How it started 50 years ago
Our pioneering experiments using fetal neural grafting in the brain

and the path to the first clinical trial

Compiled by me, Anders Bjorklund, in November-December 2024

My interest in neural transplantation and cell replacement in the brain goes back
to the early 1970s when I was working as a postdoc in Bengt Falck’s lab in the
Department of Histology in Lund. Implantation of neural tissues into the brain of
mammals had previously been achieved with some success in neonatal rodents,
but the attempts to implant brain tissue in the brain of adults had so far failed. In
1974 we - my former PhD-student Ulf Stenevi and myself - decided to give it a try.

Up until the 1990s, when digital cameras came in common use, microscopic pictures were
captured as negative images on 35 mm roll film from which positive paper prints were made.
My archive of negatives from the early times is stored in red-covered files in my basement.
One day, thinking back to the early days, it occurred to me that I could use the filed negatives
to reconstruct how our first exploratory experiments with transplanted fetal neural tissue
evolved. Since these trial-and-error experiments were highly improvised we kept very sparse
lab notes. Thus, the comments linked to the micro-photographs now stored as film negatives
offer a proxy for the lab notes we did not have.

[t was an observation made in 1970 by the American neurologist Bob Katzman during his
stay as a visiting scientist in Falck "s lab that triggered my interest in neuronal regeneration.
Bob spent half-a-year in Bengt “s lab studying how and where in the brain L-DOPA was
converted into dopamine, using electrolytic lesions of the nigro-striatal pathway to remove
the dopamine terminals from the striatum. In the analysis of the lesions Bob observed
extensive sprouting and growth from the cut axons, suggesting that the midbrain
dopaminergic neurons possessed a regenerative capacity that far exceeded that expected
from neurons residing in the brain (1).

To pursue this finding further Ulf and I started to experiment with implants of pieces of thin
peripheral tissues - iris, in particular - placed so as to be in direct contact with the
transected axons of the noradrenergic locus coeruleus neurons, i.e. the axons extending from
the locus coeruleus in pons, running along the so-called dorsal bundle to innervate wide
areas of the forebrain. The results were again surprising: the axotomized locus coeruleus
neurons revealed a remarkable capacity to reinnervate a previously denervated target, in this
case the transplanted iris (2,3).

It was access to the formaldehyde histofluorescence method, developed a few years earlier in
the Histology lab in Lund by Bengt Falck and Nils-Ake Hillarp, that made these studies
possible. The classic silver-based methods previously used in studies of axonal regeneration
were non-selective and did not allow safe detection of regrowing axons among the network
of intact axons in the damaged brain. The Falck-Hillarp method, by contrast, allowed selective
visualization of cell bodies and axons of dopaminergic, noradrenergic and serotonergic
neurons, thus allowing tracing of regenerating axons with high sensitivity.



At that time a paper from our colleagues at the Karolinska Institutet in Stockholm caught my
attention (4). Here, Lars Olson and Ake Seiger described experiments in rats where small
pieces of brain tissue, dissected from the rat brain at different stages of fetal development,
were “cultured” in the anterior eye chamber, on the vascularized surface of the iris. Using the
Falck-Hillarp method to visualize the implanted dopamine (DA)-, noradrenaline (NA)- and
serotonin-containing neurons they could show that the immature neurons contained in
these pieces could survive, mature and extend axons over the iris surface, provided that they
were taken from young fetal donors.

We got the idea that this should be possible to achieve also in the brain. Although I must
have read the Olson-Seiger paper already when it was published in 1972, it was not until two
years later that we got around to explore this idea. My main interest during these years was
the anatomical mapping of the DA and NA systems in the brain using an improved
histofluorescence method, the glyoxylic acid method, that I and my then PhD student Olle
Lindvall had developed. This method was several-fold more sensitive than the original Falck-
Hillarp method and gave us a new powerful tool to expand our knowledge of the projection
patterns of the DA and NA neuron systems in the rat CNS. This kept us busy and it was only
in August 1974, when we had published the first major anatomical papers on the DA
projection systems, that Ulf and I started to explore the transplantation idea. Over the
following months we tested a range of different approaches, including intra-parenchymal
implantation of pieces of sympathetic ganglia or pieces of fetal midbrain or pons, using a
metal cannula with an inner plunger that expelled the tissue, and we tried also implantation
of small pieces into surgical cavities in the parietal cortex made by suction.

