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Cryopreservation, Culture, and Transplantation of
Human Fetal Mesencephalic Tissue into Monkeys

D. E. REDMOND, JR., F. NAFTOLIN, T. J. COLLIER, C. LERANTH,
R.J. RosBins, C. D. SLADEK, R. H. RoTtH, J. R. SLADEK, JR.

Studies in animals suggest that fetal neural grafts might restore lost neurological
function in Parkinson’s disease. In monkeys, such grafts survive for many months and
reverse signs of parkinsonism, without attendant graft rejection. The successful and
reliable application of a similar transplantation procedure to human patients, however,
will require neural tissue obtained from human fetal cadavers, with demonstrated
cellular identity, viability, and biological safety. In this report, human fetal neural
tissue was successfully grafted into the brains of monkeys. Neural tissue was collected
from human fetal cadavers after 9 to 12 weeks of gestation and cryopreserved in liquid
nitrogen. Viability after up to 2 months of storage was demonstrated by cell culture
and by transplantation into monkeys. Cryopreservation and storage of human fetal
neural tissue would allow formation of a tissue bank. The stored cells could then be
specifically tested to assure their cellular identity, viability, and bacteriological and
virological safety before clinical use. The capacity to collect and maintain viable human
fetal neural tissue would also facilitate research efforts to understand the development
and function of the human brain and provide opportunities to study neurological

diseases.

RANSPLANTATION OF FETAL NEURAL
tissue in rodents has been shown to
alter host neurological, endocrine,
cognitive, and motor functions; the alter-
ations have been correlated with evidence of
neuronal survival, axonal integration, syn-
apse formation, appropriate neurochemical
release, and electrophysiological interactions
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with host neurons (7). These studies raised
the possibility that neural transplantation
might benefit patients with neurological dis-
orders, especially the neurodegenerative dis-
order Parkinson’s disease, which involves
progressive loss of striatal dopamine func-
tion (2). However, poor neural graft surviv-
al in monkeys (3) and ethical concerns about
the use of human fetal tissue led instead to
clinical trials with adrenal medullary auto-
grafts as a possible alternative source of
replacement dopamine (4). The effectiveness
of these adrenal autografts in patients with
Parkinson’s disease cannot yet be fully evalu-
ated. Published reports are mixed, and a
number of complications and problems ap-
pear to be emerging (5). Evidence of surviv-
al of identifiable adrenal tissue also is very
limited (6).

In contrast, survival and integration of
transplanted monkey fetal substantia nigra
(SN) tissue have been demonstrated in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)—treated monkeys, which have par-
kinsonian symptoms (7). After grafts were
placed into regions of the caudate nucleus,
there was improvement in behavioral and
motor function and diminished dopamine-
associated biochemical abnormalities in the
regions of graft innervation. Persistent do-
pamine abnormalities in regions of caudate
away from the grafts and in the substantia
nigra (at an even greater distance away)
suggest that recovery of host dopaminergic
neurons is unlikely to be responsible for the
behavioral and biochemical improvements.
Control animals, in which grafts were placed
outside the striatum or that had grafts of
non-dopamine producing cells showed con-
tinued functional and biochemical abnor-
malities. Transplantation of fetal neural tis-
sue, therefore, could probably replace lost
function in parkinsonian patients, to the
extent that MPTP-induced parkinsonism in
monkeys is a model for the idiopathic hu-
man disease.

The use of fetal neural tissue from and for
humans raises scientific, ethical, legal, and
safety questions that are not confronted in
studies of animals: (i) Can viable mesence-
phalic neural tissue be collected from human
fetal cadavers in a manner that conforms to
legal guidelines and considers ethical con-
cerns? (ii) Can this tissue be safely implanted
with appropriate confirmation of tissue and
neuronal identity as well as bacteriological
and virological safety? (iii) Can tissue collec-
ton and neurosurgical implantation be
scheduled to minimize recipient risk while
increasing the probable viability of implant-
ed tssue? (iv) Is there evidence of graft
failure or host rejection after transplanta-
tion?

