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Cover page legend: The background of the cover page, taken from paper I, shows MIB-1
immunoreactivity in embryonic day 25 rabbit retina. The picture has been modified and composed by
using Photoshop® and PageMaker® for aesthetic considerations. Although the cover page was not
intended to convey any information, while processing the mirror images of a picture to cover the entire
spread of the page, patterns at the junction of mirror images became obvious. This conveyed one of the
most amazing qualities of human mind, ability to see patterns.

This quality is the hallmark of evolution of primate vision. It is suggested that there are three stages in
the evolution of vision (Sir Stewart Duke-Elder in ‘System of Ophthalmology’). Motor taxis, appeared
in simplest unicellular organisms as an automatic response and reached its highs in homing birds. This
form of vision need not enter consciousness. From this evolved the ‘perceptual vision’ a passive
registration of the outside world serving the needs of hunger, fear and sex. This started in worms and
upon reaching its pinnacle became a major determinant of conduct in man. This type of vision depended
upon the organization of the nervous system to create symbol-association. Later, owing to the explosive
development of the frontal brain in the highest primates during the arboreal adventures of the ape-man,
developed the ‘imaginative vision® with all its aesthetic and creative qualities. This type of vision was
well established about 20,000 years ago, when following the melting of the ice modern man, moved
northwards to replace the Neanderthals and established the first cave civilizations. It reaches its high-
est in the form of cognitive vision in humans whose minds are relieved of inhibitions with the help of
chemicals known as hallucinogenic.

Pattern recognition has played a major role in many human endeavors. From being a mere means of
capturing the outside word in portraits and landscapes, it developed into a way of ‘synthesizing’ images
in the minds in later styles such as impressionism, expressionism, cubism, surrealism and symbolism.
In the journey of art through its history pattern recognition, and its associations with the brain centers
responsible for emotions, feelings and intellect, has played a pivotal role. Be it architecture or music,
pattern recognition is at the core. Basically, science is no different; it is recognition of patterns under a
microscope (or some other system), and building a story around it.
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e INTRODUCTION
Hereditary retinal degenerations

CLINICAL FEATURES

In hereditary retinal degenerations the photoreceptors progressively degenerate,
which results in visual impairment. The disease affects one out of three to four
thousand people.!%3163.139.176.155.32 Worldwide, about 1.5 million people are expected
to be affected, which makes it one of the most common causes of blindness among
adults in the Western world. Partly due to lack of understanding of the nature of the
disease, various terminologies have been used in the past, including hereditary reti-
nal degeneration, hereditary retinal dystrophy, tapetoretinal degenerations. and re-
tinitis pigmentosa.

There is considerable heterogeneity in the clinical presentation of hereditary retinal
degenerations, which has raised speculations that the disease may constitute a vari-
ety of diseases at the molecular level. This indeed is true. The earliest symptoms to
appear in patients with retinitis pigmentosa are usually nyctalopia (night blindness),
and difficulties with dark adaptation. The mid-peripheral field of the vision is af-
fected first, and as the degeneration spreads from equatorial to central retina, insidi-
ously and progressively the far peripheral and eventually the central fields are also
lost. Central vision is affected late in the disease, which to some extent also depends
upon the disease type. The central vision in RP may be affected for a variety of
other reasons such as cystoid macular edema, diffuse retinal vascular leakage, wrin-
kling of the internal limiting membrane, preretinal fibrosis'™ and macular or foveal

In the early stages, fundus examination may reveal no abnormality. In later stages,
retinal vessels become attenuated, and in advanced cases blood vessels may be-
come invisible in the peripheral retina. Intraretinal pigmentation first appears in the
equatorial retina and later in both more central and peripheral parts. The pigmenta-
tions, which arise from retinal pigment epithelium, often look like bone corpuscles.
At times, they appear along the vessels. In some patients, pigmentation may be

There have been vast advances in the understanding of the disease since Donders coined
the term retinitis pigmentosa in 1835, The term is not quite appropriate. because there is no
true inflammation involved in it, as suggested by the term “retinitis . Therefore, the disease
has also been called tapetoretinal degeneration, but humans do not have any true tapetum. In
this presentation, the terms retinitis pigmentosa and hereditary retinal degeneration will there-
fore be used, and the terms are defined as descriptors for a set of congenital progressive
degenerative disorders which primarily, but not exclusively, affect the photoreceptors or the
retinal pigment epithelium.
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present only in one sector of the fundus and in others in central rather than periph-
eral retina.

Macular changes are congglonly seen,122 often in form of increased luster or wrin-
kling, suggesting edema. ~ As the disease advances, the macula appears drier and
smoother, The prevalence and type of macular involvement in different inheritance
types of RP is variable, and this variability can be seen even within single fami-
lies. ™ The optic disc develops a char?ctenstlc waxy pale appearance, as a rclzosll% %
consecutive optic atrophy and gliosis. ~ Vitreous abnormalities may appear.

In due time, a characteristic posterior sub-capsular cataract appears in most cases.®

Electroretinographic changes are pronounced already in early stages of the disease,
well before fundus changes are apparent.'31>373% The amplitudes of ‘a’ and ‘b’
waves are reduced, usually by more than 90%*** and there is also a delay in the b-
wave implicit time.”*' This can very effectively be used to predict which of the
relatives of a retinitis pigmentosa patient will develop the disease clinically. ERG
analyses performed on siblings in families with dominant or recessive forms of
retinitis pigmentosa correspond well with what would be expected by Mendelian
laws.?® In families with retinitis pigmentosa, a patient older than 5 years and with a
normal ERG is not likely to develop the discase.?*

ETioLOGY AND PATHOGENESIS

Hereditary retinal degeneration results from mutations in certain genes. In recent
years many genes and numerous chromosome locations that contain retinitis
pigmentosa causing mutated genes have been found. This confirms the speculation
that retinitis pigmentosa is a group of disorders at the molecular level. Some of the
genes have been identified, and the list is continuously growing.’*> &

Retinal degeneration is not a direct result of these mutations.!”” The death of cones
resulting from mutations in the rod photopigment, and the death of photoreceptors
in RCS rats where the primary defect lies in pigment epithelium®” are some ex-
amples that illustrate the point. In experiments with chimeric mice where embryos
from normal and transgenic mice (with a mutant rhodopsin gene) were aggregated
together, one could expect patchy degeneration, and only in photoreceptors having

%.Other ocular abnormalities that have been reported to appear with a higher frequency in
RP are keratoconus and glaucoma; only half of these being open angle ﬂlaugcoma One form
of sector RP is associated with hypermetropia and closed-angle glaucoma.” ~ In many forms
of RP, c%pecm] ly X-linked retinitis pigmentosa (XLRP), patients have high myopia and amfg
matism. Hypermetropia is also associated with a type of Lebel s congenital amaurosis *
and preserved para-arteriolar pigmented cplthehum—RP

% Updated lists of the genes and/or chromosomal locations involved in retinal degenera-
tions can be accessed on the Internet (http://utsph.sph.uth.tme.edu/www/utsph/RetNet/
genes.htm and http://www3.ncbi. nlm.nih.gov/Omim/).
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abnormal rhodopsin. However, the degeneration was uniform and independent of
the genotype of the cells.!”” These results indicate that it is not the mutation per se
but subsequent (mostly unidentified) cellular events triggered by the mutation that
result in eventual photoreceptor cell degeneration. The details of the cellular inter-
actions are not known, but they may involve mechanisms like light damage, oxida-
tive stress, and excitotoxicity. However, it is clear that in various types of retinal
degenerations ultimately the cells die by apoptosis.” """ In certain specific type of
hereditary retinal degenerations such as the Refsum disease, gyrate atrophy of the
choroid and retina, and abetalipoproteinemia, the biochemical defect is precisely
known, and in others it is speculated. In most it remains a mystery.

In general, the mutations result in the formation of an abnormal protein, which
causes a structural or functional instability. Sometimes different mutations can
present with the same phenotype, a phenomenon called non-allelic or locus hetero-
geneity. This can be viewed as the limited response of the eve to a variety of genetic
insults. In another pattern, called gene sharing, different mutations in the same gene
may have different clinical manifestations. In yet other cases, the same mutation
may present itself as clinically distinct diseases in different individuals suggesting a
profound role of other factors (especially environmental) in the genesis of the phe-
notype. There are many possible mechanisms that can explain this. The expression
of one gene can be influenced by another gene in what is called a compound het-
erozygous state, where a phenotypic presentation of a mutation on one gene is af-
fected by a different mutation on the allelic gene.”™ Two different mutations may
produce an apparently dominant disease with incomplete penetrance or a recessive
disease.”™ Tn some cases inheritance of a mutation from father or mother may pro-
duce different diseases™'** or different phenotypic characteristics by the mecha-
nism of genomic imprinting.”’**** The disease may be more severe if inherited from
the mother than from the father.!**** Moreover, in some inherited disorders like
myotonic dystrophy the disease becomes more severe over generations because of
a repeating nucleotide sequence becomes longer by repeated insertions.'™

Finally, the discase is the result of a complex interplay between the genes and the
environment. Environmental factors such as light may contribute to the photore-
ceptor damage in retinitis pigmentosa. Transgenic mice with P23H rhodopsin mu-
tation have a slower rate of photoreceptor degeneration in darkness or at low light
levels than in light >4

Possibilities of treating retinal degenerations

It is only in the recent years that a rational approach to treat hereditary retinal de-
generations has been possible®™#6336> In those hereditary retinal degenerations where
the biochemical defect is known, it is possible to influence the course of the disease
by specific treatment aimed at correcting the abnormalities caused by the mutation.
Examples include controlling serum phytanic acid levels in the Refsum disease by
modifying the diet, controlling the serum ornithine levels in gyrate atrophy of the

1
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choroid and retina, and supplementing fat-soluble vitamins in abetalipoproteinemia.
However, the number of patients that suffer from these disorders is small, and thus
only a small percentage of patients with retinal degenerations actually benefit from
these treatments.

In other instances, research is focused on the possibility of evolving a non-specitic
“anti-degenerative” intervention in the hitherto largely unknown pathways that link
mutations to the final degeneration of the photoreceptors. These investigations in-
clude the use of growth factors and attempts to control apoptosis.

ESTABLISHED METHODS
Dietary control of phytanic acid helps patients with the Refsum disease.***>
Control of serum omithine levels helps patients with gyrate atrophy of choroid
and retina.'**!'%

e Co-enzyme Q 10 helps respiratory distress in patients with the Kearns-Sayre
syndrome.’’

o Insome patients with retinitis pigmentosa the rate of progression of the disease
is retarded by vitamin A therapy.*
Sorsby fundus dystrophy patients benefit from Vitamin A treatment.'®?
High doses of vitamin A and E help abetalipoproteinemia patients.*-!4332

EXPERIMENTAL APPROACHES

e Certain growth factors have been found to protect the retinal neurons from
degeneration in animal models of retinal degeneration.''602!

e Antioxidants have been suggested to play a role in retinal degenerations, but
the clinical trials to establish their role in treating retinal degeneration have

. been inconclusive.*'®

e It might be possible to treat retinal degenerations by manipulating the path-
ways in apoptosis.7z‘184'254'331'378'3%

e It may be possible to introduce a healthy gene in to the genome to supplement
the function of the defective one.>03283%

o It might be possible to control the expression of the defective gene and prevent
photoreceptor degeneration.'*

e Retinal pigment epithelium transplants have been shown to rescue photorecep-
tors from degenerating in animal models of retinal degeneration.’*>%

e  Neuroretinal transplantation

Rationale behind neuroretinal transplantation

The logic behind retinal cell transplantation is obvious. It attempts to reconstruct
the degenerated photoreceptor layer with healthy photoreceptors. Furthermore, it is
possible that the retinal grafts may act as a source of trophic factors that may rescue
the photoreceptors from death. % It is clear that the photoreceptor degeneration is
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the final manifestation of a large number of genetic insults. If the treatment is to be
aimed at correcting the basic cause of the disease, the mutation, as is hoped in most
types of gene therapy, the treatment will have to be specific for each genotype of
the disease. Also if the metabolic defect is to be aimed for therapy, each type of
degeneration will have to have its own treatment. The way out of this problem
could be to find a general ‘anti-degenerative’ treatment or to deal with the final
manifestation of the disease processes; the retinal degeneration. Even though pa-
tient selection criteria will have to be defined, retinal transplantation will likely
work for most types of retinal degenerations, independent of the mutation causing
1t.

Progress in retinal transplantation research

RETINAL PIGMENT EPITHELIUM TRANSPLANTS

Since 1983, when retinal pigment epithelium transplantation was first reported,'*
the technique has shown its potential as a possible therapeutic measure. Retinal
pigment epithelium grows well in culture medium, forming sheets that can be trans-
planted, and recently patients with macular degenerations and subretinal membranes
have received pigment epithelium transplants.’

Cultured pigmented epithelium maintains most properties of normal RPE

Human retinal pigment epithelium removed from the adult donor eye up to 12 to 24
hours after death can be maintained in tissue culture for months, where it forms
monolayers of epitheloid cells.®1%412614%175 Thege cells can be further subcultured,
and thus a large number of cells can be obtained from one and the same donor. The
cells show the normal apical-basal polarity and junctional complexes. In cultures,
both human™'” and non-human''® retinal pigment epithelium cells have been shown
to maintain their ability to phagocytize photoreceptor outer segments. A lack of
such activity is known to cause photoreceptor degeneration in Royal College of
Surgeons (RCS) rat. ™

Cultured cells are able to take up retinol and to synthesize retinyl esters since they
have enzymes for esterifying retinol'** and hydrolyzing retinyl esters.* These en-
zymes are necessary for the handling of vitamin A in the visual pigment cycle. The
cells also synthesize cytoskeletal proteins in culture'*®'"' as well as
glucosaminoglycans.'™ However, the cultured cells quickly loose their vitamin A
stores and subsequent subcultures synthesize more of oleate than palmitate esters.'™

“xIt is also possible that these trophic factors may help recover the reversible damage in the
retina such as regeneration of the photoreceptor outer segments and may result in physically
more widespread visual recovery than expected from the size of a neurorctinal transplanta-
tion.
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The retinal pigment epithelial cells divide in the cultures which makes them suscep-
tible to labeling with tritiated thymidine for identification purposes.'*'*° Excellent
survival of the pigment epithelium cells in cultures suggests it may be possible to
produce autologous donor tissues or donor tissue suitably modified by recombinant
DNA technology.

Various techniques are available to transplant RPE

Various techniques have been used to transplant retinal pigment epithelium, that

include ‘ol)en sky’ rocedure, as well as transvitreal and transchoroidal ap-
y p

Iﬁ)l‘OaChCS.149’235’243

In ‘open sky’ methods, the anterior chamber is opened, and a retinal flap is created.
Before the transplantation, the retinal pigment epithelium is scraped off with the aid
of 0.5% trypsin. This is a vital step for the attachment of the transplanted cells on to
the Bruch’s membrane. The donor cells are then transplanted using a microsurgical
cannula. It is often difficult to appose the retinal flap at the transplantation site,
which is one of the difficulties with this technique.

In the transvitreal approach, a pars plana incision is made. This is a much less
traumatic procedure than the open sky method because it maintains the hydrody-
namics of the eye and allows for a much faster reattachment of the retina, an impor-
tant aspect of retinal epithelium function. In the transchoroidal approach, a scleral
incision is made between the superior vorticose veins. Through this incision a sus-
pension of pigment epithelium cells is injected into the subretinal space.

In both the transvitreal and the transchoroidal approach, it is difficult to remove the
host pigment epithelium by scraping it off, because the retinal detachment that has
to be created tends to obstruct the view of the retinal pigment epithelium. Instead,
the host retinal pigment epithelium is dislodged by a jet stream of fluid from a
micropipette, 4%

Transplanted RPE cells survive

After transplantation, cultured retinal pigment epithelium cells undergo rapid orga-
nization in the host subretinal space. Autoradiographic studies of cells labeled with
tritiated thymidine have shown that the transplanted human retinal pigment epithe-
lium cells attach firmly to the Bruch’s membrane of the owl monkey '* within two
hours after the transplantation. Within 6 to 24 hours these cells form epithelial-type
monolayers and continue to divide for days. Transplanted cells regain their apical-
basal polarity in relation to the Bruch’s membrane. Whether these cells attach to
this membrane with the right polarity, or the cell plasma membranes modify them-
selves is not known. There is evidence that the plasma membranes are plastic enough
to be influenced by the microenvironment.**

16



Transplanted RPE rescues degenerating photoreceptors

Retinal pigment cell transplantation has been shown to rescue the degenerating
photoreceptors in the RCS strain of rats.***** RCS rats were first described in 1938
53 and their photoreceptors undergo a rapid photoreceptor degeneration beginning
3 weeks after birth, and spreading centrifugally to the peripheral retina within 2
months.* The cells of the inner retina are relatively preserved.” =

= One of the im-
portant functions of the retinal pigment epithelium is to phagocytize the ends of
photoreceptor outer segments.

Many ocular anomalies have been reported in RCS rats,® 2248 but in terms
of photoreceptor degeneration. the retinal pigment epithelium is the most important
site affected by the mutation.”™*! Because of the loss of phagocytosis, outer seg-
ment debris accumulates at the pigment epithelium cells™* and eveuntually the
photoreceptors disappear. Transplanted healthy retinal pigment epithelium restores
its phagocytic function soon after transplantation, and rescucs the photoreceptors.
Since the rescuing effect is not limited to the transplantation site. it is possible that
the effect may be mediated by some diffusible factor, possibly bFGF. Injections of
bFGF have been shown to rescue the photoreceptors in RCS rat.'*

Sham operations also rescue the photoreceptors,*** possibly due to release of some
factors during the surgery, but this effect lasts for a much shorter period as com-
pared to rescuing effects of up to one year by RPE transplants. 27" Rescued
cells maintain normal opsin and S-antigen gene expression. allowing normal tran-
seription and translation in them. and rendering them capable of participating in the
visual transduction cascade.’™ With immunohistochemistry it has been shown that
the rescued photoreceptors contain membrane bound Na” K*-ATPase and opsin at
photoreceptors. Since the rescuing effect is not limited to the transplantation site it
is possible that the transplanted cells or the shed outer segments migrate subretinally,
or the effect is mediated by some diffusible factor. Retinal pigment epithelium trans-
plantation also prevents neovascularization in the RCS rats.*** Transplantation of
retinal pigment epithelium in rat eyes also appears to delay age related changes in
various retinal layers.*’

Up until recently there was no human hereditary tapetoretinal degeneration that had
been shown to reside primarily in the retinal pigment epithelium, but neither has it
been excluded that some forms of retinitis pigmentosa. choroideremia, Leber’s
amaurosis. macular degenerations. dominant drusen, or gyrate atrophy could be the
diseases of the retinal pigment epithelium. Most recently, defects in the pigment
epithelium involving vitamin A associated proteins called cellular retinaldehyde-
binding protein (CRALBP). and RPE 65 have been described.™"** The gene cod-
ing for bestrophin may also reside in the pigment epithelium, and mutations in it
cause macular degeneration of the Best disease type.”<* (and Wadelius, personal
comm. 1998) Any disease residing primarily in the retinal pigment epithelium may
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be amenable to pigment epithelium transplantation therapy. However, besides the
need for further improving the surgical technique, attention should also be paid to
potential problems such as transplant induced proliferative vitreoretinopathy. It
should be noted that proliferating retinal pigment epithelium is at least partly re-
sponsible for certain vitreoretinopathies,**** especially when the neural retina is
detached"! as happens in ocular tumors*?*'$ or following trauma.?2!:253:401419

NEURORETINAL TRANSPLANTS
Surgical techniques

Retinas can be transplanted to various intraocular sites

Royo and Quay®** used a corneal incision for transplanting the embryonic rat retina
to the anterior chamber of adult rat, and a very similar procedure was later used by
del Cerro.'” % The anterior chamber was entered with a microsurgical knife at the
12 o’clock position at the periphery of the cornea. About 2 ul of a suitable medium
containing the retinal tissue was taken up in a fine pipette, connected to a 10 ul
precision syringe. The tip was advanced about 2 mm into the anterior chamber and
the contents were deposited. The corneal incision was self-sealing and did not re-
quire suturing. The procedure is safe and has minimal complications.

In 1986, Turner and Blair transplanted embryonic rat retina to the epiretinal vitre-
ous space of adult rats,*® and with some modifications, the same method was used
to transplant embryonic mouse and human retinas into rats.'*?"1% In this method, an
incision was made through the sclera, choroid and retina and the donor tissue was
slowly deposited. Anuncontrolled deposition sometimes resulted in transplants float-
ing in the vitreous rather than being attached to the retina, especially when the
method was used in rabbits.

To overcome this problem in rabbits, a different procedure was developed. A thin,
flexible polyethylene capillary containing the donor tissue is brought into the eye
transvitreally with the help of a cannula, which is mounted on a specially designed
instrument.*? With this method, fragmented pieces of embryonic rabbit retina could

“»History: The earliest attempt to use the anterior chamber of the eye as a transplantation site
was in 1873 when Doodermaal placed cells from human labial mucosa and a variety of other
tissues in the anterior chamber of rabbits." Subscquently, this technique served as the method
of choice for studying tissue growth in an isolated milieu until improved tissue culture meth-
ods were developed. A variety of tissues grew well in oculo because of the immune privilege
of the eye. Retinas were transplanted to the anterior chamber only in 10959 when Royo and
Quay transplanted the fetal retinas of the rats into the mothers’ eyes.” Turner and Blair
did the first transplantations of retinal neurons to the posterior segment.
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successfully be placed between the photoreceptors and the pigment epithelium in
adult rabbit eyes. % Using this method, large transplants could be obtained and the
misplacement of the transplants into the vitreous became more infrequent. Trans-
plants matured, differentiated and formed approximations of the retinal layering,
but anomalies like rosettes were always seen.

During this procedure, the polyethylene capillary can pierce the Bruch’s membrane
occasionally and thus the transplant may end up in the choroid instead of in the
subretinal space. In rabbits, the choroidal transplants also survive and develop *
This is not what one would expect, because the capillaries in the choroid are fenes-
trated, with almost free flow of large molecular substances between the blood and
the choroid *. Therefore, the choroid is usually not considered to be protected by
the blood-retinal barrier.*” This was also shown to be the case immediately after
the transplantation, but after a few days, transplants to the rabbit choroid develop a
barrier similar to the blood-retina barrier.”’ This seems at least in part to explain
their unexpectedly good survival.

In another method a whole sheet of outer retina is inserted through an incision at the
corneoscleral junction.”* Retina from 8 days old rats are flattened with the help of
radial cuts and embedded in gelatin, photoreceptors facing downwards. The inner
layers of the embedded retina are cut in 20-50 Lm thick sections on a vibratome
until the photoreceptors are reached. A 200-300 LLin thick section with the photore-
ceptor layer is then taken and transplanted into the rat eye, using a 2.5 mm wide
acrylic carrier to guide the tissue. The carrier is introduced into the eye through a
transverse corneal incision and advanced through the pupil that has previously been
dilated with topical atropine. On reaching the ora serrata, the carrier is guided to
the subretinal space, detaching the retina there. The carrier is then removed, leaving
the gelatin containing the transplant in place. Silverman and Hughes™ report con-
sistently good positioning and survival with this technique. A further refinement of
the technique has been described in which a photoreceptor sheet embedded in gela-
tin can be scrolled and inserted into the subretinal space with a thin cannula.*® With
a microsurgical manipulation the sheet can then be unscrolled and adjusted. %.*

For convenience, these transplants are called subretinal, even though the space they oc-
cupy is actually intraretinal from an ontogenetic point of view.

“»Extraocular transplantation sites: To study the development, retinas or entire eves have
been implanted at various other sites in the body. Survival of peripheral retina in the subcu-
taneous space of guinea pigs was studied by Wyburn and Bacsich in 1952 . Grafts survived
in the absence of direct blood supply. The pathogenesis of anophthalmia has been studied by
obtaining the optic cup from E10 fetuses of a ZRDCT/an mouse strain that develops moph-
thalmia, and transplanting it into the subcutaneous space of normal mice fetuses.  The
study showed an improved du\ elopment of the optic cup when removed from the mutant
environment. charch m\ ransplantation of the retina to various locations in the
central nervous sxsrcm . " has given invaluable knowledge relevant to retinal
transplantation. Tt has shown not only that retinas can continue to grow in CNS but also that
they are also able to form functioning connections.
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Donor retinas can be transplanted in various physical forms

In retinal degenerations, photoreceptors are mainly involved. It is therefore not
always necessary to aim for replacing all retinal layers. The concept of specific cell
transplantation has come a long way in other forms of neural transplantation. Re-
placement of dopaminergic cells for Parkinson’s disease is now under clinical trial. >
It appears reasonable to think that under certain circumstances transplantation of a
specific cell population or a retinal layer may be a better approach than transplant-
ing the whole retina. Moreover, the physical form of donor tissue may have pro-
found effects on the eventual organization'? and cellular connections in the trans-
plant.

In the past, many types of retina to retina transplantations have been performed and
studied both in rats and rabbits’2%3524% ]t has been shown that tissue fragments,*®
cell suspensions,”™!” and enzymatically isolated photoreceptors,'**'** and whole
sheets of photoreceptors®®° can survive transplantation into adult rats.

Transplanting fragments of donor retina is a technically simple procedure. Large
pieces of the embryonic retina get fragmented when they are taken up into the
capillary for transplantation. Long term results in terms of overall morphology have
been good with fragments of embryonic retina transplanted to rats or rabbits.'®!%3
It is an excellent method for studying the development of transplants.