The results from these experiments were overall poor; and in the few cases where we
observed surviving neurons, we noted that they were located in parts of the grafts that were
in direct contact with the vascularized meningeal covering. This suggested that good survival
would require a vascularized support onto which we could “culture” small pieces of neural
tissue thus mimicking the conditions in the anterior eye chamber. The vascularized
meningeal surface in the choroidal fissure overlying the thalamus and tectum, underneath
the cortex, seemed a good candidate. To expose this surface, Ulf used a suction pipette,
connected to a vacuum pump, to suck away a piece of the cortex to create a small, approx.
2x3 mm wide cavity with the vascularized tectal or thalamic surface at the bottom, onto
which the selected tissue pieces could be placed (Figure 1, A and B). The cavity was then
filled with gelfoam and closed (C).
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Figure 1: The cavity approach using the vascularized surface overlying the superior colliculus (CS) or the
thalamus (RS) as support. Through an opening in the skull a piece of the overlying cortex is removed by suction.
Right: Ulfand I in December 1977 with a gingerbread version of the Histology departmentbuilding. When our
boys were small, every year in December we hosted a gingerbred house bitliding party with our frinds. The
house we made this year was our “working home”.



We tested this idea for the first time in January 1975, this time using one-half of a
sympathetic ganglion. The result was quite promising. Although only few, 50-100,
noradrenergic neurons had survived, the axonal outgrowth into the adjacent
hippocampus was quite impressive and strikingly patterned (Figure 2).

Figure 2: Photo-montage of a transplant of an adult superior cervical ganglion (left) and its
associated axonal outgrowth into the host dentate gyrus, visualized with the Falck-Hillarp
method. 1 month survival. Dated January 14, 1975. (Unpublished).

Encouraged by these results we went on to perform a new round of transplants, now
using pieces of fetal tissue, dissected from the ventral mesencephalon (the DA neuron
containing region) the dorsal pons (containing the NA neurons of the locus coeruleus)
and the pontine raphe region (containing the pontine serotonin neurons) of 15-20 mm
rat fetuses. We ordered timed pregnant rats from the supplier and determined the age
of the fetuses by gentle palpation. I had trained myself to do fairly precise dissections of
these subregions, and we had by now established a well rehearsed routine where I did
the fetal dissections and Ulf performed the cavity surgery with the rat’s head fixed in a
stereotaxic frame.

The results were again encouraging: When analysed 4-6 weeks post-implantation 22 of
25 transplants contained surviving DA, NA or serotonin neurons, albeit in low numbers
(Figure 3 A,C), in many cases associated with some limited axonal outgrowth into the
host (B,D). Not very impressive, but at least something!

Figure 3: Transplants of fetal noradrenaline (A,B) and dopamine neurons
(CD), 4-6 weeks survival, performed in April-July 1975. (Unpublished).

Transplants innervating the hippocampus

Up until this point this project had been a minor spare time activity which we had carried
on mostly for the fun of it. Now, we decided that the results were interesting enough to be
written up. Our first paper summarizing our results we had obtained so far (5) was
submitted in November 1975 and accepted for publication in our (then) house-hold
journal Brain Research, in February 1976.



The most striking finding emerging from these experiments was the extent and
patterning of the axonal projections, clearly visualized with the Falck-Hillarp method.
We wanted to pursue this further, but to be sure that the innervations were derived
from the transplanted neurons we now switched to use rats where the intrinsic
noradrenergic and serotonergic innervations had been completely removed by an
intraventricular injection of the neurotoxin 5,7-dihydroxytryptamine (5,7-DHT).

Ulfhad gradually refined the cavity surgery and identified several critical factors for
good graft survival. This included the use of a gentle suction pressure to minimise
bleeding and leave the vascularized surface as intact as possible, and giving time to make
sure that all bleeding is stopped before the graft piece is implanted. Ulf also made sure
that the cavity was in direct contact with the lateral ventricle, so as to allow the CSF to
flood the graft. Use of properly sterilized instruments, glassware and fluids was also
essential. Thus, when we resumed the transplant experiments in the beginning of 1976
we obtained more consistent and much better graft survival, and — most importantly -
much more extensive reinnervation of the host hippocampus, as illustrated in the
example shown in Figure 4.

