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arkinson’s disease (PD) is a debilitating disorder characterized by degeneration of the nigrostriatal
pathway resulting in decreased caudoputaminal dopamine (DA) levels. Nigrostriatal pathway
degeneration and reduced DA stores may lead to increased rigidity, gait and speech disturbances,
bradykinesia and resting tremors. Currently there is no cure for PD, but early treatment consists of
Levodopa (L-dopa) therapy. With long-term L-dopa use, there is development of the ‘on-off phenom-
enon’ and dyskinesias. In the majority of PD cases, L-dopa adequately controls the motor symptoms
inherent to PD, but a small percentage of the Parkinsonian population is medically-incalcitrant to this
therapy. Many clinical trials are currently being conducted world-wide to investigate the efficacy of
surgery to treat this disease. These surgical therapies include ablative procedures, chronic deep brain
stimulation, as well as the transplantation of dopaminergic cells. Neurosurgical treatment of PD is not a
new concept, being attempted as early as the 1930’s, but these procedures were plagued with many side
effects that led to their abandonment. Currently, a resurgence in these techniques has evolved due to our
increased understanding of basal ganglia anatomy and physiology along with recent advances in medical
technology. This review will briefly discuss the benefits and short-comings of these surgical paradigms
as well as the rationale behind their application.

veloped to treat Parkinsonian motor deficits.

INTRODUCTION The most dramatic alleviation of Parkinsonian
motor impairments was realized during the
Parkinson’s disease (PD) was first de-  middle of this century through administration

scribed in 1817 by the British physician,  of the dopamine precursor, levodopa (L-dopa)
James Parkinson, as a disorder characterized  or Sinemet® (carbidopa/levodopa). L-dopa
by resting tremor, rigidity, slowing of move-
ment (bradykinesia), failure to initiate move-
ments (akinesia), flexed posture, disturbed gait
and decreased coordination (1, 2). PDis more
prominent in the elderly, affecting approxi-
maltely 1% of the population over the age of
60 years. Decreased dopamine (DA) levels
within the caudate nucleus and putamen are
believed to be the contributing factor to the

1s decarboxylated to produce the neurotrans-
mutter dopamine (4). At first glance, L-dopa
appeared to be a ‘miracle cure’ for PD, but
with long-term use, the efficacy of L-dopa
decreases and the “on-off” phenomenon
emerges (5). The “on-off” phenomenon is
characterized by periods of dyskinetic move-
ments in the “on” period followed by an un-
predictable onset of akinesia (in 6).

motor impairments observed in Parkinsonian The continued deterioration of motor

patients. The decrease in caudoputaminal DA fypction in Parkinsonian patients receiving L-
dopa therapy has made it necessary to find an
alternative therapy for the treatment of PD.
Surgical treatment of PD has been employed
for the better part of this century but with
improved surgical techniques and our in-
creased knowledge of basal ganglia anatomy
Address correspondence lo: and physiology. these surgical therapies are
i now safer and more effective. Currently, there
Trlaids?::?;rg::g:{ E:;J;I;:nen! of Ana!om_y and Neurobiology, Neural are several surgical procedures for the treat-
ory, Sir Charles Tupper Medical Building, Pl : : A
Dalhousie University, Halifax, Nova Scotia, B3H 4H7 ment of PD which include either inactivation

levels results from the degeneration of the
dopaminergic (DAergic) neurons of the sub-
stantia nigra pars compacta (SN¢) that inner-
vate the caudoputamen (3)

Over the past century, many surgical

and pharmacological therapies have been de-
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of a basal ganglia structure or the implantation of DAergic-
rich tissue. Many clinical trials are being conducted world-
wide to establish the efficacy and safety of these techniques
for the treatment of PD. This paper w ill review some recent
clinical trials using the various surgical procedures for treat-
ment of PD and provide a rationale for these proce
asal ganglia anatomy and phy siology.

dures with

respect to b

BASAL GANGLIA ANATOMY
AND PHYSIOLOGY

By understanding basal ganglia circuitry and phy siol-
ogy, the rationale for current surgical approaches to the treat-
ment of PD becomes evident. The striatum, or caudoputamen
is the main basal ganglia structure receiving topographically
organized (7) motor-related inputs from the motor (8) and
somatosensory cortices (%), as well as the frontal eye fields
(10). The motor, premotor and Somatosensory COrtices project
predominantly to the putamen, and the association cortices (o
the caudate nucleus (8). The descending corticostriatal pro-
jections are glutamatergic (1 1) and thus excitatory upon stri-
atal neurons (see Figure 1). In rats, the strnatum provides Y-
aminobutyric acidergic (GABAergic) efferent innervation of
the globus pallidus external (GPe) and internal (GP1) segments
(12. 13) and the substantia nigra pars reticulata (12).