Transplantation of dissociated cells would allow a better integration of the trans-
planted cells with the host retina. Such a strategy has carlier been tried in neural
transplantations.*” Based on the same procedure, del Cerro’s group*** dissociated
retinal cells from post-natal 0-2 day pups of Lewis and Fisher 344 rat strains by
treating them with 0.1% trypsin for 15 minutes. The tissue was then turned into a
single cell suspension by pulling it through a fine pipette This suspension was trans-
planted, and transplants were reported to survive, to integrate with the host, and to
display many features similar to results seen with tissue fragment transplants.
Enrichment of the cell suspension by cell sorting with a flow cytometer®?* is an
interesting technique and has been used successfully in brain cell transplantation.*
Work prefatory to retinal cell transplantation has been published,”* but no actual
transplantation results.

The organization of the cells in different types of retinal transplant has been found
to vary significantly. Juliusson et al.'® transplanted E17 to E19 Sprague Dawley rat
retina in suspended and fragmented forms and studied the cellular organization 28
days later by immunohistochemistry. Rhodopsin staining revealed photoreceptors
arranged in rosettes in tissue fragment transplants, whereas in cell suspension trans-
plants, photoreceptors were heterogeneously distributed. In tissue fragment trans-
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plants, the photoreceptors had well developed inner and outer segments, pointing to
the center of the rosettes, whereas only rudimentary inner and outer segments were
seen in the suspension transplants. Miiller cells (demonstrated with vimentin stain-
ing) were nicely arranged in rosettes in the tissue fragment transplants, whereas
they were randomly oriented in the cell suspension transplants. In other studies of
rat retinal cell transplantation, the same type of Miiller cell organization has been
reported, using GFAP (glial fibrillary acidic protein) as and S-100 staining as a
marker for the Miiller cells.™ The amacrine cell staining was very similar in both
types of transplants. The results show that cell suspension transplants and tissue
fragment transplants give morphologically different results. Similarly. suspensions
of photoreceptor cells were found to form clusters in the region of the outer nuclear
layer when transplanted to the adult RCS rats.'* These studies together show that
fragment transplants develop some degree of organization (into rosettes) whereas
cell suspensions show much less organization of the cells, and photoreceptor cell
outer segments tend not to develop when the organization gets too disturbed.

Survival

When grafted into eyes, immature retinas survive and continue to grow. Several
studies have been conducted to find optimum conditions for the growth of these
transplants. However, many important questions regarding the survival of the trans-
planted cells are still unanswered. Long-term survival was one of these questions
that the following study attempts to answer (Paper VI). Parameters used to asses the
survival of the cells in most studies are inexact, and applying more precise quanti-
tative methods have met with difficulties such as the need for a more reliable and
persistent marker for donor cells than what is currently available. There have been
no studies directly counting the percentage of surviving cells of different types,
either in standard procedures in different laboratories or as a systemic study on the
efficacy of the surgical procedure. Such studies are now needed. In transplants of
dopaminergic brain cells, the survival rate has been estimated to be in the order of
one cell in a thousand.®' Various factors influencing the survival of the retinal trans-
plants are further discussed below.

Donor age influences the survival of the transplant

Evidence from neural transplantation suggests that young fetal donor material does
better than more mature tissue. In brain transplantation, donor tissue must ideally
be collected before neuron precursor cells have undergone their terminal mitosis
(rat™; human™). Human grafts taken from substantia nigra at 9 weeks of gestation
contain dopaminergic cells that survive transplantation in immunosuppressed rats,
whereas rat tissue grafted with human nigral tissue from 11 to 19 weeks old em-
bryos contain few if any dopaminergic cells.” However, in the central nervous
system, it has been difficult to establish unequivocally the most suitable transplant
ages due to variations in the method of collecting and handling the material. In case
of retinal transplants, the methods of handling the tissue are enough standardized to
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allow a comparison.

Previous studies suggest that there is a wide range of donor ages at which the fetal
retina can be used as a viable tissue for transplantation. Aramant et al.?* found that
rat retina can be successfully transplanted within a large time span extending up to
two weeks into postnatal life. Embryonic day 15 retinas are useful because of their
consistent lamination and comparatively good integration with the host. Retinas
taken up to two days after birth may also be successfully transplanted, but in terms
of organization and survival, the success rate starts to fall when using tissue from
between postnatal day 2 to day 4. There is a loss of neuroepithelial layers at this
stage in the developing rat retina® that may be responsible for the drop in the sur-
vival rate. Grafts with postnatal day 21 tissue degenerated within 1-2 days after
transplantation.®® The mechanism behind the differences in survival rates as the
tissue matures is not clear. It remains to be seen whether it is due to an increased
immunological activity of the astrocytes in a more mature retina'?' or some other
factor.

Transplants of fetal E60 and E90 monkey retinas have shown good survival, growth
and differentiation in rat eyes.”! In these experiments, the host rats were immuno-
suppressed.

Homografts need no immunosuppression but xenografts do

Before retinal transplantation becomes a possibility in humans it is essential that the
human retinal tissue be studied as a donor material under the conditions of the
transplantation. Permeability barriers around the central nervous system diminish
the ability of the host immune system to recognize foreign tissues and cells within
the eye. It is known for a long time that many tissues that will not survive transplan-
tation in other parts of the body will readily grow in the eye. &

Embryonic mouse retinas have been transplanted to the adult rat retina,?' sheets of
adult human photoreceptor cells have been transplanted into normal and light dam-
aged rats,*®' and fetal monkey retina has been transplanted into adult rats®! in vari-
ous studies. In order to study the ability of the retina to interact with the host, mouse
retina has been transplanted into the CNS of newborn rats whose immune system is
not yet fully developed.2243%8:348 Stydies on the development of human retinal cell
transplants and their connections have been performed on  human embryonic or
fetal tissue obtained from elective abortions at the post conceptional age of 3-12
weeks and xenotransplanted to immunosuppressed rats.! Xenografting can serve
as a model for studying the transplantation of the human retina for clinical pur-
poses.’?!% The studies show that human embryonic and fetal retinas can be used as

% As early as 1914, 1igzwas found that mucous carcinoma grafts survived in brain but not in

subcutaneous tissue , and many subsequent studies on the deVClOp%el}’llt ?71; ;Ilémgn embry-
. . . . . ,73,154,203,287,32

onic brain tissue have been conducted in different xenograft models.
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donor material.
Cryopreserved retinal can be transplanted

Foreseeing the future needs of transplantation surgery, attention has been paid to
the effects of cryopreservation on the survival of retinal transplants. A retina bank
of frozen tissue would free the research from dependence on availability of fresh
donor tissue. Aramant ef al.'® studied the success rate of cryopreserved and fresh
donor tissue transplanted to rat retinas. Rat embryonic retinal tissue was
cryapreserved in liquid nitrogen up to eight months in a medium containing 10%
dimethyl sulfoxide. Transplants with this donor material was compared with age
matched fresh tissue. The comparison criteria were modified from the protocol de-
scribed by Blair and Turner*® and Aramant ef a/.,>" and included volume, absence of
degenerating cells. degree of development of retinal layers, and degree of integra-
tion of the transplant with the host. Transplants survived in all age groups and at all
different sites, but cryopreserved grafts were significantly less well laminated. The
best lamination in cryopreserved grafts was seen with donor age E16 transplants.
Epiretinal cryopreserved grafts contained more degenerated cells and vacuoles than
subretinal ones, suggesting they were less viable. No differences were seen in the
degree of integration with the host retina.

Other studies have shown that cryopreserved nerve tissue is more fragile than the
normal and tends to fragment.”'¥%%* There could be several reasons for this. Freez-
ing and thawing may change the membrane proteins and thus the adhesion between
the cells. DMSO (used for cryoprotection) may also be toxic to the cells, and these
and other factors may be responsible for the relatively poor lamination seen in
cryopreserved transplants. Thus, cryopreserved tissue is not as good as fresh donor
tissue. If used, it survives better in the subretinal space than epiretinally.

Transplanted retinas survive in the degenerated host

Keeping in mind the ultimate clinical application of retinal transplants, donor reti-
nas have been placed in hosts with damaged retinas to study interactions of the
transplant and the damaged retina.

In light damaged retinas of rats showing extensive neural and vascular changes,
transplanted photoreceptor cell sheets™ and suspended ncuroretinal cells™ have
been shown to survive, to develop inner and rudimentary outer photoreceptor seg-
ments, and to develop synapses of both the ribbon type and the conventional type.
The transplants also develop a common vascularization with the host™ and show
immunoreactivity to opsin.®” Thus the transplants in these cases perform like in a
normal host.

Strips of developing neural retina of normal newborn mouse transplanted into the
subretinal space of a 7d mouse showed differentiation into photoreceptors and ex-
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presses S-antigen. The mutant rd host had lost its photoreceptors as a result of the
rd mutation. However, histological analysis showed a significant fall in graft sur-
vival with increasing time after the transplantation, indicating the adverse effect of
the mutant environment on the transplant.'® This could also mean that the site of
affection in the rd mutation might not be the rod cells alone.

Unlike rats and mice®** there are at present no known models of hereditary retinal
degeneration in rabbits, but experimental photoreceptor degeneration can be pro-
duced in these animals in other ways. Exposure of these animals to high concentra-
tion of oxygen damages photoreceptors in the central part of the retina. 5625829 Fm-
bryonic retinas transplanted to such eyes showed good transplant survival, and by
light microscopy, the morphology of the transplants were not different from trans-
plants to a normal host retina (unpublished observations).

Structure

Grafts form rosettes if the donor tissue is traumatized

When embryonic tissue is transplanted in fragmented form, it continues to differen-
tiate and organizes itself to form a graft. In this process, the differentiating cells
form all the cell types and the layers that are found in normal retinas. Most of the
normal cell types also appear. However, the layering is often organized around a
lumen surrounded by an outer limiting membrane, photoreceptors and other retinal
layers, forming small spherical structures called rosettes. Rosettes have also been
reported in other types of transplants like cell suspensions® 41 and subretinal
transplants of sheets of outer retina.’*%&

The rosettes develop early in the transplants. The reason for the formation of ro-
settes in the retinal transplants is not clear. It is possible that mechanical factors and
separation of the retinal cells from their native neighbors in the process of trans-

%Rosette formation is nothing specific to retinal transplantation, but typically appears when
a d]sturbged retina develops. Rosettesﬂhave been described in a variety of conditions such as
trauma and retinitis pigmentosa . Retinal explants cultured in vivo also develop ro-
settes.” Tn the Flexner-Winter steiner rosettes found in retinoblastoma, relatively well differ-
entiated photoreceptor cells arrange themselves around a central lumen containing hyalu-
ronidase-resistant acid mucoy olysaccharides similar to that found in normal photoreceptors
and pigmented epithelium.” Even though the Flexner-Wintersteiner rosettes have a struc-
ture that is similar to the outer limiting membrane, they lack photoreceptor outer segments,

In the Homer-Wright type rosettes of neu{ oblastomas and medulloblastomas the cells are
arranged around a central tangle of fibrils. Since the photoreceptors in transplant rosettes
have a well formed inner segment and, to a large extent, also an outer segment; it would be
better to use the word fleurettes, which is a term suggested for the cor respog)ldmg? structures
in retinoblastomas, where well differentiated photoreceptors can be seen.” Nevertheless,

the term rosettes is widely used in connection with retinal cell transplantation.
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plantation could be among the reasons.>¥

The extent of rosette formation has been different in various studies. In some mod-
els it is a prominent feature ****! and in others it is less and sometimes totally absent,
particularly in cell suspension transplants.'**!% In the latter case, the distorted and
small photoreceptor outer segments® %4414 sugoest the transplants remained rela-
tively undeveloped. Further, there was hardly any organization at all, which most
likely was the reason why no rosettes were seen.

Formation of rosettes in the transplants will no doubt interfere with the resolution
of the image, but not necessarily with the perception and even localization of light.
Retinas with rosettes have been shown to respond to light in vitro® and to send the
signals to the higher centers.”'*** For the clinically acceptable retinal transplants it
is desirable to have rosette free grafts. In paper V possibility of obtaining such
grafts is investigated.

Electron microscopically most of the retinal cells are found in the transplants

Ehinger ef al.'® transplanted 6-12 week old (postconceptional age) human fetal
retinas to immunosuppressed rats and studied the ultrastructure of these transplants
shortly after the transplantation, as well as when the postconceptional age of the
transplants was 40-41 weeks. This age was selected to allow near full term matura-
tion of the transplanted cells. Electron microscopic examination could directly iden-
tify the photoreceptors by the localization of their nuclei and the appearance of the
synaptic pedicles and spherules. Photoreceptor outer segments usually faced the
lumen of the rosette. In well-developed transplants, cones could be distinguished
from the rods. Cones were situated in the innermost layers of the rosettes and had a
larger and paler nuclei than the rods. In transplants where photoreceptors had not
developed outer segments and synaptic terminals. their identification is difficult.!™!
Zonulae adherentes were seen in the transplants soon after the transplantation.™

Horizontal cell perikarya are not easily distinguishable in neither normal nor trans-
planted retinas because they largely lack distinguishing features. However, on the
basis of their location and lack of postsynaptic membrane specialization and vesicles,
horizontal cell processes could be identified in photoreceptor triads in the trans-
plants. Such triads have been seen in human xenografts to rat retina™-'* and in
rabbit and rat homografts 343

Like horizontal cells. bipolar cells also lack distinctive cellular features that can
identify them directly at the electron microscopic level. Again. bipolar cell pro-
cesses could in the transplants be easily identified in the photoreceptor triads, where
they faced the synaptic ribbon. Further, bipolar cell dyads with their characteristic
ribbon synapses are common in the inner plexiform layer, and are easily identified
in the region corresponding to the inner plexiform layer in retinal cell trans-
plants.“'“)"‘i 12408436
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Amacrine cells can be recognized more confidently on the basis of their so-called
conventional synapses than on the features of the cell body, and in transplants; such
synapses can be easily recognized in regions corresponding to the inner plexiform
layer,¥87106,112408436 The perikarya of the amacrine cells were more difficult to iden-
tify, but some cells in the region corresponding to the inner nuclear layer had deep
invaginations in their lightly stained nuclei, similar to that often seen in amacrine
cell perikarya.'%

It is difficult to identify ganglion cells or their processes already in normal adult
retina. Conventionally, a postsynaptic process in the bipolar cell dyad that is devoid
of vesicles or organelles is presumed to be a ganglion cell process. This was sus-
pected in many places in the transplants, but their presence in the graft is doubt-
ful.’8344% In the scanning electron microscope, Turner and Blair*® saw many fibers
from the retinal grafts extending into the optic nerve fiber layer of the host retina.
However, the nature of these fibers was never unequivocally determined. Before
the presence or absence of ganglion cells can be established in retinal cell trans-
plants, more direct methods will have to be developed for their identification. %

Under congenial conditions transplant photoreceptors develop outer seg-
ments

The development of photoreceptor outer segments in retinal cell transplants has
been described at the electron microscopic level in human'® and monkey®! embry-
onic xenografts, in mouse to mouse, rabbit to rabbit, and rat to rat homografts. 34146436
From these studies it seems that the development of the photoreceptor outer seg-
ments varies with the organization of the transplants. With tissue fragmentation
techniques, transplants develop rosettes that show reasonably developed outer seg-
ments whereas in cell suspension transplantation techniques outer segments are
reported to be small and distorted,*%:192:144-146.195 or absent. Such photoreceptors are
still capable of phototransduction®'* as has been shown in the retinas transplanted to
the optic tectum.?''?"* These results suggest that photoreceptors depend on each
other for their proper development. Consequences of this are further discussed (else-
where) in the text.

Many authors believe that lack of apposition of photoreceptors to the pigment epi-
thelium results in maldevelopment of outer segments.”** Photoreceptor layers trans-
planted along with the retinal pigment epithelium,*° and studies on retinal reattach-
ment'? show similar defects even in the presence of appropriate retinal pigment
epithelium in apposition with the photoreceptor cells. It appears that in retinal trans-
plants microglial cells take up the phagocytic function of the pigmented epithe-
lium.?*% The presence of microglial cells has not been confirmed in the retinal

%0ne of the ways to demonstrate the ganglion cells in the transplants that have formed
connections with the host is to retrogradely label them with Dil. This technique has been
used to demonstrate projections from the transplant to the host.
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transplants in the eye, but other types of phagocytic cells have been observed in the
center of the rosettes.'*¢

Transplants develop all the synapses type found in normal

Short-term grafts show only few or poorly developed synapses, whereas in grafts
that have been allowed to grow for long enough, all the synapses found in the
normal adult retina develop.*!%4* The formation of synapses in the graft clearly
shows that the graft is growing in its new environment. The number of synapses
seems to be less than normal.'® No precise counts have been made.

Both rod and cone type terminals can be found in retinal cell transplants, and the
transplanted photoreceptor cells contain their normal complement of synaptic or-
ganelles. 10112146 R od-spherules can be seen, containing abundant synaptic vesicles
and ribbons as well as presynaptic and postsynaptic membrane densities. The trans-
planted photoreceptor cells display synaptic triads of ribbon synapses and invagi-
nation of horizontal and bipolar cells. Certain regions of human to rat and epiretinal
rat to rat transplants may be less developed with poorly defined structures in the
photoreceptor terminals.''t Occasionally, synaptic ribbons were obcgr\ ed with no
direct association with any membrane or postsynaptic process. ™

Regions corresponding to the inner plexiform layer consistently showed a high
density of synapses. Most terminals were filled with conventional small synaptic
vesicles (350-450 nm), but occasionally large (>800 nm) dense-cored vesicles were
also seen.*'® Conventional synapses, presumed to be made by amacrine cells, were
common and were found to make contacts with bipolar cell processes. and with
other amacrine processes including some whose origin could not be identifies. In-
frequently, amacrine cells were been seen to make synapses with small spines or
thin intervaricose processes.'™

In the regions of the transplant that corresponded to the inner plexiform layer, pro-
cesses that contain numerous synaptic vesicles and ribbon synapses were seen. The
postsynaptic elements were then arranged in dyads, which are characteristic for
bipolar cell processes. Ribbon synapses with only one postsynaptic process (the
monad arrangement) were also common.'" A few gap junctions between amacrine
cell processes were seen in rat to rat'''*** and rabbit to rabbit transplants.™ In most
places, the postsynaptic elements of the dvad could be 1dentified to be of amacrine
cell origin. When the identifying morphological features were not prominent, the
origin of the processes remained obscure and it is possible (but far from certain)
that such processes originated from ganglion cells.*** More advanced types of
connections were also seen, such as reciprocal syvnapses made by a postsynaptic
amacrine cells back to the bipolar cell or serial synapses between amacrine cell
processes.

Synapses have also been observed in retinal tissue transplanted in the anterior cham-
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ber.#82 When normal donor tissue was transplanted to an eye that has a dystrophic
retina, the transplant showed more abundant synapses than the host retina.'™ A
similar result have been presented in abstract form, where a transplant of a photore-
ceptor cell sheet also resulted in a greater number of synapses between photorecep-
tor cells and bipolar cells.?”

Differentiation

Transplants develop most of the retinal cell types

At the time of transplantation, the fetal retinal tissue contains undifferentiated neu-
roblastic cells. Depending upon the technique, the tissue becomes fragmented at
the time of transplantation. During the process of development the neuroblastic
cells reorient themselves in rosettes.*® They also develop and differentiate towards
the various cell types of the normal adult retina. Many histochemical and electron
microscopic studies have been conducted on the development of various cell types
in the transplants.®

Middle and short wavelength sensitive cones can be identified by their different
opsins. In most parts of the normal rabbit retina, the middle wavelength sensitive
cones dominate. However, in transplants, it has been found that short wavelength
sensitive cones dominate.** It has been proposed that cones in some non-primate
mammals may during their development start as short wavelength sensitive cells
and then at some later point switch to middle wavelength photopigments.®* The

% Labeling the transplant cells: Under certain circumstances, especially when cell suspen-
sions are transplanted, or the synaptic connections are being studied, it may be difficult to
say if a particular cell belongs to the donor or the host. Therefore, labeling the donor t1ssue
may sometimes be important. Fluoro-Gold, a substltuted) stilbene, is a cytoplasmic stain”
and has been used to mark the dissociated donor retinas. Intravitreal injections of Fluoro-
Gold have also been shown to stain the neural retina of rats in vivo. Fast Blue has been used
to mark suspensions of CNS and retinal cells for transplantationm’25 These substances work
well with suspended cells, but not with large pieces of retina. Another drawback with these
stains is that if the stain leaks out (as may happen if the donor cells degenerate), the stain may
be incorporated by the host cells. A different approach to identify the donor tissue is by
using tritiated thymidine, which is incorporated into the nuclei of dividing cells. When trans-
planted, these can be identified by autoradiographic methods for a long time, because the
isotope has a long half-life. Even if the donor cells degenerate, the released isotope will not
be incorporated into the host cells because they are not dividing. However, since it is a
nuclear marker it can not be used to determine the origin of fibers or synapses. A mo1el41§c~§§(«‘::£g
approach to this problem has come from the use of certain transgenic strains of mice.

These mice had a bovine rhodopsin gene transcription promoter in tandem with an £. coli
LacZ gene inserted into their genome. This results in the expression of the enzyme, b-galac-
tosidase, in about 30 to 40 % of the rods. A simple histochemical reaction can then be used
to produce discrete particles that can be detected with the electron microscope. The particles
appear throughout the cell, and are specific for the rods of this transgenic mouse strain.
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observations in transplants suggest that this switch is disturbed in them., making
them a possible tool for analyzing factors that might influence the change.

Depending upon their degree of maturation, rods in human, rat or rabbit retinal
grafts stain with different intensities with antisera against S-antigen. rhodopsin, or
rod alpha transducin (a membrane bound G-protein). The staining intensity of the
graft photoreceptors varied in different parts of the transplant, and tended to be
stronger and more often prevalent in the rosettes closest to the host retina. ¥ Pos-
sibly then, the host retina influences the development of transplanted photorecep-
tors.

In human embryonic retinal tissue transplants, the round cell bodies of the develop-
ing cones can be found near the outer limiting membrane as early as 13 weeks after
the conception. The S-antigen and other photoreceptor markers like alpha transducin
and rhodopsin express themselves in the photoreceptors at 20 weeks post concep-
tion."™*** Some cones stain with neuron specific enolase (NSE) and synaptophysin
(SYN), one or two weeks earlier.”™ Areas of different maturation often appear in
one and the same transplant. possibly because central and peripheral regions of the
donor retina were mixed together during transplantation, and they may develop at
different rates. The development of the central retina precedes the peripheral by
about 6 weeks in humans.'?>*"

In the normal retina, the interphotoreceptor matrix (IPM) links the photoreceptors
to the pigment epithelium and serves purposes such as molecule transport.*' photo-
receptor isolation,””” retinal adhesion,*" and regulation of phagocytosis of photore-
ceptor outer segments by the retinal pigment epithelium.' The interphotoreceptor
matrix comprises insoluble and soluble components such as proteins, glycopro-
teins, acid hydrolases. glucosaminoglycans and proteoglycans >. Immunohistochemi-
cal staining of four different components of interphotoreceptor matrix, namely chon-
droitin-6-sulfate, the F22 antigen, peanut agglutinin (PNA) binding protein, and
interphotoreceptor retinol binding protein (IRBP) in rat retinal transplants has dem-
onstrated that chondroitin-6 sulfate and the F22 antigen have the expected distribu-
tion both in the host and in the corresponding structures in the transplant rosettes.!”
The PNA lectin was found to bind to many more photoreceptors in the transplant
than in the host. This lectin has a high binding affinity for D-galactose-f(1-3)N-
acetyl-D-galactosamine disaccharide linkages and binds to interphotoreceptor ma-
trix surrounding the cones and not the rods.™ IRBP could not be demonstrated in
standard transplants, even though the inner and outer segments of the transplant
photoreceptors were well developed and contained opsin. The photoreceptor cells
synthesize IRBP. This protein is found in abundance in the interphotoreceptor ma-
trix."* It is a glycoprotein with a molecular weight of approximately 140 kDa,™ and
it helps in transporting retinoids between the neural retina and the retinal pigment
epithelium. These observations show that physically and chemically stable photo-
receptor outer segments had formed in the rosettes. even though the
interphotoreceptor matrix in retinal cell transplant does not seem to be entirely nor-
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mal 196

In rabbits, horizontal cells processes in the outer plexiform layer are immunoreac-
tive to 160 and 200 kD neurofilaments and vimentin, whereas HPC-1 and MAP 1A
antibodies stain horizontal cells. In rats, horizontal cells could be seen with a 160
kD neurofilament antibody at two but not one week after the transplantation.'® This
may mean a delay of one week in the maturation of these cells as compared to their
normal development.’™

The development of different other retinal neurons in the transplants has been stud-
ied by immunocytochemistry of the specific neurotransmitters or neuron specific
substances. The HPC-1 antibody marks a special synapse related protein, syntaxin,
predominantly present in amacrine cells,”!**¥! and appropriate numbers of such
cells have been seen in transplants. Amacrine cells can also be identified according
to the different type of neurotransmitter(s) they contain,10%:108283.334.333.403:414416 Rarely,
amacrine cells in the inner nuclear and the ganglion cell layers are immunoreactive
to somatostatin.'”?