Figure 4: Photo-montage showing a graft of fetal locus coeruleus noradrenergic neurons (right) and
its extensive axonal outgrowth into the previously denervated host hippocampus visualized with the
Falck-Hillarp method; 3 months survival. Dated March 2, 1976. (A and B from ref 6; C unpublished).

The results were quite amazing: the fluorescent NA neurons were mainly localized in a
cluster reminiscent of a mini-locus coeruleus and the extent and patterning of the graft-
derived fluorescent NA innervation in the host hippocampus resembled closely that of
the intrinsic NA innervation. In the best cases the graft had fused with the cut surface of
the hippocampus (as shown in Figure 4 B,C) allowing the axons to pass freely across the
graft-host interface and generate an extensive terminal network in the previously
denervated hippocampus.

In the paper we submitted to Nature in May 1976 (6) we included also transplants of
DA-rich ventral midbrain tissue, serotonin-rich tissue from the pontine raphe region,
and pieces of superior cervical ganglia. This publication was followed two years later by
amore detailed study of the time-course of axonal outgrowth from locus coeruleus
transplants (7). This study included electrophysiological recordings in slices--
performed in collaboration with Menahem Segal, who at the time was working as a
postdoc in Per Andersen’s lab in Oslo, showing for the first time the ability of the grafted
neurons to form functional synaptic connections with neurons in the host brain.



In the meantime, Ulf had explored an alternative cavity site, i.e. one that transected the
fornix/fimbria bundle overlying the rostral thalamus (labeled RS in Figure 1). The
fornix/fimbria is the major route for the cholinergic afferents derived from the
septal/diagonal band nuclei, and we found that this cavity lesion removed the entire
cholinergic innervation of the dorsal two-thirds of the hippocampus. Starting in April
1977 we performed a series of experiments where we transplanted pieces from the
acetylcoline (ACh) containing septal/diagonal band region, taken from 15-20 mm rat
fetuses, with the idea that we could restore the lost cholinergic input. Using a sensitive
acetylcholine esterase (AChE) staining method, introduced a few years earlier by the
American neuroanatomist Larry Butcher, we could effectively visualize the axons
exteding from the septal grafts. As for the locus coeruleus transplants we had explored
earlier, the extent and patterning of the graft-derived cholinergic innervation was
extensive and strikingly similar to the normal one (Figure 5).

Figure 5: AChE stained sections showing restoration of a normal-looking cholinergic innervation by a
fetal septal-diagonal band transplant placed in the rostral cavity. Dated April 13, 1977. (From ref. 8).

These exciting findings, which we published in December 1977 (8), were the beginning
of one of my most fruitful research lines that kept us busy over the next two decades.
This line of work got a real boost when Steve Dunnett and Rusty Gage joined our lab. We
had then switched from the solid graft/cavity method to the cell suspension technique
(see below), and with Steve and Rusty on board we expanded our studies in the fimbria-
fornix lesion model to include more refined behavioral tests, and we broadened our
approach to include experiments in cognitively impaired aged rats (10, 11).

The cell suspension method made it also possible for us to explore another experimental
model, i.e. transplants of primordial striatal tissue, obtained from the fetal ganglionic
eminence, in the recently introduced excititotoxin lesion model of Huntington’s disease
(12, 13). Subsequent studies using this lesion model have shown that neuroblasts from
the fetal ganglionic eminence can become anatomically and functionally integrated into
the lesioined basal ganglia circuitry, thus providing an experimentally attractive model of
cell-based circuitry repair.

Figure 6: Left: Steve and I in December 1981 with that year’s gingerbread house, King’s College Chapel.
Right: Rusty, Ulf and I in a photo from 1984, taken for an article in the Swedish journal, Ldkartidingen.



Transplants of DA neurons in the rat parkinson model

So far, our favoured transplant model had been the denervated hippocampus. Back in
1975 we had made attempts to grow fetal dopamine transplants in a cavity made to
expose the dorsal surface of the striatum, as shownin the inset in Figure 6. [t did not
work. As reported in our 1976 paper (5), 1 of 32 transplants contained a few surviving
DA neurons, the others did not survive.