PD pathology is marked by degeneration of the
nigrostriatal pathway (reviewed in 14) and thus 1t 1s first 1m-
portant to discuss this projection pathway from the substantia
nigra pars compacta (SNc) to the striatum (Figure 1). The

SNc receives excitatory innervation from the motor cortex
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Figure 1
A simplified schematic diagram of the basal ganglia motor ¢

Motor Cortices

(15) along with inputs from the amygdala, dorsal raphe py.
cleus (16) and pedunculopontine tegmental nucleus (17). Tje
excitatory nigrostriatal pathway from the SNc to the striaty,
depolarizes the inhibitory striatopallidal projection neurgpg
innervating both internal and external segments (12, 13). The
death of the DAergic neurons in the SN¢ would effectively
abolish the inhibitory drive of the striatum upon the m”“h“'"

(Figure 1).

GABAergic striatopallidal fibres innervating the Gpe
are part of the indirect striatal motor output pathway to the
cortex through the subthalamic nucleus (STN) and thalamys
whereas the direct pathway involves the direct projection ”{
GPi upon the thalamus (8). Both pallidal projections from
the GPe to the STN and GPi to the thalamus are inhibitory op
the :_1|u|_-;m;i.[cr:_1'n.' neurons comprising these nuclei (11, |5
18). An interesting and important feature of the basal ‘_‘,qn.‘
glia-motor circuit arises when considering the II1|II|1I\h|1'\
|1‘.]I|\J.uh;q];mn’c and p.’lllldl‘\lllﬂhiillllnu |!rt1|c\_[1““\-
GABAergic neurons projecting from the striatum o the GPi
and GPe inhibit the GABAergic neurons of these structures
This process is known as disinhibition and serves to reduce
the inhibition of tonically active structures (19). Thus, dur-
ing resting conditions Figure 1) the function of pallidal neu
rons, which may also receive innervation from an as yet uni-
dentified structure, is to inhibit the tonically active -mhlh,._
lamic and thalamic neurons (8). During resting conditions
(no movement), a simple explanation may be that during pe
» STN

—3 GPi — thalamus) is primarily involved since the direct

riods of rest, the indirect motor output pathway (GPe

motor pathway is inactive. Without inhibition of the toni

——= Motor Output

GPi
+ Thalamus
GPe

ircuit. 'Motor output' is used to generalize all descend-

!ng’molor pathways. For simplicity, only pathways pertinent to this discussion are included. During rest, the
indirect mnto.r output pathway (GPe — STN — GPi — thalamus) is primarily involved and the direct motor
pathway (GPi — thalamus) is inactive. During periods of activity, the direct motor output pathway is primurii.‘

involved. SNc, substantia nigra pars compacta; SNr, substa

ntia nigra pars reticulata; GPi, internal segment of the

globus pallidus; GPe, external segment of the globus pallidus; PPT, pedunculopontine tegmental nucleus; DRN,

dorsal raphe nucleus; STN, subthalamic nucleus; +, excitatc

yry pathway; and -, inhibitory pathway.



cally-active subthalamic neurons, the subthalamic nucleus is
m.tf to excite the GPi, which inhibits the thalamic neurons
projecting upon the supplementary, primary and premotor

cortices (20, 21).

During periods of activity (Figure 1), the direct motor
output pathway (GPi — thalamus) is primarily involved. The
nigrostriatal pathway receives a net excitatory input from cor-
tical and brainstem areas, depolarizing the inhibitory
striatopallidal neurons projecting to GPi and GPe. With the
inhibition of GABAergic GPe neurons, the inhibitory drive
upon the tonically active subthalamic neurons projecting to
the GPi (22) is alleviated. These subthalamic neurons then
project to the GPi, exciting the inhibitory pallidothalamic pro-
jections comprising this nucleus (20), which are inhibited by
the direct pathway. This would effectively reduce the inhibi-
tory drive of the pallidothalamic pathway and so allow the
mn‘icully-ucli\'c thalamic neurons to excite motor cortical ar-

cas.

