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Summary
Five parkinsonian patients who had received implants of
human embryonic mesencephalic tissue unilaterally in
the striatum 10–56 months earlier were grafted with
tissue from four to eight donors into the putamen (four
patients) or the putamen plus the caudate nucleus (one
patient) on the other side, and were followed for 18–24
months. After 12–18 months, PET showed a mean 85%
increase in 6-L-[18F]fluorodopa uptake in the putamen
with the second graft, whereas there was no significant
further change in the previously transplanted putamen.
Two patients exhibited marked additional improvements
after their second graft: ‘on–off’ fluctuations virtually
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Abbreviations: MPTP5 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; UPDRS5 Unified Parkinson’s Disease Rating Scale

Introduction
Clinical trials with neural transplantation in parkinsonian
patients have demonstrated that intrastriatal dopaminergic
grafts can survive and induce clinically useful improvements
(Lindvall et al., 1990, 1992, 1994; Sawleet al., 1992; Widner
et al., 1992; Peschanskiet al., 1994; Freemanet al., 1995;
Remyet al., 1995; Deferet al., 1996; Wenninget al., 1997).
If ventral mesencephalic tissue from three or more 6- to 9-
week-old human embryos is implanted into the putamen,
positron emission tomography (PET) studies consistently
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disappeared, movement speed increased, andL-dopa could
be withdrawn in one patient and reduced by 70% in the
other. The improvement in one patient was moderate.
Two patients with atypical features, who responded
poorly to the first graft, worsened following the second
transplantation. These findings indicate that sequential
transplantation in patients does not compromise the
survival and function of either the first or the second
graft. Moreover, putamen grafts that restore fluorodopa
uptake to normal levels can give improvements of major
therapeutic value.

show increased 6-L-[18F]fluorodopa uptake (Lindvallet al.,
1990, 1992, 1994; Sawleet al., 1992; Widneret al., 1992;
Freemanet al., 1995; Remyet al., 1995; Wenninget al.,
1997). Histopathological studies (Kordoweret al., 1995,
1996, 1998) have confirmed that the increased fluorodopa
uptake seen in PET studies reflects the survival of
dopaminergic grafts reinnervating the patient’s striatum. After
a delay of at least 2–3 months, a majority of patients with
surviving grafts have developed a typical pattern of improved
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motor function with increased duration of theL-dopa effect
and time in the ‘on’ phase, and reduced severity of rigidity
and hypokinesia in the ‘off’ phase (Freemanet al., 1995;
Defer et al., 1996; Wenninget al., 1997).

Although the evidence for graft survival and function in
patients with Parkinson’s disease is now solid, it is also clear
that functional recovery is incomplete both in terms of
magnitude and the pattern of improvement. It is conceivable
that this at least partly reflects the fact that in most operated
patients only a minor portion of the dopamine-denervated
striatum has been reinnervated by the grafts. In such cases,
patients have been transplanted either unilaterally (Defer
et al., 1996; Wenninget al., 1997) or bilaterally but only in
the posterior putamen (Freemanet al., 1995). Alternatively,
implant sites have been few (Deferet al., 1996; Wenning
et al., 1997), and no good evidence for graft survival in the
caudate has been obtained using PET (Remyet al., 1995;
Wenninget al., 1997).

It is well established that unilateral grafts can induce
bilateral improvements in patients with Parkinson’s disease
(Lindvall et al., 1990, 1992, 1994; Deferet al., 1996;
Wenninget al., 1997), but there is a good case for bilateral
implants in order to effect long-term, more complete recovery
of motor function. First, the improvement after unilateral
transplantation is most marked on the side of the body
contralateral to the graft (Deferet al., 1996; Wenninget al.,
1997), which implies that a second graft should result in
clinical benefit additional to that conferred by the first.
Secondly, in idiopathic Parkinson’s disease there is an ongoing
degeneration of the patient’s own dopaminergic neurones
which is not itself retarded by the implantation of embryonic
mesencephalic tissue. The degenerative process therefore
leads to a progressive worsening of parkinsonian symptoms
primarily ipsilateral to a unilateral graft. Thirdly, axial
symptoms, speech, gait and dyskinesias, which are neither
consistently nor markedly improved by unilateral grafts
(Wenninget al., 1997), may be influenced only by bilateral
implants. In fact, all patients with reported clear reduction
of dyskinesias have been grafted bilaterally in the putamen
(Widner et al., 1992; Freemanet al., 1995).

Bilateral transplantation of embryonic tissue might,
however, be associated with a greater risk of adverse effects
compared with unilateral implantation. In addition to
increased risk of perioperative haemorrhage, the larger
number of surgical trajectories induces increased tissue
trauma, which might cause motor or cognitive dysfunction.
Immunological mechanisms could be particularly important
with sequential, bilateral implants. With a large number of
donors, there is a risk that mesencephalic tissue with similar
transplantation antigens is implanted in sequence. This might
lead to graft rejection unless immunosuppressive treatment
is given.

In a previous paper (Wenninget al., 1997), we described
PET findings and clinical and neurophysiological data
following unilateral transplantation to the putamen alone
(four cases) or putamen plus caudate nucleus (two cases) in

six patients (patients 3, 4 and 7–10 in our series). Here we
report the findings after subsequent grafting to the other side
in five of these patients (patients 3 and 7–10). A summary
on the other patients (patients 1, 2 and 4–6) in our series is
also provided in the Appendix. The objectives were two-
fold: first, to explore the possibility that a second
transplantation can influence the survival and function of the
first or second graft; and secondly, to clarify whether the
second graft leads to further clinical improvement and, if
this is the case, a different pattern of recovery compared
with the first graft.

