5 mm 3) 
pieces in glucose-saline and injected (2-2.5 mm 3 per host) using a 
10 gl glass capillary attached to a 25 ~xl Hamilton syringe. All graft 
injections were made into the head of the caudate-putamen (A: 
+0.9 mm; L: 2.8 mm; V: 5.0 and 4.1 mm; with reference to 
bregma and dura respectively and with the toothbar set at zero). 

Grafted rats were given 10 mg/kg i.p. of Cyclosporin A daily 
(Sandimmune | Sandoz, 50 mg/ml diluted to 10 mg/kg in sterile 
saline) starting either on the day of transplantation or the day 
before. All the animals were administered tetracyclin (approx. 
20-50 mg/kg daily) through the drinking water. 

Catecholamine histofluorescence 

Five to 20 weeks after transplantation, the brains were processed 
for catecholamine histofluorescence according to the ALFA 

1 Permission to conduct this study was granted by the research 
ethical committee at the Medical Faculty of the University of 
Lund 

Fig. 1. A The brain and rostral spinal cord, in a lateral view, of the 
9-week old fetus used in the PC-9 group, tv = telencephalic 
vesicle; m = mesencephalic flexure; t = tectal primordinm; p = 
pontine flexure. B VentraMateral view of the same fetal brain after 
the ventral mesencephafic piece used for grafting (arrowhead) had 
been dissected. Scale bar = 2 mm 

method (Lor6n et al. 1980; procedure I). Catecholamine cell body 
counts in the grafts were performed on every third section (15 ~xm 
thickness) and the cell number estimated according to the formula 
of Abercrombie (1946). 

Results 

Motor  asymmet ry  

T h e  g r o u p  m e a n s  fo r  a m p h e t a m i n e - i n d u c e d  ro t a -  
t i ona l  a s y m m e t r y  a r e  s u m m a r i z e d  in Fig .  2 A  fo r  t h e  
6 g roups  o f  ra t s  t e s t ed .  T h e  4 g r a f t e d  g r o u p s  t e s t e d  

up  to  19-20  w e e k s  a f t e r  t r a n s p l a n t a t i o n  r e s p o n d e d  

d i f f e r e n t l y  to  a m p h e t a m i n e  a d m i n i s t r a t i o n  d u r i n g  t h e  

c o u r s e  o f  t h e  e x p e r i m e n t  ( t w o - w a y  ana lys i s  o f  va r -  
i ance  ( A N O V A )  w i t h  r e p e a t e d  m e a s u r e s ;  g r o u p  x 
t i m e  i n t e r a c t i o n ;  F (15 ,28 )  = 2 .55;  p < 0 .02) .  Th i s  
i n t e r a c t i o n  was  d u e  p r i m a r i l y  to  a s ign i f i can t  r e d u c -  
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Fig. 2. A Motor asymmetry (mean •  of net 360 ~ 
turns/min over 90 min in the direction towards the 
lesion side) induced by 5 mg/kg d-amphetamine, before 
transplantation and at different timepoints after trans- 
plantation. For each group only the rats which survived 
throughout the test period have been included. * = 
different from 6-OHDA alone a tp  < 0.05 (ANOVA 
followed by Newman-Keuls' test). B Total half turns 
displayed in the direction away from the lesioned and 
transplanted side for the individual rats in the PC-9 
group. Note that 2 of the rats were perfused for 
fluorescence histochemistry at 10 weeks post-transplan- 
tation 
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tion in turning in the PC-9 group (repeated measures 
ANOVA F(5,13) = 11.61; p < 0.001). In the 19-20 
week test only the PC-9 group showed significantly 
less turning than the 6-OHDA group (ANOVA 
F(4,17) = 3.28; p < 0.05 post-hoc Newman-Keuls' 
test). 

In the PC-9 group, 4 of the 5 rats that were tested 
20 weeks after transplantation showed a reversal in 
net rotational asymmetry, with more turns contralat- 
eral than ipsilateral to lesion. Clear signs of the 

behavioural compensation in these rats first appeared 
at 15.5 weeks after transplantation when 3 of the 4 
rats showed between a 69% and 92% reduction in 
rotational asymmetry. In 3 of the 4 rats that eventu- 
ally exhibited compensatory changes the ability to 
turn contralateral to the lesion appeared already at 
12.5 weeks (Fig. 2B). 