BASAL GANGLIA ANATOMY

AND PHYSIOLOGY IN PD

With an understanding of the basic neuroanatomical
connections of the basal ganglia motor loop, the motor im-
pairments encountered in PD can be partially explained. With
the loss of the DAergic nigrostriatal efferents, the circuit
closely resembles that of the resting condition even during
periods of planned motor activity. With decreased striatal
innervation by the SNc, disinhibition within both the direct
and indirect pathways decreases (Figure 2). Within the indi-

rect pathway, a loss of disinhibition results in a reduction of
hyperpolarizing drive upon the tonic subthalamic neurons
innervating GPi, by the non-tonic GABAergic GPe neurons.
Increased activity of subthalamopallidal projections would
increase the excitation of inhibitory GPi neurons projecting
upon the thalamus. Inactivation of the direct pathway reduces
the disinhibitory effects of striatopallidal projections upon the
pallidothalamic pathway. Therefore, the net effect would be
a hyperpolarizing drive of GPi projections upon the thalamus
reducing thalamocortical excitation of cortical motor areas
(Figure 2), resulting in reduced motor activity, which has been
verified in PD patients (23). Although this simple explana-
tion seems feasible, disinhibition of the subthalamic nucleus
is not the only explanation for reduced cortical excitation.
Recent evidence suggests that with PD there is increased
excitatory drive from the motor cortex upon the STN, which
may enhance the excitatory influence of the STN upon the
GPi (24).

An alternative explanation for Parkinsonian tremor has
been entertained that 1s unrelated to subthalamic activity. Sub-
sets of thalamic (25) and GPi neurons (26) have been described
which have a firing rate at tremor frequency in PD patients.
The thalamic neurons lie anterior to the principal somatosen-
sory nucleus, nucleus ventralis caudalis, in a location identi-
fied as the optimal site for placement of lesions to alleviate
Parkinsonian tremor (25). Considering the poor efficacy of
GPi pallidotomy in treating parkinsonian tremor (27), the
pathophysiology of thalamic neurons with tremor-like fre-
quency may be more directly involved in the production of
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A simplified schematic diagram of the proposed basal ganglia motor circuitry and physiology in PD. Reduced
inhibition of the tonically-active STN neurons results in increased inhibition of the thalamus via the pallidothalamic
pathway. Ventroposterolateral GPi pallidotomy and GPi stimulation effectively inactivates this structure reducing
the inhibitory influence upon the thalamus by GPi. Broken line, degenerating nigrostriatal pathway; thin lines,
pathways with reduced activit y; medium width lines, physiologically normal pathways; thick lines, over-active
pathways. For more information on definitions, see description for Figure 1.
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The above model implicates the primary involvement
of two structures in the hypokinetic/akinetic and rigidity char-
acteristics of PD; the STN and the GPi. Two surgical proce-
dures have been incorporated (o inactivate over-active basal
ganglia structures: ablation and high-frequency .k.tinlml:uiun,
Another procedure has also been developed which involves
the elevation of striatal DA levels and reconstitution of basal
ganglia physiology through the transplantation of DA-rich
tissue sources (for a recent review, sc¢ 28).

SURGERY FOR PD -
ABLATIVE PROCEDURES

Thalamotomy
Stereotactic thalamotomy was the treatment of choice

up until the late 1960’s for PD and largely disappeared as a
therapeutic option with the introduction of L-dopa (29). Tha-
lamotomy is an ablative procedure that involves lesioning
areas of the thalamus comprised of neurons displaying tremor-
like bursting activity in PD patients (25). Ablation of these
neurons appears to ameliorate Parkinsonian tremor. In 1983,
Tasker and colleagues reported that lesioning the ventral in-
termediate nucleus of the thalamus abolished tremor in 82%
of a total of 75 subjects at 2 years follow-up (29). There was
no observed reduction in movement or speech deficits and
7% of the patients presented with persistent complications.
One year later, Matsumoto and colleagues (30) reported on
the long-term follow-up (mean = 4.2 years) of 78 PD patients
who underwent uni- or bilateral ventrolateral thalamotomy.
In 44 of these patients, no progression of the disease was noted
and in some patients there was a decrease in the L-dopa dose
administered. No results were reported by this group con-
cerning the extent of post-operative tremor.