Methods
Grafting procedure
The patients’ consent was obtained according to the declara-
tion of Helsinki and the procedures were approved by the
local ethical committees in Lund (Research Ethics Committee,
Lund University) and London (The National Hospital for
Neurology and Neurosurgery and the Institute of Neurology
Joint Medical Ethics Committee, and Imperial College School
of Medicine/Hammersmith, Queen Charlotte’s & Chelsea
and Acton Hospitals Research Ethics Committee). On entry
to the study, prior to their first graft, and also prior to
their second graft, all patients fulfilled the United Kingdom
Parkinson’s Disease Brain Bank criteria for idiopathic
Parkinson’s disease (Gibb and Lees, 1988). The patients had
received unilateral grafts either in the putamen alone or in
both the putamen and the caudate nucleus (Table 1; for
details of procedure and postoperative follow-up, see Lindvall
et al., 1989; Rehncrona, 1997; Wenninget al., 1997). Briefly,
implantation of embryonic mesencephalic tissue on the non-
operated side was performed in Lund using CT-guided
stereotaxic neurosurgery. In all patients (Table 1), grafts
were placed in the putamen along five trajectories in the
ventrodorsal direction. Patient 8 was also grafted similarly
along two trajectories in the head of the caudate nucleus on
the same side. Dissociated ventral mesencephalic tissue from
four to eight aborted human embryos (aged 6–8 weeks post-
conception; crown–rump length 13–27 mm) was implanted
in each patient. Twenty microlitres of cell suspension was
deposited in each putaminal trajectory, each of which was
12–14 mm long. The trajectories were planned to optimize
the reinnervation of the putamen. The maximal distance
between adjacent transplantation sites was 5–8 mm in the
anterioposterior direction, the distance between the most
anterior and posterior sites ranging from 22 to 29 mm. The
caudate trajectories were 14 mm long and placed 4 mm apart.
All patients had received immunosuppressive therapy using
a standard regimen of cyclosporin, azathioprine and predniso-
lone from the time of the first transplantation (Lindvallet al.,
1989). Apart from patients 3 and 8 (azathioprine discontinued
at 20 and 6 months, respectively), this regimen was kept
constant throughout the follow-up period.
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Table 1 Characteristics of patient group

Patient Hoehn Years of Age/disease Location of No. of Follow-up DailyL-dopa
and Yahr* transplantations duration/duration implants** donors** (months)** dose (mg):

of L-dopa therapy preop†/postop‡

(years)†

3 (Lund) 3 1989, 1993 53/16/15 L put/R put 4/5 80/24 700/800
7 (London) 2 1993, 1994 50/11/10 L put/R put 5/5 41/24 200/0
8 (London) 4 1993, 1995 45/7/7 L put1 caud/ 5/8 41/18 500/300

R put 1 caud
9 (Lund) 4 1993, 1994 53/11/9 L put/R put 4/7 29/18 950/750

10 (London) 4 1994, 1994 43/13/11 R put1 caud/L put 7/4 34/24 850/300

*In practically defined off phase, prior to the first graft; **for the first/second graft;†at the time of the second grafting;‡at the end of
follow-up period.L-dopa was given with a peripheral decarboxylase inhibitor. L5 left; R 5 right; put 5 putamen; caud5 caudate
nucleus; preop5 preoperatively; postop5 postoperatively.

Methods of assessment
The CAPIT (Core Assessment Program for Intracerebral
Transplantations) (Langstonet al., 1992) was followed.
Detailed descriptions of the clinical evaluation programme,
single-doseL-dopa test, laboratory measurements of simple
arm and hand movements (performed at the Medical Research
Council Human Movement and Balance Unit in London)
and 6-L-[18F]fluorodopa PET studies (performed at the MRC
Cyclotron Unit in London) are provided elsewhere (Lindvall
et al., 1989; Langstonet al., 1992; Sawleet al., 1992; Widner
et al., 1992). Throughout the entire protocol, from baseline
assessments before the first graft until the latest assessments
after the second graft, in each centre two evaluators only
were responsible for patient ratings.

Results
General clinical course and assessment of
motor function
Patient 3
This patient was grafted in the left putamen in 1989 (Table
1). Postoperatively, he showed reduced time in the off phase,
a longer duration of theL-dopa effect and less severe
rigidity and hypokinesia during the off phase bilaterally, but
predominantly on the side contralateral to the graft. From 27
months after grafting, his parkinsonian symptoms worsened
with increased rigidity and hypokinesia on the side ipsilateral
to the first graft, whereas continued improvement was
observed on the contralateral side (Lindvallet al., 1990,
1992, 1994; Wenninget al., 1997).

He was grafted in the right putamen in 1993 (Table 1).
From the second postoperative month, he noted longer periods
in the on phase and improved function in the left arm, which
became better than the right arm. Autoscoring (on–off diaries)
revealed a moderate decrease in time spent in the off phase
during the first but not the second postoperative year (Table
2). Mild, rare on-phase dyskinesias, which had not been
observed preoperatively, appeared. There was a modest
reduction in the off-phase Unified Parkinson’s Disease Rating
Scale (UPDRS) motor score (Fig. 1). The duration of the

effect of a singleL-dopa dose was similar to that observed
before the second transplantation (Table 2). Off-phase rigidity
disappeared and timed motor tasks improved slightly
contralaterally to the second graft (Figs 2 and 3).

As indicated by UPDRS scores during practically defined
off phase (data not shown), the second graft did not induce
any consistent improvements in his gait, swallowing or
posture, while speech deteriorated slightly.

Eleven months after transplantation, bromocriptine was
discontinued because of pleuropulmonary inflammation.
After 13 months, the patient started to experience right-
sided, painful, off phase-relatedL-dopa-responsive dystonia.
However, his on phases were still good. Secondarily to
multiple degenerated cervical discs, he developed a radiculo-
pathy affecting the right hand and arm 22 months after
transplantation. Hand and arm function became severely
impaired and regular assessments were therefore stopped at
24 months. Dystonias subsequently improved on a combina-
tion of amantadine and ropinirole.

