[l THE ROYAL
®]&G SOCIETY

Prospects for the clinical application of neural
transplantation with the use of conditionally
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Although neural transplantation has made a relatively successful transition from the animal laboratory to
human neurosurgery for the treatment of Parkinson’s disease, the use of human embryonic brain tissue as
the source of transplants raises difficult ethical and practical problems. These are likely to impede the
widespread use of this otherwise promising therapy across the range of types of brain damage to which
the results of animal experiments suggest its potential applicability. Various alternative approaches are
reviewed briefly, aimed at developing sources of tissue for transplantation that can be maintained n vitro
until needed, so obviating the requirement for fresh embryonic tissue at each occasion of surgery.
Particularly promising are conditionally immortalized neuroepithelial stem cell lines in which the
immortalizing gene is downregulated upon transplantation into a host brain. We describe experiments
from our laboratory with the use of cells of this kind, the multipotent MHP clonal cell lines, derived from
the developing hippocampus of a transgenic mouse harbouring a temperature-sensitive oncogene.
Implanted into the hippocampus of rats and marmosets with damage to the CALl cell field, the MHP36
line gave rise to healthy surviving grafts and to essentially complete recovery of cognitive function. Post-
mortem study of the implanted rat brains indicated that MHP36 cells migrate to the region of damage,
adopt both neuronal (pyramidal) and glial phenotypes in vivo, and reconstitute the normal laminated
appearance of the CAIl cell field. We have previously shown that, when primary differentiated foetal
tissue 1s used as the source of grafts in rats with CAl damage, there is a stringent requirement for
replacement with homotypic CAl cells. We interpret our results as showing that the MHP36 cell line
responds to putative signals associated with damage to the hippocampus and takes up a phenotype
appropriate for the repair of this damage; they therefore open the way to the development of a novel

strategy with widespread applicability to the treatment of the diseased or damaged human brain.
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1. INTRODUCTION

Attempts to transplant neural tissue into the brain go
back to the last century (Thompson 1890; Forssman
1898), followed by a steady but slow stream of further
experiments throughout the present century (see table 1).
However, the modern era of intense investigation of such
grafting has a very short history, starting with the
seminal experiments of Stenevi et al. (1976), Lund &
Hauschka (1976) and Perlow et al. (1979). The recent work
has been characterized by an intimate mixture of
scientific and clinical concerns. Methodologically, trans-
plantation of neural tissue into the living brain has
provided a powerful tool for probing a variety of issues
central to developmental neurobiology, as well as a novel
approach to questions about the behavioural functions of
the tissue so transplanted. At the same time, however,
much of the motivation underlying such experiments has
come from the hope that they would eventually give rise
to a viable strategy for the treatment of human brain

* .
Author for correspondence.

Phil. Trans. R. Soc. Lond. B (1999) 354, 1407-1421
Received 21 April 1998 Accepted 10 June 1998

1407

damage and disease. To some extent these hopes have
already been realized.

This evolution has gone furthest with Parkinson’s
disease (Annett 1994; Bjorklund et al. 1994«; Brundin et al.
1994; Lindvall 1994). The major proximal cause of the
disturbances of motor function (bradykinesia, rigidity,
tremor and postural instability) that characterize this
disease lies in degeneration of the dopaminergic cells that
project, by way of the nigrostriatal pathway, from the
substantia nigra in the midbrain to the caudate-putamen in
the basal ganglia. It is possible to make an ‘animal model’ of
Parkinson’s disease by destroying these cells or their axons
in the nigrostriatal pathway, using catecholamine-specific
neurotoxins such as 6-hydroxydopamine in rodents, or
l-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine in monkeys.
A large number of experiments with animals prepared in
this manner have demonstrated motoric dysfunctions that
can be alleviated temporarily by pharmacological agents,
for example (—)-dihydroxyphenylalanine (L-DOPA), that
are also effective (although to a limited degree) in the clinic.
These dysfunctions can also be reversed permanently by
transplantation into the caudate-putamen of suspensions of
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Table 1. Milestones in the development of neural transplantation

(Adapted with permission from Cassel (1998).)

authors and year

experimental or clinical development

Thompson (1890)
Forssman (1898)
Del Conte (1907)
Ranson (1909)
Tello (1911)
Dunn (1917)
Shirai (1921)
material
Faldino (1924)
Le Gros Clark (1940)
Woolsey etal. (1944)
Greene & Arnold (1945)
Flerko & Szentagothai (1957)
Halasz et al. (1962)
Olson & Malmfors (1970)

first attempt to graft adult neuronal tissue into the adult brain

first publication on neurotrophic effects of adult neural tissue grafts

first attempt to graft non-neuronal embryonic tissue into the adult brain

first graft of spinal ganglia into the brain

first graft of peripheral nerve into the brain

first demonstration of survival of embryonic neurons after intracerebral grafting

first demonstration of the brain as an immunologically privileged site for implantation of living

first graft of brain tissue into the anterior chamber of the eye

first successful intraventricular graft of foetal neuronal tissue in a neonatal host brain

first unsuccessful attempt at medullary grafting in humans

first graft of human cerebral tissue into an animal

first intraventricular graft of endocrine tissue

first intracerebral graft of endocrine tissue followed by functional improvement

first histological characterization of grafted embryonic neuronal tissue using histofluorescence,

histochemistry and autoradiography

Hofter ezal. (1974)

first electrophysiological demonstration of conservation of functional specificity in neurons

transplanted into the anterior chamber of the eye

Stenevi etal. (1976)
Lund & Hauschka (1976)
Perlow et al. (1979)

first systematic study of conditions favourable to the survival and development of brain tissue grafts
first demonstration of the existence of synapses in a graft of brain tissue
first demonstration of behavioural recovery due to a graft of dopaminergic cells in an animal model

of Parkinson’s disease (6-hydroxydopamine lesion of the nigrostriatal pathway)

Backlund et al. 1982
patients (published in 1985)
Madrazo et al. 1986
(published in 1987)

first unsuccessful attempt to graft catecholaminergic cells into the brain in two Parkinsonian

first successful attempt to graft catecholaminergic cells into the brain of Parkinsonian patients

partly dissociated cells derived from the region in the foetal
rat midbrain that contains dopaminergic nigral cells. On
the basis of results such as these, the technique of embryonic
transplantation has been successfully taken to the clinic,
especially in Sweden (Lindvall 1994): there are now several
hundred patients with Parkinson’s disease who have
received intra-striatal transplants of human foetal nigral
tissue, a significant number of whom have shown substan-
tial (although far from total) clinical improvement.
However, despite this real, albeit partial, therapeutic
success, the prospects for the wider clinical application of
embryonic neural transplantation are not good. The
method is dogged by too many serious problems, of both an
cthical and a practical nature, often in complex interaction
with one another.