In more recent clinical trials, unilateral lesions of the
ventral intermediate nucleus (Vim) of the thalamus decreased
contralateral tremor in 100% (N=8) of patients at 3 post-op-
erative months (31) and in 86% (N=42) of patients upon a 13
year follow-up (32). In the latter study, the daily dose of L-
dopa administered had decreased in 35 of the 42 patients. In
this study, postoperative complications were noted which in-
cluded contralateral weakness, dysarthria, and confusion.
Bilateral thalamotomies have also been associated with cog-
nitive and speech disturbances and increased morbidity (33).
The high percentage of patients presenting immediate (58%)
and persistent (23%) postoperative complications (32) dem-
onstrates the need for an alternative treatment of PD patients
with medically intractable tremor. An alternative to Vim tha-
lamotomy is high-frequency thalamic stimulation (see below),
in which postoperative complications can be largely avoided
by repositioning the electrode if side effects are observed.

Pallidotomy

In Sweden during the 1950's, Lars Leksell improved
upon an experimental surgical technique used in the 1930°s
for the treatment of PD, known as pallidotomy (reviewed in
34). This surgical procedure involves inactivation of the GP,
which exhibits abnormal physiological activity in the Parkin-
sonian brain (35). Early lesions of the pl1\ll._‘l'(;\-'l.’l'l'.'r4'j| GPi by

Leksell greatly reduced resting tremor, rigidity and bradyk;.
nesia in PD patients (reviewed in 34). Early pallidotomies by
Leksell and others were met with a variety of side effecis

including homonymous hemianopsia, transient dysphasia and
transitory hemiparesis, Despite the dramatic alleviation f
motor abnormalities, the side effects led to the abandonmeny
of this technique as a therapeutic option for the treatment of
Parkinsonism.

With the advent of more advanced technology (je,,
imaging techniques) and improved surgical techniques (je,.
computerized tomography-guided stereotactic surgery), the
possible treatment of PD by pallidotomy has resurfaced (34),
Since 1985, many PD patients have received this procedure
for the treatment of their Parkinsonian symptoms. Many re-
searchers have observed a dramatic improvement in \|\cru-h,
rigidity, time in the ‘off” state as well as the severity and fre-
quency of L-dopa-induced dyskinesias up to 1 (34, 36-45)
and 4 (46) years, postoperatively. Pallidotomy has been dem-
onstrated to only occasionally result in a reduction of anti-
Parkinsonism medications and is less effective than thalamo-
tomy for the treatment of tremor-dominant PD (27), although
Laitinen and colleagues (34) reported an almost L‘nmpl;{r
abolishment of tremor in 81% of patients.

SURGERY FOR PD -

HIGH FREQUENCY STIMULATION

Thalamic Stimulation

In 1987, Benabid and colleagues (47) were the first to
apply high-frequency electrical stimulation of the thalamus
for the treatment of PD and observed a significant decrease in
the severity of postoperative tremor. The mechanism by which
high-frequency stimulation inactivates a brain structure re-
mains unknown. Several recent studies have observed a de-
crease in tremor at 3 (33, 48), 6 (49) and 10 months (50) and
| (33) and 8 years (51) following deep electrode implantation
within the Vim of the thalamus. Thalamic stimulation was
observed to have no beneficial effect on gait (49), bradyki-
nesia or rigidity (51). In one study (51), 31.6% of patients
undergoing this procedure demonstrated minor side effects
that were reversible. In this same study (51), there was a
30% reduction in L-dopa dose administered as compared (0
preoperative dosing levels. Thus, thalamic stimulation is a
safer procedure than thalamotomy and is effective at reduc-
ing tremors when applied to patients exhibiting a tremor-domi-
nant form of PD.