Daily living was clearly improved in this patient following
transplantation. Activities became easier and he was able to
perform independently. Although this was later compromised
by dystonia, progressive back problems and peripheral paresis
of the upper right extremity, he still experiences valuable
improvement of his underlying parkinsonism.

Patient 7
This patient was grafted in the left putamen in 1993 (Table
1). Following transplantation, the UPDRS motor score and
time spent in the off phase decreased and theL-dopa effect
was prolonged. There was a marked reduction in rigidity in
the contralateral arm and motor function improved bilaterally,
but predominantly contralaterally to the graft (Wenning
et al., 1997).

In 1994, he received a second graft in the right putamen
(Table 1). Postoperatively, the patient reported improvement
of off-period akinesia and on-period dyskinesia. Arm swing
returned on the left side ~2 months after transplantation and
turning in bed became easier. At 8 months, the patient
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Table 2 Autoscored mean percentage of awake time spent in the off and on phases with dyskinesias* and duration of the
on phase induced by a single dose ofL-dopa**

Patient Preoperative† Postoperative (second graft)

First graft Second graft Months 1–6 Months 7–12 Months 13–24

3 Percentage of time in off phase 50.26 1.3 28.56 1.5 21.06 1.8 19.76 1.6 29.06 1.6
Percentage of time in on phase with dyskinesias 0 0 2.96 1.4 1.16 0.7 1.46 0.6
Duration of on phase after a singleL-dopa dose (min) 105 (90–120; 4) 195 (195–195; 3) 238 (195–285; 5) 189 (135–210; 5) 180 (135–210; 3)

7 Percentage of time in off phase 24.36 3.9 10.56 5.8 3.86 1.3 2.46 2.0 0
Percentage of time in on phase with dyskinesias 29.76 3.4 13.76 5.4 9.56 4.2 0.96 1.1 0
Duration of on phase after a singleL-dopa dose (min) 116 (99–137; 6) 146 (125–180; 5) 139 (97–195; 4) 185 (130–240; 2) 256 (205–375; 6)

8 Percentage of time in off phase 43.16 3.8 32.06 12.7 25‡ 30‡ 30‡

Percentage of time in on phase with dyskinesias 31.36 3.9 50.56 6.4 75‡ 0‡ 5‡

Duration of on phase after a singleL-dopa dose (min) 129 (74–222; 4) 191 (185–197; 2) 153 (150–156; 2) 89 (70–125; 4) 111 (100–135; 4)
9 Percentage of time in off phase 20.86 3.4 6.66 1.1 24.16 2.1 6.96 2.8 32.06 2.9

Percentage of time in on phase with dyskinesias 18.96 6.5 54.36 1.8 63.56 2.3 23.46 3.9 2.76 1.1
Duration of on phase after a singleL-dopa dose (min) 85 (45–120; 6) 110 (60–165; 6) 150 (135–175; 4) 188 (150–225; 4) 184 (165–210; 4)

10 Percentage of time in off phase 51.86 1.9 23.46 9.9 47.76 8.6§ No longer able to distinguish on from off
Percentage of time in on phase with dyskinesias 45.86 4.5 47.26 33.8 4.36 9.0§

Duration of on phase after a singleL-dopa dose (min) 127 (85–223; 5) 186 (160–205; 4) 274 (195–420; 3) 238 (110–365; 2) 267 (240–300; 6)

*Values are given as mean6 95% confidence interval; **values are given as mean (range; number of tests);†data from assessments during the last 6 months prior
to the first and second transplantation are included;‡patient 8 was not able to keep reliable on/off diaries, but approximate overall estimates made by his carer, wife
and research physician are given;§data from assessments during the first 3.5 months after the second transplantation; from the fourth postoperative month he did not
keep on/off diaries due to difficulties distinguishing between off and on phases.

Fig. 1 Scores from the motor examination part of the Unified
Parkinson’s Disease Rating Scale (UPDRS) (items 18–31,
maximum score5 108) in the practically defined off phase. Data
are from assessments performed during the 6 months prior to each
transplantation and during the second year following the second
graft. Due to the long interval between the transplantations in
patient 3 (56 months), data from the second postoperative year
after the first graft are also included for this patient. Data are
median6 25th percentile.

stopped takingL-dopa due to a slight increase in dyskinesias,
but remained on pergolide, amantadine and selegiline, with
reduced dyskinesias. Off periods virtually disappeared and
he no longer experienced on–off fluctuations. Left arm
function improved to become as good as that of the right
arm. However, his gait was slow and hampered by dystonia

of the right leg, but this has steadily improved. Selegiline
was withdrawn after 17 months without deterioration.

Autoscoring revealed a gradual disappearance of off
periods, despite withdrawal ofL-dopa and selegiline, and of
on periods with dyskinesias (Table 2). Prolongation of the
duration of the on phase induced by a single dose ofL-dopa
was consistent with these changes (Table 2). Also, the UPDRS
motor score in the off phase was modestly reduced during
the second postoperative year (Fig. 1) and the performance
of timed motor tasks was further, moderately, improved
contralaterally, and modestly improved ipsilaterally to the
second graft (Figs 2 and 3).

Postural stability, swallowing and gait during the off phase,
which were normal or slightly impaired preoperatively, did
not change after the second graft (data not shown). There
was mild deterioration of posture but some improvement of
dysarthria and hypophonia.

This patient is now running his own business on a full-
time basis (he previously worked part-time), and has also
been able to take up car-driving again, which was impossible
before surgery. Other activities of daily living, although not
impossible previously, have become easier to perform.

