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Summary. We have used a rat model of Parkinson's 
disease (PD) to address issues of importance for a 
future clinical application of dopamine (DA) neuron 
grafting in patients with PD. Human mesencephalic 
DA neurons, obtained from 6.5-8 week old fetuses, 
were found to survive intracerebral cell suspension 
xenografting to the striatum of rats immunosup- 
pressed with Cyclosporin A. The grafts produced an 
extensive new DA-containing terminal network in 
the previously denervated caudate-putamen, and 
they normalized amphetamine-induced, apomor- 
phine-induced and spontaneous motor asymmetry in 
rats with unilateral lesions of the mesostriatal D A  
pathway. Grafts from an l l .5-week old donor exhi- 
bited a lower survival rate and smaller functional 
effects. As assessed with the intracerebral dialysis 
technique the grafted DA neurons were found to 
restore spontaneous DA release in the reinnervated 
host striatum to normal levels. The neurons 
responded with large increases in extracellular 
striatal DA levels after the intrastriatal administra- 
tion of the DA-releasing agent d-amphetamine and 
the DA-reuptake blocker nomifensine, although not 
to the same extent as seen in striata with an intact 
mesostriatal DA system. DA fiber outgrowth from 
the grafts was dependent  on the localization of the 
graft tissue. Thus, grafts located within the striatum 
gave rise to an extensive axonal network throughout 
the whole host striatum, whereas grafted D A  
neurons localized in the neocortex had their outgrow- 
ing fibers confined within the grafts themselves. In 
contrast to the good graft survival and behavioural 
effects obtained in immunosuppressed rats, there was 
no survival, or behavioural effects, of human D A  
neurons implanted in rats that did not receive 
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immunosuppression. In addition, we found that all 
the graft recipients were immunized, having formed 
antibodies against antigens present on human T-cells. 
This supports the notion that the human neurons 
grafted to the non-immunosuppressed rats under- 
went immunological rejection. Based on an estima- 
tion of the survival rate and extent of fiber outgrowth 
from the grafted human fetal D A  neurons, we 
suggest that DA neurons that can be obtained from 
one fetus may be sufficient to restore significant DA 
neurotransmission unilaterally, in one putamen, in 
an immunosuppressed PD patient. 
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Introduction 

Over the last decade several experimental studies 
have demonstrated that grafted neural tissue can 
survive and function in experimental animals (Bj6rk- 
lund et al. 1987). The possibility to use intrastriatal 
implants of fetal dopamine (DA) neurons as an 
experimental therapy in patients with Parkinson's 
disease (PD) has been discussed repeatedly over the 
last few years. The finding that human fetal mesence- 
phalic D A  neurons can survive grafting to 
immunosuppressed rats and reduce amphetamine- 
and apomorphine-induced motor  asymmetry in ani- 
mals with unilateral lesions of the mesostriatal DA 
pathway has raised hopes that they could be used for 
clinical grafting (Brundin et al. 1986; Str6mberg et al. 
1986). Studies using rat donor tissue have shown that 
grafted fetal D A  neurons also can affect spontaneous 
behavioural deficits both in rats with 6-hydroxy- 
dopamine (6-OHDA) induced lesions of the meso- 



str ia tal  sys tem ( D u n n e t t  et  al. 1981, 1983, 1986, 1987, 
for r ev iew see B r u n d i n  a n d  B j 6 r k l u n d  1987) a n d  in  
rats  wi th  a g e - r e l a t e d  m o t o r  i m p a i r m e n t s  ( G a g e  et  al. 
1983). M o r e o v e r ,  ra t  D A  n e u r o n s  g ra f t ed  in t r a s t r i a t -  
al ly have  b e e n  f o u n d  to s p o n t a n e o u s l y  r e l ease  D A  
( Z e t t e r s t r 6 m  et  al. 1986; S t r e c k e r  et  al. 1987), a n d  to 
es tab l i sh  n o r m a l  m a t u r e  s y n a p t i c  c o n n e c t i o n s  wi th  
the  p r ev ious ly  d e n e r v a t e d  n e u r o n a l  e l e m e n t s  of  the  
hos t  ( F r e u n d  et  al. 1985; M a h a l i k  et  al. 1985). 

T h e s e  da ta ,  o b t a i n e d  u s i n g  ra t  d o n o r  t i ssue ,  
s u p p o r t  the  idea  tha t  g ra f t ed  D A  n e u r o n s  m a y  be  
e m p l o y e d  as a t h e r a p y  to a m e l i o r a t e  n e u r o l o g i c a l  
defici ts  also in P D  pa t i en t s .  H o w e v e r ,  it  has  so far  
b e e n  u n c l e a r  to wha t  e x t e n t  g ra f t ed  h u m a n  fe ta l  D A  
n e u r o n s  are  ab le  to affect  s p o n t a n e o u s  b e h a v i o u r  or  
to r e s to re  s p o n t a n e o u s  D A  re lease  in  the  D A -  
d e n e r v a t e d  s t r i a tum.  A n o t h e r  cr i t ical  i ssue,  wh ich  is 
i m p o r t a n t  to c lar i fy  b e f o r e  u n d e r t a k i n g  a n y  cl inical  
tr ials,  is to w h a t  e x t e n t  i n t r a c e r e b r a l  grafts  of  h u m a n  
fe ta l  CNS t issue f r o m  the  first  t r i m e s t e r  c an  give r ise 
to an  i m m u n o l o g i c a l  r e a c t i o n  in  the  host .  M o r e o v e r ,  
it  is i m p o r t a n t  to k n o w  w h e t h e r  i m m u n o s u p p r e s s i o n  

is necessa ry  in  o r d e r  to o b t a i n  g o o d  graft  surv iva l  
w h e n  gra f t ing  h u m a n  fe ta l  CNS  t issue across  a 
h i s t o c o m p a t i b i l i t y  ba r r i e r .  T h e  p r e s e n t  s tudy  was  
u n d e r t a k e n  to c lar i fy  t h e s e  po in t s .  T h e  ab i l i ty  of  
g ra f ted  h u m a n  fe ta l  D A  n e u r o n s  to e s t ab l i sh  synap t i c  
c o n n e c t i o n s  in  the  D A  d e n e r v a t e d  s t r i a t u m  is 

r e p o r t e d  in  a pa ra l l e l  c o m m u n i c a t i o n  (C l a rk e  et  al. 
1987). 

Material and methods 

Subjects and lesion surgery 

In order to unilaterally deplete the right striatum of DA, female 
Sprague-Dawley rats (ALAB, Stockholm, Sweden), weighing 
180-200 g at the time of lesion surgery, were given unilateral 
stereotaxic injections of 6-OHDA in the right ascending meso- 
striatal DA pathway. Briefly, 2.5 ul of 6-OHDA (3 ~g/gl in 0.2 mg/ 
ml ascorbate-saline) were injected under equithesin anesthesia 
(0.3 ml/100 g) at the following coordinates: 4.4 mm caudal to 
bregma; 1.2 mm lateral to midline; 7.8 mm ventral to dural 
surface; with the toothbar set at 2.4 mm below the interaural line. 
A second injection of 2 ~tl of 6-OHDA (same concentration as 
above) was performed at the following coordinates: 4.0 mm caudal 
to bregma; 0.8 mm lateral to midline; 8.0 mm ventral to dural 
surface; with the toothbar set at 3.4 mm above the interaural line. 

Donor tissue and transplant groups 

At 1.5-6 months after the 6-OHDA lesion, 3 groups of rats with 
complete 6-OHDA lesions of the right mesostriatal DA pathway 
(see below) received implants of mesencephalic tissue obtained 
from aborted human fetuses of different post-conceptional ages 
(time from fertilization). Lesioned rats without grafts served as 
controls in the dialysis experiment. With the approval of the 
Research Ethical Committee at the University of Lurid, 3 frag- 
mented fetuses were obtained at suction curretage abortions. 
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Their post-conceptional ages were 6.5 weeks (PC-6.5), 8 weeks 
(PC-8) and 11.5 weeks (PC-11.5). The pregnancies were timed by 
measurements of the length of the fetus using ultrasound tech- 
nique and by securing distinguishing developmental characteristics 
on the fetus. The neural grafting was performed within 2 to 5 h 
after the abortion. 