Pallidal Stimulation

Stimulation of the GPi for Parkinsonian symploms has
recently been incorporated as an alternative (o GPi pallidotom}
for the treatment of this disease. Pallidal stimulation involves
high-frequency stimulation of the ventroposterolateral GPi
which effectively inactivates this structure, in comparison 10
low-frequency stimulation which enhances the motor sympr
toms (52). As mentioned above, GPi pallidotomy 1§ 0¢¢%
sionally met with varying transient and long-term side effects
due primarily to the close proximity of the oplic tract to the
GPi (34, 53). GPi stimulation is beneficial by being rever



ible in that the microelectrode can easily be repositioned if
incorrectly placed. This was demonstrated by Gross and col-
leagues (52), where a patient reported a lrunslicnt flash of light
when the stimulator was turned on, suggesting incorrect po-
sitioning of the electrode near the optic tract.

In the clinical studies reported thus far there has been
4 demonstrated reduction in akinesia, rigidity, as well as de-
creased gaitand speech disturbances (52, 54-57) up to 3 years
post-implantation. Gross and colleagues (52) reported a de-
crease in tremor in 4 of 5 patients up o 3 years post-implan-
tation, whereas other groups (54-56) failed to report any
changes or reduction in tremor frequency. A similar reduc-
tion in rigidity and akinesia has been reported in MPTP-treated
monkeys following GPi stimulation (58). Thus, it appears
that GPi stimulation is similar to posteroventral pallidotomies
in that both procedures inactivate the GPi and similarly re-
duce akinesia, rigidity and improve gait and speech distur-
bances. The main difference between these two procedures
is that GPi stimulation is reversible whereas pallidotomy is
not.

SURGERY FOR PD -

NEURAL TRANSPLANTATION

The aim of intracaudoputaminal transplantation of DA-
rich tissue 1s to provide functional reinnervation of host
caudoputamen and elevate caudoputamen DA levels re-es-
tablishing normal basal ganglia physiology. Although trans-
plantation was experimentally evaluated in animal models of
PD in the late 1970’s, it was not until the mid- 1980’s that the
first clinical trials were conducted. Early trials investigating
the efficacy of transplantation in treating PD incorporated one
of two tissue sources, that of adrenal medullary or fetal ven-
tral mesencephalon (for a brief history of neural transplanta-
tion in the treatment of PD, see 59).

Autotransplantation of Adrenal Medullary Tissue

Realizing that adrenal medullary cells produce DA, it
was believed by Madrazo and colleagues (60) that transplan-
tation of this tissue derived from the same patient (autotrans-
plantation) may circumvent possible graft rejection and re-
duce Parkinsonian motor disability. In 1987, Madrazo and
colleagues (60) reported on their success in treating two young
Parkinsonian patients by autotransplantation of DA-rich ad-
renal medullary tissue into the caudate nucleus. They ob-
served an almost complete abolishment of motor impairment
at 3-10 months follow-up (60, 61). Although these findings
were remarkable, other surgical teams (62-64) were instead
met with transient morbidity, mortality, little improvement in
older patients and a gradual return of Parkinsonian symptoms.
Experimental results obtained in the rat model of PD impli-
cate poor graft survival (65) and a loss of DAergic phenotype
by the grafied cells (66) as the possible mechanism for the
reappearance of PD symptoms.

The failure of other research teams to repeat Madrazo's
findings has led to the abandonment of adrenal medullary tis-
Sue transplantation for the treatment of PD. In the late 1970’s
and early 1980's much experimental evidence had been gen-
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erated to suggest that transplantation of fetal ventral mesen-
cephalic tissue (FVM) may provide a more ideal source of
DAergic tissue for the treatment of PD. Many clinical trials
world-wide have been conducted to evaluate the safety and
efficacy of this procedure.

Transplantation of FVM Tissue

Prior to transplantation, the ventral mesencephalon is
dissected out of human fetuses of a particular age and screened
for viral pathogens. The tissue is first dissociated and sus-
pended in medium prior to transplantation or transplanted
directly as solid tissue. Many clinical trials have thus far been
performed using FVM tissue, but it is difficult to compare
results between groups due to inconsistencies in the volume
of transplanted tissue, variations in graft placement, gesta-
tional age of tissue source and form of transplanted fissue
(solid versus suspension). All of these factors must be ad-
dressed in order to establish the most effective procedure for
transplantation (reviewed in 6, 28). The results reported be-
low have been dealt with as a whole, but procedural differ-
ences between trials may account for differences in the re-
sults obtained.