The ethical issues surrounding the general use of
human embryonic tissue in medicine are well known. It is
surely no accident that the main centre of human neuro-
surgery with the use of embryonic transplants has so far
been Sweden, known for its pragmatic approach to such
issues. Conversely, the United States, where the use of
human embryonic tissue arouses particularly fierce
passions, has been uncharacteristically tardy not only in
clinical work but even in experimental studies in this
field. Perhaps also attributable to these differences in
national ethical climate, it is in the USA that the use of
xenografts, in particular of porcine origin, has gone
furthest in the treatment of brain disease, for patients
with both Huntington’s disease and epilepsy (Deacon et
al. 1997). However, this strategy also has its attendant
problems, especially with regard to the risk of trans-
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mission of infective agents novel to the human species
(Butler 1998). In the UK, trials of human embryonic
neural transplantation are currently in the planning stage
in two centres, King’s College Hospital, London, and
Cambridge, for the treatment of patients with Hunting-
ton’s disease and Parkinson’s disease. Stringent ethical
guidelines will be in force (as they have been in Sweden),
ensuring for example that individuals responsible for the
decision to abort are completely separate from those
responsible for the decision to proceed with neurosurgery
with the use of embryonic material. However, even if one
1s convinced that, given such safeguards, it is ethical to
conduct such surgery, the limits to its applicability remain
sharp.

If primary embryonic tissue is used as the source of
neural transplants (and this has been the main source so
far), it is vital to take the tissue from the embryonic brain
at a time at which the requisite cells have already
differentiated into their final phenotype but have not yet
sprouted axons: take the tissue too early, and it is
ineffective; take it too late, and the cells die. For
Parkinson’s disease, the age of the donor embryos has
varied from 6 to 19 weeks, with most falling between
about weeks 8—12 (table 1 in Lindvall (1994)). This is a
period during which abortions are legal and relatively
frequent, so (if the general ethical issues are resolved) the
required tissue can be dissected from the embryonic brain
and used either as tissue fragments or dissociated to
prepare a cell suspension that is finally injected into the
brain of the recipient patient. However, given the small
number of dopaminergic cells in each embryonic
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substantia nigra and their fragility during the handling
period between dissection and transplantation, several
embryos (up to eight have been used (Widner et al. 1992))
are required for each transplanted patient. There are
other conditions, however, that have been shown in
experiments with animals to be suitable for trans-
plantation therapy but for which the requisite tissue does
not reach the relevant time window until much later in
pregnancy. A good example, considered in more detail
below, is damage to the hippocampus, a region that has a
critical role in many forms of cognitive function. This
does not reach the appropriate stage of development until
the late-embryonic—early-foetal stage of pregnancy, at
about 15 weeks of gestation (Arnold and Trojanowski
1996), a stage at which the use of foetal tissue becomes
ethically much more problematic. This combination of
ethical and practical constraints therefore makes it unlikely
that foetal neural transplants will ever be widely used to
treat conditions that involve hippocampal damage, as after
anoxic insult or in certain forms of epilepsy.

Even in conditions under which the requisite tissue
becomes available within the time during which abortions
are legal and frequent, there remain serious problems of
supply and demand. As noted above, the application of
neural transplantation as a treatment for Parkinson’s
disease grew naturally out of laboratory demonstrations
that, in relevant animal models, such transplants give rise
to recovery of function. Similar demonstrations have now
been made for a number of other such animal models,
including for Huntington’s disease, in which striatal cells
degenerate (Bjorklund et al. 1994b), anoxic damage to the
hippocampus after global cerebral ischaemia (Hodges et
al. 1994), anoxic damage to the striatum and cortex after
stroke (Hodges et al. 1994) and damage to the ascending
cholinergic innervation of the hippocampus and
neocortex, which is severely compromised in Alzheimer’s
disease (Sinden et al. 1994). There is little reason to
suppose that the list will stop there, because most
attempts so far to restore function by neural transplants in
animals have proved, to varying degrees, to be successful.
It 1s likely that demand will grow for each of these lines of
research to follow the same path to the clinic as did the
work relating to Parkinson’s disease. Now, as noted above,
for each patient with Parkinson’s disease given neural
transplants, tissue is required from four to eight human
embryos (Lindvall 1994; Widner et al. 1992). If neural
transplantation is indeed extended to the large number of
other conditions under which it might be effective, the
requirement for embryonic tissue will become very large
indeed. Even supposing that the existing supply of
aborted tissue could keep up with this increased demand,
it 1s likely that eventually developments of this kind
would conflict with pressures to decrease the number of
abortions, for example by improved contraception.

As well as this difficult mix of ethical and logistical
problems, there are two important limitations of a
scientific nature that prevent a major clinical extension of
embryonic neural transplantation. First, if the requisite
cells are to be taken at the right time from the developing
brain, the developmental timetable for the cells
concerned must be known in some detail. For many types
of human brain tissue, such knowledge is as yet unavail-
able, and the experimental programme required to
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generate it is both substantial and beset with technical
difficulties. Indeed, for the most part, the developmental
programme of the human brain is inferred from relevant
knowledge concerning the primate brain, and this can
give rise to serious inaccuracies. Second, embryonic
neural transplantation has so far been limited to cases in
which the damaged tissue requiring replacement is homo-
geneous, for example dopaminergic cells in Parkinson’s
disease, and striatal cells whose principal neurotrans-
mitter is y-aminobutyric acid (GABA) in Huntington’s
disease. This therapeutic aim allows one to seek a
corresponding population of cells from the embryonic
brain (although these will inevitably form part of a tissue
containing many other cell types), which in turn implies a
single time window at which the relevant population
reaches the critical stage of development. However, in
many forms of brain damage or disease, a great variety of
cell types 1s compromised. After prolonged alcohol
intake, for example, there is a loss of cholinergic, noradre-
nergic and serotonergic cells among others (Arendt e al.
1989). It might be possible to use neural transplantation
to treat these more complex types of brain damage, but
the logistics become ever more difficult, requiring for
example tissue from different sets of embryos at different
gestational ages for each cell type required. Although
there have been a few reports of the use of multiple
sources of tissue for transplantation in experimental
studies with animals (see, for example, Cassel et al. 1993),
the gaps in our knowledge in this area are large. We know
little or nothing, for example, of the likely interactions,
positive or negative, between different cell types injected
simultaneously or successively into a host brain. Multiple
injections of primary embryonic tissue also increase the
risk of mechanical damage to the host brain capable of
adding to the deleterious effects of disease; such adverse
effects have been shown in the rat (Cassel e/ al. 1990).