The region of the ventral mesencephalon containing DA 
neurons was dissected and prepared according to the cell suspen- 
sion method (see Brundin et al. 1985a) for the PC-8 fetus (in 
50-60 ~tl glucose-saline) and the PC-11.5 fetus (in 60-70 ~tl glu- 
cose-saline). In the case of the PC-6.5 fetus (in 30-40 ~1 glucose- 
saline) the trypsin step was omitted. Cell viability was assessed 
soon after dissociation, using acridine orange and ethidium 
bromide as a vital stain (Brundin et al. 1985a), and was as follows: 
PC-6.5 = 68%; PC-8 = 86%; PC-11.5 = 65%. The cell suspension 
prepared from the PC-6.5 and PC-8 fetuses were grafted into 3 and 
9 recipient rats, respectively. Two • 3 ~tl (PC-6.5) and 2 • 2 gl 
(PC-8) aliquots of the cell suspensions were implanted into the 
head of the caudate-putamen of each host (coordinates: 
A = +1.0; L = 3.0; V = 5.0 and 4.1; in ram, with reference to 
bregma and dura respectively, and with the toothbar set at zero) 
using a 10 ~tl Hamilton microsyringe fitted with a 0.25 mm inner 
diameter cannula. In the PC-11.5 group, three 2 ~tl deposits were 
implanted in 6 recipient rats (coordinates: (1) A = +1.8; L = 2.5; 
V = 4 . 5 ;  (2) A =  +0.6; L = 2 . 0 ;  V = 4 . 5 ;  (3) A = +0.6; 
L = 3.2; V = 4.5; in ram; with reference to bregma and dura 
respectively, and with the toothbar set at zero). All transplantation 
surgery was conducted under equithesiu anaesthesia. 

Immunosuppression 

All rats in the PC-6.5 and PC-11.5 groups, and 5 of the 9 PC-8 rats, 
were given daily injections of approximately 10 mg/kg, i.p., of 
Cyclosporin A (CyA) (Sandimmune | Sandoz, 50 mg/ml diluted to 
10 mg/ml in sterile saline) starting on the day of transplantation 
surgery. To reduce the risk of opportunistic infections in the graft 
recipients, all animals (also the non-immunosuppressed rats) were 
administered tetracyclin (Terramycin, Pfizer, approx. 20-50 mg/kg 
daily) through the drinking water. 

Motor asymmetry tests 

Amphetamine-induced rotation. Three to 4 weeks after the 6- 
OHDA lesion, the rats were given 5 mg/kg of d-amphetamine, 
i.p., and their rotational behaviour was monitored in automated 
"rotometer bowls" for 90 min (Ungerstedt and Arbuthnott 1970). 
Eighteen rats that exhibited a mean of at least 6.2 full body turns 
per rain ipsilateral to the lesion were selected for transplantation. 
This test was repeated 3 to 4 times during the subsequent 12-19.5 
weeks after transplantation (see Fig. 1A-C). For the analysis of 
graft effects on motor asymmetry, a net rotation asymmetry score 
was calculated by subtracting turns eontralateral to the lesion from 
ipsilateral turns. An additional 4 rats, which reached the same 
rotation criterion, were used as 6-OHDA lesion controls in the 
intracerebral dialysis experiment. 

Apomorphine-induced rotation. Prior to grafting and at 18 weeks 
after grafting the rats in the PC-8 group were tested for apomor- 
phine-induced rotation (0.05 mg/kg, s.c., in the neck) during 
40 min. One of the 4 rats in the non-immunosuppressed PC-8 
group which reached the pre-transplant criterion on amphetamine- 
induced rotation (11.6 turns/min), but which did not show a 
marked apomorphine-induced rotation after the 6-OHDA lesion 
in the pre-transplant test, was not included in the post-transplanta- 
tion analysis of apomorphine-induced rotation. 
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Spontaneous rotation. At 19 weeks after grafting, 8 rats in the PC-8 
group were tested for their spontaneous (i.e. non-drug-induced) 
motor asymmetry in the rotometers for a 10 h period during their 
dark period (approx. 20.00 h-06.00 h). The rats were allowed to 
habituate to the rotation bowls for approximately 10 min before 
the start of the test and the total number of left or right half turns 
was counted. 

Intracerebral dialysis 

Spontaneous and drug-induced DA release in the graft-innervated 
striatum was measured with the intracerebral dialysis technique 
(Ungerstedt 1984). The measurements of DA release were per- 
formed 20-21 weeks post-grafting in 8 CyA-treated rats which 
were later shown to have surviving grafts (one rat in the PC-6.5 
group, 4 in the PC-8 group, and 3 rats in the PC-11.5 group), and 
which showed less than 6 turns/min amphetamine-induced net 
rotation asymmetry in the post-transplantation test. Four 6- 
OHDA lesioned rats without grafts, were used as controls. The 
day before the collection of dialysis samples, rats were anes- 
thetized with chloral hydrate (0.35 g/kg, i.p.) and dialysis loops 
were surgically implanted bilaterally into the striatum in a position 
about 0.6 mm from the presumed graft sites (A = +1.2 mm from 
bregma, L = 2.5 ram, V = 5.3 mm from dura with the tooth bar 
set at zero). These dialysis loops were made from hollow, flexible, 
saponified cellulose ester dialysis fiber (CD Medical International, 
Ltd) with an outer diameter (wet) of 0.27 mm and a molecular 
weight cut-off of 10,000 Daltons. Both ends of the tubing were 
glued inside stainless steel tubing (inner diameter 0.26 mm), 
leaving a 4 mm length to be exposed to the brain. Prior to 
implantation this tubing was moistened and folded in half, making 
the dorsal-ventral length of the exposed probe equal to 2 mm (see 
Sharp et al. 1986 for further details). Throughout the dialysis 
sample collection the rats were maintained under halothane 
anesthesia (1.2% halothane-air mixture), and body temperature 
was kept at 37 ~ C using an incandescent light. The dialysis loops 
were continually perfused at a rate of 2 ~tl/min with Ringer 
solution. After discarding the first 30 rain of striatal perfusate, the 
perfusates were collected during 15 min sampling periods into 
plastic Eppendorf microtubes, containing 2 ~1 of an additives 
solution which contained 28.5 mg EGTA and 18 mg reduced 
glutathione per ml at a pH of 6-7 (pH adjusted with 6N NaOH). 
At least four baseline release samples were collected, followed by 
two 15 min samples in which the DA releasing agent d- 
amphetamine sulphate (10 -5 M) was added to the Ringer perfusion 
medium. After returning to the Ringer only perfusion medium and 
allowing enough time for DA levels to approach baseline values 
again, the DA reuptake blocker nomifensine hydrogen maleate 
(0.67 x 10 -5 M; Hoechst) was also added to the Ringer for 2 
samples. Immediately after collection, perfusates were frozen in 
liquid nitrogen and stored at -80 ~ C for up to 1 week prior to 
assay. At the conclusion of the experiment, the grafted rats were 
perfused on the same day for catecholamine histofluorescence (see 
below), while the 6-OHDA lesion-only rats were decapitated and 
their brains were dissected on ice, allowing the identification of the 
dialysis loop tracts in the striatum, as well as the collection of 
bilateral striatum tissue samples (in the vicinity of the dialysis 
loop) for later assay of tissue DA content. 

The dialysis samples were assayed by a radioenzymatic 
method that combined incubation and extraction steps modified 
from the procedure of Peuler and Johnson (1977), and separation 
and counting steps modified from Schmidt et al. (1982). Twenty- 
five gl of each perfusate sample were added to incubates contain- 
ing (expressed as final concentration) 100 mM Tris, 30 mM MgC1, 
10 mM EGTA, 4 ~xl of a previously prepared catechol-O-methyl- 
transferase (COMT) enzyme solution (Nikodejevec et al. 1970), 

1.4 mM dithiothreitol and 1.5 ~tl S-adenosyl-L-methionine-(3H - 
methyl) (Amersham, specific activity 90 Ci/mmol). The total 
incubation volume was 50 lxl and the pH was 8.1-8.3. DA was 
added as an internal standard to additional samples of incubation 
mixture plus 25 ~tl of perfusate. Blank tubes containing the 
complete incubation mixture, without the addition of perfusate or 
standards, and internal standards ranging from 0.01 to 0.2 ng of 
DA were always run with the pooled residual dialysis samples. 