In early 1978, we decided to give it a new try, this time performing the surgery in two
steps: Making the cavity first and then waiting 3-6 weeks for a new vascularized
surface to form at the bottom of the cavity. Then open the cavity, remove the remaining
gel-foam, and insert the fetal tissue piece on the newly-formed surface. This worked
surprisingly well, and in the September 1978 we obtained the first successful intra-
cavity dopamine transplants, as illustrated in Figure 7. Importantly, we had then
started to use the unilateral 6-OHDA lesion model to remove the intrinsic dopaminergic
innervation of the striatum prior to grafting. In combination with the amphetamine-
induced rotation test, introduced a few years earlier by Urban Ungerstedt and Gordon
Arbuthnott, this allowed us to assess graft survival and function, and monitor the rate
and extent of ingrowth of dopamine axons from the graft, visualised with our
histofluorescence method.

Figure 7: Transplant of fetal ventral midbrain dopamine neurons placed in a cavity exposing the
doras surface of the striatumin a 6-OHDA lesioned rat, 7 months survival. Transplanted in February
and processed using the histofluorescence method on September 28, 1978. (From ref. 15).

The results were striking and in late April 1979 we submitted a summary of these initial
findings to Science. To our surprise, however, and while our paper was still under
submission, a related paper, based on the same idea but using a different approach
(implantation of fetal VM pieces into the lateral ventricle), appeared in the May 11 issue
of the journal (14). Our paper was returned by the Science editor without review, and
thus we had to rush to get it published as a short paper in Brain Research instead (15).
In the meantime, we had performed a more extensive study on the time-course and
functional impact of fetal nigral transplants in the unilateral 6-OHDA lesion model (16),
which we submitted in the beginning of 1980, followed a few months later by a third
paper that we sent to Nature in August 1980 where we reported results obtained in rats
with bilateral lesions of the nigro-striatal pathway (17).

At this point Steve Dunnett had joined the lab as a postdoc and the three of us together,
UIf, Steve and I, continued to develop this approach at high speed over the next decade.
In 1981 alone we published three extensive studies focusing on the impact on the
lesion-induced behavioral impairments in rats with either unilateral or bilateral 6-OHDA



lesions (18-20). Together, these six initial papers published in 1979-81 created a lot of
attention and interest, and it was now, in the beginning of the 1980s, that neural grafting
and cell replacent became a hot topic in the neuroscience field. I remember in particular
the IBRO meeting in Lausanne, in april 1982, where I was invited to give one of the
plenary talks. The room was totally packed and the response was tremendous, crowds of
people came to talk to me after the talk.

The cell suspension method

The introduction of the cell suspension method in 1981-83 was the next important
advance that paved the way for the planning of the first clinical trial, performed in Lund
in 1987 (see below). The usefulness of the neural transplantation technique would
obviously be much greater if the cells could be implanted intra-parenchymally, at any
selected site in the brain. We had previously shown that solid pieces of fetal tissue
inserted into the brain parenchyma did not survive well, so we assumed that we should
use some type of cell suspension instead. [ was not aware of any (published) attempts
along these lines. [ knew that dispersed cell cultures had been developed for in vitro
studies of neurons taken from fetal brain. I searched the literature and found a paper by
Gary Banker and Max Cowan, published 1977, that described a method for culture of
fetal hippocampal neurons in dispersed cell culture. Their procedure for dissociation of
fetal brain tissue seemed to be what we were looking for.

Figure 8: Dopamine suspension graft from the first round of experiments
performed in early 1980, 5 week survival. (Unpublished)

This turned out to work quite well (Figure 8). We performed a first round of exploratory
experiments in the beginning of 1980 (published in Cell and Tissue Research in 1980; ref.
21), followed by a more extensive and detailed characterization of the method that was
published as part of a supplement to Acta Physiologica Scandinavica in 1983 (22). In the
eight articles included in this 75-page supplement we performed a detailed
characterization of the survival, growth and function of midbrain dopaminergic and
septal cholinergic neurons in cell suspension grafts, as performed in the 6-OHDA and
fimbrial /fornix lesion models and in intact aged rats. For optimal results the donor rat
fetuses had to be younger, CRL 11-14 mm, corresponding to day 14-15 of gestation, for
fetal ventral midbrain tissue, and 12-16 mm (14-16 days of gestation) for fetal
septal/diagonal band tissue.