In rats, the first differentiating amacrine cells appear in the graft at a time correspond-
ing to the first postnatal day. They were identified by their immunoreactivity to
choline acetylase (ChAT) and tyrosine hydroxylase (TH)."® In the normal embry-
onic rat retina, measurable levels of ChAT have been found,’" but possibly because
of difference in sensitivity of the methods, Mitrofanis et al.*” could find ChAT
immunoreactive cells only at postnatal day 15. Tyrosine hydroxylase immunoreac-
tive fibers appeared on postnatal day 3 in the normal rat retinal development.?***
HPC-1 (syntaxin) and glutamic acid decarboxylase (GAD) staining showed that the
inner plexiform layer of the graft starts differentiating at the 8" postnatal day. Fur-
ther, at this age, the outer plexiform layer of the graft contained neurofilament im-
munoreactive horizontal cells.!® In grafts with an age corresponding to 4 and 6
weeks postnatally, the staining intensity was same as in the host cells. Immunoreac-
tive fibers to somatostatin-28 were found mostly at the border of the inner nuclear
layer and the inner plexiform layer in the host retina, but in retinal fragment trans-
plants, these fibers were randomly distributed in the inner plexiform layer and the
inner nuclear layer, revealing an abnormal lamination pattern. Marking human reti-
nal transplants with the HPC-1 antibody (syntaxin) showed a beginning differentia-
tion of the plexiform layer at the 15-16th week after the conception, seen as a faint
staining. It became distinct at 25 weeks.*'

Although different types of amacrine cells develop in the transplants, no ganglion
cells have been observed with certainty by neurofilament staining or by using other
markers. Antibodies against a glycoprotein on the neuronal surface, Thy 1.1,7*%
against the microtubular associated protein,? against the 200 kD neurofilament’*
and against neuron specific enolase (NSE)** can all be used to mark ganglion cells.
One antibody (OX-7) against Thy 1.1 faintly labeled rat retinal grafts with an age
corresponding to postnatal day 1, but no cell bodies were stained."” Some small
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cells in the ganglion cell layer of rabbit grafts have been found to be immunoreac-
tive to an antibody against MAP 1A%

It is possible that some ganglion cells may develop in the graft but fail to contain
immunohistochemically detectable amounts of the markers mentioned. On the other
hand, it has been shown that the retinal ganglion cells for at least a limited time
depend on target derived substances for their development, both in vive6s303:34340
and in vitro 21938847 When grafted to ectopic sites in the brain (away from
the target tissue), the embryonic retinal grafts show no ganglion cells 5 weeks after
the grafting.”* It therefore remains unsettled as to what extent ganglion cells
develop and survive in retinal cell transplants.

Glial cells in transplants have been marked with antibodies against the S- IOO aml-
gen (a calcium binding protein), and glial fibrillary acidic protein (GFAP).332%53 In
rat transplants, Miiller cells turned reactive to GFAP at an age corresponding to
postnatal day 14. Two days after the transplantation. host derived glial cells ap-
peared to invade the transplant. Morphologically, the Miiller cells appeared to be
normal in the outer nuclear layer and at the outer limiting membrane, but they did
not develop endfeet at the inner limiting membrane at the vitreal surface. These
findings have been confirmed in human xenografts. Vimentin immunoreactivity
appeared early (14-16 weeks were the earliest transplants studied) and became com-
parable with that of the host at 19 weeks. GFAP labeled processes that were present
at the lesion site all the times invades the graft, apparently from the host at 20
weeks. At 25 weeks, graft Miiller cells became faintly stained, indicating gliosis
with in the graft. CRALBP immunoreactivity begun to appear at 19-20 weeks and
was intense at 25 weeks, mostly in the regions near the host.**

Retinal transplants may serve as a source of neurotrophic factors

A number of agents (neurotrophic factors, also known as neurotrophins or cytokines)
known to participate in nerve cell differentiation and growth have been found to
play a role also in the maintenance and survival of certain nerve cell populations,
even in the mature CNS. In the retina, particular cell types have been shown to be
responsive to such agents. For instance, an intravitreal injection of the brain derived
neurotrophic factor (BDNF) has been seen to retard the degeneration of adult rat
retinal ganglion cells after optic nerve transection*>** and to significantly reduce
degeneration of rat photoreceptors following exposure to constant illumination.>*
More recently, genetically engineered astrocytes that synthesize and secrete bioactive
BDNF have been shown to promote ganglion cell survival in cell cultures.® but
also in transplants to the brain.*** These observations suggest that growth factors
and cytokines might be used to improve retinal cell survival and differentiation in
transplants.

The rd (retinal degeneration) mouse is a model for retinitis pigmentosa, with a
genetic defect in the rod cGMP phosphodiesterase. This enzyme is expressed in the
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rod cells,* leading to a rapid loss of them. Even though cones do not express this
defect, in due course of time, the d mouse loses most of its cone cells also, imply-
ing that cones are dependent on the presence of rods for their survival. It has been
suggested that transplantation of normal photoreceptor cells (mainly rods) to the rd
mouse retina prevents and reverses the degenerative changes otherwise seen in the
cones.?”’>3%* Such a rescuing effect should be mediated by diffusible factors and
should therefore not require synaptic contacts between the transplant and the host.

Retinal transplants function

n order to function properly, it is important that retinal transplants develop the
fundamental retinal cell types, and that they contain their functionally important
components like neurotransmitters, their receptors, and other specific substances. It
is also essential that they form appropriate and functional synaptic contacts.

S-antigen, opsin and alpha-transducin are examples of substances needed for the
phototransduction process, and they have all been seen in histochemical analyses of
the photoreceptor outer segments in retinal cell transplants.'$!%33333% In this re-
spect, the photoreceptors thus appear to be reasonably normal. However, IRBP is
known to be synthesized by the photoreceptors,'**”? and the failure of this sub-
stance to appear in retinal cell transplants'® might be due to malfunctioning of the
photoreceptors. IRBP is also essential for the transfer of retinoids from the retinal
pigment epithelium to the neural retina, and it appears likely that the
phototransduction will be compromised if IRBP is lacking around the photorecep-
tors. It appears plausible that the lack of contacts between the rosette photoreceptor
cells and the retinal pigment epithelium cause the absence of IRBP in the trans-
plants. IRBP develops in transplants where the photoreceptors are well apposed to
the host retinal pigment epithelium.'*

There is good evidence that the transplants contain the various neurotransmitters
present in the normal retina. Immunohistochemical staining for choline
acetyltransferase indicates the presence of cholinergic neurons, tyrosine hydroxy-
lase suggests the presence dopaminergic neurons, and glutamic acid decarboxylase
points to the presence of GABA neurons.'® The presence of their receptors has not
been demonstrated in the transplants. Is an important prerequisite for at least some
function(s) in the transplants that horizontal cells, bipolar cells as well as various
types of amacrine cells and their synaptic connections are all present. The observa-
tions suggest that the transplant might process the light signal at the level of both
the inner and outer plexiform layers. However, note that the presence of the various
substances is only a necessary prerequisite and not an infallible sign of transplant
function.

Direct evidence of the retinal cell transplant function has come from electro-
physiological experiments. With a single electrode on the surface of isolated grafts,
transient ‘ON” or ‘ON-OFF” spike-like responses and local electroretinograms could
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be recorded.* The local electroretinograms are reminiscent of the proximal negative
response or M wave seen in normal retinas, which reflect light induced amacrine
cell activity. In these experiments, the presence of transient responses at the onset
and at the end of short light flashes, as well as signs of a center-surround organiza-
tion suggest that the transplants have nerve cell activities similar to that found in the
inner and outer plexiform layers of the normal retina.” In retinal transplants grafted
to the CNS of unilaterally enucleated host, cells with ‘on’ and with “on-off” re-
sponses have also been found.” These light evoked responses were similar to the
normal ERG.

Many of the donor tissue cells die after transplantation

All the efforts in retinal transplantation have so far been concentrated on studying
the development of the cells. There is almost no knowledge regarding the death of
transplant or host cells. In most neuronal tissues each cell type undergoes differentia-
tion, progressing up to the formation of synaptic connections. Certain Cﬁ‘“i then go
through a naturally occurring programmed cell death called apoptosis.™=*'2 The
cycle is unique for each cell type. Optimum time for harvesting cells for uansplan—
tation appears to lie within the time window starting at the time when cells begin to
differentiate, and ending at the time when apoptosis begins. Generally, ganglion
cells are the first cells to differentiate™ and to die,*'* and in rats the time for
apoptotic ganglion cell death lies in the first postnatal week. At the time of trans-
plantation, the ganglion cells of the donor tissue are thus closer to the onset of their
apoptosis than the photoreceptors, and this may be one of the factors explaining
why photoreceptors become more numerous in the transplants than ganglion cells.
Cell death has been reported early after the transplantation. It sharply declines ina
few weeks time.***” After one month, transplants seem stable, with some amount of
debris. The causes of this early cell death in transplants are not known, but judging
from general knowledge about the normal histogenesis it can be guessed that these
dead cells must largely represent apoptosis, and to some extent, cell death due to
trauma.

In the CNS, programmed cell death eliminates supernumerary neurons™ 3% that
are not able to grow axons and form synapses, thus making appropriate connections
between neurons necessary for their survival. In some situations. one of the deter-
mining factors in this relationship may be the specific growth factors produced by
target cells. During the critical period ofsvnapﬁe formation, neurotrophins like NGF
and BDNF are essential for neuron survival.®>75=44" L ater, the same neurons often
become independent of them. Recent developments have shown that neuronal dam-
age may lead to molecular and cellular events that culminate either in death or
regencration of cells. In mice, the fos gene has been found to be associated with
neuronal death and the jun gene with regeneration. ™" Many of the molecules that
are responsible for programmed cell death and axon growth, for example
neurotrophins and tth receptors. may reappear in adults under certain circum-
stances”? 100 185.23933

433 suggesting that the genetic programming used during
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development may be reutilized in adults.

HOST

Retinal transplants integrate with the host retina

Neural transplants to the brain often become encapsulated by a glial barrier. * Reti-
nal transplants have been seen to fuse with the cut edges of the host. Immunohisto-
chemical studies” using glial cell specific antibodies like that against glial fibril-
lary acidic protein (GFAP), S-100 (a calcium binding protein) or vimentin have
demonstrated that already two days after the transplantation, host glial cells may
start invading the transplant to give it some architectural support. ~ Sometimes a
vitreal membrane of mesenchymal elements and some vessels can be observed in
the host. The lack of astroglial cells in these membranes and the observation that
these developed when the donor tissue contained retinal pigment epithelium sug-
gests that these membranes may have developed from choroidal mesenchymal cells
that contaminated the retinal pigment epithelium in the transplant tissue. Since
astroglial cells are important elements of the retinal hlstogenesw ! their presence
may be important for the development of the transplants.

Connections

Retinal ganglion cells have the potential for growing axons

It is known that the mammalian visual system does not regenerate even though
abortive sprouting occurs following injury to the optic nerve.*54327 & Taking the
lead from abortive sprouting, many authors studied the regeneration of the optic
nerve. 567338530738 Fyrther, peripheral nerve implants were found to have possible
trophic interactions that could enhance ganglion cell survival and axon fascicula-
tion. Following observations in the spinal cord,® autologous sciatic nerve grafts
were used as bridges for the growth of ganglion cell axons.’s” After 4-12 weeks,
sciatic nerve grafts contained ganglion cell axons from the cells that had lost pro-
jections during the insertion of the graft. Horseradish peroxidase and fluorescent
dye double labeling confirmed this finding. Some ganglion cells axons in the graft
showed light induced responses.?” This and a subsequent study® support the find-

% The capacity of neural retina to regenerate from retinal pigment epithelium persists thr ough~
out life in some salamanders and until metamorphosis in some tailless alnplnblans In
adult mammalian vertebrates, this can happen only in early embryonic life, with the excep-
tion of regeneration of photoreceptor outer segments under certain pathological conditions.”
Very recently, pluripotent, dividing cells have been described in mammalian brains. In paper
I, dividing cells were found where the pigment epithelium transits in to the neural retina for
the longest examined time. If the retina also contains pluripotent cells, this could be the place
to look for them
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ing that ganglion cells have an inherent potential to regenerate if transected
intraretinally.

The extraretinal regenerating potential of ganglion cells has been reviewed earlier

already by Ramén y Cajal.®® Later, Politis and Spencer™” and Berry™ studied the
regeneration of partial and complete lesions of the optic nerve into a gratted periph-
eral nerve. Both models showed regenerating axons and ganglion cells with horse-
radish peroxidase retrograde staining. Axonal regeneration has also been shown in
hamsters into peripheral nerve segments in the optic tract.™

Because of trophic or substrate influences of the permissive peripheral nervous
system environment of the nerve bridges, ganglion cells can regenerate axons for
distances which sometimes can be greater than their normal projections.”” How-
ever, their entry into the CNS has remained limited to a few millimeters.™** Some
studies have indicated that few regenerating axons reach the target tissue through
the bridges and form cone-like dilatations suggesting synaptogenesis.™ These find-
ings suggest that ganglion cells have the potential to regenerate axons through the
peripheral nerve bridges and to reach the target tissue in the CNS.

Retinal ganglion cells can form connections with host target tissue

Much of the evidence concerning the formation of connections between the host
and the graft has come from studies in which retinas have been transplanted into the
brain, or have been co-grafted with brain tissue. The capability of the host nervous
system to synaptically integrate with the transplanted cells was first shown by Beebe
et al® and subsequently by many other investigators.

Retinas transplanted close to the target tissue™* %> in the brain show highly spe-
cific axonal outgrowth to a number of subcortical visual centers'™*'% such as the
superior colliculus, the pretectal region, the accessory optic nucleus,**'* and the
surface of the dorsal lateral geniculate nucleus. Grafts do not tend to project to non-
visual nuclei. The pattern of innervation is not normal even to the superior colliculus,

being more on the surface and lacking any topographic organization.**

The extent of the neurite outgrowth from the transplants depends upon many fac-
tors. It seems likely that the presence of a target area is important for the survival of
the ganglion cells and thus, if the grafts are placed too far away from such an area,
they do not project. BDNF-producing fibroblasts co-grafted with embryonic mouse
retinal cells in the cerebral cortex have been seen to promote the outgrowth and
survival of axons from the transplants.**® In older grafts. mature ganglion cells are
more prone to damage by axotomy caused during grafting and, consequently, they
project poorly.*®

The extent of the neurite outgrowth also depends upon the available synaptic space.™
Retinas were transplanted to a site adjacent to the superior colliculus of neonatal
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hosts, where retinocollicular projections had not yet developed. The contralateral
eye was enucleated at the time of grafting. The projections from the graft to the host
superior colliculus appeared to be much denser than the projections from the nor-
mal control eye to the contralateral tectum. Without the enucleation, only a few
fibers extended from the graft to the superior colliculus of the host.* Also, when
the embryonic retinas were grafted close to the superior colliculus of the adult hosts,
projections penetrated only up to about 2 mm into the host superior colliculus.?¢*
On the other hand, in the neonatal host, the projections were seen to terminate over
the whole extent of the superior colliculus. The dissociation and reaggregation of
donor tissue prior to grafting did not affect projections from the graft.2s!

Freed and Wyatt”® transplanted whole eyes to a location near the dorsal lateral
geniculate nucleus of blind adult rats. On stimulation of the transplants with a light
flashes, ‘short latency negative waves’ (NT) were recorded. They were sometimes
followed by excitatory positive responses. The predominant NI wave was suggested
to represent an erroneous coupling of photoreceptors to bipolar cells. Some ‘long
latency responses’ indirectly suggest connections between host and graft.

On light or electrical stimulation of embryonic rat retinal transplants in the tectum
of newborn rats, light evoked slow wave potentials could be recorded from the
transplants and the tectum,*® closely conforming to observations on normal rodent
colliculus "*?. Responses could also be recorded from cortical area 18a, and they
were most likely mediated by circuitry involving intermediate relays.® Stimulation
of the transplant activated regions several intermediate synapses away as seen from
results with c-fos activation.”

It may thus at least theoretically be possible for ganglion cells in transplants to
survive, to project, and to form connections with the target area in the brain. How-
ever, integration of the transplant with the neurons in the host retina seems like a
much more feasible strategy, as will be argued in the following.

Synaptic connections between transplanted neurons and host inner retina
could suffice

In hereditary retinal degenerations the inner retinal layers are relatively well pre-
served,””"*” and it is therefore not necessary for successful retinal grafts to have
surviving ganglion cells. If the transplanted photoreceptors or the cells of the inner
nuclear layer can form functional connections with the host, the graft should be
able to convey information to the host. It is with this logic photoreceptor sheet
transplants are being tried. Paper (IV) of the work presented here investigates if the
transplants are capable of forming connections with the host. In this respect it is
also important to determine if the host inner retinal layers remain capable of receiv-
ing such connections after transplantation.
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Transplants convey information to the host

The capability of transplants to mediate pupilloconstrictor responses in the host
was investigated by exploiting the consensual pupillary reflexes. Retinal transplants
in the brain were able to induce pupillary constriction in the host.’'*'> The trans-
plant mediated pupillary responses could be elicited also from long-term transplants
where the photoreceptor layer was no more evident suggesting that these reflexes
may be an indicator of already minimal functional capability.

More recently, Silverman e al** have summarily reported on the pupillary re-
sponses and visually evoked cortical potentials in light blinded rats that had re-
ceived transplants. However, in this case, there are not yet enough details published
to exclude that the responses were due to the residual visual function that can be
seen in the animal models of retinal degeneration .”7-="%="%

Hosts ‘see’

To address the question of whether animals can see with retinal transplants, the
effects of retinal illumination on the suppression response,”™ alerting behavior™’
and photophobic behavior™ were studied in rats with retinal transplants to the brain.
The results of the conditioned suppression experiments showed that the animals
could detect an illumination of the transplant.”™ Experiments with photophobic be-
havior of the rats suggested that the hosts experienced the illumination, but not in

the same fashion as normal eyes.”™

If transplanted retinal cells survive, grow, differentiate and form synapses with the
host neuroepithelial cells, then they may provide useful input to a visually handi-
capped host. del Cerro ef a/.* analyzed the inhibition of the acoustic startle reflex in
rats with light-damaged retinas with or without transplants. Light-blinded rats showed
a phase of exaggerated reflex followed by an aberrant phase of delayed inhibition,
Grafting fetal retinal cells into the light damaged rat retinas restored a modest de-
gree of properly timed reflex inhibition indicating that in oculo transplants may
have provided useful visual information to the blinded host.

IMMUNITY

The eye is an immune privileged site

It has been known for many vears that histoincompatible tissues survive unexpect-
edly well at certain sites,'”*"*% and the interior of the eye is one of them. It was
originally thought that this was so because the interior of the eve was sequestered
from the systemic circulation and thus hidden from the immune system. More re-
cently, it has been shown that antigenic material from the eye is able to reach the
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systemic circulation®*2%:2% and may elicit an immune response. However, the immu-
nity thus generated differs from the conventional, and lacks some of the standard
cellular and molecular effects. The response is called anterior chamber associated
immune deviation (ACAID), and it is characterized by a grossly impaired expression
of antigen specific delayed hypersensitivity,”®® preserved humoral immunity and
primed cytotoxic T cell responses,*! all achieved by an active down-regulation of
the immune responses. Induction of ACAID depends upon certain unique features
of the spleen and upon the immunosuppressive properties of the intraocular
microenvironment.”® They are all mediated by cytokines, especially transforming

growth factor 3 (TGF[3).

It has been shown that neural retinal grafts are immunogenic and that the immunity
generated is directed against both the graft and the retina restricted autoantigen.'®
Histocompatibility antigens are scant in the neural retina, but their expression is
upregulated after transplantation.®'” Depending on the site of transplantation, the
grafts may induce delayed hypersensitivity (in the subconjunctival space, for in-
stance) or ACAID (in the anterior chamber of the eye). Even though most antigens
are reported to be capable of inducing ACAID (including the major and minor
histocompatibility antigens of the transplant,*”* not all of them evoke a permanent
state of ACAID. For example, some tumor cells transplanted to the anterior cham-
ber of the mice induce only a transient ACAID.?'¢ Allogenic retinal grafts placed in
the anterior chamber are eventually destroyed, indicating that conventional immu-
nity can overcome the ACAID.""&

Studies of the subretinal space and vitreal cavity as immune privileged sites have
indicated that they enjoy the same privilege as the anterior chamber not only in the
normal eye but also in disease.'* The study implies that both the vitreal and subretinal
spaces have an immunosuppressive microenvironment. It is interesting to note that
transforming growth factor B is produced by the retinal pigment epithelium*7-and
that its production by the astrocytes is upregulated in pathological conditions.*!”
The Miiller cells of the retina suppress T-cell proliferation by a direct contact mecha-
nism.* These facts indicate that retinal cells may be contributing to the immuno-
suppressive microenvironment of the subretinal and vitreal spaces. Strengthened
by the blood retinal barrier formed by the pigment epithelium, Bruch’s membrane,
and the endothelium of the retinal vessels, the subretinal space has all the features
of an immune privileged site. The results with cell transplantation show that the
immune privilege of this site is able to withstand the disruption of the blood retinal
barrier induced by the surgery.

% The immune privilege of the eye can be regarded as a physiological adaptation to an evo-
lutionary need, ensuring that the immune protection against the intraocular antigens is deliv-
ered with minimal immunogenic inflammation. This avoids dan;l%ge to the ‘innocent by-
stander’ tissues and relevant to our context, the retinal transplant.
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Influence of host age

There has been little research regarding effect of host age on retinal transplants.
The immunological maturity and hence also the host age should directly affect the
transplants. Immunologically matched grafts can survive in adult hosts but an im-
munologically disparate donor tissue is more likely to survive if the host is imma-
ture and thus immunologically incompetent.*”® Neural xeno-transplants into adult
rat brains showed a high degree of rejection,*® whereas 70% of similar grafts sur-
vived in the brain of neonatal rats for at least 90 days.*" Grafts survived well in rat
hosts aged up to about seven days post partum, but in rat hosts older than 11 days at
the time of transplantation, grafts got infiltrated with lymphocytes within a few
days and showed advanced destruction by day 15.7** This indicates the time of de-
velopment of immunological competence of rats. Other studies on neural trans-
plants including retinal grafts in CNS** and the growth of fetal brain explants in the
anterior chamber of the eye'™ indicate that host age can influence the outcome.

Host immunity can be altered for better survival of the grafts

Cyclosporin-A is a commonly employed drug that suppresses the immunity of the
host, and it has been shown to enhance the survival of for instance kidney, bone
marrow and liver transplants,'*"*"12%2 and is now the standard treatment for all types
of organ transplants. Mouse retinas grafted into rat eyes survive and differentiate
for up to 30 days with Cyclosporin-A treatment.”' Postnatal day 21 rat retinas are
more mature and survive when grafted to the subretinal space. However, they do
not survive well if transplanted to a site where the retina has previously been lesioned,
but the survival improves if the animal is treated with Cyclosporin-A.** Similarly,
immunosuppression with FK 506 has also been shown to prolong cross-species
graft survival.#*

Transplant antigenicity can be altered for better survival of the grafts

Cells lining the anterior chamber do not express any class IT histocompatibility
antigen complex, but this is not true for the pigment epithelial and neuroretinal
cells. Cultured pigment epithelium can be made to express such antigens by lym-
phokines and Y-interferons,** but the histocompatibility antigens in retinal cell trans-
plants do not necessarily lead to a rejection of the graft because of the immune
privilege of the eve. Nevertheless, the immune privilege of the eye is far from abso-
lute, and under certain conditions ACAID fails to develop so that the eye can be-
come the target of immunogenic inflammation.*™

Theoretically it is possible to eliminate the major histocompatibility complex gene
by recombinant DNA methods in tissues that are capable of considerable prolifera-
tion in the cultures.’” These methods are at present in their infancy, but theoretically
it should be possible to develop universal donor cells that do not evoke an immune
response.



HurbpLES

There is hope that retinal cell transplantation could prove a practical way to treat
retinal degenerations, which are hitherto untreatable. The history of retina to retina
transplantation is short, but the achievements have been considerable. Pigment epi-
thelial cells and retinal neurons have very recently been transplanted in humans, 7884207
with published observation times up to about a year.

There are certain areas in the field of retinal transplantation where more detailed
studies are needed. It is generally known that even when retinal transplants are
allowed to survive and to attain postnatal ages, their sizes remain limited even though
they often contain donor tissue from more than one embryonic retina. Technical
difficulties have precluded more precise studies of transplant growth by either mea-
suring the size, the volume or in other ways. It is therefore important to study the
growth of the transplanted cells, and the factors affecting it.

There is also a need for detailed studies on the physiology and development of
retinal transplants, as well as on what is normal and what is abnormal in them. Such
knowledge will be useful to develop remedies for the function limitations that the
transplants may have.

Even though fibers have been seen connecting the transplant with the host, they do
not appear regularly and their number is small. For transplants to convey informa-
tion to the brain, they must integrate well with the host and form sufficient synaptic
connections. More work is needed to find factors that influence the formation of
connections between the host and the graft.

In most of the transplant modalities being used at present, the transplanted cells
organize themselves into rosettes.5144146:380.408 Rogette-free transplants are highly
desirable. Attention is needed for identifying the factors that are responsible for
rosette formation in transplants, and to develop surgical procedures by which ro-
sette-free transplants can be obtained. Paper V deals with the development of such
a technique. Taking the lead from this, further modifications in the technique have
resulted in reasonably well laminated grafts, 113836

Transplanting cells that produce some trophic factor that will prevent neurons from
degenerating is an attractive idea that is just beginning to get explored. It is known
that at least some diseases in experimental animals are caused by a lack of some
trophic factors, and a number of candidates have been found.”® However, cell-
systems able to deliver the required factors are not available. It is worth exploring
the possibility of using retinal transplants, peripheral nerve transplant, or some other
cell line as a source for trophic factors.

In certain clinical situations, retinal transplant will have to survive in oculo for a
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long period of time. There are reasons to believe that the long-term survival of retinal
transplants may not be as good as desirable. Tt has been shown that neural retinal
grafts are immunogenic,'” and the immune privilege of the eye is not perfect.!®16
Also, soon after the transplantation the grafted cells and the host retina degenerate
at the host graft interface.*® It is therefore important to assess the fate of retinal
transplants after long survival times.
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' GOAL AND AIMS OF THE STUDY

The general goal of the study was to get a better understanding regarding the
growth, differentiation, integration, organization and survival of the retinal transplants,
with a view of developing retinal transplantation as a clinical procedure for treating
degenerative retinal disorders such as retinitis pigmentosa.

The present study attempts to provide clues to the answers of some questions
raised in the introduction of this work. The specific aims of the present study were:

1. To reach a better understanding regarding the rosette formation in the retinal '
transplants, and to develop a surgical procedure for producing better organized
retinal transplants in rabbits.