The samples were incubated at 37 ~ C for 40 min. The reaction 
was stopped by the addition of 25 ~tl of a solution consisting of 
800 mM boric acid, 80 mM EDTA-Na2 and 4 mM of 3-methoxyty- 
ramine in 1 N NaOH. The resulting solution (pH 10.0 _+ 0,2) was 
vigorously mixed and the 3H-3-methoxytyramine derivative was 
extracted into i ml of toluene/isoamylalcohol (3 : 2). Aqueous and 
organic phases were separated by centrifugation, and 0.95 ml of 
the organic layer was decanted into a second tube containing 50 ~tl 
of 0.1 N acetic acid and the 3H-3-methoxytyramine derivative was 
extracted into the aqueous layer with vigorous shaking. The 
samples were then placed on dry ice, and the organic layer was 
aspirated and discarded. The aqueous layer was then washed with 
0.5 ml of toluene/isoamylalcohol (3 : 2) and after centrifugation 
and freezing, the organic layer was discarded again. Finally, 35 gl 
of the acid, together with 30 ~tg of carrier amine, was chromatog- 
raphed with chloroform/methanol/70% ethylamine (16 : 3 : 2) 
onto silica gel plates (Whatman LK5DF). The spot corresponding 
to DA was scraped into scintillation vials, extracted with 0.3 ml 
ethanol-ammonium hydroxide (100 : 20), and counted with 0.3 ml 
ethoxyethanol and 10 ml scintillation mixture (Instafluor, Pack- 
ard). This assay had a twice blank sensitivity of 5-10 pg for 
dopamine. Tissue samples from the lesion-only rats were sonicated 
in ice-cold 0.1 M perchloric acid at a dilution of 1 : 25, after which 
25 ~tl of the supernatant was assayed by the procedure of Schmidt 
et al. (1982). 

Antibody detection 

In order to identify an immunological response towards the grafted 
tissue, sera from grafted and control animals were analysed for the 
presence of antibodies directed against human cells. Purified 
human T-cells were assayed for direct binding of sera detected by 
the indirect fluorescent antibody technique in a quantitative 
fluorocytometer according to a modification of the method of 
M611er (1961). Approximately 2 ml of blood was taken from each 
rat immediately prior to perfusion. After centrifugation, serum 
was collected from the blood sample and then kept frozen at 
-20~ until the antibody assay was performed. Samples were 
taken from all grafted rats that had survived throughout the 
19-21 weeks post-transplantation period and from 3 unoperated 
control rats housed under the same conditions. 

T-lymphocytes were chosen as the human target cells, since 
these cells express high levels of major histocompatibility complex 
(MHC) antigens and several other antigens that display poly- 
morphism. For the antibody assay, human lymphocytes were 
prepared from buffy-coats (leukocyte concentrates) from 2 differ- 
ent healthy blood donors. The blood was diluted in equal parts of 
saline and Earles balanced salt solution (BSS, Gibco) and sepa- 
rated by a gradient centrifugation of ficoll-isopaque (Lympho- 
prep | Nygaard A/S), 1500 rot./min for 15 min at 4 ~ c.  The 
lymphocyte cellband was harvested, and washed • 3 in BSS. The 
cells were suspended in complete medium to a concentration of 
1 x 10V/ml in complete RPM140 medium (Gibco), supplemented 
with 5% fetal calf serum and kept in culture over night. T- 
lymphocytes were separated from B-lymphocytes by sheep ery- 
throeyte rosetting. On the day of assay, human T-lymphocytes at a 
concentration of i x 106/ml in BSS were mixed with an equal 
volume of 1% AET-(2-amino-ethyl-isothioromiun-bromide; 



Sigma)-labelled sheep red blood cells (Statens Veterinfir- 
medicinska Laboratorium) suspended in 40% fetal calf serum and 
BSS. The mixture was centrifuged to obtain a pellet and then 
incubated for 15 rain on ice. The pellet was gently resuspended in 
the supernatant and the T-cell-erythrocyte rosettes was separated 
by centrifugation on ficoll-isopaque as described above. The 
harvested T-cells were washed twice. Thereafter, the bound 
erythrocytes were lysed by an osmotic shock of distilled water for 
15 s. The purified T-cells were subsequently counted and resus- 
pended to a concentration of i x 107/ml in BSS. The viability was 
more than 90% as determined by trypan blue exclusion. One ml of 
the suspension was transferred to hemolysis tubes and centrifuged 
to a pellet. The supernatant was discarded and the cells resus- 
pended in 50 ~tl of sera from either normal control rats or operated 
animals. The cells were then incubated for 15 rain at room 
temperature under constant agitation to allow binding of rat 
immunoglobulins to the surface of the human cells and were rinsed 
twice in 2 ml of BSS in order to wash off unbound immunoglobu- 
lins. Fifty ~tl of Fluoroscein isothiocyanate-(FITC) labelled goat 
anti-rat-immunoglobulin (1 : 10 in BSS, Southern Biotechnologies 
Inc.) was added and incubated for 15 min at room temperature 
under agitation. The fluorochrome labelled antiserum was 
ultracentrifuged for 5 min at 100000 g to eliminate complexes. 
Afterwards, the cells were washed three times in BSS, resus- 
pended in 1 ml BSS and kept on ice. The cell suspension was run in 
a quantitative fluorocytometer (Ortho Diagnostics, Spectrum III). 
The lymphocyte population (as determined by the cell size and 
granulation) was analysed for fluorescence intensity. A cut-off 
level was arbitrarily defined as the level of fluorescence intensity 
which was surpassed by less than 2% of the lymphocytes in the 3 
control sera (Fig. 4A). For each serum the percentage of lympho- 
cytes that displayed a fluorescence intensity above the arbitrary 
cut-off level was determined. Increased binding of rat immuno- 
globulins on human target cells was considered to occur when this 
percentage exceeded the mean percentage + 2 standard deviations 
for the 3 control sera. 

Catecholamine histofluorescence 

Twenty-21 weeks after transplantation, the brains were processed 
for catecholamine histofluorescence according to the ALFA 
method (Lor6n et al. 1980; procedure I). Briefly, the rats were 
perfused through the ascending aorta with an ice-cold aluminum- 
formaldehyde solution under high pressure, and the forebrains 
were dissected and rapidly frozen in a mixture of propane- 
propylene cooled by liquid nitrogen. After freeze-drying, the 
specimens were reacted with formaldehyde vapour for 1 h at 
80 ~ C. After embedding in paraffin, sections were cut at 15 ~tm 
thickness. Catecholamine cell body counts in the grafts were 
performed in every third section on blind coded slides and the cell 
number estimated according to the formula of Abercrombie 
(1946). 

Tyrosine hydroxylase immunohistochemistry 

One rat from the PC-6.5 group, which showed functional recovery 
in the amphetamine-induced rotation test (marked c in Fig. 1B), 
was perfused for tyrosine hydroxylase (TH) immunohistochemis- 
try 20 weeks after transplantation, essentially according to the 
procedure of Freund et al. (1985). After a preperfusion through 
the ascending aorta (descending aorta clamped) with 100 ml of 
0.9% saline at room-temperature, the rat was perfused during 
15 min with 500 ml of ice-cold 2% paraformaldehyde + 0.1% 
glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brain 
was stored in PB for 3 days prior to being cut on a vibrating 
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microtome (Bio-rad, USA). Sections, 70 ~tm thick, were cut 
through the caudate-putamen and the mesencephalon at the level 
of the substantia nigra. The sections were rinsed 3 times in PB- 
saline (PBS) and then preincubated in normal goat serum +0.05% 
Triton X100 for 30 min. The sections were then incubated for 48 h 
at 4~ in anti-TH serum (kindly donated by Dr~ J.F. Powell, 
Oxford, UK) diluted to 1 : 1600 in PBS containing 0.05% Triton 
X100. The production and characterization of the TH antibody has 
been described elsewhere (van den Pol et al. 1984). After rinsing 
the sections were incubated in goat-anti-rabbit IgG (1 : 40, Miles) 
for 12 h at 4 ~ C, and then incubated with rabbit peroxidase-anti- 
peroxidase complex (1 : 100, Miles) for 3 h at room temperature 
under constant agitation. In the peroxidase reaction diaminoben- 
zidine (0.05%) was used as chromogen and the sections were 
treated with OsO4 to intensify the reaction product. The sections 
were dehydrated and embedded in Durcupan ACM resin (Fluka) 
and examined in the light microscope. The number of graft TH- 
immunoreactive cell bodies were counted on every section and a 
representative sample were measured. This material was subse- 
quently processed for electron microscopy as part of a parallel 
immunocytochemical study (Clarke et al. 1987). 