Physicians in Sweden, Mexico, England,
and Spain have now reported preliminary
results of clinical attempts at direct trans-
plantation of human fetal tissue into patients
with Parkinson’s disease (8, 9). The details
of timing of neural tissue collection, holding
or preservation methods, and evidence of
cell viability in humans have not been clear
in most of these studies. Collections have
been made from spontaneous and elective
abortions at various gestational intervals,
and tissues may not have been held long
enough to demonstrate specific tissue viabil-
ity or biological safety. The absence of pro-
cedural details related to the use of sponta-
neously aborted fetuses, such as definitions
of death and the necessity for rapid schedul-
ing of transplantation procedures, raises
questions about tissue viability. The twc
collaborating Swedish research teams witt
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Fig. 1. (A) Photomicrograph of a cell culture of
human mesencephalic tissue collected from a first
trimester fetal cadaver; the tissue was cryopre-
served, stored for approximately 2 months,
thawed, and then cultured for 14 days. After
immunohistochemical reaction with an antibody
to tyrosine hydroxylase, this culture shows neu-
rons containing this key enzyme for synthesizing
dopamine, confirming the identity of the mesen-
cephalic tissue. The extensive neuritic arboriza-
tion (arrows) indicates that the fetal midbrain
dopaminergic neurons grew and developed in
culture. (B) Photomicrograph of tyrosine hydrox-
ylase staining of cryopreserved and thawed hu-
man fetal cells 70 days after implantation into the
caudate nucleus of a normal monkey. This scan-
ning view shows a clearly identifiable plug of
grafted material (arrows) along the lateral border
of the lateral cerebral ventricle (V). (C) A higher
power view includes detail of several neurons
typical of nigral dopaminergic neurons with
branching neuritic extensions (arrows). (A)
x150; (B) x40; (C) x160.

the most completely developed and elabo-
rated methods for collection and prepara-
tion of fetal neural tissue have reported little
clinical improvement 1 year after transplan-
tation of fetal neural tissue into two pa-
tients, suggesting that cells may not have
survived (9). It is possible, therefore, that
techniques that produce graft survival in
rodent brain (10, 11) must be altered for
human fetal neural tissue to be successfully
transplanted into humans.

To evaluate this possibility, we have trans-
planted human fetal neural tissue into mon-
keys. In earlier work, we preserved fetal
dopaminergic cells from monkeys by freez-
ing them in liquid nitrogen prior to further
study or transplantation (12). This allowed
us to have longer intervals to test identity
and safety of specific samples for later sched-
uled use. We applied a modification of this
cryopreservation procedure to fragments of
human fetal nervous system tissue, collected
from cadavers from first trimester human
abortions. Consent for the use of the fetal
cadaver tissue was obtained from the gravi-
dae, under a protocol approved by the Yale
University School of Medicine/Yale New
Haven Hospital institutional review board
for human research (13). After routine suc-
tion abortions, the disrupted products of
conception were collected in a sterile con-
tainer, rinsed, chilled, and dissected on ice
until cryopreservation. Fragments from in-
dividual samples were placed in liquid nitro-
gen for storage and transport (14).

As a test of viability and cellular identity,
some tissue fragments were rapidly thawed
in a 37°C water bath and then were moved
to a sterile environment for washing, cell
dispersion, and seeding onto tissue culture
dishes. Primary cell cultures were obtained
and allowed to develop for 14 days before
fixation (15) to assess the presence and
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viability of probable dopamine neurons.
Identifiable neurons and glial cells attached
to the culture substrate and developed typi-
cal morphology. Neurons extended process-
es and stained positively for tyrosine hydrox-
ylase (TH) and neuron-specific enolase
(NSE) after fixation (Fig. 1A).

Other thawed tissue fragments were im-
planted stereotaxically into the caudate nu-
cleus of three normal male Cercopithecus aeth-
iops sabaeus to test cell viability after trans-
plantation (16). To distinguish possible
graft failure due to cryopreservation or
transplantation techniques from that caused
by immune rejection of a xenograft (cross
species), the monkeys were treated with
cyclosporine A (15 mg/kg) just before sur-
gery until 1 week before they were killed
(17). The monkeys recovered quickly from
surgery, and remained behaviorally normal
and healthy until they received pentobarbital
anesthesia (at doses sufficient to eliminate
the corneal reflex) prior to perfusion and
brain removal at approximately 70 days after
implantation (7).