2. To examine the development of different cell types in the retinal cell trans-

plants and to compare their development with that of normal retina.

To study the proliferation of cells in normal developing rabbit retinas

To study the proliferation of cells in rabbit retinal transplants.

To study the connections between the host and the graft.

To study the fate of long-term retinal transplants in the eye.

A
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MATERIALS

Ethics

All the experiments in the study were conducted according the rules set forth in the
ARVO resolution on animal experimentation. Appropriate permits for the study
were obtained from the Swedish Government Animal Experimentation Ethics Com-
mittee at the University of Lund and appropriate authorities at Harvard University
in USA.

Tissue

DEVELOPING RABBIT RETINAS FOR COMPARATIVE STUDIES

Rabbit retinas in various stages of development were obtained from rabbit embryos
(Papers I and I1I). The ages of the embryonic retinas ranged from post-conception
day (E) 15, to the adults. . The age of the animals was determined by mating the
rabbits during a 1-hour period on a known date.

DONOR TISSUE FOR RETINAL TRANSPLANTATION

Ordinary mixed strain pigmented rabbit retinas from stage E 15 were used as do-
nors (Papers 1L, I, TV, V, and VI). Embryos were obtained by cesarcan section
after euthanizing the pregnant female rabbits. They were kept at +4° C in Ames’
solution, which has the following composition (mM): NaCl (120), KCI (3.6), MgSO,
(1.2), CaCl, (1.2). NaHCO, (23), NaH,PO, (0.1). Na,HPO, (0.4) and glucose (10).
Eyes from thesc embryos were enucleated, and the neural retina was then carefully
dissected from the posterior eyecup under an operating microscope. These retinas
were kept in the same solution until transplanted.

RECIPIENTS FOR RETINAL TRANSPLANTATION

Adult rabbits of the same strain as the donors, weighing between 2.5 and 3 kegs,
were used as recipients (Papers 1L, 1L TV, V, and V). Fifteen minutes before sur-
gery, the right pupil of the recipient was dilated with 1% cyclopentolate and, if
necessary. also with 10% phenylephrine HCI. For surgery. animals were anaesthe-
tized with | ml’kg Hypnorm™® (fluanison 10 mg/ml and fentanyl 0.2 mg/ml).
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Transplantation instrument

FOR TISSUE FRAGMENT TECHNIQUE

For transplanting fragmented pieces of the donor tissue, a previously described
instrument was used* (Papers 11, III, IV, V, and VI). The plastic capillary used in
this instrument is narrow (with inner and outer tip diameters of 0.15-0.4 and 0.3-0.5
millimeters), with the result that the embryonic retinas get fragmented when drawn
up into it.

FOR LARGE SHEET RETINAL TRANSPLANTS

A special instrument was developed for transplanting large pieces of full thickness
embryonic rabbit retinas into the adult eyes (Paper V). The instrument comprises a
cannula made from a flattened 18 gauge injection needle, which serves as a jacket
around a thin-walled flat polyethylene tube (about 1.8 X 0.6 mm outer and 1.6 X
0.4 mm inner dimensions). This polyethylene tube and the cannula are mounted on
an instrument that can push the tube out of the cannula in a controlled fashion.
Further, the plastic tube is attached to a precision microsyringe. Donor tissue is
sucked into the polyethylene tube with the help of the microsyringe. In this process,
the slightly cup-shaped neural retina enters the tube as a single piece. There is in-
evitably some damage to the transplant tissue at the cut margins, but the central
portion remains as an intact sheet.
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METHODS

Surgical procedure

The cannula with the polyethylene tube containing 3 to 4 embryonic retinas (frag-
mented or large whole retinal sheets) was introduced into the eve through a pars
plana incision (5-6 mm behind the limbus) and advanced transvitreally until it
reached the predetermined transplantation site at the posterior pole. The procedure
was monitored under an operating microscope, using a standard contact lens. On
reaching the retina, the polyethylene tube was pushed out of the cannula, and if
required introduced into the subretinal space (for subretinal transplants) by doing a
retinotomy with the tube containing the tissue. The donor tissue was then ejected at
the appropriate site by pushing the piston of the microsyringe attached to the can-
nula (Papers I, 111, IV, V, and VI).

After transplantation, animals were allowed to wake up and were transferred to
their normal cages with a 12/12-hour light/dark cycle. No antibiotics or
iImmunosuppressives were given postoperatively.

Tissue processing

At predecided times after the transplantation (varying from 1 day to 583 days), the
animals were sacrificed. Their eyes were enucleated and fixed in 4% formaldehyde
for 24 hours (Papers 11, III, IV, V. and VI). After the fixation, the cyes were
hemisected and the part carrying the transplant was excised. The tissue was washed
with Serensen’s phosphate buffer (0.1M pH 7.2) and then cryo-protected, if needed,
by washing with the same buffer containing 5%. 10% and 20% sucrose. Twelve-
micrometer sections were cut on a cryvostat. For paraffin and plastic sections, the
fixed tissue was washed in 30, 50 and 80% ethanol and xvlol (for paraffin) or aceton
(for plastic) in which it was also stored until embedded in paraffin wax or plastic
and sectioned (6 Llm and 2 lUm respectively). Developing retinas were fixed and
processed in the same way (Papers T, and TI1).

Staining for light microscopy

The cryostat sections were stained with hematoxvlin and eosin. where as the plastic
and paraffin sections were stained with methylene blue and toluidine blue respec-
tively for light microscopic examination.
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Immunohistochemistry

ANTIBODIES

MIB-1

The antibody (Vector Lab. Inc. Burlingame, CA., USA) marks a protein called Ki-67
219 which is found only in the dividing cells.”**"*” Thus MIB-1 immunostaining is a
good marker for proliferating cells. The sections were blocked with normal horse
serum. Anti-mouse antibody raised in horse (Vector Lab. Inc. Burlingame, CA_,
USA) was used as the secondary antibody and the slides were developed with the
ABC technique (Papers I and II).

Anti-nitric oxide synthase

The NOS antiserum employed was raised in sheep against purified rat recombinant
neuronal NOS protein (a gift from Dr. I. Charles and Dr. P. C. Emson, MRC, Cam-
bridge, UK). The antibody recognizes a protein with a molecular mass of 155 kDa
on Western blot analysis of rat hypothalamus, and is therefore specific for neuronal
NOS. Adsorption of the antiserum with the recombinant neuronal nNOS protein
abolished all immunoreactivity. This antibody was used in papers III and IV

R2-15

The antibody (R2-15) marks rhodopsin, which is a protein of phototransduction
cascade and is mainly found in the photoreceptor outer segments. Rabbit-anti-mouse
immunoglobins (Dakopatts) were used as secondary antibody and the slides were
developed with the ABC method (Paper V).

Anti-vimentin

The antibody (Dakopatts) marks vimentin, which is found in the Miiller cells. The
glial cell architecture of the retina can thus be studied with vimentin antibodies
(Paper V). Rhodamine-conjugated rabbit immunoglobulins to mouse immunoglo-
bulins (Dakopatts) were used as secondary antibody.

MeTHOD

Mouse monoclonal antibodies against rhodopsin (diluted 1:6000), vimentin (di-
luted 1:100), the Ki-67 antigen (diluted 1:200) and nitric oxide synthase (1:3500)
were used for immunohistochemistry on cryostat sections. The antibodies were di-
luted in phosphate buffered saline (PBS) containing 0.25% Triton X-100" (ICN
Biomedicals Inc.) and 1% bovine serum albumin. Sections were washed for 15
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minutes in 0.01 M PBS (pH 7.2) containing 0.25% Triton X-100 (and 1% BSA for
the MIB-1 antibody), which was also used for all the washes in the immunohis-
tochemical staining. Sections were then incubated with normal blocking serum (rabbit
1:10, Dakopatts for thodopsin and vimentin, and 1.5% normal horse serum for
MIB-1, and 1.5% normal donkey serum) followed by incubation with primary an-
tisera for 20-25 hours for antibodies against rthodopsin, vimentin and NOS, and 72
hours for antibodies against Ki-67. Sections incubated with antibodies against
vimentin and NOS were washed, incubated with secondary antibody (for vimentin
rhodamine-conjugated rabbit immunoglobulins to mouse immunoglobulins,
Dakopatts, and for NOS Texas Red sulphonyl chloride-conjugated donkey anti sheep
1gG, Jackson ImmunoResearch) for 30 minutes, washed again and mounted with
Vectashield (Vector Lab. Inc.). Sections incubated with anti-rhodopsin and MIB-1
were incubated in secondary antibody (rabbit-anti-mouse immunoglobins. Dakopatts
for rhodopsin, and biotin conjugated horse-anti-mouse secondary antibody, Vector
Lab. Inc. Burlingame, CA., USA for MIB-1). To develop the peroxidase reaction,
sections were first washed for 15 minutes in 0.05 M Tris buffer (pH 7.4) and then
developed for 10 minutes in a substrate solution of 0.03% diaminobenzidine (DAB)
and 0.015% H.O, in 0.05 M Tris buffer (pH 7.2). For MIB-1, the HRP reaction was
developed with the ABC method (Vector Lab. Inc.).
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- OBSERVATIONS AND RESULTS

How do transplanted cells proliferate compared to normal retina?

MIB-1 IMMUNOREACTIVITY IN DEVELOPING RETINA

At embryonic day 15, the earliest stage examined, some non-reactive cells were
already present in the innermost third of the neuroblastic cell mass. ® Certain in-
tensely stained, round cells (cells in metaphase) were present close to the pigmented
epithelium. At embryonic day 25, when the ganglion cell layer has separated fol-
lowing the formation of a inner plexiform layer, certain cells in the ganglion cell
layer/ nerve fiber layer remain immunoreactive, and these immunoreactive cells
persist even in the oldest examined retina (PN 15) at least in the mylinated streak.
At E 25 there is an accumulation of non-reactive cells in the innermost part of the
neuroblastic cell mass (close to the IPL), and these cells increase in number at E 29
and corresponds to rounded cells in the hematoxylin and eosin stained sections. At
E 29 the outer plexiform layer forms in the central retina and the immunoreactivity
ceases in its vicinity.

At the day of birth the central retina was almost non-reactive, but the reactivity
persisted in peripheral retina and increased from center towards periphery. The
OPL had further spread peripherally decreasing the immunoreactivity along its
spread. In the outer nuclear layer, there was some reactivity and most of the reactive
cells were accumulated proximally close to the OPL. Cells in the metaphase were
close to RPE. Some elongated cells were present in the middle regions of the INL
including some cells in the metaphase.

As the retina matures in PN 3, 5 and 7 the central non reactive area enlarges and
most of the reactive cells found were elongated and were located in the INL. At PN
11 and 15 immunoreactivity was only seen in the extreme peripheral parts of the
retina Immunoreactivity was also seen in the RPE, but at and after E 29 it became
difficult to judge the reactivity due to increased pigmentation in these cells (Paper

0.

& Terminology: When describing and discussing retinal development the term “basal” or
“proximal” and “apical” or “distal” are used to denote localization in terms of how the tissue
develops. In the neuroretina, “basal” thus means closer to the vitreous and “apical” closer to
the photoreceptors. For transplants the term “luminal layers™ or “inner layers” are used to
denote the layers of cells towards the lumen of the rosettes (containing cells found in the
outer nuclear layer of normal retina) and “outer layers” to denote layers away from the
[umen. The outer layers and the cells lying in between the rosettes containing the cells found
in the inner retinal layers of normal retina.
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MIB-1 IMMUNOREACTIVITY IN RETINAL TRANSPLANT

One day after transplantation reactive (including cells in metaphase) and non-reac-
tive cells were randomly distributed in the graft. Some cells in the metaphase formed
rosette-like clusters. A few patches of small non-reactive (judged to be degenerat-
ing) cells were seen close to the host retina.

In later developmental stages in the grafts (E 19, 21, and 22) the rosettes became
more and more distinct. The pattern of immunoreactivity changed around the ro-
settes. Cells in the metaphase were often found arranged in the innermost parts of
the rosettes, close to the lumen. At E 21 few cells in the innermost lavers of the
rosettes became non-immunoreactive. Reactive cells were present in the outer lay-
ers of the rosettes. There were clusters of immunoreactive and non-reactive cells in
between the rosettes. Small non-reactive cells at the host graft interface increased
and these corresponded to the pyknotic cells on hematoxylin and cosin staining.
However, a few immunoreactive cells were present in this non-reactive area, and
these cells persisted even in the oldest examined transplants. In embryonic age 26
and 29 days, cells in the luminal layers of rosettes progressively became non-reac-
tive; the reactivity was confined to outer layers of the rosettes and in cells located
between the rosettes. At postnatal day 2, the immunoreactivity was found only in
cells situated between the rosettes. In later stages (PN 5, 11 and 12), very rarely
some cells were reactive in between the rosettes (Paper IT).

How do the transplanted retinas develop at various transplantation
sites?

LIGHT MICROSCOPY AND RHODOPSIN IMMUNOHISTOCHEMISTRY OF EPIRETINAL TRANSPLANTS

In the large sheet retinal transplant in the epiretinal space, cells differentiated in two
distinct nuclear layers. The apical laver comprised of dark and oval nuclei of neuro-
blastic cells. The convex surface of this layer showed no photoreceptor outer seg-
ments and the immunoreactivity for rhodopsin was negative. On the basal side, this
nuclear layer was followed by a layer with the appearance of the normal inner
plexiform laver. A cell layer equivalent to the normal ganglion cell layer was also
present, but the type of the cells in this layer remained undetermined (Paper V).

LIGHT MICROSCOPY AND RHODOPSIN IMMUNOHISTOCHEMISTRY OF SUBRETINAL TRANS-
PLANTS

The transplants done with fragmentation technology developed rosettes, where as
those done with modified large-piece technology developed arcuates (further dis-
cussed below). Both the arcuate arrays and the rosettes showed two distinct layers
of cell bodies. The first comprised comparatively small, oval cell bodies, appar-
ently developing photoreceptor cells. The second consisted of cells with rounder
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and more lightly stained nuclei, which resemble cells of the inner nuclear layer. A
plexiform layer was also present between the two nuclear layers, as was in places
another plexiform layer, most likely equivalent to the inner plexiform layer. Thus
the rosettes had two cell-rich layers and two layers resembling the outer and inner
nuclear and plexiform layers, respectively. A cell layer resembling the ganglion
cell layer was also present, but it was not established whether it contained true
ganglion cells or some other cell type, such as displaced amacrine cells.

Both in the arrays of cells and in the rosettes, the photoreceptors most often had
well-developed outer segments. This was confirmed by immunohistochemistry for
rhodopsin. Particularly in cell arrays, photoreceptors were also associated with a
well-developed outer limiting membrane as judged by light microscopy (Paper V).

How do the transplanted retinas differentiate compared to normal reti-
nas?

NOS IMMUNOREACTIVITY IN THE DEVELOPING RETINA

A few weakly stained cells, at times with short stained processes, were found im-
munoreactive at E 29 in the proximal margin of the neuroblastic layer of the central
retina. At PN 0, these cells had long and well-stained dendrites projecting towards
the developing inner plexiform layer. At PN 3, the number of reactive cells in-
creased, and these could at times also be seen in the ganglion cell layer. The cells
projected towards the inner plexiform layer. At PN 5 and PN 7, these cells formed
a distinct immunoreactive band in the middle of the inner plexiform layer. At PN
11, it became possible to distinguish labeled cells of at least two types. One larger
cell type exhibiting stronger immunoreactivity and another smaller and weakly la-
beled. Labeling in the inner plexiform layer was seen in a thick band located in the
middle of the layer, and in a weaker and more proximal sublamina. Some lightly
stained dots could at times be seen also in the most distal sublamina of the inner
plexiform layer. At PN 60, and in the adults in the adult, NOS-immunoreactive
cells were seen both in the inner nuclear and ganglion cell layers, and at times even
within the inner plexiform layer. These cells formed plexuses in the inner plexiform
layer as described above. Rarely, the immunolabeled cells located in the inner nuclear
layer were seen to emit processes towards the outer plexiform layer. However, no
specific labeling was detected in the latter (Paper I1I).

NOS IMMUNOREACTIVITY IN TRANSPLANTED RETINA

In transplants corresponding to E 29, a few stained cells were occasionally ob-
served. The labeled cells were found between rosettes, where cells belonging to the
inner retina are located. The same observations were made at later stages (trans-
plants corresponding to PN 0 - PN 123). The number of stained cells was however
seen to vary between the specimens and at times also between sections. Yet, a rela-
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tively large number of distinctly labeled cells could be seen even in older trans-
plants. At least two subtypes of NOS-containing cells appeared to be present in the
grafts (Paper I1I).

Do grafts Integrate with the host retina?

NOS IMMUNOREACTIVITY IN FIBERS BETWEEN THE GRAFT AND THE HOST

Most labeled cells found in the grafts projected to the equivalent of an inner plexi-
form layer within the transplant, which in many cases was located next to the host
retinal pigment epithelium. This layer was at times made of a dense plexus of stained
fibers that often ran for considerable distances (Paper I11). At times, immunolabeled
processes were also found in the grafts close to the graft-host border. In regions
where one or more photoreceptor cell rows of the host outer nuclear laver remained,
such processes could be seen to run parallel to the border, without entering the host
retina.

At other times, labeled fibers originating in the graft could be seen crossing the
graft-host border. This was seen in regions where the host photoreceptor layer was
absent. Such bridging was observed at all survival times, but not in all specimens
examined. Further, it was in some cases possible to follow a labeled process origi-
nating in the graft all the way into the host inner plexiform layer (Paper IV).

At places certain immunorcactive cells could be seen to project to plexiform layers
both in the transplant and in the host thus connecting the plexiform layer in the
transplant to the inner plexiform layer of the host.

Does the transplantation technique influence the organization in the
grafts?

LIGHT MICROSCOPY AND VIMENTIN IMMUNOHISTOCHEMISTRY OF FRAGMENT TISSUE RETI-
NAL TRANSPLANTS

To study the overall architectural organization of the transplants, Miiller cells were
immunostained with vimentin. Regular rosettes dominated in fragmented tissue trans-
plants, but rosette-free arcas were infrequently found in places where the host pig-
ment epithelium was disturbed. In these transplants. vimentin immunoreactive cells
were radially arranged in the outer nuclear layer of the rosettes. In the areas be-
tween them, which corresponds to the inner retinal layers. vimentin immunoreac-
tive cells appeared abnormal. Tn these areas, an inner limiting membrane was not
visible and the Miiller cell end feet plates were not regularly visible in the trans-
plants.
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LIGHT MICROSCOPY AND VIMENTIN IMMUNOHISTOCHEMISTRY OF LARGE SHEET RETINAL
TRANSPLANTS

Six weeks after the transplantation (equivalent to 8 weeks after the conception) the
epiretinal transplants had grown into a more or less spherical or cup-shaped lami-
nated sheet. This piece of the donor tissue did not show rosette formation except at
the margins of the transplant, where a few small rosettes could be seen. Vimentin
staining of these transplants revealed a relative regular palisade-like arrangement
of the Miiller cells.

Subretinal large sheet retinal transplants in the same eye showed an organization
different from that of epiretinal large sheet transplants. Here the cells were pre-
dominantly arranged in irregular arcuate arrays. The photoreceptors in these arcu-
ate arrays always faced the host retina, whereas the photoreceptors in the rosettes
faced their centers. The vimentin immunoreactive cells were in these transplants
regularly arranged in an arcuate manner.

Do transplants survive for long time?

LIGHT MICROSCOPY OF LONG-TERM TRANSPLANTS

In the long-term transplants, graft was identified in most specimens (Paper VI). In
some few the glial tissue was found to dominate whereas nerve cells were found in
abundance in others. However, even these transplants had more glial cells then seen
in the transplants of shorter survival time. In long-term transplants photoreceptors
were found to survive only when they were well apposed to the host retinal pigment
epithelium. The surviving photoreceptors were well differentiated. In portions of
the graft where the transplanted tissue was not in contact with the host retinal pig-
ment epithelium the rosetted layering of the transplant was largely lost. Neverthe-
less, the outlines of the rosettes could still be seen.

After long survival times, the physical fusion between the transplant and the host
was excellent. The thickness of the long-term grafts was much reduced in compari-
son with the ones that had survived for only short times. In short-term grafts the
total thickness of the transplant and the remaining host retina overlying the graft
was approximately 3 times the thickness of the intact host retina adjacent to the
graft. In long-term transplants the thickness of the graft and the overlying degener-
ated host retina was almost equal to, or slightly more (<1.5 times) than the thickness
of the intact host retina (Paper IV).
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How does the host react to transplantation?

LigHT Mmicroscory, MIB-1 aND NOS IMMUNOHISTOCHEMISTRY OF HOST RETINA ADJA-
CENT TO THE GRAFT

Soon after the surgery the host retina overlying the graft started degenerating. The
degeneration was confined to the photoreceptors and outer nuclear layers. In the
transplants of the short survival time cell debris belonging to the degeneration host
as well as the transplanted cells could be seen at the host graft interface (Paper Il
and VI). After long survival time this debris was not visible, and due to the good
integration of the host with the graft, the outer plexiform layer of the host overlying
the transplant was not casily distinguishable. Both after short and long survival
times the cells of the inner nuclear layer, the inner plexiform layer, and the ganglion
cell layer were clearly distinguishable. The number of cells in the inner nuclear
layer appeared to be less than what was seen in the non-degenerated parts of the
host retina. Certain large cells (presumed to be ganglion cells) were visible in the
host retina covering the transplants. The deeply stained cells of the outer nuclear
layer along with photoreceptor outer segments were seen in the host adjacent to the
transplant. In the host retina adjacent to the transplant. the number of cells in the
outer nuclear layer and the size of the outer segments tended to taper off. These
observations were also noted in the transplants of younger ages.

In the host retina close to the transplant certain cells could be seen to proliferate
already 6 days after transplantation and these persisted till PN 12 (Paper IT).

NOS-immunolabeled cells were seen in the host retinas at all time points. NOS-
positive cells could be seen in the host retina also in the region contacting the graft.
These had a normal appearance, and were seen to project towards the inner plexi-
form layer as seen in intact retinas. There was no indication that the number of
NOS-labeled cells was altered in the host retina following transplantation (Paper TI1
and V).
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DISCUSSION

Growth of retinal transplants

TRANSPLANTED RETINAS MAINTAIN THE PATTERN OF PROLIFERATION

Proliferation of cells in developing retina

At E 15, the proliferating cells were seen in the outer two thirds of the neuroblastic
cell mass. However, mitotic figures visible as large, rounded and deeply staining
cells were found only at the apical border of the neuroblastic cell mass in this*’
(Paper I and®7) and other'***° studies, indicating that the proliferating cells un-
dergo interkinetic migration.

Ganglion cells are the first cells that leave the mitotic cycle,!3!173182,197.373.377420 .
grate to the proximal part of the neuroblastic cell mass,* and start to project axons
towards the optic fissure.'®*” Therefore, the post mitotic cells at E 15 which accu-
mulate in the most proximal part of the neuroblastic cell mass are likely to be differ-
entiating ganglion cells *’(Paper I).

The non-proliferating cells in the innermost part of the neuroblastic cell mass at E
25-29%7 (Paper I) which correspond to the round, lightly stained cells in hematoxy-
lin and eosin sections (in E 29) have been described as differentiating amacrine
cells in previous studies.'*

The timing for the differentiation of bipolar cells is not well documented, but vari-
ous studies on mammalian retinas have suggested that the early proliferation gives
rise to ganglion cells followed by the horizontal cells, some amacrine cells and
cones. Late proliferation gives rise to the remaining amacrine cells, Miiller cells,
bipolar cells and rods.67:227:324:325.377.435

Differentiated horizontal cells are apparent already at E 27.'% It therefore seems
likely that already at E 25, some of the postmitotic cells could be differentiating
horizontal cells, which visibly accumulate proximal to the outer plexiform layer
first visible at E 29 (Paper ).

Atstages E 25 and E 29, there was a gradually increasing accumulation of postmitotic
cells towards the distal retina at the location of photoreceptors (Paper I). However,
even after the formation of the outer plexiform layer, proliferating cells in the outer
nuclear layer could be observed accumulated on the proximal part and the distal-
most part of the same layer (mitotic figures). This suggests that photoreceptors are
born throughout a long period of time. Accumulated evidence suggests that the
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cones are born in the early phase of proliferation while the rods are born in the late
phase.’*

At the time of birth, the proliferation ceased in a small region in the central retina.
This area of non-proliferation successively enlarged in PN 3, PN 5 and PN 7 retinas
where the proliferation was found only in the peripheral part of the retina. Isolated
proliferating cells could be seen in the extreme periphery of the retina even in PN
15 retinas®” (Paper I). This is consistent with the previous reports based on observ-
ing mitotic figures.’”

After the formation of the outer plexiform layer, most of the proliferating cells were
situated in the middle region of the inner nuclear layer. suggesting the genesis of
Miiller cells. In support, mitotic figures immunopositive for Ki-67 can be seen in
the inner nuclear layer (Paper 1), as has also been reported by others. "
The cells situated in this region undergo proliferation for the longest period of time.
Many studies have suggested that the Miiller cells are born early in develop-
ment, 218410 \Vhercas others have shown a late proliferation that gives rise to the
Miiller cells.®”27 It seems that Miiller cells are born over a long period of time, and
in the early stage the cells leaving the mitotic cycle give rise to a variety of neurons
as well as Miiller cells, while later mostly Miiller cells are born. In rats*™ and
frogs'™* the same progenitor cells have been shown to give rise to both neurons
and Miiller cells

20328388

The presence of Ki-67 positive cells in the most proximal layer of the retina as well
as very few cells in the inner nuclear layer after the first postnatal week indicates a
second phase of proliferation, presumably glial®*” (Paper I). Similar late proliferat-
ing cells in the inner nuclear layer of retina have been reported in cat.> '™ The cells
in the nerve fiber layer are probably astrocytes™** and were reported up to at least
4 weeks after birth. In our study, the late pmlliemtmg cells in the inner nuclear
layer had the morphological characteristics of Miiller cells. In previous studies.™
[3H]-thymidine labeled cells in this region have been shown to contain immunore-
active vimentin, which marks Miiller cells.**

Proliferation of cells in retinal transplants.