2. ALTERNATIVES TO PRIMARY EMBRYONIC TISSUE

Not surprisingly, given these potentially severe restric-
tions upon the eventual clinical use of primary embryonic
transplants in the treatment of human brain disease,
there have been many efforts to devise alternative sources
of tissue for implantation. Much of this research has
focused on the use of neuroepithelial stem and progenitor
cells. Stem cells in the central nervous system have the
potential to develop into neurons, astrocytes and oligo-
dendrocytes; the term ‘progenitor’ refers to cells with a
more restricted lineage potential than that of stem cells,
whereas a “precursor’ is any cell type earlier in the devel-
opmental pathway that later leads to another (McKay
1997). McKay (1997) has recently reviewed the neuro-
biology of these cells; Martinez-Serrano & Bjorklund
(1997) have reviewed the use of stem cells immortalized
and developed into clonal cell lines in attempts to repair
damage in the brain; we shall here bring out only a few
salient points documented in those reviews.

From the clinical point of view, a central aim of our
own research, described below, is to generate immortal-
ized cell lines that combine two properties.

First, they should be capable of being maintained in
vitro indefinitely, so that they are readily available for
implantation into a host brain as and when required. One
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strategy for achieving this is to render neuroepithelial
stem cells immortal by the introduction of extra genetic
information coding for oncogenes, and to bring the onco-
gene under the control of manipulatable factors (the
resulting cell line being ‘conditionally immortalized’). An
example of such an oncogene that will be central to
experiments described more fully below is the tempera-
ture-sensitive (ts) mutated allele (A58) of the simian vius
40 (SV40) large-T antigen (T-ag). This is stably expressed
in cells cultured at temperatures below mammalian body
temperature (for example 33 °C) but is downregulated at
normal body—or brain—temperature (37-39 °C). Cells
into which this oncogene has been introduced might
therefore be maintained and expanded iz vitro at the
permissive temperature of 33 °C; on implantation into a
host brain, however, they would cease dividing and enter
the pathway to differentiation. Other oncogenes that have
been used in a similar way include different isoforms of
mye, neu and pd3 (Martinez-Serrano & Bjorklund 1997).
Importantly, neither in vitro nor in vivo (after transplanta-
tion into a host brain) has there been any evidence so far
of transformation of cells treated in this way.

Second, the cell lines so generated should be able to
repair the damage present in the host brain. Because the
range of both cell types and brain regions affected by
brain disease or damage is large, the cell lines must corre-
spondingly be applicable to a wide range of tasks of
repair. Clearly, this might require the generation of many
different types of cell line. However, the multipotentiality
of neuroepithelial stem cells raises the possibility that a
relatively small number of cell lines would be capable of
repairing many different kinds of brain damage. We
devote the rest of this paper to an exploration of this
possibility, including a brief account of experiments from
our own laboratory that suggest its feasibility.

A number of rodent neuroepithelial stem or progenitor
cell populations have been immortalized, mostly with the
tsA58 SV40 T-ag oncogene, and the resulting cell lines
have been explored for their potential in populating and
repairing the brain (Ryder et al. 1990; Renfranz e/ al. 1991;
Snyder et al. 1992; White & Whittemore 1992; Whittemore
& White 1993; Cattaneo et al. 1994; White et al. 1994
Anton et al. 1994). They have proved to be readily
expandable in culture; amenable to transfection with
reporter (for example, lac{ or luciferase) or other genes,
these then being stably expressed; and capable of being
selected as single clones. Multipotentiality has been
demonstrated both in vitro and, importantly, i vivo.

Much of the work i vivo has been performed in the
developing brain, starting with demonstrations that, after
implantation into neonatal rats and mice respectively,
a tsAb8-immortalized hippocampal cell line (Renfranz
et al. 1991) and a v-myc-immortalized cerebellar line
(Snyder et al. 1992) each differentiated into both neurons
and glia. Furthermore, the neuronal differentiation seen
in such experiments takes place in a site-specific manner:
that is, the implanted cells take on the phenotypic charac-
teristics of host neurons that are developing at the time
and place of implantation, indicating the existence of
local signals capable of specifying the final cell type. Thus
in the Renfranz et al. (1991) experiment, immortalized
hippocampal cells transplanted into the developing cere-
bellum were seen to differentiate into typical cerebellar
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neurons. This plasticity is probably not due to the process
of immortalization itself, because both primary striatal
cells grafted into developing cerebral cortex (Fishell 1995)
and primary cerebellar cells grafted into developing
hippocampus (Vicario-Abejon et al. 1995) came to show
features characteristic of the region into which they had
been implanted. In these experiments transplantation was
made into the postnatal brain. Implantation of genetically
labelled primary striatal cells into the ventricles of the
embryonic mouse brain, by injection via the uterine wall,
further showed that these cells migrate to several different
sites in the host brain and take up different characteristics
depending on their eventual home. Thus the same
population of striatal precursors migrated out to give rise
to cortical, thalamic and tectal neurons (Campbell et al.
1995; Brustle e al. 1995).

The ability of neuroepithelial stem cells to migrate to
multiple brain regions and to take up multiple phenotypes
encourages hopes that these properties can be used for
repair of the damaged brain. However, in the experi-
ments reviewed so far, the sites in the developing brain at
which the implanted cells differentiated into their final
phenotypes were those in which neurogenesis was current
at the time; and the observed migration of the implanted
cells formed part of current migratory streams from the
ventricles to the still forming brain mantle. The environ-
mental signals that drive these responses in the implanted
cells are presumably signals that occur as part of the
normal process of development. It must be doubtful,
therefore, that such signals should be still generated in
the adult brain, or that they would be able to direct
migration and/or neurogenesis in such a manner as to
provide a means of repairing damage to the adult brain.
However, as we shall see, there is evidence that processes
of this kind can indeed occur.