Morphological analysis 

Transplant survival. In the PC-9 group two rats were 
perfused 10 weeks after transplantation. Both 
showed large surviving grafts with approx. 1400 DA 
neurons. Four of the 5 remaining rats, peffused after 
20-21 weeks, exhibited large grafts with between 300 
and 1800 surviving DA neurons (mean = 1200). 
Since the amount grafted to each rat was equivalent 
to about �88 of the dissected piece, these cell numbers 
indicate that the survival rate of the DA neurons was 
in the same order of magnitude as in grafts of rat 
mesencephalic tissue (Brundin et al. 1985a). The 
numbers are, however, likely to be an underestima- 
tion as the DA neurons were often arranged in dense 
clusters, or intermingled with aggregates of highly 
fluorescent DA fibers, and therefore difficult to 
count. The fifth rat, which showed no behavioural 
recovery, only had 107DA neurons, and pathological 
changes, presumably due to infection, were found in 
the striatum. 

In the PC-11 group (perfused after 6-12.5 weeks) 
all six recipients showed small grafts with the number 
of surviving DA neurons varying between 14 and 74 
(mean = 44). 

In the PC-15 and PC-16a groups (perfused after 
20 weeks and 5 weeks, respectively) there was no 



238 

Fig. 3. A Semischematic drawing of a graft f rom the PC-9 group at 4 different rostrocaudal  levels, after 20 weeks survival. The drawings 
illustrate the intrastriatal graft and its associated D A  fiber outgrowth.  A total of about  1200 surviving DA-conta in ing neurons  was detected 
in this graft, and the  rat was slightly overcompensa ted  in the 19-20 week rotation test. The  6 - O H D A  lesion of the intrinsic mesostriatal  D A  
pathway was complete,  except for some sparing in the  olfactory tubercle which is not  indicated in the figure, ac = anterior commissure;  cc 
= corpus callosum; gp = globus pallidus; nas  = nucleus accumbens sepfi. B DA-conta in ing neurons  and associated fiber outgrowth 
extending into the host  s t r ia tum in a graft f rom the PC-9 group. T = transplant;  stars = fiber bundles of the host  internal capsule. Scale bar 
= 100 p,m. C Cluster  of DA-conta in ing  neurons  in a graft f rom the PC-9 group (containing a total of about  1800 surviving D A  neurons) .  
Note the long coarse (probably dendritic) process,  characteristic for many  of these cells. Scale bar = 20 ~m 
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evidence of surviving grafts and the cannulae tracts 
were only discernable by a small accumulations of 
orange fluorescent macrophages. 

In the PC-16b and PC-19 groups (both perfused 
after 19-20 weeks), graft tissue could be identified in 
6 out of 8 rats, but surviving DA neurons were found 
only in 2 of them (one rat in each group) and their 
number was small (about 30 neurons in each). 

Characteristics of  grafted DA neurons. In the PC-9 
group the DA neurons showed fiber outgrowth into 
the surrounding host striatum (Fig. 3A, B). As 
illustrated in Fig. 3A the highest DA fiber density 
was observed near the graft and distally the axonal 
network gradually became more sparse. In some 
cases there was a low density of DA fibers, presum- 
ably of graft origin, also in the most dorsolateral 
portion of the striatum, some 2-3 mm away from the 
graft. The human grafts formed a dense DA fiber 
network in the striatal grey matter which was at least 
as extensive as that of rodent DA neurons. However, 
compared to DA neurons in syngeneic rat grafts the 
human DA cell bodies exhibited some distinguishing 
morphological characteristics. First, a large propor- 
tion had a bipolar appearance and very long coarse 
cell processes (presumably dendrites) (Fig. 3C). 
Second, a subpopulation of the DA neurons were 
larger than those found in grafts of rat tissue (Jaeger 
1985), and in extreme cases they measured 50 ~m 
along their major axis. This size corresponds to the 
size of melanin-bearing substantia nigra neurons in 
the adult human brain (Bazelon et al. 1967). 