Already one day after transplantation the cells in the metaphase had began to orga-
nize themselves into rosette-like clusters. It is around this clustering that the prolif-
erating cells in the transplant form the zone of interkinetic migration. E 15 may not
be the best time for harvesting the donor tissue, which should ideally be harvested
before the terminal mitosis. ™

As the transplanted cells reorganize themselves into rosettes (E 19). the dividing
cells also adopt the general proliferation pattern seen in normal retinogenesis. Cells
in metaphase appear in the luminal layers of the rosettes which correspond to the
ventricular surface of the normal retina, whereas cells in other phases are present in
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the surrounding layers (Paper II and also presented elsewhere®®). This also indi-
cates interkinetic migration within the rosettes, similar to what is seen in the normal
retina. Around at E 21, the postmitotic cells in the luminal layers of the rosettes
begin to differentiate into photoreceptor cells. The proliferation in the outer layers
of the rosettes continues to give rise to more photoreceptors and cells of the proxi-
mal retina. The non-proliferating cells in between the rosettes could be the differen-
tiating amacrine and horizontal cells. In advancing stages the proliferation in the
luminal layers further decreases (Paper II). The pattern of proliferation thus re-
sembles that during the normal development where at E 25 and E 29 most of the
proliferating cells are in a region distal to the postmitotic amacrine cells. In E 29
and PN 2 transplants, the proliferating cells are almost completely confined to the
regions in between the rosettes, which correspond to the layers of the inner half of
the normal retina (Paper II). This shift is also seen in the normal development of the
retina*” (Paper I). In the postnatal day 4 transplants and later, isolated patches of
proliferating cells may be due to the mixing of the central and the peripheral retinas.
In peripheral retina cells proliferate for longer period of time. Even though the
mitotic activity in the transplant is comparable to the normal development in terms
of pattern of proliferation, it seems that the transplanted cells do not proliferate as
much as the cells in normal development. Indeed there are other factors involved in
the growth of developing retina, which need consideration for comprehending the
growth of the transplant in terms of area.

THERE IS GLIOSIS AT THE HOST GRAFT INTERFACE

The presence of non-proliferating and degenerating cells at the host-graft interface
shows that a large number of transplanted cells undergo cell death (Paper II and
also presented elsewhere™?). Marked proliferation at the host-graft interface may
represent abnormal gliosis. In rat transplants it has been shown that the host-de-
rived Miller cells migrate into the graft already 2 days after the transplantation,
along the host-graft interface.’™ In human xenotransplants, cellular retinaldehyde-
binding protein (CRALBP), and glial fibrillary acidic protein (GFAP) immuno-
reactivity was found mostly close to the host retina.’> Neural transplants often get
encapsulated by a glial barrier that interferes with the integration of the graft with
the host.” The observations in the present study suggest that retinal cell transplants
also tend to develop a glial barrier. The gliosis at the host-graft interface is likely to
interfere with the connectivity of the transplants with the host like it does in neural
transplants to the brain.* It is likely that the gliosis is due to excessive cell death at
this location. If so, eliminating or reducing the cell death in the transplants may
improve the connections between the transplant with the host. Thinner, well-lami-
nated transplants may have better access to nourishment from the host, and thus
may have reduced cell death.
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Development and cell differentiation in retinal transplants

TRANSPLANTATION SITE INFLUENCES THE DEVELOPMENT OF THE GRAFT

The results of the study show that the transplantation site influence the growth of
the grafts. The donor tissue at the time of transplantation (E15) consists largely of
undifferentiated cells®” (Paper 1). The development of different retinal layers shows
that the donor tissue matured at both the transplantation sites ¢ camined (epi- and
subretinal), as reported by many authors in various models

In the present study, epiretinal and subretinal transplants were placed in the same
eve. Nevertheless, only the subretinal transplants developed outer segments de-
monstrable by light microscopy and rhodopsin immunostaining. Further. in subretinal
transplants, an outer limiting membrane was found, whereas this structure was not
seen in epiretinal transplants. This suggests that in subretinal transplants. cells de-
velop and mature more rapidly than in epiretinal ones. It is possible that the proxim-
ity of the graft to the host retina influences the development. In human embryonic
retinal transplants to the epiretinal space of rat eyes, rosettes close to the host retina
stain better for the photoreceptor specific proteins.’ The same was found for cellu-
lar retinaldehyde binding protein, which marks the glial cells. '

IN THE SUBRETINAL SPACE, TRANSPLANTS DIFFERENTIATE ACCORDING TO THEIR INTRINSIC
TIMETABLE

The results in the present study (Paper 111 and also presented elsewhere™ ™), namely
that NOS immunoreactive cells appear at E 29, that NOS was localized to two types
of amacrine cells, and that their number increases in the first two post-natal weeks,
all agree with previous results obtained by examining the localization of NADPH-
diaphorase.”™ The ability of amacrine cells to express NOS even prenatally cannot
be associated with a role of nitric oxide in the processing of visual information, as
maturation and synaptogenesis involving these cells are not established until later.™
It rather suggests that the early onset of NOS expression is genetically determined,
and that nitric oxide may participate in the process of retinal development.

In the transplants also the NOS immunoreactivity was detected at a corresponding
age of E 29, indicating that the ability to express NOS is maintained and follows the
same timetable as in the normal developing retina. Similar to what was seen with
normal developing retinas, there were no indications that a certain retinal cell type
might express NOS only during development. Based upon the location of the reac-
tive cells, it is reasonable to assume that the NOS immunoreactive cells found in the
transplants correspond mainly to amacrine cells, like in normal retinas.

An inducible form of NOS can be expressed in macrophages and astrocytes in re-
sponse to endotoxins and Cytokines. * 1t can thus not be excluded that also the
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transplanted cells express the inducible NOS isoform. However, the antibody em-
ployed in the present study is specific for the neuronal form of NOS, which ex-
cludes the possibility that the detected immunoreactivity was due to the inducible
form of NOS.

With the transplantation technique used in this study, the grafts tend to organize
themselves with rosettes rather than flat layers. Despite this, NOS labeled cells
were often seen to emit processes so that the equivalent of an inner plexiform layer
was identifiable. At times, NOS labeled processes were found to project for long
distances. The development of NOS immunoreactive cells in the transplants ac-
cording to their intrinsic timetable suggests that many of the factors required for
normal development are preserved after transplantation. If this is true for other
substances also, it may indicate that the transplants are capable of developing nor-
mal structure and functions.

Integration of retinal transplants

TRANSPLANTED NEURONS PROJECT TO THE TARGET AREA IN THE HOST RETINA

A few NOS immunoreactive processes could be seen to project towards the host
retina (Paper III), and at times these processes entered the host retina (Paper I'V).
Such bridging was more often seen at long survival times. This is as expected con-
sidering that in normal developing rabbit retinas, outgrowth of NOS fibers is a
relatively slow process.>®™ Further, a better graft-host fusion is observed in old trans-
plants (Paper VI). Certain NOS immunoreactive neurons were found to project to
both the host inner plexiform layer and to an equivalent region within the trans-
plant. Whatever the origin of these neuron might be, they appear to connect the host
inner plexiform layer to that of the graft. If so, information from the graft could be
conveyed to the host retina not only by neurons, which directly project to the host,
but also indirectly. The number of NOS immunoreactive cells found in the trans-
plants and of fibers crossing over was not very large. However, it may be noted that
even in normal retinas, NOS is expressed in only a small population of cells.

It has consistently been difficult to demonstrate graft-host connections, 14514627838 1¢
is possible that the formation of connections may be limited in some way. As men-
tioned earlier, a rapid loss of the outer layers of the rabbit host retina was normally
observed. Numerous dying cells are found also in the transplants, mainly in areas
adjacent to the host retina (Paper IT and VI). A gliotic response is seen to follow
neuronal cell death, and as expected, has been observed in the host retina and with
time also in grafts (Paper II)."** Factors associated with reactive glia have been
identified which inhibit neurite outgrowth.?®*#723% Gliosis is therefore likely to in-
fluence negatively not only the development and survival of the grafted cells (in-
cluding NOS-expressing cells), but also the formation of connections between graft
and host retinas.
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Despite conditions that might limit the formation of connections, these do occur.
The connections are established by cells in the graft which maintain their ability to
synthesize nitric oxide, one of the recognized retinal neuromodulatory com-
pounds.t3 IS4 I may be noted that a fiber connection does not neces-
sarily imply that the projecting NOS-containing cells establish synaptic contacts.
However, there is evidence that neurites projecting from retinas transplanted to the
brain are capable of forming synaptic contacts upon reaching the host target tis-
sue. 78038 NOS-containing processes not only project into the host retina, they were
also seen to reach the host IPL. This indicates that subretinally grafted cells are
potentially capable of recognizing their partner cells in the host retina.

One of the complexities of the neuroretinal transplants is that these grafts not only
need to survive and grow in the host environment, but also need to form correct
connections with the appropriate partners in the host. If the other cell types in the
graft also retain their capacity to identify their targets in the host, a good basis is
then provided for the functional integration of the transplants. Our results hint that
this may be the case, although we do not know how effective the mechanism is. The
long processes of the NOS immunoreactive cells were able to negotiate through the
host retina and reach the host IPL. It is important to further investigate how various
functionally defined and morphologically different neurons integrate with the host
retina. It seems that sparsely distributed retinal cell types have long processes, per-
haps because long processes are needed for these cells to form network of contacts
with large number of other cell types. On the other hand. densely distributed cell
types are able to form network of contacts even with small processes (unpublished
observations). The cells with small processes (for example GLYT1 immunoreac-
tive small field amacrine cells™) are able to integrate with the host by mingling
with similar cell types in the host (unpublished observations).

Organization in retinal transplants

ARCHITECTURAL ORGANIZATION IN TRANSPLANTS IS INFLUENCED BY THE PHYSICAL STATE
OF THE DONOR TISSUE

For clinical purposes, rosette-free. well-laminated retinal transplants are desirable.
In the study, lamination of the large sheet transplants was different from that of
fragmented tissue transplants (Paper V and also presented elsewhere™). The lami-
nation in these transplants was largely rosette-free in the epiretinal space and devel-
oped arcuate arrays in the subretinal space. unlike rosettes in the fragmented tissue
transplants. The difference in the organization of the transplant was confirmed by
vimentin immunostaining of the Miller cells, which are radially arranged in frag-
mented tissue transplants.***** Rosettes in the fragmented tissue transplants showed
radial arrangement of the Miiller cells also in the present study. but the arcuate
arrays that dominate the large sheet transplants and most parts of the epiretinal
transplants showed a palisade-like arrangement of the Miiller cells.
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Clearly, the transplants done with two different techniques can develop different
morphologies. The fragmentation of donor tissue is likely to disturb the cell adhe-
sion molecules. The reaggregation of cells may be important for the eventual cyto-
architecture of the tissue. Large sheet transplant donor tissue architecture was mini-
mally disturbed at the time of transplantation, especially in the epirctinal trans-
plants, which were not even covered by the host retina. After transplantation, no or
little reaggregation of the cells took place in the minimally disturbed donor tissue
and therefore they developed a largely rosette-free lamination when placed in the
epiretinal space. When transplanted to the subretinal location, arcuate arrays ap-
peared, which are structurally different from rosettes, as shown by vimentin stain-
ing. However, rosettes developed at places in large sheet transplants where the do-
nor tissue was disturbed and thus needed reaggregation, like at the margins of the
epiretinal transplants. The observations are in good agreement with those obtained
by modifications of this technique.'0%'38366

Long term survival of retinal transplants

RETINAL TRANSPLANTS CAN SURVIVE FOR LONG TIME

Most clinical situations where retinal transplantation could conceivably be of thera-
peutic use call for the reconstruction of the photoreceptor layer. As seen in the
short-term transplants in these studies, photoreceptor cells are capable of develop-
ing and differentiating in the rosettes, where they are not in direct contact with the
host retinal pigment epithelium.*>** The observations in this study suggest that the
photoreceptors require the support of pigment epithelium for long-term survival
(Paper VI and also presented elsewhere*"). This support is apparently not needed
for the initial development and differentiation of the photoreceptor cells, as they
develop and differentiate well even in the absence of the pigmented epithelium.
Studies on Royal College of Surgeons (RCS) rats are consistent with this finding. In
RCS rats the photoreceptors are capable of initial differentiation even in the pres-
ence of a defective RPE.?**62™41 Nevertheless, RPE is needed for the long-term
maintenance of photoreceptors also in retinal transplants, #7350

It seems that photoreceptors are particularly vulnerable to degeneration. It should
be noted that the large and varied complement of genetic mutations found in retini-
tis pigmentosa seem to damage predominantly the photoreceptor cells. In the RCS
rat retina where the host pigment epithelium is defective, it is also the photoreceptor
cells of the neural retina, which are effected most, whereas the cells of the inner
retinal layers to a large extent are preserved. 371372

The precise mechanism of cell death in long-term retinal transplants is not clear.
Immunity is one possibility, but the absence of inflammatory cells suggests that
mechanisms other than that may be at play. It has been shown that there is massive
cell death by apoptosis in the graft and the surrounding host retina soon after trans-
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plantation, but the cell death stabilizes after some time. Nevertheless, some apoptotic
cell death can still be observed at the longest time (61 days post transplantation)
examined in the study.** It is possible that slow apoptosis continuing for a long
time may be responsible for the death of the photoreceptors in the transplants. The
excess of glial tissue noted in certain transplants could result from such slow and
prolonged but nevertheless increased cell death in the transplants. Excessive glial
cell proliferation and gliosis has been observed in retinal transplants (Paper I1)** as
well as in retinal degenerations.'"”

Our long-term transplants had remarkably good morphological fusion with the host
retina. It has been observed that among other factors, absence of the debris of de-
generating cells at the host-graft interface helps the graft cells to project to. and
form connections with the host retina. Such connections remain to be established in
the long-term transplants.

Patients with retinitis pigmentosa and other tapetoretinal degenerations who can
potentially benefit from retinal transplantation essentially need photoreceptor cell
replacement. For the long-term survival of photoreceptors in the transplants., a proper
apposition of the gratt photoreceptors with the host retinal pigment epithelium seems
to be important. It will therefore be essential to evolve surgical techniques in which
large sheets of donor retinas can consistently and predictably be placed in to the
subretinal space, well apposed to the host retinal pigment epithelium. or to
cotransplant the RPE and the neural retina together. Progress is already underway
in this direction.?37-3>%

Host retina

One of the factors that will determine the success of retinal transplantation is its
ability to form synaptic connections with the host retina. Studies have shown that
this indeed happens (Paper [V), 31060145 H62583853% Iy retinal degenerations. the outer
nuclear layer is most extensively effected. but the inner retinal layers are relatively
well preserved.*7*7* The strategy of retinal transplantation is based on the hope
that the transplanted retinas will be able to form connections with this layer. It is
therefore important to study the changes resulting from transplantation surgery in
the host retina overlying the retinal transplant,

THE OUTER NUCLEAR LAYER OF THE HOST RETINA DEGENERATES AFTER TRANSPLANTATION

The outer nuclear layer of the host retina degenerate after transplantation surgery. It
is not clear whether the cell death observed in the graft and the host is due to some
host-graft interaction or due to lack of nourishment reaching the cells in the trans-
plant and the host retina which are situated away from their source of nourishment.
the host choroid. The long-term transplants tend to stabilize in thickness, suggest-
ing that the thickness reached might be the optimum one, perhaps determined by
the availability of nourishment reaching it from the host choroid. It has been noted
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that subretinal transplants that are small in size undergo minimum degeneration
(Paper IT). Degeneration of the outer nuclear layer of the host retina seems to facili-
tate the appearance of nerve fiber connections between the graft and the host. At
places where a few cell layers of the photoreceptors were left, grafts failed to form
contacts with the host (Paper IV). It seems that the contacts between the graft-and
the host are very specific (projecting fibers are able to reach the target regions) and
preserved host photoreceptors may perhaps act as a barrier interfering with the abil-
ity of transplanted cells to recognize their possible targets in the host.

GLIAL CELLS IN THE HOST RETINA PROLIFERATE AFTER SURGERY

Four days after surgery, proliferating cells were seen in the host retina overlying the
transplant. To some extent, the proliferation in the host retina could be seen even in
older transplants (Paper IT). These cells are likely to be glial cells because Miiller
cells are known to proliferate after retinal damage.’”?2*#! Further, there are indica-
tions that host Miiller cells respond to the transplantation surgery. For instance,
they express glial fibrillary acidic protein (GFAP) already 4.5 hours after the sur-
gery, and this reaction spreads out to the whole retina within 1 day. It lasts for at
least 7 weeks.?® Hypertrophy and migration of Miiller cells within the host retina
has also been noticed adjacent to the lesion site, commencing 2 days after the trans-
plantation.*>* This suggests that the proliferating cells in the host retina are likely to
be glial cells. It is possible that gliosis in the host retina may interfere with the
connectivity of the transplant (Paper IV). It may be worth investigating ways of
controlling gliosis with the hope of improving the connectivity of the graft.

HOST INNER RETINAL LAYERS REMAIN CAPABLE OF RECEIVING CONNECTIONS FROM TRANS-
PLANTS

Both the light microscopic as well as the immunohistochemical studies have shown
that the host inner retina overlying the graft is relatively well preserved (Papers III,
IV, V, VI). Indeed, preservation of this layer is vital for the graft connectivity and
its subsequent success. In long-term transplants ganglion cells were observed in the
host overlying the graft. This indicates that whatever connections the graft forms
with the host in this region have a chance to maintain their functionality for long
periods of time. It is equally important to demonstrate the functional capability of
the host outer plexiform layer because for instance photoreceptor cells/sheet trans-
plants would require integration with the host at this site. Further investigations are
needed to assess this.
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CONCLUSIONS

Retinal transplants survive, differentiate, and develop all the retinal layers and most
of the normal retinal cell types. However, the growth of the transplants is limited
and, at least with the tissue fragment transplant technique, the lamination in the
transplants is not entirely normal. So-called rosettes are regularly formed in them. Tt
is also important to investigate to what extent transplanted cells maintain their in-
trinsic ability to differentiate and what factors influence the development of retinal
transplants.

Good integration between host and transplant is vital if transplants are to have any
functional use as nerve signal generators and convevors. Transplanted cells must
have enough plasticity to be able to form functioning connections with the host
retina, which itself should remain capable of receiving such contacts. In a clinical
situation, retinal transplants also need to survive in the eve for extended periods of
time. It is therefore important to determine the long-term fate of the retinal trans-
plants. The present study has attempted to answer some of these questions. The
observations suggest:

1. After transplantation, the donor tissue continues to proliferate, but not as much
as in the normal developing retina. The pattern of proliferation in the trans-
plants resembles that of the normal retina. A layer of cells in the retinal trans-
plants close to the host retina does not proliferate. There may be abnormal
gliosis at the host-graft interface of retinal cell transplants.

2. Damage to the donor tissue at the time of transplantation plays an important
role in rosette formation. Good architectural organization of retinal transplants
can be maintained by gentle and careful handling of the donor tissue at the time
of transplantation.

3. The transplantation site influences development of the retinal transplants. Do-
nor tissue does not mature as well in the epiretinal space as in the subretinal.

4. In retinal transplants, the nitric oxide containing cells differentiate with the
same intrinsic timetable as in the normal developing retina. This suggests that
the differentiation of transplanted retinal cells is largely controlled by intrinsic
factors rather then by their environment.

5. Transplanted retinal neurons do have enough plasticity to send processes to the
appropriate locations in the host retina.

6. Retinal transplants survive for long time after transplantation. The photorecep-
tor cells appear to need the support of pigment epithelium cells for their long-
term survival.

7. The host retina adjacent to retinal transplants appears to maintain at least some
ability to form functioning connections with the graft. and it may maintain it
for long times (vears) after transplantation.
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~ CONCLUDING REMARKS

Most of the research done on retinal transplantation so far has essentially been
demonstrations of what happens spontaneously to donor tissue after transplanta-
tion. In a sense this has been an easy task, and the information obtained is very
encouraging. Nature has been generous: transplanted fetal cells are spontaneously
able to overcome several of the conceivable major hurdles when developing trans-
plantation into a clinically useful tool. These include ability to grow, differentiate,
integrate and survive. However, certain aspects of transplantation, the most impot-
tant being the connectivity between the host and the graft, will need some type of
further manipulation. This is where the challenge and the key to clinically success-
ful retinal transplantation rest. The task may be difficult, but not impossible. It is
possible that the answers to these challenges may come from very unrelated devel-
opments in the biological sciences. Our fast increasing knowledge on the plasticity
(and its potentials) of the central nervous system, and our understanding of the
principles behind neural development have already opened up new venues for ma-
nipulating the growth and integration of transplanted cells with the host, and will
most likely continue to do so for many years to come.
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POPULARVETENSKAPLIG SAMMANFATTNING

Gruppen arftliga degenerativa nathinnesjukdomar ar en viktig orsak till blindhet
varlden dver. Man har uppskattat frekvensen till 1 pa 3 - 4000 vilket motsvarar
omkring 1° miljoner manniskor i varlden som helhet. Den vanligaste orsaken
till en sadan sjukdom &r ett fel i en gen for ett funktionellt eller strukturellt
protein. Mer an hundra sadana gendefekter ar kénda idag, och antalet 6kar
kontinuerligt.  vissa av dessa sjukdomar ar det exakta biokemiska felet kant
vilket majliggor en specifik terapi, men endast ett fatal patienter ar drabbade
av en sadan sjukdom. For de flesta av sjukdomarna saknas effektiv terapi.
Senare tids forskning har emellertid 6ppnat nya mojligheter, till exempel
genom att placera en frisk gen i arvsmassan, genom att kontrollera oonskade
effekter av den sjuka genen, eller genom att ersatta de felaktiga cellerna
genom transplantation.

En svarighet i utvecklandet av specifika behandlingar av degenerativa
nathinnesjukdomar ar att varje felaktig gen kraver sin egen unika behandling.
Darfor forséker man istallet utveckla ospecifika “anti-
degenerationsbehandlingar”. | detta sammanhang har man undersokt
tillvaxtfaktorer, som ar amnen som nervcellerna sjalva anvander for sin
utveckling och 6verlevnad. En annan forskningslinje ar att forsoka paverka
apoptosen, som ar den process som slutligen orsakar nervcellernas dod |
degenerativa nathinnesjukdomar. En tredje vag ar att forsoka ersatta de sjuka
cellerna genom transplantation av friska nathinneceller, nagot som redan
har provats pa manniskor. Dessa initiala transplantationsférsok har givit
intressanta resultat, men ocksa visat att mera experimentellt arbete aterstar
innan man kan ga vidare.

Huvudsyftet med denna studie var att battre forsta tillvaxten, utvecklingen,
integrationen, organisationen och dverlevnaden av nathinnetransplantat, med
forhoppningen att sa smaningom kunna utveckla nathinnetransplantation till
en kliniskt anvandbar behandlingsmetod for degenerativa nathinnesjukdomar
sasom retinitis pigmentosa.

Omogen nathinna éverlever en transplantation bra men utvecklas inte helt
normalt. Till exempel sa utvecklas cellerna i sma bollar, sa kallade rosetter,
och &ven om manga givarnathinnor transplanteras tillsammans sa forblir
transplantatet litet. Den transplanterade nathinnan utvecklar bara ett fatal
forbindelser med vardnathinnan, och transplantatet far svart att formedla
nervsignaler till varden pa ratt satt. Pa manga patienter maste transplantatet
dverleva i vardégat mycket lange, men nathinnetransplantatets formagas till
langtidsoverlevnad ar inte kand.

Denna studie adresserar en del av dessa problem. Fér att undersoka varfor
nathinnetransplantatens tillvaxt ar begransad jamfordes celldelningen i
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nathinnetransplantat med celldelningen i normal nathinna med syfte att se
om transplantatcellerna betedde sig onormalt. Med immunohistokemi
identifierades ett protein (Ki-67) som finns enbart under celldelningen.
Transplantatceller visar darvidlag samma ménster som normal nathinna, men
delar sig inte lika frekvent. Dessutom delar sig gliaceller (stédjeceller) kraftigt
i gransen mellan vard och transplantat.

Kvéveoxid (NO) spelar en roll i synapsutvecklingen i centrala nervsystemet.
For att underséka om transplanterad nathinna bibehaller sitt normala
utvecklingsmonster jamfordes kvaveoxidsyntasférekomsten (ett enzym som
bildar kvaveoxid) i transplantat med normal nathinna. Inga skillnader kunde
pavisas. Vidare kunde langa cellutskott innehallande kvéaveoxidsyntas pavisas
i ratt cellager (det inre plexiforma cellagret) i vardnathinnan, vilket visar att
transplanterade nathinneceller kan na fram till vardnathinnan och kanske
aven utveckla cellkontakter p ratt stalle.

For att utveckla en metod for att fa rosettfria nathinnetransplantat och for att
jamfora dess utveckling pa olika transplantationsplatser transplanterades
stora bitar embryonal kaninnathinna epiretinalt och subretinalt p& vuxna
kaninégon med en ny transplantationsteknik. Detta gav transplantat som var
rosettfria utom péa platser dar givarnathinnan hade skadats under
transplantationen. Vidare utvecklades transplantaten battre subretinalt an
epiretinalt.

| kliniska situationer méaste transplantaten 6verleva under mycket lang tid.
Darfor studerades langtidséverlevnaden i transplantaten (upp till 2 ar).
Nervceller éverlever i vissa transplantat dven om gliaceller ibland tar
6verhanden. Fotoreceptorer Gverlever bara om de far god kontakt med
pigmentepitelet.