Immortalized neural progenitors survive well in the
adult host brain, without evidence of tumour formation
or gross disruption of host brain tissue. However, most of
the cell lines immortalized with the tsA58 oncogene, as
well as the v-myc-immortalized cerebellar line Cl17-2, have
differentiated, after implantation into the adult brain,
predominantly into glia (Cattaneo et al. 1994; Martinez-
Serrano et al. 1995a,b; Snyder & Macklis 1996; Lundberg
et al. 1997). An exception is the tsA58-immortalized cell
line RN33B, derived from the raphe, which differentiates
mainly into neurons in both developing and adult brain,
though some glia are also seen (Shihabuddin et al. 1995,
1996; Lundberg et al. 1996a,0). A migratory capacity
has also been observed after transplantation of tsA58-
immortalized cell lines into the adult striatum (reviewed
by Martinez-Serrano & Bjorklund 1997). These workers
report that such cells ‘undergo, on average, 2-3 cell
divisions over the first five days after transplantation and
that they actively migrate out from the transplantation
site during this time, for a distance of about 1-1.5 mm, to
become fully integrated into the host tissue’ (Martinez-
Serrano & Bjorklund 1997, p. 531). They also note that the
cell numbers and distribution of the tsA58-immortalized
hippocampal HiB5 cell line reached their final state at
two weeks after implantation and remained stable
thereafter for at least six months. This is consistent with
downregulation of the temperature-sensitive oncogene, as
observed in vitro when the temperature is raised to 39 °C;
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we have directly confirmed this downregulation in post-
mortem material (Sinden et al. 1997) (see below). There
was no evidence in any of these experiments of migration
of the implanted cells specifically to sites of experimen-
tally induced brain damage, including to the excitotoxic-
or 6-hydroxydopamine-lesioned striatum (Lundberg &
Bjorklund 1996; Lundberg et al. 1996a,b), excitotoxically
lesioned cortex (Snyder 1994; Snyder & Macklis 1996) or
the excitotoxic- or colchicine-lesioned hippocampal
formation (Shihabuddin ef al. 1996). A recent paper from
Snyder’s group, however, reports good survival and
neuronal differentiation after implantation of the cere-
bellar-derived Cl17-2 line in the photolytically but not
excitotoxically lesioned cortex (Snyder et al. 1997), raising
the possibility that this line is responsive to specific
signals associated with apoptotic cell loss (induced by
photolysis) but not with necrotic cell loss (induced by
excitotoxins). With this exception, the general impression
from these experiments is that the transplanted cells
tended to avoid areas of damage. Shihabuddin et al.
(1996), for example, report that the raphe-derived cell
line RN33B differentiated into hippocampal CA3 or
dentate granule cells when implanted into intact CA3 or
dentate gyrus, but underwent only partial neuronal
differentiation after implantation into lesioned CA3
(induced by kainate injection) or dentate gyrus (induced
by colchicine injection). Those authors therefore suggest
that, at least in the RN33B cell line, direct cell-to-cell
interaction through surface molecules on intact host
neurons is required for differentiation to proceed along
lines appropriate to the site of implantation in the adult
brain.

Conditionally immortalized neuroepithelial stem cell
lines can be subjected to further genetic engineering
before implantation. This approach, providing as it does a
useful tool for the delivery of desired substances to a host
brain, has been exploited in a number of experiments.
The feasibility of the technique has been demonstrated by
the expression of reporter genes observed after implanta-
tion into both neonatal and adult brain (Renfranz et al.
1991; Eaton & Whittemore 1996). Control of expression of
the reporter gene has also been observed. Thus Corti et al.
(1996) brought the luciferase gene under the control of a
tet-regulatable promoter and were able to decrease its
expression by the systemic administration of oxytetra-
cycline. In a more substantive experiment, Snyder et al.
(1995) were able to correct a genetic model of a lysosomal
storage disease, mucopolysaccharidosis type VII, with
widely disseminated neuronal and glial degeneration, by
injecting into the cerebral ventricles of newborn mice,
homozygous for the deleted gene, the cerebellar line Cl7-
2 modified to express the human gene coding for the
missing enzyme, B-glucuronidase. The implanted cells
migrated and were incorporated widely in the host brain;
successful reversal of the disease was maintained for up to
eight months. In the adult animal, attention has focused
on the use of immortalized cell lines to deliver trophic
factors to the host brain. Thus implants of the hippo-
campal HiB5 line, engineered to express nerve growth
factor (NGF), in the region of the cholinergic cell bodies
of the nucleus basalis were shown to induce hypertrophy
of these cells and sprouting of axons towards the source of
the NGT'; injected into the medial septal area, the NGI-
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secreting cells blocked the degeneration of septal choli-
nergic cells normally seen after fimbria—fornix section;
and, injected into either of these regions in aged rats,
these cells reversed or even prevented the development of
experimentally assessed cognitive impairment (Martinez-
Serrano & Bjorklund 1997).

It is clear from these and other experiments reviewed
by Martinez-Serrano & Bjorklund (1997) that immortal-
1zed neuroepithelial stem cells, genetically engineered to
deliver therapeutic substances to the brain, provide a
promising avenue for future human neurosurgery. Our
own approach, however, has been different. We have
asked whether the damaged adult brain might produce
signals analogous to those that direct site-specific
differentiation in the normal developing brain, with the
capacity to bias implanted stem cells to adopt a
phenotype appropriate to the damage. We have not,
however, sought directly for such signals. We have instead
adopted a functional approach: we suppose that any such
signal-directed repair of the damaged brain should
manifest itself as a recovery of the behavioural perfor-
mance otherwise impaired by the damage.