Discussion 

Grafted DA neurons are known to form synaptic 
connections with the host brain, to be spontaneously 
active and release DA, and to reverse different kinds 
of behavioural deficits following damage to the host's 
own DA system (for reviews see Brundin and Bj6rk- 
lund 1987; Dunnett et al. 1985; Olson et al. 1985). 
This study clearly demonstrates for the first time that 
also human fetal DA neurons can survive grafting, 
and give rise to axonal processes that form a new DA 
terminal network in large parts of the rat striatum, 
and that they can produce behavioural effects. 

In the successful PC-9 group the first effects in the 
rotation test appeared after 12.5 weeks and were 
clearly evident by 15 weeks. This is much later than 
with similar transplants utilizing rodent donors where 
functional effects can be observed already by 2-4 
weeks after grafting (Brundin et al. 1985a, b). 
Presumably the slower development of functional 
effects when using a 9 week old human donor is 

related to the slower time course of the normal 
development of human DA neurons in situ. The 
ability to perform body turns contralateral to the 
lesion (Fig. 2B) was found to appear by 12.5 weeks, 
i.e. before there was an actual reduction in net 
rotation asymmetry (15-19 weeks). Thus, consistent 
with previous rodent studies (Brundin et al. 1986; 
Herman et al. 1985) this parameter seems to be a 
sensitive early indicator of graft survival and func- 
tion. Four of 5 rats showed behavioural "overcom- 
pensation", which has also been observed using fetal 
rat grafts. The fifth rat, which showed no signs of 
behavioural recovery, only contained 107 DA 
neurons. This is fewer than the number of grafted rat 
DA neurons required to yield functional effects in 
the amphetamine-induced rotation test (Brundin et 
al. 1985a). 

Experiments with rodents indicate that, if one 
uses a dissociated cell suspension transplantation 
technique, there will be good survival of mesence- 
phalic DA neurons only if they are taken from 
fetuses at a relatively early stage in development 
which is approximately equivalent to the time when 
the DA neurons become post-mitotic (Brundin et al. 
1985a). In this study the best survival of grafted DA 
neurons was found when the donor was 9 weeks post- 
conception, i.e. in a stage of fetal development when 
the mesencephalic DA neurons have been described 
as immature neuroblasts with few axonal processes 
(Olson et al. 1973). Using a donor a mere 2 weeks 
older there was some survival of DA neurons 
although not to the same extent, and donors 15-16 
weeks old yielded no surviving DA neurons if the 
dissociated cell suspension technique was used. How- 
ever, as known from previous work (Bj6rklund et al. 
1980) donor age restrictions are less pronounced 
when solid pieces of mesencephalon are grafted, and, 
indeed, when solid pieces were implanted from 16-19 
week old donors there was often survival of graft 
tissue, which in 2 cases also contained low numbers 
of DA neurons. Since all the rats were immunosup- 
pressed it seems unlikely that the differential survival 
is due to immunological rejection. On the other 
hand, as all grafted rats were treated with Cyclospo- 
rin A it is not definitely established if immunosup- 
pression is necessary for optimum survival of human 
DA neurons grafted to the rat brain. However, this 
seems likely as similar mouse-to-rat grafts require 
immunosuppression for good survival to occur 
(Brundin et al. 1985b). 

The grafted human DA neurons gave rise to a 
terminal network in the host striatum at least as 
extensive as that observed for rat and mouse DA 
neurons grafted with the same technique to the rat 
striatum (Bj6rklund et al. 1983; Brundin et al. 
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1985b). However, the cells were larger and possessed 
more prominent dendrites than their rodent counter- 
parts, and thus seemed to retain some characteristics 
that they would have acquired if allowed to develop 
in situ. 

These findings indicate that intracerebral grafting 
of fetal DA neurons could provide a viable approach 
to ameliorate neurological symptoms in patients with 
PD. From this study it seems clear that grafts of 
human fetal DA neurons have a great functional 
potential, comparable to that of rodent DA neurons, 
suggesting that they are suitable for transplantation 
in PD patients. Before clinical trials with grafting of 
human fetal tissue can be conducted the ethical 
aspects will have to be further examined and also a 
series of technical issues, such as optimal dissection, 
donor-age limitation and yield of DA neurons, need 
to be explored in more detail. 
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