Results 

One rat in the PC-6.5 group and one rat in the PC- 
11.5 group died during the course of the experiment 
and are therefore not included in the behavioural and 
morphological analysis. The brain of the PC-11.5 rat 
was immersion fixed after death (16 weeks post- 
grafting), cryostat sectioned and cresyl violet stained. 
The right cerebral hemisphere was found to be 
heavily infiltrated throughout with small round cells, 
indicating the presence of an ongoing inflammatory 
response. 

Motor asymmetry 

Amphetamine-induced rotation. As summarized in 
Fig. 1, the CyA-treated rats receiving grafts from 
young donors (PC-6.5 and PC-8) showed marked 
reductions in rotation asymmetry (Fig. 1B), whereas 
rats in the non-immunosuppressed PC-8 group did 
not show any permanent effects of the grafts 
(Fig. 1A) and rats in the CyA-treated PC-11.5 group 
exhibited variable and only minor graft effects 
(Fig. 1C). 

As the rats in the CyA-treated PC-8 and PC-6.5 
groups were found to have comparable graft survival 
in the microscopic analysis (see below) they were 
analysed together for the amphetamine-induced rota- 
tion tests. Of the 7 CyA-treated rats in the PC-6.5 
and PC-8 groups, 6 rats showed a marked (> 94%) 
reduction in amphetamine-induced net rotation 
asymmetry in at least one of the post-grafting rota- 
tion tests (Fig. 1B). The seventh rat from the PC-8 
group (labelled a in Fig. 1B), which only attained a 
15% reduction in net rotation asymmetry did, how- 
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Fig. 1A-C. The amphetamine-induced net rotat ion asymmetry score (turns contralateral to lesion subtracted from turns ipsilateral to 
lesion) plotted for each individual transplant  recipient before transplantat ion and at various timepoints, between 13 and 19.5 weeks, after 
transplantation. A Non-immunosuppressed rats (n = 4) receiving transplants from the PC-8 fetus (rat marked a is discussed in the text). B 
CyA-treated rats (n = 7) receiving transplants from the PC-6.5 and PC-8 fetuses (rats marked a, b and c are discussed in the text). C CyA- 
treated rats (n = 5) receiving transplants from the PC-11.5 fetus 

ever, exhibit 102 full contralateral left body turns 
over 90 min at the 18 week test compared to 0 left 
turns in the pre-graft test. This ability to turn in the 
direction contralateral to the 6-OHDA lesion has 
previously been found to be a sensitive indicator of 
DA graft function (Herman et al. 1985; Brundin et 
al. 1986). Of the 5 rats that exhibited a complete 
reversal of net rotation asymmetry after 
18-19.5 weeks, 3 rats showed no reduction in net 
rotation asymmetry at 13 weeks. However, all the 
CyA-treated PC-6.5 and PC-8 rats performed 
between 5 and 567 (mean.= 172) full contralateral 
turns in the 13 weeks test, compared to 0 for all these 
rats at the pre-graft test, which indicates that the 
grafts were somewhat functional already at 13 weeks. 

One rat in the PC-8 group which showed a 
complete reversal of net rotation asymmetry after 13 
weeks (labelled b in Fig. 1B) returned to its pre- 
transplantation value after 18 weeks. Such a pattern 
of behavioural changes is suggestive of an existing 
graft ceasing to function between 13 and 18 weeks 
after transplantation. This rat exhibited marked 
weight loss and signs of malaise over the last few 
weeks and, at subsequent histological analysis (see 
below), extensive pathological changes were 
observed in the transplant-containing hemisphere. 
Therefore this rat was excluded from the statistical 
analysis of amphetamine-induced rotation (see 
below). 

Three of the 4 rats in the non-immunosuppressed 
PC-8 group did not exhibit any changes in 
amphetamine-induced rotation after grafting 
(Fig. 1A). The fourth rat showed a 48% reduction in 
net amphetamine-induced rotation 13 weeks after 
grafting but, presumably as the result of graft rejec- 
tion, the rotation asymmetry increased to above pre- 
transplantation levels at 18 weeks. This rat exhibited 
255 full contralateral body turns over the 90 min test 
period 13 weeks after grafting, whereas prior to 
grafting and also 18 weeks after grafting it did not 
perform any full contralateral body turns. 

In the CyA-treated PC-11.5 group functional 
graft effects were less marked than in the 
immunosuppressed PC-6,5 and PC-8 rats (Fig. 1C). 
One rat which died after the 13 week timepoint (not 
included in Fig. 1C) exhibited a 84% reduction in 
amphetamine-induced rotation asymmetry. Of the 
remaining 5 rats, one showed an increase in net 
rotation asymmetry and the other 4 rats exhibited 
decreases of between 13% and 52% of their respec- 
tive pre-transplantation scores. The rat with the 52% 
decrease in rotation asymmetry performed 200 full 
body turns (over 90 min) contralateral to the lesion, 
at 19.5 weeks after grafting, which indicates the 
presence of a functional graft. When the 19.5 week 
rotation asymmetry values were compared, using a 
paired Student's t-test, to the respective pre-trans- 
plantation values, there was no change in the PC-11.5 



group (mean _+ S.E.M.; pre-grafting = 8.7 _+ 0.45; 
19.5 weeks post-grafting = 6.3 _+ 0.97; t(4) = 2.25, 
p > 0.05). 

When the scores for the pre-graft and final 
rotation test were compared for the 3 groups (the 
immunosuppressed PC-6.5 + PC-8 group, the 
immunosuppressed PC-11.5 group, and the non- 
immunosuppressed PC-8 group) there was a signifi- 
cant group x time interaction (2-factor repeated 
measures ANOVA, G x T, F(1,22) = 3.66, p < 
0.02, the mean score for the 17 and 19.5 week 
timepoints for the PC-6.5 and PC-11.5 rats was 
treated as one timepoint). There was no difference 
between the 3 groups before grafting or at 13 weeks 
after grafting (one factor ANOVA; p > 0.05) 
whereas at the 18 week timepoint the CyA-treated 
PC-6.5 + PC-8 rats showed significantly less rotation 
when compared to the non-immunosuppressed PC-8 
rats (one factor ANOVA; F(2,13) = 12.26 with post- 
hoc Scheffd's test, p < 0.05). When the 18 week 
timepoint rotation asymmetry values were compared 
to the respective pre-transplantation values, there 
was a significant reduction in the CyA-treated PC-6.5 
+ PC-8 rats (t(5) = 3.36, p < 0.03; paired Student's 
t-test) whereas the non-immunosuppressed PC-8 rats 
displayed no change (t(3) = 1.30, p > 0.05). 

Apomorphine-induced rotation. Eighteen weeks after 
grafting the CyA-treated PC-8 rats showed a 58-79% 
reduction in apomorphine-induced rotation com- 
pared to their pre-transplantation score (paired Stu- 
dent's t-test: t(3) = 6.24, p < 0.01) whereas the non- 
immunosuppressed rats showed unchanged or 
increased values (t(2) = 1.03, p > 0.05) (Fig. 2A) 
(one rat in the non-immunosuppressed group was 
excluded from the analysis, see Material and 
methods). The difference between the CyA-treated 
and the non-immunosuppressed rats was statistically 
significant (Student's t-test: t(5) = 4.84, p < 0.01) 
(Fig. 2A). 

Spontaneous rotation. In the test for spontaneous 
motor asymmetry, which was performed in the 8 
healthy rats in the PC-8 group, the non-immunosup- 
pressed rats all exhibited a marked asymmetry 
towards the lesioned side, whereas the immunosup- 
pressed rats were either fully symmetric or biased in 
the opposite direction. This difference in side bias 
was statistically significant (Student's t-test: t(6) = 
2.65, p < 0.05) (Fig. 2B). 

lntracerebral dialysis 

In the intracerebral dialysis experiment the grafts 
restored basal extracellular DA levels to normal or 
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Fig. 2. A Apomorphine-induced net rotation asymmetry (turns 
ipsilateral to lesion subtracted from turns contralateral to lesion; 
expressed as a percentage of pre-transplantation score) 18 weeks 
after grafting for the non-immunosuppressed (n = 3) and CyA- 
treated (n = 5) rats receiving transplants from the PC-8 fetus. The 
open circle represents the result for the rat which exhibited 
cerebral pathology (see Results). This rat was excluded from the 
calculation of the mean and from the statistical analysis. B 
Spontaneous rotation asymmetry monitored overnight for 10 h 
during the rats' dark period 19 weeks after transplantation in the 
non-immunosuppressed (n = 4) and CyA-treated (u = 4) rats 
receiving transplants from the PC-8 fetus. "Ipsflateral" and 
"contralateral" with reference to the side of the lesion. Dots 
represent individual rats and bars show group means. * indicatesp 
< 0.02 in A and p < 0.05 in B (Student's t-test) 
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supranormal values, and administration of 
amphetamine or nomifensine produced large 
increases in the amount of DA recovered from the 
grafted animals, although these drug-induced 
increases were smaller than those seen in the contra- 
lateral intact striatum (Fig. 3A, B). For statistical 
analysis the dialysis data were subjected to logarith- 
mic transformation in order to reduce the 
heterogeneity of the variance between different 
groups. Baseline DA release data was statistically 
analyzed using both one and 2-factor ANOVA, with 
the one factor ANOVA being coupled with post-hoc 
Scheffd's tests, while drug responses were analyzed 
with one factor ANOVA coupled with post-hoc 
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Scheff6's tests (between groups) and one-tailed 
paired Student's t-tests (within groups). 