These experiments have focused on the four-vessel
occlusion (4VO) model of transient cerebral ischaemia,
as occurs in heart attack or coronary artery occlusion. In
this method the rat’s vertebral arteries are permanently
coagulated under halothane anaesthesia and on the next
day the carotids are briefly ligated (for 10-20 min). As in
a substantial proportion of human beings who recover
from heart attack (Grubb et al. 1996), this manipulation
leads to enduring cognitive deficits. Also as in the human
case (Squire et al. 1990; Rempel-Clower et al. 1996), it
causes damage to the hippocampal formation and espe-
cially to the CAIl pyramidal cells (reviewed by Hodges et
al. 1997). In some well-studied patients the damage, as
assessed by both structural magnetic resonance imaging
and post-mortem neuropathological examination (Squire
et al. 1990; Rempel-Clower et al. 1996), is largely limited
to CAl cells and the cells of the hilus of the dentate gyrus,
yet this is associated nonetheless with a profound,
enduring and disabling anterograde amnesia. In the rat,
appropriate setting of the period of carotid ligation can
similarly give rise to damage largely limited to CAl and
hilar cells. Moreover, although additional damage 1is
present in other regions (including the striatum and
cingulate cortex (Nunn & Jarrard 1994)), transplants of
primary foetal hippocampal tissue into the CAl region
are able to reverse 4VO-induced cognitive deficits almost
in their entirety (Netto et al. 1993; Hodges et al. 1996).
These observations give reason to believe that transplants
aimed at the human hippocampal formation might
provide a successful treatment for the cognitive impair-
ment consequent on transient cerebral ischaemia. Because
such patients are often relatively young and, apart from
their major cognitive impairment, otherwise in good
health, they provide a clinical target for transplantation
therapy that is in many ways more appropriate than the
neurodegenerative diseases of old age more often
envisaged in this context. However, as already noted, the
prospects of applying conventional primary embryonic
transplants to this condition are poor, because hippo-
campal tissue reaches an appropriate stage of develop-
ment only in the late embryonic stage of pregnancy.
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Figure 1. Coronal Nissl-stained sections of the
hippocampus, showing foetal (E18-19) cell-suspension
grafts dissected from the embryonic CAl (a,b) or CA3
(¢,d) hippocampal fields. Grafted cells (arrows) grew
abundantly in clumps along the corpus callosum (CC)
above the area of ischaemic cell loss and calcification
(arrowheads) induced by 15 min of 4VO, which
selectively destroyed 80-90% of the host CAl cells.
Grafts of foetal CA1 and CA3 cells were equally
thriving, but only CAl grafts were functionally
effective. At higher magnification (4,4 ), grafted cells
were seen to be of pyramidal morphology, and of
larger diameter in the CA3 than the CA1l grafts. Scale
bars, 200 pm (a,¢) and 100 pm (4,d). (Photographs
adapted from Hodges et al. (1996); copyright 1996,
with kind permission of Elsevier Science Ltd, The
Boulevard, Langford Lane, Kidlington, OX5 1GB,
UK).
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The experiments (Netto ef al. 1993; Hodges et al. 1996)
in which we injected suspensions of primary foetal cells
into the damaged rat hippocampus demonstrated that,
for recovery of cognitive function to be observed, there is
a rather stringent requirement that the implanted cells be
homotypic to the CAl pyramidal cells that constitute the
primary population damaged by 4VO. Cell suspensions
derived from non-hippocampal, cholinergic-rich tissue
(basal forebrain at embryonic day 16 (E16)), from E18-19
or postnatal (P) day 1-2 dentate gyrus or from the E18—
19 CA3 cell field all failed to ameliorate the cognitive
deficits observed in two tests of spatial learning and
memory: the Morris water maze and the three-door
runway. All of these cell suspensions except those derived
from the Pl1-2 dentate gyrus produced substantial
surviving grafts as observed in post-mortem histology. In
contrast, cell suspensions derived from the E18—19 CAl
cell field gave rise to nearly total recovery of cognitive
function over a period lasting from three to nine months
after implantation, the maximum time for which the
animals’ progress was followed. The difference between
the effects obtained with grafts derived from the CAl and
CA3 cell fields is particularly striking. In both cases the
post-mortem material showed large and healthy
surviving grafts located, somewhat ectopically, in the
same regions, usually in white matter just above the site
of damage to the host CAl pyramidal cell layer, and
containing mature pyramidal cells of appropriate
morphology (figure 1). Both CAl and CA3 pyramidal
cells are excitatory and glutamatergic. Evidently, there-
fore, recovery of function after transplantation in the
4VO-damaged hippocampus requires more than just the
presence of cells that secrete the right neurotransmitter in
the right general location. This situation is very different,
it should be noted, from that which is obtained in regard
to transplantation-induced recovery of function after
damage to either the dopaminergic or the cholinergic
system. In these cases (Bjorklund et al. 1994a; Sinden et al.
1994, 1995), recovery of behavioural function is observed
after the implantation of cells derived from a variety of
tissue types, provided that they secrete transmitters of the
appropriate type. Furthermore, in these cases the site of
implantation is distal to the site of damage, in terminal
regions of the projection of which the cell bodies of origin
have been damaged, i.e. in the striatum after damage to
dopaminergic cells of the substantia nigra or in the
neocortex or hippocampus after damage to cholinergic
cell bodies in the nucleus basalis or the medial septal
area.

The stringent requirement, when using primary foetal
cell transplants, of homotypic cell replacement for
restoration of cognitive function in the 4VO model made
this an ideal test bed with which to pose this question:
would conditionally immortalized neuroepithelial stem
cells respond to signals of damage in the adult brain by
taking up a phenotype appropriate to the nature of the
damage and so give rise to recovery of function? In
seeking to answer this question we made use of a trans-
genic mouse harbouring the tsA58 SV40 T-ag oncogene
under the control of the interferon-inducible H-2KP
promoter (Jat et al. 1991). With the use of this mouse, one
can take undifferentiated cells from any tissue and grow
them in culture at the permissive temperature of 33 °C.
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Taking advantage of this possibility we dissected the
hippocampal proliferative-zone Anlage at El4, i.e. just
before the time at which these cells migrate away from
the ventricular zone to form the hippocampus (Sinden et
al. 1997). In an initial experiment we studied the effects of
transplants of an expanded population of cells taken from
this region, labelled before implantation by two days of
incubation with [*H]thymidine, comparing them with
E19 primary foetal CAl cells. As in our earlier experi-
ments, 4VO increased the time taken by rats to swim to
the hidden platform in the water maze; this impairment
was fully reversed by implants of foetal CAl cell suspen-
sions. The expanded El4 H-2K'-tsA58 neuroepithelial
cell transplant was as effective in reversing this deficit as
the primary foetal CALl cell suspension. In addition, the
showed different patterns of
engraftment in the two cases. Unlike the primary foetal
grafts, the cell population transplant did not aggregate at
the site of implantation; rather, cells seemed to have
migrated extensively throughout both grey and white
matter regions in the cortex and hippocampus.

Although these results were encouraging, they did not
test the hypothesis that neuroepithelial stem cells might
respond to damage encountered in a host brain by
adopting a phenotype appropriate to that damage,
because the population of implanted cells might simply
have contained precursors already fated to become CAl
pyramidal cells. We therefore derived a number of clonal
lines from the H-2K"-tsA58 El4 hippocampal cell
population. Single-cell suspensions were plated on fibro-
nectin-coated dishes grown in serum-free defined media,
supplemented with basic fibroblast growth factor (FGF2;
10 ng m1~!) in permissive culture, i.e. at 33 °C with added
v-interferon (Kershaw et al. 1994). After a number of
passages the population was transduced with a pPGKf-
geo plasmid (Iriedrich & Soriano 1991), conferring both
the lac-{ reporter gene and neomycin-resistance select-
able marker genes. Out of 32 clones that proliferated and
formed cell lines, nine were retained for futher study.
Like other cell lines directly derived from the H-2K"-
tsA58 mouse (Noble et al. 1995), these were all shown to
be conditionally immortal. At two to six days in vitro
under permissive culture conditions they showed 1000—
2000-fold proliferation in serum-free media without
added FGF, with a rapid decrease in numbers when
temperature was raised to 39 °C in the absence of inter-
feron. One of these ‘Maudsley hippocampal’ (MHP)
lines, MHP36, was extensively characterized further and
used in transplantation studies (Sinden et al. 1997). In
culture this cell line was highly responsive to FGF2,
substantially increasing in number under both permissive
and non-permissive conditions (figure 2a,b).