Patient 8
This patient was grafted in the left putamen and caudate
nucleus in 1993 (Table 1). He showed modest improvement
of some motor symptoms, but his UPDRS motor score
increased after grafting, mainly due to deterioration of axial
features (Wenninget al., 1997). Because of impotence,
progressive urinary symptoms and a change from normal
(preoperative) to pathological anal sphincter EMG, a
diagnosis of multiple system atrophy was suspected (Wenning
et al., 1997), but this remains unproven.
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Fig. 2 Time to perform 20 pronations–supinations with the arm contralateral to the first and second
grafts, respectively, during the practically defined off phase. Data are from assessments performed
during the 6 months prior to each transplantation and during the second year following the second graft.
Due to the long interval between the transplantations in patient 3 (56 months), data from the second
postoperative year after the first graft are also included for this patient. Data are mean6 95%
confidence interval.

Fig. 3 Performance of simple arm movements (elbow flexion
alone) contralateral to the first and second grafts during the
practically defined off phase, as assessed using EMG. Data are
mean6 SEM. Statistical comparisons were made between the
measurements before the first and the second graft, and between
measurements before and after the second graft. *P , 0.05,
Student’st test.

In 1995, he received a second graft in the right putamen
and caudate nucleus (Table 1). About 2 months after surgery,
the time spent in the on phase increased and was associated
with more dyskinesias on the left side.L-Dopa was withdrawn
3.5 months postoperatively and he was then treated only with
pergolide and selegiline. Dyskinesias decreased and he had

a good response throughout the day, with more benefit on
the left than on the right side. His arms were more improved
than his legs and his gait remained impaired.

Seven months postoperatively the patient was admitted
because of depression with paranoia. Following withdrawal
of pergolide and selegiline, his mental status improved
but he became markedly akinetic. He was discharged on
amantadine and an antidepressant, and spent most of the
day in an intermediate state. At 11 months, a small dose
of L-dopa was restarted and benzhexol hydrochloride was
introduced due to off-phase dystonia, but off periods did not
improve. Despite this general deterioration, arm function and
rigidity on both sides remained improved compared with the
situation prior to the first graft (Fig. 2).

Neurological assessment demonstrated further overall
deterioration after the second transplantation. The UPDRS
motor score increased (Fig. 1) and the on-duration after a
single dose ofL-dopa became shorter (Table 2). Speech and
gait deteriorated, whereas postural stability, posture and
swallowing were unchanged (data not shown).

The assessment of this patient was complicated by his
depression and psychosis, and the reduction of anti-
parkinsonian medication. However, our clinical impression,
as well as that of his carers, is that despite an improvement
in hand function that enabled him to perform manual tasks
better, there has been an overall deterioration from his
preoperative state.

Patient 9
This patient was grafted in the left putamen in 1993
(Table 1). He showed only modest improvement in motor
function (Wenninget al., 1997).

He was grafted in the right putamen in 1994 (Table 1).
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Prior to the onset of Parkinson’s disease, he had been treated
for hypertension. After the second transplantation, the patient
again developed hypertension, which was treated with
nifedipine and atenolol. From the fifth postoperative month,
his condition transiently improved and the time spent off and
on with dyskinesias decreased. During the following months,
his daily activities improved and he was able to work in the
garden and repair his house. At 11 months, dyskinesias
increased andL-dopa was gradually reduced. One month
later, his motor performance worsened and was complicated
by dyspraxia, which sometimes interfered with motor tests.

There had already been some evidence of cognitive impair-
ment before the first graft (Mini-Mental State Examina-
tion score: 25/30). Following the second transplantation, this
patient’s cognitive status deteriorated rapidly. In addition to
memory loss, he developed confusion, visual hallucinosis,
anxiety, restlessness and insomnia. He underwent a change
in personality, and became disoriented in time and some-
times also in space. Selegiline (10 mg/day) and orphenadrine
(100 mg/day) were withdrawn without any obvious effects
on his cognitive status. Neuropsychological assessment con-
firmed a cortical dementia. Regular clinical assessments were
discontinued at 18 months due to difficulties with compliance.

Autoscoring suggested a gradually increased time in the
off phase and decreased time in the on phase with dyskinesias
during the second year after transplantation (Table 2).
However, due to cognitive impairment, the data from the
second postoperative year should be interpreted cautiously.
The on-phase duration following a single dose ofL-dopa
lengthened (Table 2) whereas the UPDRS motor score
increased (Fig. 1). Timed motor tasks showed a modest
improvement (Fig. 2) but rigidity was virtually unchanged.
Gait, postural stability and posture deteriorated (data not
shown).

Twenty-five months after the second graft, the patient died
due to a massive intracerebral haemorrhage ipsilateral to the
first graft, performed 36 months earlier. The haemorrhage
probably emanated from the thalamic region. Autopsy of his
brain could not be performed.

Patient 10
In 1994, this patient was transplanted in the right putamen
and caudate nucleus (Table 1). Postoperatively, theL-dopa
effect was prolonged and he spent more time in the on phase.
The UPDRS motor score decreased and there was a marked
bilateral, but predominantly contralateral, increase in
movement speed in the arms during the off phase (Wenning
et al., 1997).

Ten months after the first implantation, he was grafted in
the left putamen (Table 1). Already 1 month before surgery,
dyskinesias had increased and were present on the left side
even during the off phase. Two weeks after grafting, he was
admitted because of severe, almost continuous dyskinesias.
He had stereotypic trunk and leg flexion movements and
intermittent, choreodystonic involuntary movements of the

left limbs. The dailyL-dopa dose was reduced and dyskinesias
improved markedly. At 3 months he reported qualitative
improvements of off periods and activities of daily living.
Dyskinesias were continuous but only mild. Four to five
months after transplantation, stereotyped, non-disabling
movements with the right hand touching the ipsilateral hip
developed, whereas stereotypic movements of the left arm,
which had been present before the second graft, subsided.
Gait and freezing improved, and the number of falls (due to
freezing) decreased from up to 15 to about six per day. Right
arm function improved and since then he has preferred to
use the right hand. Due to increased dyskinesias at 7 months,
the L-dopa dose was gradually reduced and dyskinesias
subsequently decreased. Other medications, i.e. amantadine
(200 mg/day) and selegiline (10 mg/day), remained
unchanged from those administered before the first graft.