Som tidigare papekats sa utbildar transplantaten forbindelser med
vardnathinnan. Det ar viktigt att &tminstone den inre delen av vardnathinnan
fortsétter att fungera och har kvar férmagan att ta emot férbindelser fran
transplantatet. Vara observationer visar att d&ven om den yttre delen av
vardnathinnan (som har kontakt med transplantatet) degenererar, sa fungerar
fortfarande den inre delen och har kvar sin férmaga att ta hand om signaler
fran transplantatet.
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The profiferation of cells in the embryonic and postnatal rabbit retina was
antibody which demonstrates the Ki-67 antigen. Alrcady at embryvonic day
cells (i, e, cells that do not stain with the MIB-1 antibody
are presumably the differentiating ganglion cells.
at around embryvonic day 235, postmitotic cells were seen in the proximal part o
amacrine cells) as well as in the ganglion cell laver. Proliferatin
to the layer of postmitotic cells and their number gradually decreased towas

which

{presumably

studied with the MIB-1
15 there were postmitatic
he nearoblastic cell mass
an inner plexiform layer
arobl, cell mass
cells accumulated distal
ented epithefium.

in the basal part
After the formation ol

At birth, prolileration ceased in the central parts of the retina but in the peripheral par\\ it continued for

7 days although rave cells could be seen for up to 15 day
the prolilerating cells in the outer nuclear layer accumulated close to the outer ple
the postmitotic cells (the differentiating photoreceptors) did so
Some cells in the middle of the inner nuclear layer (presumably
ganglion cell laver or nerve fiber laver (presumably the astrocytesi p

time.
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1. Introduction

Like in-other neural tigsues. the events in the
developing retina occur in a precise and predetermined
order. They can be described as proliferation and
migration, formation of the final cells and the tissue
shape, differentiation ol structures at the cell and the
tissue level, differentiation of specific receptor or
neuron structures, differentiation of specific retinal or
neuronal substances and chemical processes. and
finally the differentiation of specific retinal and
neuronal activities.

Dividing cells in the neural tube characteristically
move between the pial surface and the luminal surface
or the ventricular surface of the tube. The cells
synthesize DNA while away from the ventricular
surface and divide while on it. This movement of the
dividing cells, called The ‘interkinetic migration’
(Berry, 1974: Sauer, 1935). marks the ‘ventricular
zone' (Angevine, 1970) in the wall of the neural tube.
Another zone of mitotic activity in the developing
CNS. away from the ventricular surface, has also been
identified. and it is suggested that this phvc a role in
the gliogenesis {Schmechel and Rakic. 1979: Lewis,
1968) and that certain intrinsic neurons may also
arise there (Altman and Das. 1966). Interkinetic

migration in the retina has been reported in mice
19611 and cats
In the cat

(Hinds and Hinds, 1974: Sidman.
(Rapaport, Robinson and Stone, 1984}
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After the formation of the outer ple:

retina, three of cell division have been

70Nes
recognized. Two of these zones correspond to the
ventricular zone and the sub-veutricular inon-ven-

tricula me proliferation. A third area of proliferation
in the nerve fiber laver or the ganglion cell layer gives
rise to the vascular endothelium {Rapaport, Robinson
and Stone. 19851 Similarly, in addition to the
ventricular phase of cellular proliferation. a non-
ventricular late phase has been shown in rabbits
{Reichenbach et al.. 19911

Previous proliferation studies on the developing
rabbit retina utilized the ornithine decarboxylase
activity of the whole retina (Foresman, Cohen and
Das. 19851, counted the mitotic figures (Stone, Egan
and Rapaport. 1983} or used [*Hl-thvmidine auto-
radiography (Reichenbach et al. 1991). To our
knowledge this is the first time an immuno-
histochemical approach has been used to study mitosis
in the rabbit retina. The observations corroborate and
expand results obtained with other methods {Stone, ef
al.. 1985: Reichenbach et al.. 19911,

The MIB-1 antibody used in this experiment detects
the native protein. Ki-67, as well as fragments of the
Ki-67 molecules iKey et al.. 19931 The Ki-67 antigen
is a non-histone protein assembled from two poly-
peptide chains with an apparent molecular weight of
345 and 395 kilodalton (Gerdes et al.. 19911 It is a
nuclear cell proliferation-associated antigen that is
expressed throughout the cell division cycle (phases
G1.S G2 and M. It is absent in resting cells (stage GO+
Gerdes et al.. 1983: 1984). The function of the Ki-67
antigen is unknown but immuno-staining with this
antibody is a reliable tool for detecting proliferating
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cells (Bilous, McKay and Milliken, 1991; Houmand,
Abrahamsen and Tinggaard Pedersen, 1992).

Since MIB-1 labels cells in all the phases of cellular
proliferation, it is able to give an accurate rep-
resentation of the dividing cells in various stages of cell
cycle in different layers of the retina.

2. Materials and Methods
Developing Retinas

Rabbit embryonic day (E) 15 (n = 2), 25 (n = 2), 29
(n = 2) eyes were enucleated from embryos obtained
by cesarean section after killing the pregnant pig-
mented rabbits with an overdose of sodium pento-
barbital. Eyes were also obtained from postnatal day
PN)O(n=3),3(n=2),5{n=2),7n=2),11
(n=2), 15 (n=2), 20 (n=2), 46 (n=1), and 60
(n = 1) pigmented rabbits. The age of the animals was
determined by mating the rabbits during a 1 hr period
on a known date.

Tissue Processing

The eyes were briefly fixed in 4% paraformaldehyde
in phosphate-buffer saline (PBS; 0-1m phosphate,
0-85% NaCl; pH 7:4). The anterior segment of the
eyes was removed and the posterior segment was fixed
in the same fixative for 24 hr. The tissue was rinsed in
the same phosphate-buffered saline and then with 5%,
10% and 20% sucrose added. The eyes were stored in
PBS with 209% sucrose and 0-19% sodium azide until
sectioned. Twelve micron thick scctions were cut on a
cryostat and mounted on glass slides coated with
gelatin. They were subsequently stored at —70°C
until used. Sagittal sections were cut from the
embryonic and postnatal retinas and the sections
passing close to the optic nerve were used for
immunohistochemistry.

Immunohistochemistry, Hematoxylin and Eosin Staining

Frozen sections were thawed to room temperature
and then rinsed in PBS containing 1% bovine serum
albumin (BSA; Sigma Chemical Co.). The sections
were blocked with 1-5% normal horse serum prior to
their incubation with the MIB-1 monoclonal antibody
(Immunotech, Inc., Westbrook, ME, U.S.A.) at a
dilution of 1:200 in PBS. Optimum working con-
centration and incubation time for the antibody was
determined earlier in pilot experiments. Slides were
incubated for 72 hr at 4°C in a humidified chamber.
After 72 hr, the slides were rinsed with PBS and
incubated for 1 hr in biotin conjugated horse-anti-
mouse secondary antibody {Vector Lab. Inc.
Burlingame. CA, U.S.A.) at a dilution of 1:200. Slides
were rinsed in PBS and endogenous peroxidases in the
tissue were quenched by incubating the slides in 0.3%
hydrogen peroxide in PBS for 15 min. The slides were
then incubated in avidin and biotinylated horseradish
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peroxidase complex (Vectastain® Elite ABC Kit; Vector
Lab. Inc. Burlingame. CA, U.S.A.) for 1 hr. Slides were
again rinsed in PBS and the HRP reaction was
developed in a substrate solution of diaminobenzidine
(DAB; Peroxidase Substrate Kit; Vector Lab. Inc.
Burlingame, CA, U. S.A.). Adjacent sections were
stained with hematoxylin and eosin.

In this paper the terms ‘basal’ or‘proximal’ and
‘apical” or 'distal” are used to denote localization in
terms of how the tissue develops. In the neuro-
retina, basal’ thus means closer to the vitreous and
‘apical’ closer to the photoreceptors.

FiG. 1. The central part of an embryonic day 15 rabbit
retina. (A) A hacmatoxylin and eosin stained section
showing the multi-layered neuroblastic cell mass (NCM) and
a thin anuclear layer (AL). (B} An immunohistochemically
stained section with MIB-1 antibody. MIB-1 immunoreactive
cells in the apical two third of the neuroblastic cell mass and
non-reactive cells in the basal one third. Cells close to the
pigmented epithelium are more intensely stained than those
in the basal part, especially some large rounded cells in the
distal-most rows of the neuroblastic cell mass (arrowheads).
Immunoreactive cells are also seen in the pigment epithelium
(arrows). Bar = S0 gm.
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3. Observations and Results
Embryonic Stages

At stage E15, the sensory retina consists of a thick,
multi-layered neuroblastic cell mass and a thin inner
anuclear layer with a thickness of about one filth to
one seventh of the total neuroblastic laver {Fig. 11AM
MIB-1 immunohistochemistry showed positive cells in
the outer two thirds of the neurchlastic cell mass,
whereas its innermost third contained mainly nen-
reactive cells {Fig. 1iBi}. Cells close to the retinal
pigment epit h sHum were more nsely stained than
the ones clos or. especially some
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At stage l.“l the developing outer plexiform laver
became apparent in the central part of the retina and
some cells in the basal part of the neuroblastic cell
mass were rounded [Fig. 3(AL The distribution of the
MIB- l immunercactivity was identical to that seen in

the retina except that the non-reactive laver in
the al part of the ‘oblastic mass was
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116, 3. An embryonic day 29 rabbit retina. (A) An haematoxylin and eosin stained section from the central part of the retina
showing the formation of the outer plexiform layer (OPL; arrow). The ganglion cell layer (GCL) is thinner than in the retinas
from rabbits at 125. Cells in the proximal (basal) part of the inner nuclear layer are round (RC). (B and C)
Immunohistochemically stained sections of the central (B) and the peripheral (C) parts of the retina showing non-
immunoreactive layer in the basal part of the neuroblastic cell mass (NR), corresponding to the rounded cells (RC) in 3(A), and
an accumulation of reactive cells distal to it (IR). The reactivity gradually decreases [in the direction of the large arrow in 3(C)]
towards the distal part. Large deeply stained cells arc situated in the distal-most part (arrows heads), and also there are reactive
cells in the ganglion cell layer or the nerve fiber layer [small arrows in 3(C)). Reactivity in the outer nuclear layer is much less
than that in the middle of inner nuclear layer in 3(B). Bar = 50 Jom.

region close to the pigment epithelium [Figs. 3(B) and
(C)]. In the central retina, an outer plexiform layer
could be seen, and the number of immunoreactive
cells decreased in the vicinity of outer plexilorm layer
[Fig. 3(B)]. Some cells in the ganglion cell layer or
nerve fiber layer were immunoreactive to the MIB-1
antibody. In the embryonic day 29 retina, pigment
granules in the pigment epithelium were prominent,
making it difficult to judge the MIB-1 immuno-
reactivity.

Newborn Stage PNQO

An area essentially devoid of MIB-1 immunorcactive
cells developed in the central retina at PNO [Fig. 4(A)].
The number ol immunoreactive cells increased from
this area towards the periphery [Fig. 4(A), (B), (C),
(D)]. In the peripheral part of the retina at PNO, the
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reactivity was generally less than at E29. Especially in
the outer nuclear layer, the reactivity decreased in the
regions where the outer plexiform layer had developed
[Fig. 4(C) and also seen in Fig. 5(B) in PN3]. Some cells
were immunoreactive in the outer nuclear layer, but
most cells were not or only weakly so. Most reactive
cells in the outer nuclear layer were arranged adjacent
to the outer plexiform layer and some were scattered
through out the thickness of the outer nuclear layer.
Large, rounded, deeply stained cells were still present
close to retinal pigment epithelium in the outer nuclear
layer, and more so in the peripheral retina than the
central area of the retina. The inner nuclear layer was
more immunoreactive than the outer nuclear layer
and some large, rounded and deeply stained cells could
be seen in this region also [Fig. 4(C)]. The reactivity in
the inner nuclear layer was less in comparison with
E29, and was confined to the elongated spindle-shaped
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Fra, 4. A postmatad day 0
iB). periphery (C)and retinal
towards the periphery. The immunoreacti
of the reactive cells in the outer nuclear la
cells are situated towards the distal part (C and D, arrowheadsi
confined mostly to the middle parts of this layer where
proximal and the distal parts of this laver are non-reactive i€
(arrowheads) than in the more central retina. Bar =

cells in the middle and the outer parts of this laver. than in the central vetina 3B Only few
There was a drop in the number of immunoreactive immunoreactive cells were present in the ganglion cell
cells in the outer part of the inner nuclear laver, and tayer or the nerve fiber laver, especially close to the
the inner parts of this layer were not immunoreactive. optic nerve.

Most cells in the ganglion cell layer were non-reactive, At stage PN3S the immunoreactive cells were
but in certain regions reactive cells could be seen in confined to the peripheral retina, where few cells in

the nerve fiber layer. Immunoreactive cells at this the innermost part of the outer nuclear laver were
location were observed in later stages also. immunorecactive. Most of the cells in the inner nuclear
layer were not immunorcactive. and among the cells
that were positive. most were situated in the middle
part of the inner nuclear laver iFig. A1 The central

Postnatal Stages

At stage PN 3. more cells became non-veactive in the area with no or enly few immunoreactive cells had
central retina. Thus. the area with no or few enlarged. [n the ganglion cell faver or nerve fber
immunoreactive cells enlarged. Most of the immuno- layvers. some cells were immunoreactive. In the per-
reactive cells outside the non-reactive arca were found ipheral parts of the retina. MIB-1 positive cells were
in the middle part of the inner nuclear laver, and were occasionally seen in the outer plexiform laver.
usually elongated {Fig. 5(A)]. However, the number of At stage PN7 there was a prominent center to
large, deeply stained cells was less than at previous periphery gradient in the number of immunoreactive

stages. and these cells were more in the peripheral cells, which were essentially absent in the central
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FiG. 5. A postnatal day 3 rabbit retina stained with the
MIB-1 antibody. (A) Immunoreactivity in the retina slightly
peripheral to the non-reactive central zone. Most of the
reactivity is confined to the middle part of the inner nuclear
layer (IR). The cells in the inner and outer parts of this layer
are largely non-reactive. In the outer nuclear layer most ol
the immunoreactive cells are situated close to outer
plexiform layer. Deeply stained cells appear towards the
distal parts of the outer nuclear layer (arrowheads). (B)
Immunoreactivity in the extreme periphery of the retina.
There are many more reaclive cells than in the more central
retina as seen in 5(A). The outer plexiform layer (arrow) has
not reached the most peripheral part. The immunoreactivity
(hollow arrows) both in the distal part of the inner nuclear
layer and the outer nuclear layer decreases with the spread
of outer plexiform layer. Bar = 50 ym.

arca. Towards the periphery, the distribution of
immunoreactive cells progressively resembled the
more immature stages described earlier [Fig. 7{A) and
(B)]. Most of the immunoreactive cells were in the
inner nuclear layer. In the outer nuclear layer of the
peripheral retina, only few cells were immunopositive,
and were situated close to the outer plexiform layer,
but large deeply stained cells were still visible [Fig.
7(A) and (B)]. Some cells in the ganglion cell or nerve
fiber layers were also positive. They were particularly
numerous in the nerve fiber layer in the myelinated
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Fré. 6. A postnatal day 5 rvabbit retina showing the
peripheral region where most of the immunoreactive cells in
the outer nuclear layer are situated close to the outer
plexiform layer ([R2). Most cells in the distal part of the outer
nuclear layer arc non-reactive except the some large deeply
stained cells (arrow head). The immunoreactivity in the
inner nuclear layer is mostly in the middle regions (IR1).
MIB-1 immunohistochemistry. Bar = 50 ym.

streak, with a gradient that increased towards the
optic nerve [Fig. 7(C)].

At postnatal day 11 and 15, only a few immuno-
reactive cells were still visible in the extreme periphery
of the retina, mostly in the inner nuclear layer. Some
cells in the nerve fiber layer of the myelinated streak in
the central retina were still also immunoreactive (Fig.
8). The optic nerve also showed immunoreactive cells
(Fig. 8), which decreased in number in PN46 retina,
but occasional immunoreactive cells could still be seen
in PNG6O rctina (data not shown).

4. Discussion

Developmental studies, using [*H[-thymidine to
autoradiographically demonstrate DNA  synthesis,
have shown that the proliferation of retinal cells
passes through different phases. In rabbit, the first
proliferative phase (ventricular) occurs in the neuro-
blastic cell mass. In the central retina, it ccases shortly
after birth. A late proliferative phase (non-ventricular)
is found in the nerve fiber layer, and it lasts as late as
in the third postnatal week (Reichenbach et al., 1991).
The late proliferative phase has also been demonstrated
in other animals (Rapaport et al., 1985, 1984).

Mitosis in the Ventricular Zone

At E15, MIB-1 reactivity was seen in the outer two
thirds of the neuroblastic cell mass. The large, rounded
and deeply stained cells, found only at the apical
border of the neuroblastic cell mass, are likely to be the
cells in metaphase, as cells in this phase are large
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Fic. 7. A postnatal day 7 rabbit retina. {A) Immunoreactivity in the retina taken slightly peripherally of the non-reactive zone.

Most of the immunoreactive cells are present in the middle of the inner nuclear laye

INL1 Some cells in the outer nuclear layer

(ONL) are reactive. (B) Immunoreactivity in the extreme periphery il the retina, iC) A section close to the eptic nerve showing
immunoreactive cells in the nerve fiber layer or the ganglion cell layer (arrows) close o the optic nerve (ON) Occasional cells

in the inner nuclear layer are also reactive {arrowheads). MIB-1 immunohistochemistry. Bar = 50 g

Fre. 8. A postnatal day 15 rabbit retina showing
immunaoreactive cell in the nerve fiber layer tarrow) close to
the optic nerve {ON). MIB-1 immunohistochemistry. Bar =
50 pm.

.

rounded and have a large amount of chromatin, Other
studies have also described mitotic figures in this
region (Greiner and Weidman, 19821, Dividing cells
synthesize their DNA away from the ventricular
surface (towards the anuclear layer or the developing
inner plexiform layer) and then migrate through the
whole thickness of the neurobla cell mass to the
ventricular surface for the completion of their division
where the mitotic figures can be seen (Rapaport et al.,
19835 nce MIB-1 marks cells in all the phases of cell
division, immunopositive cells are found throughout
the proliferating part of the neureblastic cell mass. The
cells in metaphase (visible as large. rounded. and
deeply stained cells) were found in the distal parts of
the retina, close to the retinal pigment epithelium. The
pattern is expected as a result of the interkinetic
migration.

Ganglion cells are the tirst cells to leave the mitotic
cycle and to begin to differentiate in both mammals
(Walsh et al.. 1983: Sidman. 1961) and non-
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mammalian vertebrates (Sharma and Ungar, 1980;
Kahn, 1973; Fujita and Horii, 1963 ; Jacobson, 1976;
Hollyfield, 1971). The first group ol post mitotic cells,
as seen in this study, accumulate in the most proximal
part of the neuroblastic cell mass, and are therefore
likely to be cells that had started to differentiate into
ganglion cells. Sometime near the last cell division,
ganglion cells migrate to the proximal part of the
neuroblastic cell mass (Zimmerman, 1988) and start
to project axons towards the optic fissure (Halfter,
Deiss and Schwarz, 1985; Silver and Robb, 1979). 1t
therefore also appears likely that they are the
structures forming the most proximal, anuclear layer
at this stage.

With the MIB-1 antibody, proliferation was also
apparent in the retinal pigment epithelium at E15.
This is at variance with Greiner and Weidman (1982)
which reported no mitotic figures in the retinal
pigment epithelium at E16, as seen in sections stained
with hematoxylin and eosin. The reason for this
difference is not immediately apparent, but perhaps
the mitotic figures were masked in the previous study
by the pigmentation of the cells.

In the innermost part of the neuroblastic cell mass
(distal to the inner plexiform layer), there was a layer
of non-proliferating cells, both at E25 and E29. These
non-proliferating cells could not be discerned in
hematoxylin and eosin stained sections from E25
tissue, but at E29 they were seen as round, lightly
stained cells. Such cells have been described as
differentiating amacrine cells in previous studies
(Greiner and Weidman, 1982). Electron microscopic
studies on B27 retinas (Greiner and Weidman, 1982)
have demonstrated that they at this stage contain the
conventional synaptic complexes, typical of amacrine
cells (Witkovsky and Dowling, 1969; Raviola and
Raviola, 1967; Dowling and Boycott, 1966) or
interplexiform cells (Kolb and West, 1977; Dowling,
Ehinger and Hedden, 1976). These cells are thus likely
to have evolved at this stage. Observations on both
ganglion cells (E15) and amacrine cells (E25 and E29)
thus show that the cells stop proliferating a [ew days
belore they are differentiated enough to be identified
by standard light microscopy.

The timing for the differentiation of bipolar cells is
not well documented, but various studies on the
mammalian retinas have suggested that the early
proliferation gives rise to ganglion cells followed by the
horizontal cells, some amacrine cells and cones. Late
proliferation gives rise to remaining amacrine cells,
Miiller cells, bipolar cells and rods (Reichenbach et al.,
1994 ; Zimmerman et al., 1988 ; LaVail, Rapaport and
Rakic, 1991; Carter-Dawson and LaVail, 1979;
Sidman, 1961; for review see Reichenbach and
Robinson, 1995). Differentiated horizontal cells are
apparent already at E27 (Greiner and Weidman,
1982). It therefore seems likely that already at E25,
some of the postmitotic cells are differentiating
horizontal cells, which visibly accumulate proximal to
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the outer plexiform layer, as it begins to form at E29
and spreads peripherally.

Both at E25 and E29, maximum proliferative
activity was found in the middle of the neuroblastic
cell mass, close to the postmitotic cells. The number of
proliferating cells decreased towards the distal retina,
distinctly observable from E29 and onwards. Thus,
already at this stage there are postmitotic cells in the
distal-most retina where photoreceptors are found.
However, even after the formation of the outer
plexiform layer, proliferating cells in the outer nuclear
layer can be observed accumulated in the proximal
part (close to the outer plexiform layer) and the distal-
most part of the same layer (cells in metaphase). This
suggests that photoreceptors are born throughout a
long period of time. Accumulated evidence suggests
that the cones are born in an early phase of
proliferation while the rods are born in a late phase
(for review see Reichenbach and Robinson, 1995).

At the time of birth, proliferation ceased in a small
region in the central retina. This area of non-
proliferation successively enlarged in PN3, PN5 and
PN7 retinas where proliferation was found only in the
peripheral part of the retina. Isolated proliferating cells
could be seen in the extreme periphery of the retina
even in PN15 retinas. Previous studies identifying
mitotic figures reported the cessation of cytogenesis in
a horizontally oriented zone between the optic disc and
the temporal margin at the time of birth (Stone et al.,
1985). This zone initially spreads preferentially along
the visual streak and then into the superior and
inferior parts of the retina until by post-natal day 7,
cell division is restricted to the extreme periphery of
the retina. It has been suggested in cats (Rapaport et
al., 1985) that the ventricular proliferation ceases
with the development of the outer plexiform layer
which was thought to act as a mechanical barrier
(Rapaport et al., 1984, 1985), preventing the pro-
liferating cells migrating to the inner retinal layers. A
delay between the formation of the outer plexiform
layer and the cessation of proliferation has been noted
in the rabbit (Stone et al., 1985) and was thought to
be due to the interkinetic migration across the
discontinuities in the outer plexiform layer. It was
noted that the proliferation of cells decreased more in
the outer nuclear layer as the outer plexiform layer
formed, but the proliferative activity did not completely
cease. In the outer nuclear layer, proliferating cells
accumulated close to the outer plexiform layer and the
pigment epithelium (cells in metaphase) suggesting
that these proliferating cells had defined a new zone
for interkinetic migration within the outer nuclear
layer, and were adding more photoreceptors.

After the formation of the outer plexiform layer,
most of the proliferating cells were situated in the
middle region of the inner nuclear layer, suggesting
the genesis of Miiller cells. In support, mitotic figures
immunopositive for KI-67 can be seen in the inner
nuclear layer, as is also reported by others in other
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species (Harman and Beazley, 1987; Spira and
Hollenberg, 1973: Robinson. Rapaport and Stone.
1985: Rapaport et al., 1985, 1984: Rapaport and
Vietri, 1991). The cells situated in this region undergo
proliferation for the longest period of time. Many
studies have suggested that the Miiller cells are born
early in development {(Kuwabara and Weidman.
1974: Bhattacharjee and Sanyal. 1975; Uga and
Smelser, 1973). whereas others have shown a late
proliferation that gives rise to the Mller cells (Blanks
and Bok. 1977: McArdle, Dowling and Masland.
1977). We suggest both these views are correct.
Electron microscopic studies have shown that the
Miiller cell nuclei migrate to their final position in the
center of the inner nuclear layer from a more sclerad
or vitread position throughout the \\‘ho]e period from
El4 to PN14 (Uga and Smelser. 1973}, Presumably.
Miiller cells are born over a long stretch of time. and
at a certain stage the cells leaving the mitotic cyvcle
givesrise to a variety of neurons as well as Maller cells,
while later mostly Mduller cells are born. In rats
(Turner and Cepko. 1987) and frogs {Weits and
Fraser, 1988, Holt et al.. 1988} the same progenitor
cells have been shown to give rise to both neurons and

Muiller cells. This is reminiscent of the development of

the multipotent precursor cells in the brain that
produce both neurons and glial cells (Korr, 198

Mitosis in the Sub-ventricular Zone

The presence of MIB-1 positive cells in the most
proximal layer of the retina as well as some very few
cells in the inner nuclear layer after the first postnatal
week indicate a second phase of proliferation, pre-
sumably glial, Similar late proliferating cells in the
inner nuclear layer of retina have been reported in cat
(Rapaport et al., 1985, 1984). The cells in the nerve
fiber layer are probably astrocytes {Schnitzer 1990,
1988) and were reported up to at least 4 weeks after
birth. In the present study. the late proliferative cells in
the inner nuclear laver had the morphological
characteristics of Miuller cells. In previous studies
(Reichenbach et al.. 1991). [*H]-thymidine labeled
cells in this region have been shown to contain
immunoreactive vimentin, which marks Miiller cells
(Schnitzer, 1985). Immature neuroepithelial stem cells
have also been shown to be immunoreactive to the
vimentin (Bennett, 1987; Lemmon and Reiser, 1983),
but persisting retinal neuroepithelial stem cells are
known only in cold blooded animals.
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CELL PROLIFERATION IN RETINAL TRANSPLANTS

Rasesh K. SHARMA'

Department of Ophthatmelogy, University of Lund, §-22

[J Abstract — The MIB-1 antibody against a nuclear pro-
tein Ki-67 was used to study the profiferation of cells in the
rabbit retinal transplants. Fragmented pieces of embryonic
day 15 rabbit retinas were transplanted into the subretinal
space of adult rabbits and allowed to survive for different
times. Fragmented donor tissue starts organizing in rosetfes
1 day after tr ation. The transplanted cells continue
to proliferate in the host eye and their pattern of prolifera-
tion resembles that of normal developing retina, suggesting
that the factors responsibie for the proliferation pattern are
preserved after transplantation. The dividing cells in met-
aphase line up in the luminal layers of the rosettes, Certain
cells become postmitotic in the regions corresponding to the
inner retina first, followed by the cells in the lominal layers
of roscttes. Cells in the regions between the rosettes, corre-
sponding to the inner nuclear layer, presumably the Miiller
cells, proliferate significantly for the equivalent age of post-

natal day 2. Few cells in these regions proliferate for at least
the equivalent age of postnatal day 11 in transplants. There
is a layer of nonproliferating, degenerating cells in the
transplant situated close to the host retina. However, some
cells in this layer, situated at the host-graft interface, pro-
liferate. These cells proliferate for a long time possibly in-
dicating gliosis. © 1997 Elsevier Science Inc.