In permissive culture the MHP36 line ubiquitously
expressed immunoreactivity to the SV40 T antigen and to
the neuroepithelial stem cell marker nestin (Lendahl et al.
1990); labelling with bromodeoxyuridine (BrdU)
confirmed the presence of dividing cells; no cells were
observed that were positive for either the neuronal
marker PGP 9.5 (Wilson et al. 1988) or the astroglial
marker glial fibrillary acidic protein (GFAP). After a
switch to non-permissive conditions 1in serum-free
medium, and only in the presence of one of the
following agents, retinoic acid, forskolin or dibutyril

post-mortem material
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Figure 2. Growth and differentiation of MHP36 cells in vitro. (a,b) Approximately 10" cells were plated in fibronectin-coated
96-well plates at day 0. Cell counts at both 33 and 39 °C culture in serum-free medium (SFM) plus y-interferon («) and in the
same medium with the addition of 10 ngml~! FGF2 (b) were measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assays and compared against standard cell number curves. Results are means = s.e.m. for eight wells.
MHP36 cells showed continued survival in SEM only at the permissive temperature for the tsA58 oncogene, FGF2 enhanced
proliferation at both permissive and non-permissive temperatures. These results suggest that MHP36 is a normally quiescent, but
FGF2-responsive, stem cell line. (¢,d ) Bipotential differentiation of MHP36 cells at 2DIV in non-permissive culture conditions
(SFM at 39 °C) in the presence of different concentrations of the differentiating agents forskolin (¢) and retinoic acid (d). Cells
were plated on fibronectin-coated four-chamber slides at a density of 5 x 10*. Results are percentages (means +s.e.m.) of GFAP-
and PGP 9.5-positive cells, compared with the number of live cells determined by morphological criteria, in ten randomly chosen
fields set by a x40 objective on a Leica fluorescence microscope. In the absence of a differentiating agent, no GFAP- or PGP
9.5-positive cells were found, indicating that inductive signalling was required to induce both neuronal and astroglial differentiation.

cAMP, could the cultures be maintained for at least a
further 14 days w vitro. Both SV40 T antigen and nestin
expression were strongly downregulated, staining with
BrdU was greatly decreased, and cells positive for either
PGP 9.5 or GFAP could now be detected. Many of the
PGP 9.5-positive cells had long neuritic processes.
Depending on the conditions of differentiation (for
example, with retinoic acid or forskolin), the proportions
of cells showing neuronal or glial markers, respectively,
varied somewhat, but both types of cell were always
observed (figure 2¢,d).

These observations i vitro indicated that the MHP36
line is a multipotent neuroepithelial stem cell line and
therefore a suitable tool with which to test our primary
hypothesis. Accordingly, we implanted this cell line into
rats that, two to three weeks previously, had been
subjected to 4VO, with the expected consequent damage
to the hippocampal CAl pyramidal cell layer. We
employed the same stereotaxic coordinates for injection as
in the earlier experiments with primary foetal grafts, i.e.
bilaterally just above the alveus directly over the region
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of maximal CAL cell loss, not into the CAl cell layer
itself. Behavioural testing began three or five months (in
two separate experiments) after the implants of MHP36
cells. In both cases, essentially complete recovery of
function (as compared with intact controls) was observed
in the Morris water maze (Sinden et al. 1997). Histological
analysis post-mortem, with the use of either 5-bromo-4-
chloroindol-3-yl B-D-galactopyranoside (X-Gal) histo-
chemistry or an anti-B-Gal antibody to detect the lac-<
reporter gene, revealed a remarkable capacity of the
injected cells to migrate to, and partly reconstitute the
gross morphology of, the damaged host CAl cell layer.
The resulting appearance of the brain (figure 3a), with in
particular a normal laminar pattern in the CALl cell field,
is quite different from that seen with either primary
foetal grafts (figure 1) or the expanded population of El4
H-2K"-tsA58 neuroepithelial cells. Double labelling for
PGP 9.5 or GFAP showed further that some of the
MHP36 cells had acquired a neuronal phenotype and
others an astroglial phenotype (figure 34,¢). In most cells
expressing the lac-{ gene, however, we failed to detect
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Figure 3. (a) Selective engraftment of dorsal hippocampal
CAL1l by the MHP36 cell line after 4VO ischaemia. At four
weeks after grafting, graft cells were largely aggregated in the
CAL area of ischaemic hippocampus, as shown by anti-p-Gal
immunohistochemistry (violet chromogen); haematoxylin
counterstain. (b,c) Expression of neuronal and astroglial
differentiation in coronal sections of 4VO ischaemic lesion
rats with grafts of MHP36 cells. () At four weeks after
grafting, tritiated thymidine ([*H]Thy) autoradiography
(silver grain accumulation over cell nuclei) and anti-PGP 9.5
immunohistochemistry (brown chromogen) revealed a
number of graft-derived neurons (arrows) with morphologies
and polarities indicative of pyramidal cells within graft
aggregates in the lesioned CAl layer. (¢) At four weeks

after grafting, [*H]Thy silver grains were seen over
anti-GFAP-positive astrocytes (arrows) within and near

CAL graft cell aggregations. Magnification x100.

either marker (Sinden et al. 1997), although this does not
preclude the possibility that these unidentified cells
express markers for other cell types, such as oligodendro-
cytes, or other glial or neuronal cell types not expressing
GFAP or PGP 9.5.

In further experiments we have followed the time-
course of migration of the implanted cells towards the
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damaged CALl cell region. In the first week after injection,
the cells remain in a cloud around the injection site. By
about four to six weeks they are largely concentrated in
the hippocampus but not yet aligned along the CAl layer.
At three months the CAl layer is essentially reconstituted.
Notably, a number of labelled implanted cells are clearly
observed in the hilus of the dentate gyrus, which is the
second main area of damage seen in the hippocampal
formation after 4VO. The MHP36 PGP 9.5-positive cells
observed in the CAIl layer are clearly pyramidal in
morphology. In some animals, cells were inadvertently
injected into the dentate gyrus; in these, a few implanted
cells were observed with the appearance of granule cells.
It is likely that this outcome was dependent on the
damage caused in the dentate gyrus by the needle
insertion, because we did not otherwise see cells take up
granular morphology or a location in the dentate gyrus.

These experiments seem to warrant a number of
conclusions that are potentially of great importance, both
scientifically and clinically.

First, confirming the earlier work briefly reviewed
above, neuroepithelial stem cells are multipotent both
vitro and n vivo.

Second, such cells can be rendered conditionally
immortal and maintained through multiple passages in
vitro (currently, the MHP36 line is at passage 60), but still
retain their capacity to differentiate on transition to non-
permissive conditions favourable for differentiation.