The pre-drug mean baseline level of DA seen in 
the intact striata was 0.19 _+ 0.06 (_+ S.E.M.) pmol 
per 25 ~tl of sample perfusate. All 8 intact striata 
showed a very large increase in extracellular DA 
when d-amphetamine (10 -5 M) was added to the 
perfusion medium (15.1 fold increase over the mean 
group baseline; t(7) = 15.12, p < 0.0001) (solid line 
in Fig. 3A). Similarly, nomifensine (0.67 x 10 -5 M) 
produced a dramatic increase in all the intact striata 
tested (t(6) = 5.79, p < 0.001) (hatched bars in 
Fig. 3B). In contrast, the striata in rats with unila- 
teral 6-OHDA lesions of the mesostriatal pathway 
had barely detectable levels of extracellular DA in 
either baseline perfusate samples (mean + S.E.M. = 
0.022 + 0.002 pmol/25 ~tl), or samples collected 
during amphetamine administration (mean + S.E.M. 
= 0.066 + 0.034 pmol/25 ~tl; see Fig. 3A), which did 
not produce a significant DA level increase in the 6- 
OHDA lesion-only rats (t(3) = 1.63, p > 0.05). The 
analysis of tissue DA content in the striatum of 
lesion-only rats also revealed an almost complete 
depletion of DA. The striatal DA depletion in these 
4 rats ranged from 95.1 to 98.6% of the DA content 
in their respective normal intact sides (mean = 
97.4% depletion). 

The mesencephalic grafts were able to restore 
extracellular DA levels in the 6-OHDA denervated 

Fig. 3. A Mean _+ S.E.M. (bars) DA levels measured in striatal 
perfusates collected by intracerebral dialysis from 6-OHDA- 
lesioned plus grafted striata (dashed line, n = 8), the contralateral 
normal intact striata (solid line, n = 8) and from a group of rats 
with only a unilateral 6-OHDA lesion but no graft (dotted line, 
n = 4). Each 15 rain sample provided 30 ~tl of perfusate (2 ~tl/min 
perfusion rate) of which 25 ~tl was assayed. Each data point 
represents the total amount of DA measured in the 25 ~tl of 
perfusate. Amphetamine (10 -5 M), which was added to the Ringer 
perfusion medium for two 15 min samples and then removed, 
produced a large increase in the extracellular DA levels measured 
in both the intact and grafted groups, but produced no effect in the 
lesion-only group. Baseline DA levels for the intact and grafted 
groups were not significantly different from each other, although 
baseline DA levels in both groups were significantly greater than 
in the lesion-only group (ANOVA followed by post-hoc Scheff6's 
test, p < 0.05, for details see text). B Effect of nomifensine (0.67 x 
10 -s M added to the perfusion medium) on extracellular DA levels 
measured in striatal perfusates from the normal intact group 
(n = 7) and the grafted group (n = 8). The mean baseline 
(BASE) DA level for each striatum was calculated from the 3 
samples preceding nomifensine (NOM) treatment, and this value 
was used to calculate the percentage increase during nomifensine 
administration. Note that since the DA levels did not differ 
between the two nomifensine samples their averaged value is 
shown here. Although only 5 of the 8 grafted striata produced 
clear increases in measurable DA levels during the nomifensine 
treatment, the increase in the graft group was significant (* indi- 
cates p < 0.05; Student's t-test) 



striata (Fig. 3A). The mean baseline D A  level was 
0.26 + 0.08 (+  S.E.M.)  pmol per  25 ~tl of sample 
perfusate (range 0.11 to 0.75 pmol/25 ~1), an amount  
that was not significantly different from the amount  
of D A  seen on the intact contralateral sides at any 
pre-drug baseline t ime point (post-hoc Scheff6's test; 
p > 0.05). The one grafted rat which had usually high 
basal D A  levels (0.75 pmol/25 ~tl) was later found to 
have had the dialysis loop directly in contact with 
grafted tissue, rather  than adjacent to it as intended. 
Amphe tamine  produced large increases in extracellu- 
lar D A  in 7 out of the 8 grafted striata (3.7 fold mean 
increase; t = 5.23, p < 0.002; dashed line in 
Fig. 3A). This increase was significantly less than 
that seen on the intact side (post-hoc Scheff6's test; p 
< 0.05). Nomifensine,  produced on average a 3-fold 
increase in extracellular D A  levels. However ,  the 
response was quite variable, with only 5 out of the 8 
grafted striata showing a clear nomifensine-induced 
D A  increase. The group effect, was nevertheless 
clearly seen when the data were plotted as the 
percentage increase over  baseline (Fig. 3B; mean 
percentage of baseline + S.E.M. = 310 + 82%; 
t = 1.90, p < 0.05). 

Antibody detection 

Increased binding of rat immunoglobulin purified 
human T-lymphocytes was detected in the sera of all 
rats when compared  to normal  control sera, indicat- 
ing that all the grafted rats were immunized. There  
was no difference in immunoglobulin binding to 
human lymphocytes between immunosuppressed and 
non-immunosuppressed rats. The median for the 
percentage of lymphocytes that displayed a flu- 
orescence intensity above the cut-off level was, 
for immunosuppressed animals, 23.0% (range 
5.7-58.7%) and for the non-immunosuppressed 
group 21.1% (range 6.5-51.4%).  The control sera 
values were 1.4%, 1.5% and 1.9% (for examples see 
Fig. 4A, B). 

Graft survival and morphology 

Non-immunosuppressed rats. In the 4 non- 
immunosuppressed PC-8 rats no surviving D A  
neurons or axons were detected. T h e  implantation 
site was discernable as an area surrounded by orange 
fluorescent presumed macrophages.  The greatest 
tissue necrosis was observed in the rat that exhibited 
a transient graft effect on amphetamine- induced 
rotation 13 weeks post-transplantation. In this rat, 
the area with abundant  orange autofluorescent cells, 
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Fig. 4A, B. Rat immunoglobulin binding to human T-cells in vitro 
measured by quantitative fluorocytometry. Shown is the intensity 
of fluorescence in arbitrary units (x-axis) and the number of cells 
(arbitrary scale) counted at a given window of fluorescence 
intensity. The horizontal bar indicates the interval of fluorescence 
intensities which exceeded the cut-off level (see text). The 
proportion of cells (in % of total number of cells counted) that 
exhibited a fluorescence intensity above the cut-off level was 
calculated for each analysed serum. A Illustrates the result for a 
control serum in which 1.4% of the cells exhibited fluorescence 
intensities above the cut-off level. B Illustrates the result for a 
serum from the grafted rat in the non-immunosuppressed PC-8 
group which is marked a in Fig. 1A. When exposed to this rat's 
serum, 51.4% of the T-cells were labelled at fluorescence inten- 
sities above the cut-off level 

indicative of a rejection process, encompassed 
approximately 1.2 m m  at its widest point mediolater-  
ally in the coronal plane of the striatum. 
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Fig. 5. A Photomicrograph of a TH-immunostained coronal section through the head of the caudate-putamen of rat receiving a PC-6.5 graft 
(marked c in Fig. 1B). The graft is seen as darkly stained tissue extending through the neocortex into the caudate-putamen: At this 
magnification coarse fiber outgrowth is just visible close to the graft in the caudate-putamen. Scale bar = 1 mm. B A higher magnification 
of a portion of the transplant (T) situated just ventral to the corpus callosum (light region in upper right of photograph) from the same 
section as illustrated in (A). Several darkly stained TH-immunoreactive perikarya which extend fibers both within and outside the graft are 
visible. Scale bar = 100 ~tm 

CyA-treated rats. The immunosuppressed recipients 
bearing tissue f rom the PC-11.5 donor generally 
showed poor  or no graft survival, whereas 
immunosuppressed recipients bearing grafts from the 
PC-8 and PC-6.5 donors consistently exhibited good 
graft survival. 