Neural transplantation is well tolerated with only oc-
casional, transient side-effects being observed (67-70). Re-
cent electron microscopic analyses of the grafts in PD pa-
tients who received FVM grafts, have demonstrated that the
tyrosine hydroxylase (TH)-immunoreactive cells survive for
at least 18 months and reinnervate the caudoputamen in a
patch-matrix fashion forming synaptic connections (71-73).
At 6 months post-transplantation, a significant amelioration
of bradykinesia, rigidity, percentage “off” time, “on-off” fluc-
tuations, reduced severity of dyskinesias during ‘on’ periods
and enhanced overall motor function is observed (67, 74-77).
One study reported a dramatic 64% reduction in the dose of
L-dopa administered (74), although other studies demonstrated
little reduction in the dose given (67, 75-77). At one year
postoperatively, these improvements are sustained and in the
majority of cases the dose of L-dopa administered was below
preoperative levels (70, 74, 78-80). Insome trials, an increase
in [ 18F]-fluorodopa uptake was observed in the caudoputamen
as visualized by positron emission tomography (70, 79). These
results have been reported to persist for 18 (81, 82), 36 (83,
84), 46 (79) and 60 (69) months postoperatively.

Neural transplantation is in its infancy and a number
of issues need to be resolved before transplantation for the
treatment of PD can be incorporated as a routine therapy.
Among these issues facing clinical programs are the ethical
concerns surrounding the use of fetal tissue and its relative
short supply. Currently, stem cells and tissue derived from
other species are being investigated as possible alternative
tissue sources. A recent study has reported on the survival
and axonal outgrowth from fetal pig VM grafts (85). Although
fetal porcine tissue has been shown to survive for at least 7
months in the human caudoputamen, the search for other pos-
sible tissue alternatives continues.

DAL MED JOURNALVOL 26 NO. 1



CONCLUSIONS

Treatment of medically-intractable PD through surgi-
cal means is becoming more prominent in the clinical setting,
but no one technique appears to be ideal for the treatment of
all cases of PD. The ablative procedures presently employed
can be replaced by the safer and reversible stimulation proce-
dures. Our increasing understanding of basal ganglia anatomy
and physiology has made it possible to predict the optimal
site for placement of microelectrodes or lesions. Experimen-
tal studies are beginning to investigate the subthalamic nu-
cleus as another possible site for inactivation in animal mod-
els of PD (86-88). In a recent clinical trial, Limousin and
colleagues (89) demonstrated that the clinical benefits associ-
ated with subthalamic stimulation are the same as those of
ventroposterolateral GPi stimulation, although a slightly
greater benefit was observed with subthalamic stimulation.
Further studies are needed to evaluate the significance of these
results, since it has been noted that over-stimulation of the
STN may lead to hemiballistic movements (90). Not only are
advances being made in the surgical treatment of PD, but many
therapeutic drugs are also being investigated in clinical trials
for their ability to control Parkinsonian motor impairments.
Such pharmacological treatments of PD include DA receptor
agonists (91), monoamine oxidase B inhibitors (92) as well as
glutamate receptor antagonists (93).

Of the surgical techniques, ventroposierolateral GPi
inactivation is effective in treating bradykinesia and rigidity,
whereas thalamic inactivation is more appropriate in treating
tremor-dominant PD. It appears unlikely that a cure for all
PD patients will involve only one type of therapy. Instead the
therapy may have to be tailored to the particular symptoms
exhibited by the individual patient. Transplantation of FVM
tissue has been shown to reduce all Parkinsonian symptoms
and may hold as a possible treatment for all types of PD and
L-dopa-induced symptoms. Recent experiments incorporat-
ing the rat model of PD have demonstrated that more com-

plete behavioural recovery is established by grafting in both
caudoputamen and substantia nigra (94). It has similarly been
demonstrated that graft fibre outgrowth is enhanced by pre-
treatment of the tissue with glial cell line-derived neurotrophic
factor (95, 96). These experimental findings may prove of
value in the clinical setting, but the future of transplantation
may more closely depend on the discovery of an abundant,
alternative tissue source. Such an alternative may be neuro-
nal progenitors that are capable of both proliferation and dif-
ferentiation in culture (for a review, see 97).
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