Autoscoring was discontinued by the patient 3.5 months
after the second graft due to difficulties in differentiating
between the on and off phases. However, very brief periods
(ranging from a period of seconds to 5 min) of dyskinesias
as well as mild off phases did occur thereafter. The on
duration after a single dose ofL-dopa lengthened (Table 2),
while the UPDRS motor score (Fig. 1) and rigidity in the
off phase were virtually unchanged. Timed motor tasks were
performed more rapidly (Figs 2 and 3).

Overall, this patient had definite clinical benefit following
grafts. Following the first one, he became able to walk
independently in either the on or the off phase and to
perform activities of daily living such as dressing and eating
independently. After the second graft there was marked
improvement in ease of movements, especially walking,
despite a majorL-dopa reduction. On the other hand
dysarthria, hypophonia and chewing showed progressive
deterioration.

Assessment of graft survival
Regional [18F]fluorodopa influx rate constant (Ki) values in
the caudate nucleus and putamen, as defined by using
the multiple time graphical analysis method with occipital
reference tissue as the input function, before and after the
first and second transplantations are shown in Fig. 4. Only
data from scans after the second graft will be described here;
other findings have been reported previously (Sawleet al.,
1992; Lindvallet al., 1994; Wenninget al., 1997).

Scans from all patients showed elevated levels of
fluorodopa uptake (Ki) in the grafted putamen 12–18 months
after surgery compared with the last scan prior to the second
transplantation. The increase ranged from 49% in patient 3
to 139% in patient 10, the mean for the whole group being
85%. In the contralateral putamen, which had shown increased
fluorodopa uptake after the first transplantation in all patients,
the changes after the second graft were only minor. In three
patients, theKi value was unchanged (11 to 3%) and in two
patients there was a modest decrease (by 20 and 22%), so
that the overall fluorodopa uptake decreased in the first
grafted putamen by a mean of 7% after the second graft.
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Fig. 4 Regional [18F]fluorodopa uptake (Ki) after sequential, bilateral transplantation of embryonic mesencephalic tissue to the putamen
and caudate nucleus in patients 3 and 7–10. Comparative data are given for a group of 17 healthy volunteers. The shaded area illustrates
the normal mean minus two standard deviations. The upper darker fields depict the means on the left and right side; the lower darker
fields represent the values two standard deviations below the mean in the left and right caudate nucleus. Numbers on thex axis refer to
months before (minus) and after the initial transplantation. The data before the second graft have been reported previously (Wenning
et al., 1997). TheKi value obtained at 53 months in patient 3 should be interpreted cautiously since this measurement was associated
with a lot of head movement. RP5 right putamen; LP5 left putamen; RC5 right caudate nucleus; LC5 left caudate nucleus.

The caudate nucleus that had not been implanted with
embryonic tissue showed a mean 20% increase in fluorodopa
uptake (at 12–18 months), whereas there was virtually no
change in the previously grafted caudate nucleus in patients
8 and 10 (16 and 4%, respectively). Only patient 8 received
implants in the caudate nucleus at the second transplantation.
Although there was a 112% increase in fluorodopa uptake,
this change should be interpreted cautiously because the last
value before transplantation was very low. If the value prior
to the last value was used for comparison, no change
was detected.

Discussion
Survival of first and second grafts
The present findings provide further evidence that
implantation of embryonic ventral mesencephalic tissue into

the striatum of parkinsonian patients leads to highly repro-
ducible survival of dopamine neurons. Twelve to eighteen
months after surgery, all patients showed significantly
increased fluorodopa uptake in the grafted putamen. When
comparing the changes in putaminal fluorodopa uptake after
the second transplantation with those observed after the first
grafting (Wenninget al., 1997), two major conclusions can
be drawn. First, previous successful transplantation of human
embryonic tissue does not interfere with the survival and
growth of dopamine neurons implanted 10–56 months later
on the other side. The mean increase in fluorodopa uptake
in the present five patients 12–18 months after the second
graft (85%) was thus similar to that 8–12 months after
the first graft (68%) (Wenninget al., 1997). Secondly,
implantation of a second graft does not interfere with the
survival of a well-developed first graft on the contralateral
side. Only minor changes in fluorodopa uptake occurred in
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the putamen containing the first graft after the second
transplantation.

These findings are in good agreement with previous
observations, made after sequential grafting of embryonic
mesencephalic tissue in non-immunosuppressed animals.
However, it should be noted that the patients in the present
study were on chronic immunosuppression, partly to allow
retransplantation after long time intervals. Widner and
Brundin (1993) and Duanet al. (1993) grafted allogeneic
nigral tissue to the striatum of rats in two sessions, with the
two graft surgeries separated in time by 15 and 8 weeks,
respectively. They reported no differences in graft size when
comparing the survival of the first and second implants,
despite the allogeneic donor–host combination. However,
there was a moderate increase in MHC (major histo-
compatibility complex) class II expression on microglia-like
cells in and around the second graft (Duanet al., 1993).
Similarly, Kordower and colleagues (Kordoweret al., 1997)
reported that well-developed intraputaminal dopaminergic
grafts contained numerous microglia, macrophages and T
and B cells in two patients with Parkinson’s disease who
died 18–19 months after transplantation of human embryonic
tissue. These patients were grafted bilaterally at a 4-week
interval and were given cyclosporine for 6 months thereafter,
but no steroids. Thus, there is a potential for immune reaction
against the graft, which might compromise its viability and
function. Nevertheless, in our patients no evidence has so
far been obtained for immunological rejection up to 6 years
after the first transplantation (Wenninget al., 1997) or up to
2 years after the second transplantation.