In the 5 rats from the PC-11.5 group that survived 
until perfusion there was evidence of graft derived 
D A  innervation in 3 rats. In 2 of these rats, although 
there was clear graft derived D A  innervation radiat- 
ing from the injection tract, it was not possible to 
discern actual D A  graft neurons. These rats exhi- 
bited 24% and 51% reductions in net rotation 
asymmetry,  respectively, 19.5 weeks after grafting. 
In the third rat, 194 surviving grafted D A  neurons 

were found. This particular rat had shown a 52% 
decrease in net rotation asymmetry.  

The rats from the PC-8 and PC-6.5 groups all 
exhibited surviving grafts containing between 402 
and 4249 D A  fluorescent neurons. The rat in the PC- 
8 group which showed clear evidence of graft func- 
tion in amphetamine-induced rotation after 
13 weeks, but a return of the lesion-induced rotation 
asymmetry after 18 weeks (labelled b in Fig. 1B), 
contained an intrastriatal graft with approximately 
800 D A  neurons. However ,  the right hemisphere of 
this rat 's brain was pathologically affected and dis- 
played widespread infiltration of orange autofluores- 
cent cells. Although the possibility of a rejection 
process cannot be entirely excluded, it seems unlikely 
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Fig. 6. A High magnification of fine 
and coarse TH-immunoreactive pro- 
cess extending from the transplant 
(illustrated in Fig. 5A, B) into the 
host caudate-putamen. Large 
rounded dark area are fiber bundles 
of the internal capsule. The trans- 
plant border is located just out of 
view in the direction of the arrow 
from T. Scale bar = 100 gm. B 
Graft-derived TH-immunoreactive 
fibers innervating the host caudate- 
putamen. Scale bar = 50 ~m. C A 
portion of the transplant (T) located 
in the neocortex overlying the cau- 
date-putamen (see Fig. 5A). 
Although there were several TH- 
immunostained cell bodies in this 
part of the graft, there was almost a 
total absence of fiber ou~.growth 
from the graft tissue into the adja- 
cent neocortex (right), in contrast to 
the dense fiber network 'within the 
graft itself. Scale bar = 50 gm 
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since the cellular infiltrate was distributed through- 
out the right hemisphere and not focused on the 
graft, and the graft tissue itself was still present and 
contained DA fluorescent neurons. The other rat 
which exhibited contralateral turning as an indication 
of graft survival 18 weeks after grafting, but did not 
show a reduction in amphetamine-induced net rota- 
tion asymmetry (labelled a in Fig. 1B), was found to 
have the smallest graft in the CyA-treated group with 
402 DA neurons. The mean number of surviving DA 
neurons in the CyA-treated PC-8 hosts was 1626 (if 
the pathologically affected rat is excluded). 

In rats that had undergone intracerebral dialysis a 
distinct probe tract was evident in the center of the 
striatum as described previously (Zetterstr6m et al. 
1986; Strecker et al. 1987). In the rat that showed the 
highest basal DA release in the dialysis experiment, 
the tract from the dialysis probe was found to partly 
encroach upon the graft tissue itself. 

In the TH-immunostained specimen from the PC- 
6.5 group, there was a complete absence of TH- 
positive neurons in the ventral tegmental area and 
substantia nigra on the side ipsilateral to the 6- 
OHDA injections. Surviving graft tissue was 
observed extending through the right striatum up 
into the overlying neocortex (Fig. 5A). The graft 
contained approx. 700 intensely TH-immunoreactive 
neurons of characteristic morphology (Fig. 5B). On 
average, the TH-positive perikarya measured 
32 x 20 ~tm along their major and minor axes, 
respectively. There seemed to be 2 main populations 
of TH immunoreactive neurons, one large and less 
frequent type, which in extreme cases was up to 
50 ~tm long, and one smaller type (mean 
25 x 19 ~tm). Most of the neurons were multipolar 
with long coarse processes which extended into the 
host striatum (Fig. 6A). In the parallel ultrastructural 
study (Clarke et al. 1987) some of these processes 
have been identified as dendrites. Within the host 
neostriatum a dense plexus of TH-immunoreactive 
fibers of presumed graft origin was present through- 
out the whole rostrocaudal extent of the head of the 
caudate-putamen (Fig. 5A, 6B) and, also, to some 
extent in the globus pallidus and nucleus accumbens. 
Single TH-immunoreactive cells had sometimes pre- 
sumably migrated to areas of the striatum that were 
up to 1-1.5 mm from the actual bulk of the graft 
tissue. Very little TH-positive fiber outgrowth into 
the neocortex was seen from the part of the graft 
which extended into the overlying parietal cortex 
(Fig. 6C). 

Discussion 

There are at present two main strategies for the 
development of a transplantation therapy in PD, 

namely the transplantation of adrenal medullary cells 
or fetal DA neurons (cf. Lindvall et al. 1987b). In the 
clinical trials reported so far (Backlund et al. 1985; 
Lindvall et al. 1987a; Madrazo et al. 1987) adrenal 
medulla autotransplantation has been performed to 
the striatum in patients with severe PD. The effects 
have varied from partial and transient recovery 
(Backlund et al. 1985; Lindvall et al. 1987a) to very 
marked improvement up to at least a year postopera- 
tively (Madrazo et al. 1987). Although the mecha- 
nisms underlying the improvement in the latter 
patients remain unclear, it seems possible to con- 
clude from these clinical trials that implantation of 
catecholamine producing cells could be a valuable 
therapeutic approach in PD patients. Considerably 
more animal experimental work has so far been 
performed with grafts of fetal mesencephalic tissue, 
and available experimental data seem to favour the 
strategy of using fetal DA neurons. Of particular 
importance is that, in contrast to what has been 
shown after grafting of fetal DA neurons, no long- 
lasting influence on spontaneous behaviour or striatal 
DA release has been found with adult adrenal 
medulla implants in experimental animals (see Lind- 
vall et al. 1987b for discussion). Furthermore, Str6m- 
berg et al. (1985) have reported that the effect of 
adrenal medulla grafts on drug-induced rotational 
asymmetry in rats with unilateral mesostriatal lesions 
is not permanent, and the grafted adrenal cells will 
undergo involution and atrophy unless nerve growth 
factor (NGF) is infused into the brain. 

According to the provisional ethical guidelines 
adopted by the Swedish Society for Medicine in 1985, 
it is considered acceptable from the ethical point of 
view to use DA neurons obtained from human 
fetuses from induced abortions in Sweden for the 
development of a transplantation therapy in patients 
with severe PD. In the present study we have used 
the unilateral 6-OHDA model of PD to address 
questions of particular importance as a basis for 
future clinical applications of DA neuron grafting. 
These issues include optimal donor age, yield of DA 
neurons from each human fetus, and their growth 
potential, transmitter metabolism and functional 
capacity in drug-induced and spontaneous 
behaviours. Furthermore, we have dealt with some 
of the immunological problems related to fetal 
neuron grafting in patients, particularly the need for 
immunosuppression. 

Optimal donor age 

In our previous study (Brundin et al. 1986) we 
examined the survival of human DA neurons 
obtained from fetuses of ages varying between 9 and 
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19 weeks. In that study, although some DA neuron 
survival was obtained with 11-week donor tissue, the 
optimal donor age for human mesencephalic DA 
neuron grafts was found to be less than 11 weeks, 
with good results attained with 9-week old donor 
tissue. This is corroborated by the present findings 
which show that only in some cases was there survival 
of grafted DA neurons in rats receiving ll.5-week 
old donor tissue and, furthermore, these PC-11.5 
grafts were small in contrast to the relatively large 
grafts obtained when using 6.5 to 8-week old donors. 
Using the current trypsin-dissociated tissue proce- 
dure we have previously found that good survival of 
DA neurons obtained from fetal rat mesencephalon 
of different fetal ages is linked to a high initial in vitro 
viability of the cell suspension (Brundin et al. 1985a). 
The current results with human donor tissue parallel 
those obtained with rat donors as the in vitro viability 
with the trypsin dissociated PC-8 cell suspension was 
86% compared to only 65% in the PC-11.5 cell 
suspension, which subsequently yielded relatively 
poor graft survival (note that the PC-6.5 tissue was 
mechanically dissociated without prior trypsin incu- 
bation and therefore the in vitro viability score for 
this cell suspension is not comparable). 