The brains were processed with standard
immunocytochemical  techniques.  Each
brain revealed clear evidence of survival of
grafted dopamine neurons. Considering
that the chronological age of these neurons

was mid-gestational (<12 weeks prior to
collection plus 10 weeks after transplanta-
tion), their level of development was re-
markable. Clusters of TH-positive neurons
were identified at graft sites (Fig. 1B).
Dense networks of neuritic profiles within
the grafts provided a morphological appear-
ance reminiscent of the dendritic bundles
that characterize the zona reticulata of the
substantia nigra in situ. Neurites did not
appear to extend from the grafts into the
host brain, and no evidence was seen for
dopamine fiber ingrowth from the host
striatum. This is consistent with our previ-
ous studies with monkey tissue transplants;
neuritic ramification outside the graft is not
usually seen in normal recipients, but is
extensive in MPTP-treated dopamine-defi-
cient recipients (7). Cellular shapes also
were consistent with neurons of the substan-
tia nigra. These neurons often were seen in
clusters of 25 to 30 in each histological
section and were observed bilaterally at sev-
eral implantation sites over several sections
(Fig. 1C). One graft was seen continuously
on 50 tissue sections, encompassing a dis-
tance of 2.5 mm. Individual neurons ap-
peared robust with no evidence of pyknosis
or other signs of cellular degeneration. Graft
sites were free of signs of rejection. Very
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minor lymphocytic accumulations were seen
at the periphery of some levels of the grafts
and along the penetration tracks in the
cerebral cortex overlying the grafts. A few
lymphocytes and macrophages were present
in the tracks, the latter probably as a result of
minor trauma induced by the implantation
needle. Macrophages were not seen within
the confines of the grafts, which suggests the
absence of rejection response at this time
after xenografting and withdrawal of immu-
nosuppression. Astrocytes and microglia
were present in the host neuropil surround-
ing the grafts, but the grafts did not appear
to be encapsulated by astrocytes.

The absence of rejection in these xeno-
grafts may have been a result of the use of
cyclosporine A, but more studies are needed
to address the necessity for immunosuppres-
sion. Fetal monkey tissue transplanted into
adult parkinsonian monkeys has generally
not produced evidence of rejection, even
without the use of immunosuppressants
(18). Thus, while the present results suggest
that transplants from other primates to hu-
mans might also be possible with adequate
immunosuppression, they cannot provide
evidence regarding the probability of rejec-
tion of human allografts implanted into the
human brain.

Previous studies have suggested that low-
temperature cryopreservation may lead to
decreased tissue viability and diminished
graft survival because of the weakening of
neurons during cryopreservation or storage
(11, 12). There was no suggestion of adverse
cffects in the transplants examined, and neu-
ronal survival and appearance compared fa-
vorably with those seen previously with
fresh fetal monkey neural tissue transplanted
into monkeys. Additional studies with this
method, however, will be required to quan-
titate effects of this collection and cryopres-
ervation procedure and prolonged storage
on viability.

This study utilized procedures that allow
the collection, preservation, transportation,
and safety testing of neural tissues obtained
from human fetal cadavers. Neurons con-
taining TH were dissected accurately from
first trimester fetal cadavers after routine
suction abortion and identified by immuno-
histochemistry. The tissues remained viable
after cryopreservation, thawing, and trans-
plantation into another primate species.
Other studies in progress are determining
further the optimum parameters for collec-
tion and cryopreservation techniques and
for assessing the characteristics and safety
for transplantation of human fetal mesence-
phalic cells collected under these conditions
(19). The methods and results of the present
study support the possibility of fetal neural
grafting of appropriately informed and con-
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senting Parkinson’s disease patients under
conditions that conform to existing statutes
and guidelines in several countries and most
state laws in the United States. The methods
might also improve the safety and reliability
of procedures being attempted or contem-
plated by providing a necessary interval for
identification and safety testing of implanta-
ble tissues, demonstration of cell viability for
each implantation, and scheduling of the
clinical implantation procedure.