Magnitude of functional effects after first and
second grafts
Three patients had already experienced clinically useful
symptomatic relief after the first graft. Two of them (patients
7 and 10) showed further marked improvements whereas one
patient (patient 3) exhibited only moderate improvement after
the second graft. The two patients (patients 8 and 9) who
had only minor functional effects after the first implantation
worsened following the second transplantation. As discussed
previously, patient 9 developed cortical dementia. Patient 8
exhibited an atypical clinical picture that raised the suspicion
of multiple system atrophy (Wenninget al., 1997). He also
developed an episode of depression and paranoia after the
second transplantation that necessitated a reduction in anti-
parkinsonian medication, which makes direct comparison
with his preoperative state difficult. Although he had a
negative psychiatric history, there was a positive family
history of depression. Taking all these factors into account,
we consider it unlikely that this development was a result of
the graft. The lack of long-term major symptomatic relief in
this patient, whose fluorodopa uptake in the grafted putamen
reached a level similar to those in patients 3, 7 and 10, may
be explained by the atypical nature of his parkinsonism.

The clinical course in patient 9 was complicated by the
development of additional pathology, which may have com-
promised the beneficial effects of the second graft. Neither
patient 8 nor patient 9 exhibited any signs indicating atypical
disease development, clinically or on the preoperative PET
scans. These patients illustrate both the difficulty and the
importance of patient selection in neural transplantation trials.
Although the present series of patients is too small to draw
any firm conclusions, it indicates that patients with cognitive
impairments or atypical features are less likely to gain
clinically significant therapeutic benefit from neural grafting
according to the present protocol.

The magnitude of functional recovery in patients 3, 7, 9
and 10 broadly corresponds with the degree of restoration of
putaminal fluorodopa uptake. The fluorodopa uptake in the
grafted putamen of the patients exhibiting marked or moderate
symptomatic relief (patients 3, 7 and 10) had increased to a
level within or close to two standard deviations below the
mean putaminal uptake in healthy volunteers (Fig. 4). Patient
9 had only modest clinical effects after grafting, and fluoro-
dopa uptake remained much lower than normal despite a
postoperative increase (Fig. 4). We have previously shown
restoration of fluorodopa uptake to the normal mean in the
unilaterally grafted putamen of patient 4, who had excellent
recovery and was able to manage withoutL-dopa treatment
for 3.5 years (Wenninget al., 1997; Appendix). Furthermore,
in the whole series of six patients (numbers 3, 4 and 7–10),
the global clinical outcome (as indicated by the clinical
outcome scores in Table 3) exhibits a statistically significant
correlation with the percentage increase in putaminal fluoro-
dopa uptake, when comparing the last postoperative PET
scan with the preoperative scan (mean of the two sides;
Spearman’s rank correlation coefficient5 0.971,P 5 0.0299).

It is conceivable that the rate of degeneration of the
patient’s own nigrostriatal dopamine system also influences
the clinical evolution after transplantation. In the whole series
(patients 3, 4 and 7–10), the mean annual rate of decrease
in putaminal fluorodopa uptake (Ki) on the second side, as
calculated from values obtained at the first and last PET
prior to surgery, was 0.00047. This rate of decrease closely
agrees with that reported for a group of 32 non-operated
patients with Parkinson’s disease (0.00048; Morrishet al.,
1998). However, in patient 8, who exhibited a mild clinical
response, there was a much more rapid decrease in putaminal
fluorodopa uptake (annual decrease inKi 5 0.00120) com-
pared with the others (ranging from 0.00005 in patient 7 to
0.00044 in patient 9). In patient 4 (Wenninget al., 1997),
who showed the most marked clinical effects, the annual rate
of decrease ofKi in the non-grafted putamen was 0.00031.

Several conclusions can be inferred from the clinical data
reported here. First, in patients with a previous graft leading
to continuous functional improvement, a second contralateral
graft implanted 10–56 months later can give rise to additional
symptomatic relief. Secondly, the magnitude of improvement
induced by the second graft in these patients seems less
pronounced than that after the first implant. The percentage
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Table 3 Characteristics of patients 1–10 grafted with embryonic mesencephalic tissue in Lund

Patient Hoehn Year of Age Duration Implantation site No. of Clinical Comments References
and transplantation (years)* of PD (no. of implants)* donors* outcome†

Yahr*,** (years)*

1 (Lund) 4-5 1987 48 14 L put (2)1 L caud (1) 4 1 Poor graft survival Lindvallet al., 1989
2 (Lund) 4 1987 55 14 R put (2)1 R caud (1) 4 0.5 Poor graft survival Lindvallet al., 1989
3 (Lund) 3/2.5 1989/1993 48/53 12/17 L put (3)/R put (5) 4/5 2 Lindvallet al., 1990

Lindvall et al., 1992
Lindvall et al., 1994
Wenninget al., 1997;
this report

4 (Lund) 3 1989 58 9 R put (3) 4 3 Lindvallet al., 1992
Lindvall et al., 1994
Wenninget al., 1997

5 (San Jose)‡ 4–5 1989 50 7 R put (3)1 R caud (1)/ 4/4 2.5 Widneret al., 1992
L put (3)1 L caud (1)

6 (San Jose)‡ 4 1989 37 7 R put (3)/ 4/4 2.5 Widneret al., 1992
L put (3)1 L caud (1)

7 (London) 2/2 1993/1994 49/50 10/11 L put (5)/R put (5) 5/5 2.5 Wenninget al., 1997;
this report

8 (London) 4/4 1993/1995 43/45 5/7 L put (4)1 L caud (2)/ 5/8 1 Atypical Wenninget al., 1997;
R put (5)1 R caud (2) parkinsonism this report

9 (Lund) 4/4 1993/1994 52/53 10/11 L put (5)/R put (5) 4/7 1 Dementia Wenninget al., 1997;
this report