Yield of DA neurons 

On the average 1626 DA neurons survived in each of 
the CyA-treated PC-8 recipients. These neurons 
were derived from 4 ~tl injections of dissociated fetal 
tissue, and since the whole donor ventral mesence- 
phalon was dissociated in a volume of 50-60 ~tl one 
can estimate that a total number of 20000-25000 
mesencephalic DA neurons would survive xenograft- 
ing from one PC-8 human fetus to an immunosup- 
pressed host. As the normal number of DA neurons 
in a human mesencephalon have been estimated at 
around 450000 (German et al. 1983), this represents 
a DA neuron survival rate after grafting of about 5%. 
This figure is only slightly lower than the 10% 
survival rate that we have previously estimated to 
hold for syngeneic cell suspension grafts of rat fetal 
DA neurons (Brundin and Bj6rklund 1987). Grafting 
to immunosuppressed PD patients in an allogeneic 
setting may, of course, result in a slightly different 
DA neuron yield compared to the present 
xenogeneic grafting to immunosuppressed hosts. 
Notably, certain neural allografts clearly survive 
longer than xenografts, and in some cases possibly 
permanently, in non-immunosupressed mice (Mason 
et al. 1986; Widner et al. 1988). Nevertheless, based 
on the above data it is of interest to consider to what 
extent the number of DA neurons that can be 

obtained from one human fetus, when xenografted to 
the rat, could be sufficient to replace the DA neurons 
that normally innervate one putamen. The putamen 
is of particular interest as a target region as it exhibits 
a greater DA depletion than the caudate nucleus in 
PD (Nyberg et al. 1983), and is implicated in the 
motor functions that are disturbed in PD (Lindvall et 
al. 1987b). Assuming that the proportion of mesence- 
phalic DA neurons which innervate different fore- 
brain regions is similar in rat and man, one can 
estimate that in the human approximately 60000 DA 
neurons give rise to the innervation of one putamen. 
Thus, using the present technique, the grafting of 
tissue from one human fetal mesencephalon should 
be sufficient to replace about 30-40% of the DA 
neurons that normally innervate one human 
putamen. 

Morphological characteristics 

The morphology of the DA neurons in the human 
grafts (Fig. 5B) was similar to that seen in the normal 
human brain (Bazelon et al. 1967; Pearson et al. 
1983) and conformed to that seen in our previous 
study (Brundin et al. 1986). The grafted human DA 
neuron perikarya were on average larger than those 
of grafted rat neurons (Jaeger 1985; Bolam et al. 
1987) and seemed to fall into two size categories. 
These presumably represent the 2 different popula- 
tions of DA neurons normally found in the mesence- 
phalon: the smaller DA neurons of the paranigral 
nucleus and the larger representing a subpopulation 
of substantia nigra neurons (Bazelon et al. 1967). 
The grafted DA neurons gave rise to a TH 
immunoreactive fiber network (Fig. 6B) that essen- 
tially reached the whole host neostriatum, nucleus 
accumbens and globus pallidus. This is in agreement 
with previous studies on human DA neurons (Brun- 
din et al. 1986; Str6mberg et al. 1986) but in marked 
contrast to what is observed with rat-to-rat DA 
grafts. Grafted rat DA neurons usually extend a DA 
fiber network only approximately 1.5-2 mm from the 
graft borders (Bj6rklund et al. 1983). In a parallel 
study (Clarke et al. 1987) we have seen that fibers 
emanating from the human fetal mesencephalic 
grafts form TH-immunoreactive synaptic contacts 
with rat host striatal neurons. In agreement with 
previous work (Brundin et al. 1986; Str6mberg et al. 
1986), the present study demonstrated coarse TH- 
immunoreactive processes extending up to at least 
600 ~tm into the surrounding host striatum. In the 
parallel ultrastructural study some of these coarse 
processes have been identified as dendrites (Clarke 
et al. 1987). Such dendritic processes may provide a 
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site for host input to the graft, as proposed by 
Mahalik et al. (1985). Indeed, in the parallel electron 
microscopic study we have observed graft-derived 
TH-labelled dendrites receiving non-labelled synap- 
tic contacts in the host striatal neuropil (Clarke et al. 
1987). 

The host tissue volume that can be reached by the 
outgrowing axons from fetal DA neurons implanted 
in the brain of a PD patient will depend not only on 
the number of surviving DA neurons, but also on the 
number and location of the implanted cell deposits 
and the growth capacity of each DA neuron. The 
present data indicate that grafted human fetal DA 
cells have a greater growth potential than corre- 
sponding rat neurons. Thus, the grafted human DA 
neurons gave rise to a TH-immunoreactive fiber 
network that reached the whole rat caudate-puta- 
men, nucleus accumbens and globus pallidus, which 
represents a growth distance of at least 3 mm (see 
also Brundin et al. 1986). 

The volume of the human putamen is about 200 
times greater than the putamen in the rat whereas the 
number of DA cells innervating the putamen is only 
10 times higher in man than in rat (German et al. 
1983; Bj6rklund and Lindvall 1984). Therefore, it 
seems that each human DA neuron innervates a 20 
times greater striatal tissue volume than is covered by 
a rat DA cell. A single deposit of a rat DA cell 
suspension has been shown to reinnervate a more or 
less spherical portion of the striatum with a radius of 
about 1.5-2 mm (Bj6rklund et al. 1983). Assuming 
that human DA neurons reinnervate a 20 times 
greater volume than rat cells also when grafted, their 
maximal extent of growth when placed in a human 
striatum would be 4.1 to 5.4 mm away from the graft. 
If in a future clincial trial, fetal DA cells were 
deposited at two sites along 20 mm long injection 
tracts (as in the adrenal medulla autograft experi- 
ments of Lindvall et al. 1987a) this would lead to a 
maximum innervation of between 50% and 80% of 
the total putaminal volume. From the calculations of 
graft DA cell yield and growth capacity it seems 
reasonable, therefore, to assume that due to compen- 
satory mechanisms, e.g. high activity in grafted DA 
neurons in combination with supersensitive postsy- 
naptic DA receptors (cf. Brundin and Bj6rklund 
1987), the innervation provided by neurons that can 
be obtained from one fetus could lead to a significant 
recovery in unilateral striatal DA neurotransmission, 
and in putamen-related function in a PD patient. 
However, if multiple grafts in several locations (e.g. 
in the putamen, caudate nucleus and nucleus accum- 
bens, on both sides) are necessary in order to obtain 
significant amelioration of the motor symptoms in a 
PD patient, it seems with the current grafting tech- 

nique, as if mesencephalic tissue from several fetuses 
would have to be implanted. Alternatively, the 
current technique would have to be improved in 
order to obtain higher yields of surviving DA 
neurons from each donor fetus. 

As with DA grafts from rats (Bj6rklund et al. 
1983; Herman et al. 1986) and monkeys (Sladek et al. 
1986), the reinnervation from the human grafts 
displayed some target specificity. Whereas the graft 
displayed extensive TH-immunoreactive fiber out- 
growth when placed in the striatum (Fig. 6A, B), 
graft portions located in the overlying neocortex 
displayed little or no TH-positive fiber outgrowth 
(Fig. 6C). In the TH-immunostained specimen, 
single TH-immunoreactive perikarya were found 
within to the host striatum up to 1-1.5 mm from the 
graft borders. Although some caution should be 
expressed as TH-immunoreactive perikarya have 
been reported in the striatum of monkeys with 
lesions of the intrinsic DA pathway (Sladek et al. 
1986), our finding resembles the evidence for migra- 
tion of xenografted mouse neurons previously seen in 
the rat hippocampus and striatum (Bj6rklund et al. 
1982; Low et al. 1983; Wells et al. 1985). Further- 
more, in 2 rats from the PC-11.5 group, a graft- 
derived fiber network was detected around the 
implant without the concomitant demonstration of 
the parental graft perikarya. The DA innervation 
was most probably not of host origin as the fibers 
radiated from the area of the injection tract and there 
was no innervation in the other parts of the striatum. 
This also resembles results obtained in other xeno- or 
allogeneic graft settings in both the rat hippocampus 
and striatum (Low et al. 1983; Daniloff et al. 1985; 
Brundin et al. 1988, submitted). This suggests that 
some of the fetal DA neurons had migrated out of 
the central graft tissue mass and were difficult to 
visualize histochemically, perhaps due to reduced 
levels of the histochemical marker (in this case DA) 
in the cell bodies. 