] Keywords — Proliferation; Retinal transplants: Ki-67:
Development,

INTRODUCTION

As in other neural rmuu the events in the developing
relina occur in a pre and predetermined order. Tn
cetinal transplants, survival and differentiation have been
studied in considerable detail (27). Transplants survive at
various transplantation sites (5.28.29), and they develop
all the retinal layers and most of the cell types of the
normal retina (7,11.12.23). Many of the essential pro-
teins (17,18.29) and the neurotransmitters {2.7) have also
been found in the transplants. However. the first event in
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the process of development. proliferation, has not been
studied so far, It is generally known that even when
retinal transplants, often containing donor tissue from
more than one embryvonic retina, are allowed to survive
and to attain postnatal ages. their sizes remain limited.
Technical difficulties have precluded more precise stud-
ies of transplant growth done by measuring the size. the
volume or in other ways.

Studying the appearance and distribution of cell pro-
liferation markers is a way to partially circumvent the
problems of measuring size or volume, when assessing
the growth of a developing transplant. Such studies can
vive information on the influence of host environ-
ment on the proliferation of grafted cells. Embryonic
donor tissue, depending upon the stage at which it is
harvested, contains neuroblastic cells that are sull un-
dergoing mitosis at the time of transplantation {30.31).
Suitable markers for proliferating cells such as S-bro-
mo-2-deoxyuridine, “H-thymidine. antibody against pro-
liferating cell nuclear antigen, and the MIB-1 antibody
are now available. To have a better understanding of the
growth and development of the retinal (ransplants. we
studied the proliferation of the transplanted retinal cells
by using the MIB-1 antibody. This antibody recognizes
an antigen. Ki-67, which is present in all dividing cells.
{t has been widely used to study the proliferating cells in
different tissues (8.14). We know of no other study of the
proliferative activity and the pattern of cell birth in reti-
nal cell transplants. In a previous paper, we analvzed the

appearance of the Ki-67 antigen in the normal develop-
ing rabbit retina (31), and we now report the expression
of the Ki-67 protein in transplanted retinal cells. In this
study we did not attempt to count the number of prolif-
erating cells in various transplant ages, as this is feasible
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only when cell suspensions of the donor tissue is trans-
planted. The.cell suspension transplants do not develop
the retinal layers (17), which are essential for studying
the pattern of cell proliferation.

MATERIALS AND MEDHODS

Retinal Transplants

Neural retinas from embryonic day 15 outbred pig-
mented rabbits were used as donor tissue. Embryos were
obtained by sacrificing the rabbits dams with an over-
dose of sodium pentobarbital and kept in cool (+4 de-
grees) Ames’ solution containing {mM) NaCl [120], KCI
[3.6], MgSO, [1.2], CaCl, [1.2], NaHCO; [23],
NaH,PO, {0.1], Na,HPO, [0.4] and Glucose [10] (1).
The eyes were removed and the neural retinas dissected
under an operating microscope. They were stored in the
same solution until transplanted.

Adult rabbits of the same strain weighing 1-2.5 kg,
were used as recipients. The donor tissue was drawn up
in a thin polyethylene capillary mounted on a special
instrument and connected to a precision microsyringe.
The capillary then contained fragmented pieces of both
peripheral and central donor tissue mixed together. The
recipient eye was entered through a small scleral inci-
sion. The capillary was advanced through the vitreous to
the posterior pole of the eye and its contents were de-
posited in the subretinal space. Details of the procedure
have been published (6). No antibiotics or immunosup-
pressive drugs were used on the animals. Appropriate
permits for the study were obtained from the Swedish
Government Animal Experimentation Ethics Committee
at the University of Lund. The experiments were con-
ducted according the rules set by the ARVO resolution
on animal experimentation.

The rabbits were sacrificed 1 (n = 2),4 (n = 2),6 (n
=2,7m=2),11n=2),140n=2),18m=1),
20(n=4),21(n = 2),27(n = 2),28 (n = 1), and 123
(n 1) days after the surgery. Thus, the transplants
attained ages equivalent to embryonic (E) day 16, 19, 21,
22,26, and 29 and postnatal (PN) day 2, 4, 5, 11, 12, and
107 (donor age + survival time after surgery). The eyes
were enucleated and processed as described below.

Tissue Processing

The eyes were briefly fixed in 4% paraformaldehyde
in phosphate-buffered saline (PBS; 0.1 M phosphate,
0.85% NaCl; pH 7.4). The anterior segments of the eyes
were removed and the posterior segments were fixed in
the same fixative for 24 h. The tissue was rinsed in the
same phosphate-buffered saline and then with 5, 10, and
20% sucrose added. The arca containing the transplant
was cut out and stored in PBS with 20% sucrose and
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0.1% sodium azide until sectioned. Sections were cut on
acryostat (12 microns), meunted on glass slides coated
with gelatin, and stored at 70°C until used.

Immunohistochemistry and Hematoxylin &
Eosin Staining

After thawing the frozen sections to room temperature,
they were rinsed in PBS containing 1% bovine seram
albumin (BSA; Sigma Chemical Co.). This solution was
subsequently used for all the washes. Nonspecific anti-
body binding was blocked by incubating the slides in
[.5% normal horse serum prior to their incubation with
the MIB-1 monoclonal antibody (Immunotech, Inc.,
Westbrook, ME) in a dilution of 1:200 in PBS. Optimum
working concentrations and incubation times for the an-
tibody had first been determined in pilot experiments.
The slides were incubated for 72 h at 4°C in a humidified
chamber. The slides were then rinsed with PBS and in-
cubated for I h in biotin conjugated horse-antimouse
secondary antibody (Vector Lab. Inc. Burlingame, CA)
in a dilution of 1:200. The slides were then rinsed again
in PBS and endogenous peroxidases in the tissue were
quenched by incubating in 0.3% hydrogen peroxide in
PBS for 15 min. The slides were then incubated in av-
idin—horseradish—peroxidase (Vectastain® Elite ABC
Kit; Vector Lab. Inc., Burlingame, CA) for 1 hr. Slides
were again rinsed in PBS and the HRP reaction was
developed in a substrate solution of diaminobenzidine
(DAB; Peroxidase Substrate Kit; Vector Lab. Inc., Bur-
lingame, CA). Adjacent sections were stained with he-
matoxylin and eosin. In each experiment controls were
obtained by omitting the primary antibody.

For transplants, we will use the term “‘luminal layers””
or “‘inner layers’’ to denote the layers of cells towards
the lumen of the rosettes and “‘outer layers’” to denote
layers away from the lumen. For developing retinas, the
term “‘basal’’ or *‘proximal’” and ‘‘apical’” or “‘distal”
is used to denote Tocalization in terms of how the tissue
develops. In the neuroretina, ‘‘basal’’ thus means closer
to the vitrcous and “‘apical’” closer to the photoreceptors.

RESULTS

The eatliest transplant studied corresponded to embry-
onic age 16 days. The transplanted cells had started to
organize in rosettes (Fig. 1A). Brown immunoreactive
cells were observed scattered throughout the transplant.
On the basis of color, these cells could be differentiated
from the black clumps of pigments, that often migrated
from the host retinal pigment epithelium. Certain large
and deeply stained cells were homogeneously distributed
throughout the transplant or occasionally formed small
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Fig. 3. (A and B) Embryonic day 21 rabbit retinal transplant (T).
Some of the cells in the innermost layers of rosettes (lumen of
rosettes marked with asterisks) are nonreactive (white arrow-
heads). There are also clusters of nonreactive cells in between the
rosettes {arrowheads). In the layer ol nonreactive cells close to
the host retina some cells at the host-graft interface are immu-
noreactive (curved arrows in Fig. 3A), as are some cells (large
arrows in Fig. 3B) in the host retina (H). Immunohistochemical
staining with the MIB-1 antibody. NR = layer of nonimmu-
noreactive cells close to the host retina. Bar = 50 pm.

nonimmunoreactive, There were reactive cells in the
outer layers of the rosettes. There were clusters of im-
munoreaclive as well as nonimmunoreactive cells in be-
tween the rosettes. A Jayer of nonreactive cells was ob-
served close to the host retina (Fig. 3A and B) and this
corresponded to the small pyknotic cells observed with
hematoxylin and cosin staining. However. a few immu-
noreactive cells were present at the host surface of this
nonreactive area (Fig. 3A). A small number of immuno-
reactive cells were present in the host retina close to the
transplant (Fig. 3B).

At embryonic age 26 days (Fig. 4). most cells in the
inner layers of the rosettes were nonreactive. except a
few large, deeply staining cells. Cells were immunore-
aclive in the outer layers of the rosettes and most of the
reactivity was confined Lo the cells lying in between the
rosettes. Some immunoreactive cells were present in the
host retina. At embryonic age 29. cells in the inner layers
ol the rosettes were nonreactive, with certain large
deeply reactive mitotic cells and a few other cells being
the exceptions (Fig. 5). However, cells in the outer layers
of the rosettes and in between them were immunoreac-
tive (Fig. 5). The latter cells correspond to cells in the
inner layer of the normal retina. There were also some
immunorcactive cells in the host (not shown), On the
graft side of the host—grafl intetface, there was a con-
centration ol immunoreactive cells.

At a transplant age corresponding to postnatal day 2,

Fig. 4. Embryonic day 26 rabbit retinal transplant (T) showing
rosettes (lumen marked with asterisks) with deeply stained cells
{white arrowheads) towards the outer limiting membrane. The
inner layers of the roscttes are nonreactive (small black ar-
rows), whereas the outer layers are reactive (R). Immunohis-
tochemical staining with the MIB-1 antibody. Bar = 30 pm.
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the cells in between the rosettes were still immunoreac-
tive and there were immunoreactive cells in the host
retina (not shown) and host—gralt interface (Fig. 6). At a
transplant esponding to postnatal day 4. most
areas in the transplants werce devoid of immunoreactive

e

ge co
cells. but occasionally there were areas in between the
rosettes in which immunoreactive cells persisted, At the
host graft interface some immunoreactive cells were pre-
sent in the transplant (Fig. 7). Some immunoreactive
cells were also abserved in the host retina (Fig. 7).
Immunoreactive cells were rare in most parts of trans-
plants obtained at ages corresponding to postnatal days 3,
Ioand 12,0 However, very few immunoreactive cells
could be seen distributed in between the rosettes (not

shown). Tmmunoreactive cells were also observed in the
transplant at the host graft interface (Fig. 8) and occa-
sionally in the host retina. There were no significant
differences in observations in various specimens of the
same age.

DISCUSSTION

Proliferation and Development of Retinal Transplants
Already 1 day after the transplantation the grafts had

started organizing themselves in roseltes. Retinal layers

in the form of rosettes became more prominent at later
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Fig. 8. Postnatal day |1 rabbit retinal transplant (T} showing
immunorcactive cells at the hosl—graft intertace (curved ar-
rows). Immunchistochemical staining with the MIB-1 anti-
body. H = host relina, Bar = 50 pm.

slages. The organization of the graft has previousty been
studied in detail (6,29,33). Tt has been shown thal the
cells of the outer nuclear layer (corresponding to the
distal part of the normal retina) are located in the Juminal
layers of rosettes. The cells corresponding to the inner
retinal layers (proximal part of the normal retiba) arc
located in between the rosettes. The phagocytic function
of the pigmented epithelium in transplants may be per-
formed by macrophages in the lumen of the rosettes (4).

The random distribution of the postmitotic and the
proliferating cells, including the mitotic ones, probably
indicates a random organization of the transplants in
early stages. Postmitotic cells are expected in this stage
because early differentiating ganglion cells are already
present in the donor tissue at the time of transplantation
(30,31). It has been suggested thal the best time to har-
vest the donor tissue is before the cells undergo terminal
mitosis (9,10). This may partly explain why the ganglion
cells that have already undergone terminal mitosis at the
time of transplantation in E15 donor tissues (30.31) have
hitherto not been demonstrated in the grafts. One day
after transplantation the mitotic cells appear to take the
lead in an cffort of organization as these cluster together
to form early rosettes.

As the iransplanted cells reorganize themselves in ro-
settes (£19), the proliferating cells also adopt the general
proliferation pattern seen in normal retinogenesis. In a

previous study (15) proliferation of cells was studied in
embryonic diencephalon transplanted o the brain of
adult rats. The study shows that the survival of the gralt
is related to the proliferative activity of the transplant.
However, this study did not demonstrate if the pattern of
proliferation was maintained alter transplantation. It is
interesting to note that the mitotic figures in the normal
developing retina accumulate at the outer limiling mem-
brane [the distal retina; (30,31)). This is because prolif-
crating retinal cells normally undergo interkinetic migra-
tion, which means that they synthesize their DNA away
from the ventricular surface, in the middle layers of the
developing tetina (30,31), and then migrate to the ven-
tricular surface, where (hey undergo mitosis. The results
in this study show that in retinal cell transplants, the
same pattern is maintained. The luminal surface of the
roseltes, where in due course the outer limiting mem-
brane will form, corresponds to the ventricular (apical}
surface of the normal retina. Cells in metaphase appear in
the apical parts of the roscttes, whereas many other cells
in the surrounding layers are in other phases of the mi-
totic cycle, as indicated by their content of the Ki-67
antigen. There must, thus, be a form of interkinetic mi-
gration within the rosettes, similar to that which is seen
in the normal retina.

Already at E21 and more so at E22, the proliferation of
cells is reduced in the innermost layers ol rosettes {ex-
cept for some remaining cells in metaphase). These post-
mitotic cells are likely to be ditferentiating photoreceptor
cells. In the outer layers of the rosetles there are still
many proliferating cells, most Jikely giving rise to more
photoreceptors and cells of the proximal retina. The non-
proliferating cells in between the rosettes could be the
postmitotic cells differentiating into amacrine and hori-
zontal cells, because these cells are born early in ontog-
eny (21,22.30,31).

In E26 transplants, the luminal-most layers of the ro-
settes were largely nonproliferating, with the exception
of the mitotic cells. The postmitotic cells in this region
are likely to be the differentiating photoreceptors. Oth-
erwise, the pattern of proliferation in all essentials re
sembles that seen at E21 or E22. The pattern of prolif-
eration thus resembles that in normal development where
at E25 and E29 most of the proliferating cells are in a
region distal to the postmitotic amacrine cells (30,31).
This fits very well with the distribution of immunoreac-
tive cells in the transplants.

In E29 and PN2 transplants, the pattern of the prolif-
erating cells has changed considerably. They were al-
most completely confined to the regions in between the
rosettes, which correspond to the layers of the inner half
of the normal retina. This shift of where proliferating
cells predominate is also seen in the normal development
of the retina (30,31).
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In the postnatal day 4 transplants and later, only small
patches of proliferation were seen. Again. this is in ac-
cordance with the observation in normal retinas that pro-
liferation ceases at birth in the central retina and some

days later in the peripheral retina (23,30.31).
gional differences in the mitotic activity in the transplant
may be due to the mixing of the central and the periph-
eral parts of the donor retina at the time of transplanta-
tion.

Four days after the trangplantation (in E19 trans-
plants), numerous small pyknotic or perhaps apoptotic
cells appeared in the parts of the transplant that were
closest to the host retina. Such cells have been observed
carlier in transplants (6). The MIB-1 immunoreactivity
revealed that these were nonproliferating cells. They
were also present in transplants with longer survival
times. This suggests that a layer of cells at the host—grafl

The re-

interface undergoes degeneration instead of proliferation.

The degeneration of cells is not confined (o the trans-
plant alone, because the overlying host retina also is seen
to Jose its photoreceptor outer segments and many ol its
cells in the outer nuclear layer (6.29). These observations
suggest that the host and the graft have a negative influ-
ence on each other. However, the number of pyknotic
cells is much smaller at the sides of the transplants than
in the middle, notwithstanding that the distance to the
host retina is the same in both cases. In addition, the
number of nonproliferating pyknotic cells was much
smaller in small transplants. Because the choroid is the
main source of nourishment for the retina, it is also pos-
sible that the transplanted cells farthest away from it may
not receive sufficient nourishment for their metabolism
and, therefore, cease to proliferate and eventually degen-
crate.

In rat transplants, migration of host-derived glial cells
(probably Miiller cells) into the graft beging 2 days after
the transplantation, along the host-graft interface (23). In
the same transplants, intrinsic gralt glial cells (mostly
Miiller cells) develop approximately according to their
normal timetable, becoming partly reactive to ghial fibril-
lary acidic protein (GFAP) after 3 wk. and completely
5 wk after the transplantation. The marked pro-
liferation at the host-graft interface may represent ab-
normal ghosis, although this has not been much empha-
sized in previous studies. Nevertheless, in human
xenotransplants, cellular retinaldehyde-binding protein
(CRALBP) immunoreactivity was found mostly close to
the host retina (26) and GFAP immunoreactive fibers
were also found mostly at the same location. A glial
barrier has previously not been explicitly described in
retinal transplants, but neural transplants in brain often
become encapsulated by a ghal barrier, which interteres
with the integration of the graft with the host (3). The

reactive 5
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observations in the present study suggest that the retinal
cell transplants also tend to develop a glial barrier.

Even though the mitotic activity in the transplant is
comparable to the normal development in terms of pat-
tern of proliferation, it scems that the transplanted cells
do not proliferate as much as the cells in normal devel-
opment, In E25 and E29 normal retinas, the proliferation
of cells was much more (31) than at comparable ages in
transplants. For example. at E29 projiferation in the
transplant was confined to the areas in between the ro-
settes corresponding to the proliferation in the inner
nuclear layer in the developing retina. In the normal de-
veloping retina, there is at this stage much more prolif-
eration in the inner nuclear layer and also proliferation in
the outer nuclear laver (30,311, Further, proliferation in
postnatal transplants was minimal, whereas significant
proliferation persists up te day PN7 to PNII in normal
development. Moreaver. ¢ell death is prominent in the
transplants and may also be a factor retarding the growth
of the lransplants,

Cell proliferation and cell death are not the only fac-
tors that atfect the development of the retina {and hene
also transplantsy. The growth of the eve {and the retina)
is a complex process involving both active growth and
passive stretching (23). After the retinal cell proliferation
ceases in the first postnatal week in rabbits (13,2324 30~
32) the retina passively stretches with the sclera increas-
ing the surface area up to threefold in rabbits at the cost
of retinal thickness (23), It is possible that the forces
needed for the passive expansion of the retina are lacking
in the case of a retinal graft placed in a developed eye,
thus, the graft does not undergo the passive stretching
and fails to cover the entire surtace of the eye.

Proliferation in the Host-Retina

Four days after surgery, proliferating cells were seen
in the host retina covering the transplant. To some extent,
the proliferation in the host retina could be seen even in
older transplants. These cells are likely to be glial cells
because Miiller cells are known to proliferate after retinal
damage (16.19,20). Further, there are indications that
host Miiller cells respond to the transplantation
For instance. they express GFAP already 4.5 h after LhL
surgery. and this reaction spreads out to the whole retina
within | day. Tt lasts for at feast 7 wk (23), Hypertrophy
and migration of Miiller cells within the host retina was
also noticed adjacent to the lesion site, commencing 2
days after the transplantation s in accordance
with the proliferating cells being glial cells,
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Abstract Nitrie oxide (NOY acts as a modulator of neu-
ronal transmiission in mature neuronal systems, including
the retina. Recently, NO has also been suggested to have
a trophic function during development. We examined im-
munocytochemically the distribution of NO-producing
cells in developing and transplanted rabbit retinas. An
antibody detecting the neuronal isoform of its biosyn-
thetic enzyme, nitric oxide synthase (NOSH was used on
normal developing retinas [starting at embryonic day (E)
15] and on rabbit retinal transplants after various survival
times (1-139 days alter surgery). Weakly stained cell
bodies were first observed in the proximal margin of the
neuroblastic layer at E 29. Stained processes projecting
towards a developing inner plexiform layer were also
visible at this time point. Immunorcactive cells were Jo-
cated at laler stages in the innermost part of the inner nu-
clear layer and in the ganglion cell layer, and arc likely
to correspond mainly to amactine cells. NOS-labelled
cells were also found in retinal transplants. The first
NOS-labelled cells appeared, as in normal developing
retinas, in ages corresponding to E 29 and were still de-
tected in transplants corresponding to postnatal day 123.
NOS-labelled cells were seen in areas between roseties,
where amacrine cells are Tocated. NOS-labelled process-
es were at times seen to project for long distances, form-
ing very distinct plexuses. NOS-containing amacrine
cells thus appear both in the transplants and in develop-
ing retinas in the embryonic stages. Tong before synaptic
function fnvolving these cells can be expected, suggest-
ing a role for NO not only in neuromodulation but also
in retinal development.

Introduction

A transmilter/modulatory role is currently ascribed to the
free-radical gas, nitric oxide (NO) (see, e.g. Bredt and

R.K. Sharmia - M.-T'R. Perez (i=]) - B. Ehinger
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University Hospital of Lund, $-221 85 Lund, Sweden
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Snyder 19920 Dawson and Snvder 19940 Schuman and
Madison 1
tion catal

ZyIme nitrie ox-
ide synthase (NOS). and which requires among other co-
factors,  calmodulin, and the electon <donor,
NADPH {nicotinamide adenine dinucleotide phosphate
reduced) (Bredt and Snyder 1990 Moncada 19921 A
constitutive form of NOS has heen tocalised in neuronal
cells, and hoth constitative and inducible isoforms have
been detected in non-neuronal cells (Farstermann et al.
1991 Lam al. 1992: Lowenstein et al. 1992),

Cylosolic levels of NO are kept very low, as this mol-
ecule can ecasily diffuse across plasma membranes. The
morphological localisation of cell systems capable of
producing NO thus relies on the distribution of mRNA
coding for its biosynthetic enzyme (NOS) or on the im-
munocytochemical localisation of NOS itselt” (Bredt et
al. 1990: 1991, The histochemical localisation of
NADPH-diaphorase in paraformaldehyde-fixed tissues is
also taken as a means of localising NO-producing cells
(Dawson et al. 1991: Hope ctal. 1991,

Discrete populations of nerve cells have been shown
throughout the nervous system to contain basal levels of
NOS (Bredt et al. 19911 An increase in the intracellular
levels of Ca* appears 1o activate the C almodulin-
dependent neuronal NOS isoform., stimulating the pro-
duction of NO (Bredt and Snvder 1990 Schuman and
Madison 1994). The NO produced diffuses across the
nerve cell membrane and acts on neighbouring cells,
stimulating the activity of soluble guanylate cyclases,
and thereby elevating ¢cGMP Jevels (Knowles et al. 1989;
Dawson and Snyder 1994). NO can thus be generated in
cells in response to increased neuronal activity, and par-
ticipate in the transmission of signals.

As expected. NO appears to act also in the retina as
a neuromodulator. NO-generating compounds are found
1o affect transmitter release, NMDA-induced currents,
coupling between horizontal cells and photoreceptor
physiology (Horio and Murad 199}: Miyachi et al.
19912 Margulis et al. 1992: Schmidt et al. 1992t Po-
zdnyakov et al. 1993; Ujthara et al. 1993: Becquet et al.
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1994; Bugnon et al. 1994; Greenstreet and Djamgoz
1994; Koch et al. 1994; Kurenny ct al. 1994). Synthesis
of NO by retinal cells has been demonstrated (Venturini
ct al, 1991; Osborne et al. 1993; Koch et al. 1994) and
cells exhibiting NADPH-diaphorase reactivity have
been identified in the retina (see Koistinaho and Sagar
1995 for review). Also, the presence of NOS and of
NOS mRNA have been demonstrated in retinal cells
(Yamamoto et al. 1993; Koch et al. 1994; Licpe ct al.
1994; Park et al. 1994; Ostholm et al. 1994; Perez et al.
1995).

Besides acting as a neuromodulator, NO may play a
role also during synaptogenesis. It has been shown that
the loss of ipsilateral retinotectal connections, which is
normally seen during development of the chick visual
system, is reduced upon inhibition of NO synthesis (Wu
et al. 1994). These observations suggest that NO may
function as a cellular messenger, also during develop-
ment of the visual system.