Tissue from, typically, 10-20 donor fetuses were pooled for each surgery session using
gentle trypsin treatment and a minimally traumatic mechanical dissociation using fire-
polished pasteur pipettes with progressively smaller openings. This method was the one
used in the pre-clinical studies on human fetal ventral midbrain tissue grafts, performed
in 1985-86 by my then PhD student Patrik Brundin, and it was, in a modified form, the
method used in the PD patients transplanted in Lund, starting in 1987.



Work in preparation for the first clinical trial

It was in 1982-83 that our our collagues in Stockholm - Lars Olson, Ake Seiger and the
neurosurgeon Erik-Olof Backlund - performed the first transplants of pieces of adrenal
medulla in the caudate nucleus of two PD patients. Although the results were overall
negative this caught the attention of the media, including a forward-looking feature
article by Gina Kolata in Science, and it generated a lively discussion on the feasability to
use cell transplantation as a tool to restore motor function in PD patients. It had of
course occurred to us that dopamine cell transplants could be used to restore dopamine
neurotransmission in PD patients, but [ think it was the series of events initiated by the
adrenal chromaffin transplants that gave us the push to go ahead and explore the
possibility to use transplants of fetal dopamine neurons in PD patients.
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Figure 9: Left: Olle and [in a photo taken around 1990. Right: Patrik and Olle in1987, watching the ongoing
surgery on one of the first two patients.

So, in 1983 we went on to ask for the permission to use tissue from aborted fetuses for
transplantation in the rat PD model. At this point Olle Lindvall had joined the project,
and Patrik Brundin had started as a PhD student in the group with the task to carry out
these experiments. Thus, in early 1984 we obtained the permission from the local
reseach ethics committee to use tissue from dead aborted fetuses for studies in rodents.

The results of these pre-clinical experiments, performed in 6-OHDA lesioned rats under
chronic Cyclosporin immunosuppression, were published in three papers in
Experimental Brain Research (23-25). These studies allowed us to establish the optimal
age of the fetal donors, 6-9 weeks of gestation; define safe landmarks to be used for
dissection of the VM piece; adjust the preparation and handling of the human tissue;
and - importantly - estimate the minimal dose, e.g. the number of fetal VM pieces (at
least 3-4 on each side) to be used in the patient trial.

Olle took the lead in planning and preparing for a clinical trial. Not an easy task since his
clinical colleagues at the time were very much against this idea and highly skeptical to
that it would work. Nevertheless, and in collaboration with the Karolinska team, Olle
went ahead and arranged for two further PD patients to receive transplants of adrenal
medulla, this time placed in the putamen rather than the caudate nucleus. These
surgeries were performed in Lund in April 1985. The experience gained from these two
cases with respect to the selection of the patients, the performance of the surgery, and
the safety of the intra-putaminal surgical approach, was essential and helped to pave
the way for the fetal cell transplants. They also prepared the staff of the neurology and
neurosurgery clinics for what was going to happen two years later. In the absence of any
standardized rating scale (UPDRS had not yet been introduced) Olle designed a test
battery for assessment of motor impairment and recovery over time pre- and post-
surgery in the grafted patients that proved highly useful and later adopted as the
standard in the field, in the so-called CAPIT protocol.



In March 1986 we obtained permission to use fetal tissue from legally aborted fetuses for
transplantation in PD patients. There were at this time no adopted regulations for use of
fetal tissues for medical perposes, so at the recommendation of the chairman of the
Swedish Society of Medicine we approached the Society and asked for their essistance.
After several hearings and discussions their Ethics Delegation adopted in March 1986
provisional guidelines for the use of fetal tissues for transplantation purposes. These
guidelines were with minor modifications incorporated in Swedish law a year later, and
they came later on to serve as a template for similar regulations and guidelines in other
European countries.