Third, also confirming earlier work, the tsA58 SV40
T-ag oncogene is downregulated within one week after
transplantation of MHP36 cells into a host brain; we
have seen no sign of emergence of tumours for up to 12
months after transplantation.

Fourth, on implantation into a damaged adult brain,
MHP36 cells preferentially migrate towards a region of
damage and take up both a location and a morphology
that are appropriate to the lost host cell type. This had
not previously been observed in an adult host brain,
although similar results have now been reported by
Snyder et al. (1997). It 1s not at present clear why the
MHP36 cell line targets damage in this way, whereas
other cell lines (see above) have not generally shown this
property.

Fifth, the implanted MHP36 cells gave rise to a
recovery of cognitive function that was essentially
complete, and as good as that seen after the transplanta-
tion of primary foetal cell suspensions. The study by
Sinden et al. (1997) was the first report of behavioural
recovery after implantation of neuroepithelial stem cells
into a damaged adult brain. This might simply be because
this was the first time that a comparable experiment had
been performed, because we are unaware of any others.
Because the model that we employed—4VO-induced
hippocampal damage—1is one in which there is a stringent
requirement, when primary foetal tissue is used as the
source of implanted material, for homotypic cell replace-
ment (Netto et al. 1993; Hodges et al. 1996) (see above), this
result strongly implies that the MHP36 cells responded to
signals indicative of CAl cell loss by taking up a phenotype
capable of replacing the lost host cells with ones sufficiently
like them to be able to restore function.

As a possible objection to the last of these conclusions it
might be argued that the implanted cells that restored
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Figure 4. Performance of 15 min 4VO ischaemic (ISC) rats
with three different clonal neuroepithelial cell-line grafts
(MHP3, MHP15 and MHP36) on the acquisition of a
submerged platform location in the water maze. The mean
time taken to find the platform is expressed as a function of
two-day (four-trial) blocks of training; means £ overall s.e.m.,
n=29-12. The control group (CON), the MHP36 group and
the MHP3 groups did not significantly differ in their rates of
learning. The performance of the MHP15 group was
intermediate between that of the control group and the
ischaemic group with no cell transplant (ISC), differing
significantly from both.

cognitive function did so because they were already fated
to become CAl pyramidal cells. This possibility can be
discounted on several grounds: (i) the MHP36 cells do
not seem to be unduly restricted in their lineage, because
both neuronal and glial phenotypes emerge from the
same clone; (ii) even within the neuronal lineage we have
observed granule cell morphology in the case of MHP36
cells injected into the dentate gyrus; and (iii) in unpub-
lished experiments we have studied two further clonal
lines, MHP3 and MHPI5, derived in the same manner as
the MHP36 line, and both gave rise to some recovery of
function in the 4VO model; the chances that we could
have in all three cases picked out clones that happened
already to be fated to become CAl pyramidal cells are
slight. However, the degree of behavioural recovery in
the water maze after grafts of MHP36, MHP3 and
MHPI5 cells did differ (figure 4), with MHP36 and
MHP3 cell lines producing equivalent high levels of
behavioural recovery, whereas MHPI5 cell grafts led to
only marginal improvement. Interestingly, MHP3, like
MHP36, is highly FGF2-responsive, whereas MHPI15 is
not. However, further research is required to determine
whether this difference in the functional efficacy of the
cell-line grafts is due to the extent of engraftment or to
biological differences between the cell lines themselves.
Given the evidence (reviewed above) that the differen-
tiation of implanted stem cells in the developing brain is
influenced by ongoing neurogenesis, we must also
consider the possibility that differentiation of the
implanted MHP cell lines was influenced by continuing
neurogenesis in the host brain. In this respect, it is indeed
true that neurogenesis continues in the adult hippo-
campal formation. However, the cells that undergo this
continuing neurogenesis are not the pyramidal cells of the
hippocampus proper but the granule cells of the dentate
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gyrus (Kempermann et al. 1997). Thus if MHP36 cells
implanted into the adult brain were simply to take part in
a continuing process of neurogenesis, we should have
observed them taking up a granule cell phenotype in the
dentate gyrus. However, as noted above, this occurred
only when, inadvertently, we damaged the dentate gyrus
by inserting a needle there; we did not observe the
implanted cells in the undamaged dentate.

3. CLINICAL PROSPECTS

The direct use of conditionally immortal neuroepi-
thelial stem cells to repair brain damage potentially offers
considerable advantages over the approach, largely
adopted so far (Martinez-Serrano & Bjorklund 1997) (see
above), of using these cells as a device to deliver other
In the latter case, for each such substance
delivered, one will need a separately engineered cell line.
In contrast, the results reported by Sinden et al. (1997)
and reviewed briefly above raise the possibility that one
cell line will be able to repair a variety of different types
of brain damage. Much work remains to be done to deter-
mine, first, whether this is indeed true; and, second, if so,
what are the nature of the limits that determine how
broad a range of applicability that any given cell line
might have. Current knowledge of the number of
different cell lineages present in the central nervous
system, or of the factors (such as spatial, temporal,
genetic or environmental induction) that differentiate
these lineages, is still too sketchy for one to answer such
questions a priori. (Indeed, if we had settled for an answer
a priort to the major question posed so far in these experi-
should not have thought them worth
conducting in the first place.) It will therefore be neces-
sary to investigate the effects of the existing H-2KP-tsA58
cell lines, derived as they are from the hippocampal
proliferative zone, after implantation into other damaged
regions of the brain: how will they fare when they
encounter other pyramidal cell damage (for example in
the cerebellum or the neocortex) or damage to other
hippocampal cell types (for example GABAergic inter-
neurons) or damage that both is in other regions of the
brain and affects cell types other than pyramidal (for
example GABAergic neurons in the striatum)? When a
region or type of cell loss is encountered in which the
existing cell lines fail to work (as must surely turn out to
be so), can cell lines be derived in a similar manner but
from other developing regions of the brain (for example
the striatum or mesencephalon) that will repair the
damage? In this respect, the availability of the H-2K"-
tsA58 mouse (Jat et al. 1991; Noble et al. 1995) offers
major advantages as a tool for the rapid generation of
comparable cell lines from other brain regions.