10 (London) 4/2.5 1994/1994 42/43 9/10 R put (5)1 R caud (2)/ 7/4 2.5 Wenninget al., 1997;
L put (5) this report

*For the first/second graft; **in practically defined off phase;†global improvement of parkinsonian symptoms after transplantation scored as follows: 05 no
improvement; 15 clinically detectable graft effect of no or minor therapeutic value; 25 clear graft effect of significant therapeutic value; 35 marked improvement of
major therapeutic value;‡MPTP-induced parkinsonism. R5 right, L 5 left, put5 putamen, caud5 caudate nucleus.

of time spent in the off phase, which decreased by ~50% in
patients 3, 7 and 10 after the first transplantation, exhibited
a further marked reduction in patients 7 and 10. However,
the change in patient 3 was modest and transient. This is in
agreement with the observation that no consistent alterations
of the duration of the response to a single dose ofL-dopa
were observed in patient 3 after the second graft, in contrast
to the lengthening of the response by ~1 h after the first
implant. Patients 7 and 10, on the other hand, exhibited
marked prolongation of theL-dopa response after both
transplantations. The UPDRS motor score in the off phase
decreased by 21, 18 and 9% after the second graft in patients
3, 7 and 10, respectively, compared with reductions of 25–
46% after the first graft. Similarly, rigidity and movement
speed in the contralateral arm during the off phase were less
improved by the second than by the first graft. In this context,
it is important to consider that the response to the second
graft, especially with a long time lag between the sequential
transplantations (as in patient 3), might be limited by changes
in the patient’s brain caused by the ongoing disease process.
Thirdly, there is no evidence that the second graft jeopardized
the function of the first. In patients 3, 7 and 10, no deterioration
of any of the parameters that improved after the first
transplantation could be detected after the second graft.

Pattern of functional effects after first and
second grafts
A question of major interest is whether a second, contralateral
graft leads to amelioration of parkinsonian symptoms that

are not improved by the first graft. In the present patient
group, the unilateral striatal implants did not induce consistent
improvements of gait, balance, posture, postural stability,
swallowing or speech (Wenninget al., 1997), which is in
agreement with the findings of Defer and colleagues (Defer
et al., 1996). However, the second, contralateral transplanta-
tion did not give rise to any major, consistent improvements
of these functions. This is in contrast to the observations in
two cases with parkinsonism induced by MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine) (Widneret al., 1992),
who were grafted bilaterally in the putamen and uni- or
bilaterally in the caudate nucleus, and who showed major
improvement in gait, speech and balance after transplantation
(Appendix). Furthermore, gait was improved in three out of
four patients with idiopathic Parkinson’s disease, who were
grafted bilaterally in the postcommissural putamen in Tampa,
FL, USA (Freemanet al., 1995). It seems unlikely that the
amelioration of these symptoms in the MPTP-treated patients
was due to more efficient dopaminergic reinnervation of the
striatum. The MPTP-treated patients received tissue from
only three or four donors per side, at three sites in the
putamen and one site in the caudate nucleus, and the
restoration of fluorodopa uptake was similar to that observed
in the present cases. It is therefore conceivable that the
marked improvement of gait, speech and balance in the
MPTP-treated patients (Widneret al., 1992), as well as in
individual cases with idiopathic Parkinson’s disease (Defer
et al., 1996), is primarily explained by different patterns of
dopaminergic denervation and possibly the lack of other
brain pathology. However, the data of Freeman and colleagues
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(Freemanet al., 1995) suggest that adequate reinnervation
of the postcommissural putamen bilaterally might be crucial
for the improvement of gait.

Previous studies have indicated that intrastriatal mesence-
phalic grafts may influence drug-induced dyskinesias in
parkinsonian patients (Widneret al., 1992; Freemanet al.,
1995; Wenninget al., 1997) and that the effects may vary
depending on the interval after transplantation. In the present
patient group, similarly to the developments after the first
graft (Wenninget al., 1997), there was a gradual increase in
the duration of theL-dopa response during the early phase
after the second transplantation. Consequently, on-time with
dyskinesias increased, necessitating a reduction of the daily
L-dopa dose in patients 7, 9 and 10. It is conceivable that
during this early phase the grafts are immature, and have not
formed any major synaptic connections with host striatal
neurons. In the later phase, patients 7 and 10 had decreased
their on-time with dyskinesias, and showed gradually reduced
fluctuations and improved parkinsonism despite no further
major drug changes. The course was less favourable for
patient 3, who, following the enforced bromocriptine with-
drawal, developed dystonias that the grafts could not alleviate.
In patient 9, the on-time with dyskinesias was reduced, but
the off-time increased in parallel. Beneficial effects in the
late phase may reflect maturation of grafted dopamine neurons
associated with sufficient reinnervation of the host brain and
partial normalization of postsynaptic receptors.

General discussion
In addition to the five cases described here, we have
previously reported major improvements after unilateral
grafting in another patient in the same series (patient 4)
(Wenninget al., 1997; Appendix), whose recovery had been
such that he did not feel the need for a second graft. Thus,
in this series, four out of five patients with idiopathic
Parkinson’s disease (excluding patient 8 with possible
multiple system atrophy), grafted unilaterally or bilaterally,
have exhibited marked symptomatic relief and two of them
have been able to withdrawL-dopa treatment. Patient 4
restartedL-dopa (200 mg controlled release daily) after
3.5 years due to slight symptom progression on the side
contralateral to the non-grafted putamen, while patient 7 at
the time of this report (3.5 years after withdrawal) still is
without L-dopa. Our findings show that implantation of
embryonic mesencephalic tissue can give rise to long-
lasting improvement of therapeutic value in the majority
of patients.