Functional characteristics 

Previous studies with rodent donor tissue have 
already shown that mesencephalic DA neurons can 
reverse spontaneous, amphetamine- and apomor- 
phine-induced rotation (Dunnett et al. 1981, 1983, 
1986, 1987) and that they release DA spontaneously 
(Zetterstr6m et al. 1986; Strecker et al. 1987). In 
agreement with our previous study (Brundin et al. 
1986) the onset of functional graft effects on 
amphetamine-induced motor asymmetry occurred in 
the PC-6.5 and PC-8 rats between 13 and 18 weeks 
after transplantation. Moreover, some PC-6.5 and 
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PC-8 rats performed more turns contralateral to the 
lesion than in the ipsilateral direction. In a test of 
apomorphine-induced rotation the rats with surviving 
PC-8 grafts were significantly less asymmetric when 
compared either to their pre-transplantation values 
or to the non-immunosuppressed PC-8 rats that 
subsequently were found to lack surviving trans- 
plants. This suggests that the grafted DA neurons, by 
spontaneously releasing DA, had caused a reduction 
in DA receptor supersensitivity in the initially dener- 
vated host striatum and thereby a reduction in 
apomorphine-induced rotation asymmetry. Also 
spontaneous motor asymmetry was compensated in 
the CyA-treated PC-8 rats, which had surviving 
grafts, when compared to the non-immunosuppres- 
sed PC-8 rats, where the grafts had been rejected. In 
summary, grafted human fetal DA neurons thus 
seem to possess the same functional capacity as their 
rodent counterparts in tests of motor asymmetry. 

The intracerebral microdialysis experiments sup- 
port these behavioural data and provide evidence 
that the grafted human DA neurons are spontane- 
ously active and that they respond with an increased 
DA release to amphetamine administration. Indeed 
within the area reinnervated by the grafts, the 
implanted human neurons restored spontaneous DA 
release to normal striatal DA release levels. Compar- 
able results have been obtained with rat grafts which 
contain between 3000 and 5000 surviving DA 
neurons (Strecker et al. 1987). Similar release levels 
were obtained in the current study with a lower 
number of surviving DA neurons, which indicates 
that the DA release capacity of the human neurons is 
at least as good as that of the grafted rat neurons. 
The human DA grafts showed a significant increase 
in DA release in response to amphetamine. The 
amphetamine-induced increase was, however, 
significantly smaller than seen in intact rat meso- 
striatal DA neurons, which suggests that the DA 
neurons in the grafts may be releasing DA at 
maximal capacity during basal conditions and that 
their reserve capacity for drug-induced release is 
somewhat limited. Alternatively, this could be due to 
an inherent property of human DA neurons or, 
possibly, related to the fact that these neurons were 
not fully mature at the time of the dialysis experi- 
ment. The amphetamine effect on striatal DA release 
and DA related behaviour has been shown to 
develop slowly in rats during the postnatal period 
(Gazzara et al. 1986), which suggests that the 
development of amphetamine-induced physiological 
responses may be more protracted than the develop- 
ment of the ability to synthesize and release DA. 
Also the response to the DA reuptake blocker 
nomifensine was smaller and more variable in the 

graft-reinnervated striata than in the intact control 
striata, possibly because the expression of DA reup- 
take sites was not complete in the outgrowing human 
fetal DA neurons at the time of the dialysis experi- 
ment. However, the distinct nomifensine response in 
some of the rats supports the idea that nomifensine 
could be used as a marker for graft derived DA 
terminals when monitoring graft survival in PD 
patients. Indeed, radioactively labelled nomifensine 
has recently been introduced as a ligand for non- 
invasive positron emission tomography in order to 
monitor striatal DA terminals in primates (Leenders 
et ah 1988). 

Immunological aspects 

This study confirms that there is little or no survival 
of xenografted DA neurons in the rat striatum unless 
the host is immunosuppressed with CyA (Brundin et 
al. 1985b). As the use of immunosuppression inevit- 
ably will represent a certain health risk in patients 
(cf. Krupp et al. 1986; Maiorca et al. 1985) we felt it 
important to establish whether or not human fetal 
neural tissue can give rise to an immunological 
response in the host when grafted into the brain. The 
demonstration of donor specific antibodies in the 
present graft recipients is a definite indicator of the 
graft tissue being immunogenic. The anti-human 
immunoglobulins were detected by their ability to 
bind to antigens on human T-cells, but the exact 
nature of the antigenic structures was not determined 
in the present study. This particular method of 
determining immunization was chosen as other 
methods of assaying immunization, such as the 
primed lymphocyte test and a secondary mixed 
lymphocyte culture would not have been possible to 
perform in the animals that were on continuous 
immunosuppression. 

Although these results show that the grafted rats 
were immunized by the grafts, it should be pointed 
out that immunoglobulins are not thought to play an 
important role in late rejection of a grafted tissue 
(Mason et al. 1986b). This is consistent with the 
observation in the present study that serum from 
animals with a rejected graft did not bind to a higher 
percentage of the human T-cells in vitro. 

Although there are reports of survival of human 
tissue grafts into the adult rat brain without 
immunosuppression (Kamo et al. 1985, t986, 1987) 
the present data show that intracerebral neural 
xenografts can set off immune reactions in rats and 
that this may compromise long-term survival in case 
immunosuppression is not used. Interestingly, one 
rat (marked a in Fig. 1A) in the non-immunosup- 
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pressed PC-8 group had evidence of a functioning 
graft as late as 13 weeks after grafting which then 
disappeared by 18 weeks, suggesting that there was a 
late rejection of the xenograft  tissue. This rat demon- 
strated a larger zone of tissue necrosis (about 1.2 m m  
in width at its greatest point) than the other rats in 
the same group. If  this is representative of the size of 
tissue damage that might occur after rejection of a 
D A  allograft placed in the human striatum it would 
most likely have insignificant functional conse- 
quences. Allografting may,  however,  represent  an 
immunologically different situation. Thus, in studies 
with intraparenchymal D A  neuron allografts in pri- 
mates (Bakay et al. 1985; Sladek et al. 1986) and 
mice (Widner et al. 1988) longterm graft survival has 
been obtained without immunosuppression.  

The rationale for choosing daily CyA treatment  
(10 mg/kg) as immunosuppressive t reatment  was 
based on earlier experiences with xenografted neural 
tissue in the rat (e.g. Brundin et al. 1985b). This 
single drug therapy has been found to be sufficient to 
support xenograft  survival in the rat. However ,  with 
prolonged t reatment  a small subgroup of the CyA 
treated rats will exhibit side effects such as oppor-  
tunistic infections and gingival changes during pro- 
longed t reatment  (unpublished observations; Ryffel 
1982). The gingival pathology can lead to excess and 
misdirected growth of the incisors, causing feeding 
problems and eventual weight loss. In addition, two 
animals in the present  series showed diffuse cerebral 
pathology possibly related to intracerebral infection, 
although the graft remained in .a t  least one of the 
cases. This may be taken as an indication of the risks 
of long-term immunosuppressive t reatment  in 
intracerebrally grafted experimental  animals. 

Conclusions 

The present study provides experimental  data docu- 
menting that human fetal D A  neurons, obtained 
through routine abortions, have a morphological  and 
functional potential  consistent with the requirements 
for grafting in PD patients. Several findings are of 
direct relevance for future clinical trials: First the 
optimal donor age with the present  cell suspension 
technique has been confirmed to be less than 11 
weeks of gestation. Second, the yield of D A  neurons 
using the present grafting procedure and their esti- 
mated growth capacity makes  it likely that the 
number  of surviving D A  neurons that could be 
obtained f rom a single fetus would be sufficient to 
produce a significant recovery of D A  neurotrans- 
mission and function of one human putamen.  For 
multiple bilateral implants in a PD patient, the yield 

of D A  neurons (which we estimate to be around 5% 
in the present xenograft  setting) would have ~o be 
improved, or D A  neurons f rom several fetuses would 
have to be used. Third, the findings that human fetal 
neural tissue from the first tr imester can evoke an 
immune reaction when implanted in a rat brain 
would make it advisable to use immunosuppressive 
treatment also in the clinical setting. 
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