The experiments considered so far have all been
conducted with rodents. Can the results be generalized to
human beings? As a first step towards answering this
question, we have begun a series of studies with a monkey
from the New World, the common marmoset. In these
experiments we have adopted procedures developed by
Ridley et al. (1995, 1997) in which the CAIl field is
lesioned by local injection of the excitotoxin N-methyl-D-
aspartate  (NMDA), and learning and memory are
assessed in the Wisconsin General Test Apparatus. After

substances.

ments, we
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Figure 5. Mean number of trials to criterion (27 out of 30 correct, to a maximum of 300 trials) in the acquisition and retention
of simple (SD) and conditional (CD) discriminations, in control (CON) and lesioned (LES) marmosets and lesioned monkeys
with grafts of foetal CA1l cells (LES + CAl) or conditionally immortalized MHP36 cells (LES + MHP36). Before surgery (a), all
animals learned the discriminations in comparable numbers of trials. After lesioning with NMDA along an angled trajectory
through the CALl field, marmosets were profoundly impaired in their ability to recall the conditional but not the simple
discriminations; this deficit was as great in animals that subsequently received grafts as in the lesion-only group (a). After
transplantation (), both groups of grafted marmosets recalled conditional discriminations learned before lesioning as readily

as controls, whereas lesioned animals remained impaired. In learning four new conditional tasks, grafted marmosets were
initially impaired relative to controls, although they required significantly fewer trials than the lesion group. Thereafter, the
grafted groups learned the discriminations as rapidly as controls; this robust improvement was equivalent in animals with foetal
homografts and with grafts of non-foetal mouse-derived cells. Lesioned animals continued to show a substantial deficit throughout

testing.

this lesion the monkey has no difficulty in retaining
simple discriminations learned before surgery nor in
learning new simple discriminations, but has profound
difficulty in either retaining or learning new conditional
discriminations. (In a simple discrimination, the animal
must choose for example one object out of two to obtain a
reward; there is an invariant association between the
positive object and the reward. In a conditional discrimi-
nation, the animal is for example faced with two identical
objects, and for some pairs the rule is to respond to the
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one on the left whereas for others it is to respond to the
one on the right; here, then, the rule is relational.) This
pattern of impairment bears many similarities to the
cognitive deficits seen in human beings after hippocampal
damage (Eichenbaum et al. 1994).

Ridley et al. (1997) showed that it is possible to amelio-
rate these effects of CAl damage by the implantation of
suspensions of primary cells taken from the E95
marmoset hippocampal CALl field, a finding that we have
confirmed (figure 5). Given these results with foetal
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grafts, we were in a position to determine whether similar
effects might be obtained with conditionally immortal-
ized neuroepithelial stem cells. As far as we are aware,
there are as yet no cell lines of this kind of primate
origin. However, there are previous examples in which
grafted neural tissue has succeeded in producing a
recovery of function despite wide species differences
(Wictorin et al. 1990, 1992), and indeed such xenografts
(porcine) are already in use for the treatment of patients
with Huntington’s disease (Deacon et al. 1997). We there-
fore employed the same mouse-derived MHP36 cells as
in the experiments on the 4VO rat. Unlike the experi-
ments with rats, in which immunosuppression was
applied to the hosts for only two weeks from the time of
transplantation, the marmosets were administered cyclo-
sporin cremaphor EL at a dose of 10 mgkg ™!
larly five times a week until they were killed. The
experiment was identical to that with the use of marmoset
foetal grafts, but used the MHP36 cell line. The results
obtained with the two types of transplanted tissue were
very similar: like the foetal grafts, the MHP36 cells,
implanted into the damaged marmoset CAl region,
restored the animal’s capacity both to retrieve the
previously learned conditional discrimination rule and to
acquire new conditional discriminations (figure 5). In the
marmoset experiment, as in the rat experiments, the
MHP36 cells, identified by B-Gal immunohistochemistry,
reconstructed the damaged CALl field in a species-specific
manner. In the rat material, the cells were densely
aligned in the CAl field, whereas in the marmosets they
were evenly distributed across the broader, more sparsely
populated, field; this is characteristic of the primate
brain. Experimental details and full results of this study
are to found in Virley et al. 1999.

These experiments with marmosets show that the
transplantation of conditionally immortalized neuro-
epithelial stem cells can be extended from rodents to
primates. However, further major questions will arise
before one can confidently extend further the applic-
ability of the approach to human beings. The transgenic
route for derivation of conditionally immortal cell lines is
clearly not available at the human level. Unless one
follows the xenograft route (which poses its own non-
trivial problems, both ethical and practical (Butler 1998))
it will therefore be necessary to derive the necessary cell
lines by transfection of human embryonic brain cells with
the tsA58 or other oncogenes i vitro. Returning to the
ethical issues with which this article commenced, we
conclude that it will therefore not be possible to avoid
altogether the wuse of human embryonic material.
However, this use should be limited to the relatively small
number of occasions on which a particular cell line is
derived. Once derived, the evidence so far suggests that it
will be possible to maintain the cell line for long periods.
From the technical point of view, however, owing to wide-
spread variation in the human genetic background,
immortalization of human cells might turn out to pose
greater problems than are encountered in the rodent.
Nevertheless, human embryonic brain cell lines have
recently been generated by infection with a retroviral
vector in which the expression of v-myc is regulated by
tetracycline (Sah et al. 1997). In the presence of tetra-
cycline v-myc is turned off, and in some of the lines this

intramuscu-
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results in neuronal and glial differentiation. Cultures of
human neuroepithelial progenitor cells can therefore be
generated and retrovirally infected with oncogenes.

If we suppose that these problems can indeed be over-
come and human cell lines are created sharing those
properties of the MHP36 cell line that enable this to
repair brain damage, might it nonetheless be true that
something about the human brain would prevent the
application of stem cell transplants in the clinic? This
seems unlikely, given that the transplantation of primary
embryonic tissue has already made the transition success-
fully from the animal laboratory to human neurosurgery,
at least for Parkinson’s disease (Lindvall 1994). As in that
case, it will be possible, before taking human cell lines to
the clinic, to study their effects in relevant animal models
(Wictorin et al. 1992). Indeed, given the use of immorta-
lizing genes, it will be essential in animal experiments
either to verify that no tumours are formed from immor-
talized human cell lines or to devise strategies that can
minimize or cope with any risk of tumorigenicity so iden-
tified. This can perhaps be achieved by addition of
‘suicide’ genes to the implanted cells that will inducibly
kill revertants that do not stop dividing on inactivation of
the oncogene, or by excision of the oncogene before
implantation, using techniques for site-specific recombi-
nation (Westerman & Leboulch 1996).

There does not seem to be any reason in principle why
these various problems cannot all be overcome. We are
therefore cautiously optimistic that the transplantation of
conditionally immortalized human neuroepithelial stem
cell lines will prove eventually to be applicable to human
neurosurgery across a wide range of conditions that, at
present, are otherwise beyond treatment.

We thank David Virley for his collaboration in the marmoset
studies and for allowing us to describe this as yet unpublished
work.
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