In addition to possible applications for
“cellular replacement therapies” for neuro-
logical diseases or trauma, the methods de-
scribed may aid in the development of mod-
els for studying other conditions that affect
human neural tissue. Further studies with
human fetal neural tissue may also lead to
the development of cultured cell lines that
might have functional or immunological
advantages over cadaver allografts.
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Brain Stem Neurons in Modified Pathways for Motor
Learning in the Primate Vestibulo-Ocular Reflex

STEPHEN G. LISBERGER AND TERRI A. PAVELKO

The vestibulo-ocular reflex (VOR) stabilizes retinal images by generating smooth eye
movements that are equal in amplitude and opposite in direction to head turns.
Whenever image motion occurs persistently during head turns, the VOR undergoes
motor learning; as a result image stability is gradually restored. A group of brain stem
neurons that are in the modified pathways has now been described. The neurons
express changes in firing in association with motor learning in the VOR and receive
monosynaptic inhibition from the flocculus of the cerebellum. The changes in firing
have an appropriate magnitude and are expressed at the correct latency to account for
the altered VOR. The response properties of the neurons point to their brain stem
vestibular inputs for further investigation of the site of motor learning.

OTOR LEARNING PLAYS A CRU-

cial role in establishing and main-

taining the excellent performance
of the vestibulo-ocular reflex (VOR). Nor-
mally, the VOR generates smooth eye
movements that are equal in amplitude and
opposite in direction to head movement (1).
As a result, the eyes are stabilized in space
and the retinal images of the surroundings
remain stable during head turns. Any deteri-
oration in the performance of the VOR
causes retinal image motion during each
head turn. The combination of visual and
vestibular inputs causes learning, which,
over a time course of several days, restores
the performance of the VOR so that image
stability is reestablished (2).

Although the site of motor learning has
not been located, much is known about the
neural basis for motor learning in the VOR.
The VOR is subserved by at least two
parallel pathways; only some of those path-
ways are subject to modification (3, 4). The
cerebellar flocculus must be intact for motor
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learning to occur (5). The output from the
flocculus changes in association with motor
learning (6).

To investigate the site of learning we have
identified neurons that receive monosynap-
tic inputs from the flocculus and analyzed
their firing during the VOR before and after
motor learning. Seven rhesus monkeys were
trained to fixate and track a small, movable
target. They were then anesthesized with
Halothane, and sterile procedures were used
to prepare each monkey for monitoring eye
movements and for chronic single unit re-
cording (7). We recorded from the brain
stem in five of the monkeys and from the
flocculus in the other two monkeys. Before
beginning brain stem recordings, we ce-
mented stimulating electrodes in the floccu-
lus at a site where stimulation evoked
smooth eye movement toward the side of
the stimulated flocculus.

Motor learning was induced by fitting
monkeys with spectacles that provided mag-
nified (2.2X) or miniaturized (0.25X) vi-

sion (4). These spectacles require large
changes in the amplitude of the VOR to
restore image stability during head turns.
Monkeys wore the spectacles in their home
cages and underwent motor learning during
active head turns. The performance of the
VOR was then measured by imposing pas-
sive head rotation in the dark and comput-
ing the gain of the VOR, defined as smooth
eye speed divided by head speed. Before
motor learning, the gain of the VOR was
between 0.9 and 1.0. We began recordings
from adapted monkeys after they had worn
the spectacles for 1 week, when the gain of
the VOR had increased to values above 1.5
or decreased to values below 0.4.

We identified flocculus target neurons
(FTNs) by the fact that they were complete-
ly inhibited for 10 to 20 ms after stimulation
of the flocculus (Fig. 1A). The latency of
inhibition, estimated by superimposing
sweeps on an oscilloscope, ranged from 1.0
to 1.9 ms. FTNs discharged in relation to
the VOR, smooth pursuit, saccades, and
steady fixations (8). Before motor learning,
their firing was modulated by head rotation
when the eyes were driven by the VOR, but
not when the monkey kept his eyes station-
ary in the orbit by tracking a target that
moved exactly with his head (9). Although
we found FINs that preferred upward,
downward, ipsilateral, or contralateral eye
movements, we report only on those that
increased their firing for eye movements
toward the side contralateral to the record-
ing, since they formed the majority of our
sample. Reconstruction of electrode pene-
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