In order to improve the clinical outcome of neural grafting
in Parkinson’s disease and to make this approach accessible
to a larger number of patients, dopamine neuron survival
after transplantation has to be increased. In the present cases,
tissue from a total of 9–13 human embryonic donors was
used in each patient (four to seven donors on the first side
and four to eight on the second side). One possible way of

reducing the need for human embryonic tissue is to administer
compounds promoting neuronal survival. These include
lazaroids, a group of compounds which inhibit lipid
peroxidation elicited by free radical stress and increase
dopamine neuron survivalin vitro and in ratsin vivo about
two-fold (Frodl et al., 1994; Nakaoet al., 1994; Othberg
et al., 1997; Björklund et al., 1997). Also, caspase inhibitors,
which counteract apoptosis and have recently been shown to
enhance nigral graft survival about four-fold (Schierleet al.,
1999). Another way of obtaining large amounts of embryonic
mesencephalic tissue could be to use xenografts. However,
in the initial attempts with porcine xenografts in patients, the
survival of dopamine neurons has been poor and the clinical
benefits are as yet uncertain (Deaconet al., 1997). Finally,
recent data (Studeret al., 1998) suggest that dopamine
neurons expanded from stem cells obtained from small
quantities of early embryonic tissue might become useful
for transplantations in patients with Parkinson’s disease.

Even though the present findings show that bilateral
grafts give rise to more pronounced symptomatic relief
than unilateral grafts, the improvement is still incomplete
and varies among patients. The degree of graft-derived
reinnervation of the putamen, as revealed by the restoration
of fluorodopa uptake, appears to determine the magnitude of
improvement of motor function. Dopaminergic reinnervation
of the putamen is incomplete with present transplantation
procedures. Histopathological analysis in two parkinsonian
patients showed 30–80% reinnervation of the post-
commissural putamen, in which six to eight implantation
tracts were localized, whereas the graft-derived reinnervation
of the anterior putamen was extremely sparse (Kordower
et al., 1995, 1996, 1998). It seems highly likely that the
present patients and those operated on by the French group
(Peschanskiet al., 1994; Deferet al., 1996), in whom three
to five implantation tracts were distributed over the entire
putamen, also have incomplete reinnervation of this structure.
Therefore, one major strategy for the improvement of func-
tional recovery in operated patients should be to develop
procedures that more completely reinnervate all parts of the
putamen. In addition, a detailed, and possibly repeated,
preoperative analysis of the pattern and degree of dopa-
minergic denervation, performed using high-resolution
imaging techniques, seems highly warranted for patient
selection and to determine the amount of tissue and the
number and location of implantation sites required to obtain
optimal reinnervation.
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Appendix
We have previously reported 10 patients subjected to unilateral or
bilateral, intrastriatal transplantation of embryonic mesencephalic
tissue at the University Hospital, Lund, Sweden. The outcome after
sequential bilateral grafts in patients 3 and 7–10 is described in the
main text of this paper. The clinical course of patients 1, 2 and 4–
6 is summarized below, and the characteristics of all 10 patients
are given in Table 3.

Patients 1 and 2.These patients were grafted unilaterally in
the putamen and caudate nucleus (Table 3). Postoperative clinical
benefit was modest and PET did not show any significant changes
of fluorodopa uptake 5–6 months after surgery. Except for a slight
improvement of gait in patient 1, no long-term graft effects have
been observed. The poor graft survival in these patients was probably
mainly due to loss of tissue during its preparation and the large
diameter of the implantation cannula (2.5 mm compared with 1.0
mm in subsequent patients).

Patient 4.This patient was grafted unilaterally in the putamen
(Table 3). From 4 months postoperatively he showed a gradual, major
clinical improvement. During the second year after transplantation,
rigidity and hypokinesia were markedly reduced bilaterally, but
predominantly contralaterally to the graft. On–off fluctuations disap-
peared andL-dopa could be withdrawn after 32 months. Low-dose
L-dopa (200 mg controlled release, compared with 450 mg standard
preoperatively) was reintroduced 3.5 years later (i.e. 74 months
after surgery) due to slight progression of symptoms on the side
ipsilateral to the graft as well as axially. He responded well to
medication, and motor function andL-dopa dose have since been

parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) [see comments]. N Engl J Med 1992; 327: 1556–
63. Comment in: N Engl J Med 1992; 327: 1589–92.
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unchanged. At present (9.5 years after transplantation), he exhibits
continuous marked benefit with no rigidity, minor hypokinesia,
intermittent mild resting tremor and no motor fluctuations. The
latest PET scan (6 years after transplantation) showed that fluorodopa
uptake in the grafted putamen had reached a level equivalent to
that in normal subjects.

Patient 5. This patient has MPTP-induced parkinsonism and
was grafted bilaterally in the putamen and caudate nucleus (Table
3). After a delay of 9–12 months, there was a progressive improve-
ment of rigidity, hypokinesia, freezing, balance, swallowing and
speech, and the time spent in the on phase increased. Dyskinesias
induced byL-dopa were dramatically reduced. Twenty-four months
after surgery, PET showed a significant increase in striatal fluorodopa
uptake bilaterally. This patient still experiences clear improvement
of motor function 9 years postoperatively but suffers from hallucina-
tions and depression, which were also present preoperatively. These
symptoms have persisted despite periodic, completeL-dopa with-
drawal and trials with clozapine and antidepressants.

Patient 6. This patient has MPTP-induced parkinsonism. She
was grafted bilaterally in the putamen and unilaterally in the caudate
nucleus (Table 3), and showed marked symptomatic relief starting
6 months after surgery. During the second postoperative year,
rigidity virtually disappeared and hypokinesia, balance, speech and
gait were clearly improved. Dyskinesias were dramatically reduced
and the time in the on phase increased. TheL-dopa dose was
reduced by 70%. PET showed a significant, bilateral increase in
striatal fluorodopa uptake 22 months after surgery. Since then her
antiparkinsonian medication has been unchanged, and she has only
minor motor problems and lives an independent life.