By lucky coincidence David Marsden and his team in London had just introduced 8F-
DOPA PET imaging as a tool to assess the level of dopamine production in the striatum,
and their first paper using this technique was about to be published this year, 1986 (26).
As I recall it was during the lunch break at a meeting at the Ciba Foundation in London
that our collaborator Susan Iversen suggested me to contact David (present at the
meeting) whether he thought it would be feasible to use the new 18F-DOPA technique to
monitor the survival and growth of the fetal grafts. He was immediately positive and so,
in June 1986 Olle and I traveled to London and met with David and Richard Frackowiak
(the young neurologist in the lead of the PET studies) to discuss how this could be done.
The main issue was whether the technique would have sufficient sensitivity and
resolution, but they were keen to give it a try. It turned out to work beautifully and PET
thus became a critically valuable tool to assess the viability of the VM grafts and their
growth and survival over time.

Looking back

The transplantation of the two first patients, performed in November-December 1987,
was to me the end of a long journey and the opening of a new chapter in my scientific life.
Looking back it is striking how slowly this project progressed over time. Our grafting
experiments progressed in steps spanning over nearly a decade: from the first aborted
attempts in 1974 and the first really interesting results two years later, followed by the
first promising results using fetal DA transplants in the 6-OHDA model in 1978 and the
introduction of the now commonly used cell suspension technique in 1981-83. The
preparation for the first clinical trial, by contrast, went remakably quickly: from the first
preclinical experiments using human fetal tissue carried out in 1984 to the first
transplanted patients in 1987, in less than four years!

One reason why the progress was so protracted, I think - apart from the fact that we had
anumber of other interesting projects running in the lab — was that there was initially no
or very little competition, which gave us time to do our experiments in a more relaxed
trial-and-error manner. Up until the beginning of the 1980s we were clearly in the lead
and ahead of the crowd. Our presentations at international meetings, the US and
European Neuroscience meetings in particular, served to stimulate interests elsewhere
and when Ulf and I organised the first international neural transplantation meeting at
Orenis Castle outside Lund, in 1984 (the first of the so-called INTR meetings), the 120
participants represented labs from all over Europe and North America, now actively
contributing to the development of the field.



Another question to ask is why we did not give it up at an early stage. I have calculated
that we, from the summer of 1974 until the first really promising results in the beginning
of 1976, performed at least 20 surgical sessions with, at best, the kind of results shown in
Figures 2 and 3.1 thinkit is to our credit that we had the drive to make it work, and the
idea that this approach could be developed into something big made us stay on.
Importantly, we were two who shared this idea and the drive and curiosity to continue!
The critical importance of curiosity-driven perseverance and a never-let-you-down
attitude, I think, has been evident also in the more recent development of the stem cell
based approach to dopamine cell replacement. The development of the protocols used in
the ongoing clinical trials has been an effort extending over decades, progressing slowly
in an incremental, stepwise process with setbacks and breakthroughs on the way,
demanding exceptional commitment and drive with the ability to stay on.

How original?

Although not known to us when we started, there are two papers that in retrospect can
be seen as forerunners of our 1976 studies. One is the study of Elizabeth Dunn published
in 1917 (27), reporting the survival of neonatal cortex implanted into the cortex of
neonatal (littermate) rats. She found that the few transplants surviving this procedure
(4/44) were the ones in direct contact with the choroid plexus and the lateral ventricle.
The second paper is the study of Wilfred Le Gros Clark, published in 1940 (28), reporting
the survival of pieces of fetal rabbit cortex, implanted with a plunger into the the cortex
of 6 week old rabbits in direct contact with the lateral ventricle. These studies had no
impact at the time and were largely forgotten. Nevertheless, the mature morphology of
these grafts provide compelling cases for the transplantability of immature brain tissue
and its ability tocontinue development in the host brain. Building on these early findings,
our studies in the 1970s can be viewed as the first serious attempts to provide a more
systematic investigation of the conditions for survival and maturation of fetal brain tissue
in the brains of adult mammals. They were also the first studies to demonstrate the
capacity of fetal neurons and neuroblasts to establish extensive functional connections
with the host brain. The experimental models we pioneered during these years involving
lesions of the nigrostriatal and septo-hippocampal circuitries have remained as highly
useful experimental models of cell-based circuitry repair.

The time from 1978, when the grafting technique started to work well in the PD model, to
the publication of the first positive results seen in a PD patient, inScience in 1990 (29),
was my “Golden Decade” when everything was new, a new world of exploration opened
up, and everything seemed possible.
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