One way of addressing this question is to examine
whether the pattern of NOS expression during develop-
ment differs from (hat seen in the adult. A transient ex-
pression of y-aminobutyric acid (GABA) has, for in-
stance, been observed in horizontal cells in early postna-
tal rabbit retinas, suggesting a trophic function for this
neuroactive messenger (Redburn 1992). In the present
study, we have therefore studied the distribution of
NOS-containing cells in pre- and early post-natal rabbit
retinas, and how this distribution compares with that
seen in the adult rabbit retina. Further, a number of stud-
ies have shown that embryonic retinas transplanted to
the subretinal space in adult animals survive relatively
well (see Sharma et al. 1995, for review), and that the
grafted cells are capable of expressing various cetlular
markers (see e.g. Aramant et al. 1990; Bergstrom et al.
1994; Seiler and Aramant 1994; Sz€l et al, 1994). In
view of the suggested trophic function of NO, it was our
interest to examine whether transplanted retinas main-
tain their ability o express NOS immunoreactivity, and
whether this cxpression appeared stimulated or inhibited
following transplantation.

Materials and methods
Animals

The experiments were conducted after approval by the local ani~
mal experimentation and ethics committee (Djurforsdksetiska
niimnd i Lund).

Retinas from pigmented rabbits were obtained at embryonic
days (E) 15, 20, 25, 29, postnatal days (PN) 0, 3, 5, 7, 11, 15, 20,
46, 60 (at least two animals at cach stage) and from adult (n=4).
Embryonic tissue was obtained by Cacsarcan section after killing
the pregnant rabbits. Embryos and PN 0-3 animals were killed by
decapitation. Young animals (PN 5-20) were anaesthetised with
carbon dioxide prior to decapitation. Older animals were killed by
an overdose ol pentobarbital (72 mg/kg. i.p.). There were no indi-
cations that the different methods used in the present study to kill
the animals (decapitation, anaesthesia followed by decapitation, or
overdose of pentobarbital) had any cffect on the distribution of
NOS immunoreaclivily.

Retinal transplants
Donor tissue

An ordinary mixed strain of pigmented rabbits from stage E 15
(I5th postconception day: normal gestational time 30-31 days)
were used as donors. Embryos were obtained by Caesarean section
after killing the pregnant female rabbits with pentobarbilal (as
above). The embryos were kept at 4°C in Ames’ solution having
the following composition: 120 mM NaCl, 3.6 mM KCI, 1.2 mM
MgSO,. 1.2 mM CaCl,, 23 mM NaHCO,, 0.1 mM NaH,PO,,
0.4 mM Na,HPO,, 10 mM glucose. Eyes from these embryos
were enucleated, and the neural retina was then dissected from the
posterior eyecup under an operating microscope. Care was taken
not to damage the neural retina, especially when separating it from
the pigment epithelium. These retinas were kept in fresh Ames’
solution at 4°C until transplanted.

Recipients

Pigmented rabbits (4-6 months old at the time of transplantation)
of the same strain as the donors were used as recipients. Fifteen
minutes belore surgery, the right pupil of the recipient dilated
with 1% cyclopentolate-HCl (Alcon-Couvreur, Belgium) and, if
necessary, also with [0% phenylephrine-HCI (Sanoft Winthrop
Pharmaceuticals, New York. USA). The animals were anaestheti-
sed with 1 ml/kg Hypnorm (10 mg/ml fluanison, and 0.2 mg/ml
fentanyl; lanssen Pharmaceutica, Beerse, Belgium). One to two
drops of tetracaine-HC! (Alcon-Couvreur) were instilled into the
eye as needed. Thirty-four transplants were performed in this
study. The equivalent E or PN age of the ransplants (donor age
plus the survival time) was: E: 16, 19, 21, 26, 29; PN: 12
20,44,75,90, 102, 109, 116 and 123.

Details of the transplantation procedure have been préviously
ed (Bergstrom ct al. 1992). Briefly, the donor tissue, which
of fragmented pieces ol both peripheral and central retina,
awn up in a thin plastic capillary. The capillary was ad-
vanced through a small scleral incision behind the limbus and
through the vitreous body to the posterior pole of the eye. The
capillary was then pushed under the subretival space, whereby the

s slowly delivered with the help of a precision mi-
crosyringe. Animals were kept in a light/dark cycle of 12 h each.
No immunosuppressive drugs were used. Rabbits were later killed
at [-139 days after surgery.

Tissue preparation

Lyes were qui
solution of 4%

<ly enucleated and immersed in a freshly prepared
rmaldehyde in 0.1 mM phosphate-buffered saline
(PBS; pH 7.2). The eycs were hemisected in the fixing solution,
and the anterior segment, lens and vitreous body were discarded.
The remaining eyccups were transferred (o {resh fixation medium
and kept at 4°C for 2-24 h. All tissue was thoroughly rinsed and
cryoprotected by transferring it stepwise through solutions of 3,
10, 15 and 20% sucrose in PBS.

Rabbit cyecups were divided across the optic nerve head. per-
pendicularly to the myelinated st and 10- to 15-um sections
were cut on a cryostat. Rabbit retinal picces were cut along the
vertical axis, and the sections obtained included superior and infe-
rior retina, and the myelinated streak. In case of transplants. the
area containiing the transplant was cut out. The sections were col-
lected on chrome alum-coated slides, air-dried and stored at —20°C
until used.

Immunocytochemistry

The NOS antiseram employed was raised in sheep against purified
rat recombinant neuronal NOS protein (a gift from I. Charles and
P. C. Emson, MRC, Cambridge, UK). The antibody recognises a
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ein with aomolecular mass of 155 kKD on western blot analysis
of rat hypothalamus {Herbison et al. 1996), and is therelore specif-
i for neuronal NOS (Farstermann et al. 19911, Adsorption of the
antiserum with the yecomhinant neuronal nNOS protein abolished
all immunoreactivity (Herbison et al. 1996).

Fig. 1A-E Nitric oxide synthase (NOS) immunoreactivity in nor-
mal developing retinas (fluorescence micrographs). A Embryonic
day 29 (£ 29) retina showing a faintly labelled cell (arrow) in the in-
nermost part of the neuroblastic cell layer (VL) projecting & short
process (small arrow) vitreally. B On the day of birth (PN (), NOS
immunorcactive processes are seen in the inner plexiform layer
UPL; arrens heads). (ONL olxl nuclear fayer, INL inner nuciear fay-
er). € Postnatal day 3 (PN 3) retina showing an immunoreact
in the ganglion cell Taver (GCL: mmu) projecting inumuner
fibres onto the TPL (armivicads). D ;m\lmm] day 7PN
showing tmmunoreactive cells {armmes) and a distinet
immunorcactive plexus in the 1PL (arros o1, E Post
(PN T reting showing jmmian

IPL farroes). Note also that the i
{with & continuous process projecting tosvands
than the other immunereactive celis. Labell
distinet sublayers Csmadl and Jarge ar

Ciiv

unolabeiled ¢

n

]

B

Sections were brought to room wmpersure and air-dried be-
fore preincubation for 90 min with 0.1 mM PBS containing 0.25%

or 1% BSA, 0.25% Triton N~ I”‘X and f J‘V' key normal serum.
The sections were then inc anl-NOS  serum
(1:3500, diluted in PBS/BSA/Y 1218 han 4°C.
After rm\i ‘in\ secjons we with secondary anti-

body:
Ig
1380,

wed donkey anti-sheep
USa, diluted
ions were they

Juy a0
rinsed with &
taining phenyt
Nuaresee
thady

yeerol con-
W provent

whary an-
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Results
Normal development

Immunelabelling corresponding o NOS was not detected
in rabbit retinas at F I‘ E 20 ar at E 25, However, a few
weakly stained cells e found at £ 29 (Fig. 1AL The la-

CeHS
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belled cells were seen in the proximal margin of the neu-
roblastic layer in the inferior retina, near the optic disc.
Short, stained processes could be seen to project vitreally.

At PN 0, NOS-positive cells were seen in the central
retina, both in the inferior and superior retina. Long and
well-stained dendrites could at times be scen to project
towards the developing inner plexiform layer, where
weakly stained dots could be distinguished (Fig. 1B). At
PN 3, more strongly positive cells were seen, and could
at times also be found in the ganglion cell layer
(Fig. 1C). All stained cells were found to project to-
wards the inner plexiform layer, where continuous, la-
belled processes were seen. At PN 5 and PN 7, immuno-
labelled cells were seen in the inner nuclear and gangli-
on cell layers in the central as well as peripheral retina,
but were still more abundant in the central areas. Dis-
tinct labelling of processes was seen mainly in a band
located in the middle of the inner plexiform layer
(Fig. 1D). At PN 11, it became possible to distinguish
labelled cells of at least two types. One larger cell type
exhibiting stronger immunoreactivity and another,
smaller and more weakly labelled. Labelling in the inner
plexiform layer was seen in a thick band located in the
middle of the layer, and in a weaker and more proximal
sublamina (Fig. 1E). Some lightly stained dots could at
times be seen also in the most distal sublamina of the in-
ner plexiform layer. No further changes were observed
at PN 15, PN 20 or PN 46.

Fig. 2A-C NOS immunorcactivity al postnatal day 60 (PN 60)
and adult retinas ([Tuorescence micrographs). A PN 60: immuno-
reaclive cells arc seen on both sides of the IPL (arrows). A contin-
uous and multilayered immunoreactive plexus is seen in the IPL
(small and large arrowheads). B, C Adult retinas. In C a labelled
cell (arrow) is seen in the INL projecting towards the IPL and the
outer plexiform layer (OPL; small arrow). Scale bar 40 pm

Fig. 3A-E Rabbit (o rabbit retinal transplants. A Bright field mi-
crograph showing a typical subretinal transplant (7) obtained by
the technique used in the present study (corresponding to PN {2;
haematoxylin and eosin staining). The darkly stained cells of the
ONL (black arrowheads) are localed in the Tuminal Jayers of the
rosettes (R) and the more lightly stained cells of the inner retina
(white arrowheads) between the rosettes. These two layers of cells
are separated by a plexiform layer (small arrows). The host retina
(H) is often thin and degenerated near the transplant. B-E Fluores-
cence micrographs illustrating the distribution of NOS immunore-
activity in retinal transplants. B Retinal transplant 14 days after
surgery {corresponding to E 29) showing a faintly immunoreactive
cell (arrow) in between rosettes (R). C Another transplant of the
same age as in B showing a labelled cell (arrow) and immunoreac-
tive processes (arrowheads) in the transplant (7). D Retinal trans=
plant corresponding to PN S showing an immunoreactive cell (ar-
row) between rosettes (K) and an immunoreactive plexus (arrow-
heads). E Retinal transplant (7) corresponding to PN 11 showing
immunoreactive cells (arrows) and a plexus (arrowheads) between
roselles (R). In C and E, an immunoreactive plexus (small arrow-
heads) is also visible in the host retina (H). Scale bars A 100 pm,
B-E 40 um
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AUPN 60, the pattern of distribution of immunorcac-
tvity was similar to that observed in the adult (Fig. 2A.
B). NOS-immunoreactive cells were scen both in the in-
ner nuclear and ganglion cell layers, and at times even
within the inner plexiform layer (Fig. 2A). The largest
number of NOS-positive cells was seen in the visual
streak. Most stained cells were seen to project lowards
the inmer plexiform layer, where a distinct band of
stained processes was seen in the middle of the laver,
Thinner immunolabelled processes were afso seen in the
most distal and most proximal sublaminac ol the inner
plexiform layer. At times. immunolabelled cells Tocated
in the inmer nuclear layer were scen (0 ¢mit processes to-
wards the outer plexiform layer (Fig. 2 However, no
specitic Iabdlmn was deteeted in the latter.

Transplanted retinas

All subretinal transplants were seen o have develaped.
The transplanted cells tended to spherical
structures. which. at the light microscopic level could bhe
seen in cross sections as so-called roseties (Figs 3A0L
These consisted of somewhat organised structures where
photoreceptar cells were found located nearest the Tu-
men. with the inver and ouler segments projecting into
the Tumen. Cells of the fmner retinal fayers could be
found between the roseltes.

No NOS immunoreactivity was detected among trans-
planted cells of ages corresponding to E 16-26. In trans-
plants corresponding to E 29, a few stained cells were
occasionally observed (Fig. 3B, C). The labelled cells
were lm nd between roseltes, where cells normally locat-
ed in the inner retina are expected. The same observa-
tions were m;ldv al Tater stages (transplants corresponid-
ing to PN 0-123: Fig. 3D, E.4). The number of stained
cells was, h«\\\L\LL seen 1o vary hetween the speciimens
and atl times also between sections. Nontheless, a rela-
tively large number of digtinetly fabelled cells could he
seen, even in older transplants {e.g. PN 75 and PN 1023
Fig. 4A. B, D).

NOS-immunoreactive cells were not seen to be Jocat-
ed in any particutar area of the grafl, in terms of proxim
ty 1o the host reting or to the choroid. At feast two sub-
types of NOS-containing cells appeared o be present in
the grafis. but it was not possible to establish whether

cluster in

Fig, 4 Retinal cell transplant 91 days aller transplantation .un-
responding 1o PN 75). NOS-immunoreactive cells (farge ar
are xeen in the transplant (7). One of the cells pm|cuﬂ (el cor-
sevsd tewvands the host (H) and towards what appears to be an
ulm\uluwl of an IPL in the transplant (farge arrowheads). Tmmu-

stive processes are seen also i the host retina (/1) in the in-
ner plexiform faver (1PL: small arrowheads). B-E Retinal rans
plants wnupm‘dnw to PN ’(V C and E (Nomarski optics) re-
present the same Delds sespectively. Immunorasce-
tive cells tarmws) in bare seen to project and
form a plexus Haree LA alse shows
belled cell immunareact
{small armvheads) n of roseites) Se

100 pm. B-E 40 ;m\.

as in
1

7

inpen ar;
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there was any difference between the two types regard-
ing survival.

Immunoreactive processes were seen in the grafts and
could at times be found to project from the labelled cells
to one region. forming what seemed to be an cqui\‘;xlenl
of an inner plexiform layer within the graft (Fig. 3C-E,
4ALB. D). This laver was at times made of a dense p!
us of stained fibres which often ran for considerable dis-
tances. In a few cases. labelled fibres were seen 1o pro-
ject towards the host retina (Fig. 4A0 Dy However, we
were not able to detect NOS-labelled fibres bridging be-
tween the host and the gralt.

Immunolabelled cells were s
all time points. Unless the n
erated following  transple \OS~pn<m\‘e cells
could also be seen in the host retina in the region con-
tacting the grait (Fig. 4A. B, These had a narmal ap-
pearance and were seen to project wowards the |nu
plexiform laver, as see There was no
indication that the nu
tered in the host reting

cen in the host retinas at
er nuclear layver had degen-

Discussion

In the adult rahbit retina.
ner puckear faver and in
found to exhibit NOS imm\. hhlmll!ﬂ:: that
most of them are likely o correspond to amacrine cells.
These resulls agree with our previous observations on
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appearcd to increase during the first 2 postnatal weeks,
which agrees with the distribution of NADPH-diapho-
rase-reactive cells previously observed in the developing
rabbit retina (Mitrofanis et al, 1992).

It is likely that most of the NOS-containing cells
found in the proximal margin of the neuroblastic layer in
embryonic and early postnatal ages correspond to ama-
crine cells. Their morphology and location was scen in
later postnatal ages to be equivalent to that seen in the
adult retina. The two main types of NO-synthesising
cells were distinguishable al around PN 11, which again
agrees with the observations made with NADPH-diapho-
rase (Mitrofanis et al. 1992).

The ability of amacrine cells to express NOS, even
prenatally, cannot be associated with a role of NO in the
processing of visual information, as maturation and syn-
aptogenesis involving these cells are not established until
later (Dacheux and Miller 1981). Tt suggests, rather, that
the carly onset of NOS expression is genetically deter-
mined and that NO may participate in the process of reti-
nal development. Other transmitter/neuromodulator com-
pounds, such as GABA and glycine, as well as tyrosine
hydroxylase have also been previously detected in em-
bryonic or nconatal rabbit amacrine cells (Casini and
Brecha 1992; Pow et al. 1994). GABA has, in addition,
been shown to be transiently expressed in developing
horizontal cells (Redburn 1992), further supporting the
notion that GABA may play a trophic role in the retina.
Although it is not possible to determine if the same cells
express NOS both during development and in the adult,
Lhere were no indications in the present study that NOS
might be overexpressed during early stages, or that a par-
ticular cell lype might express NOS only during develop-
ment. The early expression of NOS suggests therefore,
as pointed out above, that NO may play a role in retinal
development.

Itis, however, thus far uncertain how NO may partici-
pate in neuronal development. Inhibition of endogenous
NOS has been scen in vitro to inhibit cerebellar granule
cell proliferation and migration, suggesting that NO may
be important for the differentiation of these cells during
cerebellar cortical development (Tanaka et al. 1994).
Further, the application of nerve growth factor (NGF), a
neurotrophin, which, for instance, in the retina, is seen to
promote neurite outgrowth of embryonic ganglion cells
(Lehwalder et al. 1989), has been shown to upregulate
the expression of NOS mRNA in brain cells (Holtzman
et al. 1994). It is thus possible that one of the functions
of NO during development is to mediate, at least in part,
the actions of NGF and/or of other neurotrophic factors.

Transplants

The development and the organisation of the transplants
examined in the present study was found to be similar to
that obscrved previously (Bergstrém et al. 1992).
Transplanted embryonic retinas need not only to de-
velop, but must also overcome the stress caused by the

transplantation procedure, which could lead to an up- or
to a down-regulation of ncuronal NOS expression. NOS
immunorcactivity was detecled in the transplants 14 days
after surgery, which corresponds to E 29, assuming that
the graft matures at the same pace as normal retina. Also
in the normal retina. NOS immunoreactivity was detect-
ed at E 29, indicating that, in at least some of the trans-
planted cells, the ability to express NOS is maintained
and follows the same timetable as in the normal develop-
ing retina.

Similarly to what was seen with normal developing
retinas, there were no indications that a certain retinal
cell type might express NOS only during development. It
is thus reasonable to assume that the NOS-immunoreac-
tive cells found in the transplants correspond, as in nor-
mal retinas, mainly to amacrine cells. Further, similarly
to what was scen during normai development, therc were
no signs that NOS would be overexpressed among the
developing transplanted cells. However, an accurate
quantitative analysis was not possible. A relatively large
variation in the number of NOS-stained cells was seen
not only between different specimens, but also between
sections and in the same section. In some sections, large
numbers of NOS-positive cells were indeed seen. How-
ever, as the transplants consisted of a non-uniform mix-
ture of both central and peripheral embryonic retinas and
in normally developing retinas most NOS-labelled cells
were found in early stages in the central retina, the num-
ber of NOS-immunolabelled cells can be expected to
vary in the grafts. It is possible that at times retinal piec-
es derived mainly from the central relina were represent-
ed in a section, which may explain the apparently larger
number of labelled cells.

An inducible form of NOS can be expressed in mac-
rophages and astrocytes in response to endotoxins and
cytokines (Goureau et al. 1994). It can thus not be ex-
cluded that the inducible NOS isoform is also expressed
by the transplanted cclls. However, the antibody em-
ployed in the present study is specific for the ncuronal
form of NOS, which excludes the possibility that an in-
creased expression of NOS immunoreactivity in the
transplants would correspond to the inducible form.

The transplanted retinas were obtained at E 15; a time
at which connectivity is not yet established. Many of the
grafted cells are also damaged in the process of trans-
plantation. Yet, in spite of the disruption which can be
expected to occur during the ransplantation procedure, a
certain degree of organisation could be observed in the
transplants in the following days. Although grafted pho-
toreceptors tended to arrange themselves in rosettes,
NOS-labelled cells were often seen to emit processes so
that the cquivalent of an inner plexiform layer was iden-
tifiable. The labelled cells were found in the periphery of
the rosettes, projecting mainly towards a particular area
of the graft. NOS-fabelled processes were found in the
transplants to project at times for long distances, and
even towards the host retina. However, it was not possi-
ble to establish whether NOS processes actually entered
the host retina.
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In summary, we found no evidence that NOS may be
produced in any retinal cell type only during develop-
ment. Nevertheless. we have shown that NOS immunore
activity can be detected prenatally in the rabbit retina,
making it possible that, in some way, NO plays a role in
retinal development. NOS-immunoreactive cells were
alse found in transplanted retinas. A number of neuro-
chemical markers normally localised in normal retinas
(e.g. choline acetyltransferase, tyrosine hydroxy . glu-
tamic acid decarboxylase and GABA itself) have been
previously detected in transplanted retinas (Aramant et

al. 1990; Bergstrom et al. 1994), su ting that many of
the factors required for nermal development are pre-

served after transplantation. NO produced by transplant-
ed cells is likely to act in the same way as it does in a
normal developing retina, perhaps as a mediator of a
neurotrophic factor. Further. the ability to synthesise NO
appears 1o be maintained in transplanted retinas for at
least almost 5 months after ransplantation. The study of
NOS immunoreactivity in transplanted retinas alse al-
lowed the detection of a distinct inner plexiform layver
within the grafts.
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Nitric oxide synthase immunoreactive processes

from retinal transplants to the host

YIQIN ZHANG, MD, RAJESH K. SHARMA, MD,
BERNDT EHINGER, MD, PHD. AND MARIA-THEREZA R. PEREZ, PHD

Department of Ophthalmology, University Hospital of Lund. Lund, Sweden

Purrosk. To demonstrate the presence of graft-host connections in rabbit-to-rabbit
subretinal transplants by examining a chemically and functionally defined cell type,
the nitric oxide synthase {NOS) containing neurons.

MerHops. Embryonic day 15 rabbit retinas were transplanted to the subretinal space
of adult rabbits. After various survival times (grafts reaching the equivalent ages of
postnatal days 3, 12, 20, 45, 90, 102), the transplanted retinas were processed for
immunocytoche-mistry. An antibody against the neuronal form of nitric oxide syn-
thase, which is expressed in retinal neurons presumably capable of producing nitric
oxide, was employed.

Resurrs. In the normal rabbit retina, NOS was expressed in wide-field amacrine
cells and in long processes that ramify within the inner plexiform layer. NOS im-
munoreactive cells were seen in transplants at all survival times examined.
Immunolabeled processes were also secen to converge to one or several regions

within the grafts. In addition, single labeled fibers originating in the graft were seen
to cross the graft-host interface. In a few cases, the bridging fibers could be seen to

reach the NOS-immunolabeled host inner plexiform layer.

Coxcrusions. NOS-containing cells developed in subretinal rabbit-to-rabbit trans-
plants and extended processes that at times could be followed for long distances,
making these cells good candidates for studies of graft-host connections. Some of
the connecting processes reached the host inner plexiform laver. the target within
the host for NOS-containing fibers. The presence of synaptic contacts could not be
determined with the technique emploved. However, the fact that connections are
established by nitric oxide-producing cells, a compound known fo play a modula-
tory role in the retina, suggests that graft-host functional integration could poten-
tially occur.

Key words: Retina, Transplant, Connections, Nitric Oxide Synthase, Rabbit
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Introduction

Studies in the past have given ample evidence that transplanted embryonic retinas
survive and develop in oculo, especially when placed in the subretinal space. **
Most cell types and synapses develop in the transplants, and structural

proteins and neurotransmitters found in the normal retina are also expressed by the
transplanted cells. *!" This indicates that retinal transplants may be capable of
carrying out some basic functions. Electrophysiological experiments have shown
that ‘ON” and ‘ON-OFF” spike-like responses can be recorded from the surface of
the grafts. !> However, this does not mean that the information is passed on from the
graft to the host.

Tracing studies have demonstrated that in retinas transplanted close to target brain
areas, surviving ganglion cells project into the host target tissue. '*'” However, for
in oculo retinal transplants to be functional, it is required that they integrate and
form connections with the host retina. A few processes belonging to cell aggregates
placed epiretinally have been shown to project into the host retina. '%!®* However;
ideally, the donor tissue should be placed subretinally, whereupon the grafted cells
should connect with their partner cells in the host retina. Transgenic photoreceptors
cells expressing the lacZ reporter gene product, [3-galactosidase, transplanted
subretinally, have been shown to contact bipolar cells which did not express this
gene. '*?° However, as pointed by the authors, the demonstration of connections
using this approach is equivocal if the donor tissue in these experiments contained
also non-photoreceptor cells. In another study, a few synaptic contacts were found
between grafted photoreceptors expressing the lacZ transgenic marker and labeled
host bipolar cells. 162!

Thus, connections between transplanted retinal cells and the host retina seem to
occur. However, they appear to be few. One of the difficulties in demonstrating
connectivity lies in the fact that processes in the grafts normally cannot be followed
for long distances. We have previously demonstrated that in rabbit-to-rabbit trans-
plants, nitric oxide synthase (NOS) containing cells are found in subretinal grafts
and that these can occasionally be seen to extend long labeled processes. > With the
antibody used in this and in the previous study ? we have found that in the normal
rabbit retina, NOS is expressed by subpopulations of wide-field amacrine cells, and
it is likely that the NOS-containing cells found in grafts are of this type. Taking
advantage of the morphological features of NOS-containing amacrine cells, we were
in this study able to detect the presence of labeled fibers originating in the graft and
extending into the host. Further, the projecting fibers were in some of these cases
seen to reach the host inner plexiform layer. Since a functional role has been as-
cribed to nitric oxide in the retina ? we thus demonstrate graft-host integration
established by a chemically and functionally defined cell type.
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Material and Methods

The experiments were conducted with the approval of the local animal experimen-
tation and ethics committee (Djurforsdksetiska ndmnden i Lund). Animals were
handled according to the guidelines on care and use of experimental animals set by
ARVO and the Declaration of Helsinki.

Retinal transplants

Outbred pigmented rabbits of mixed strain (embryonic stage (E) 15: normal gesta-
tion 31 days) were used as donors for the transplantation. Embryos were obtained
by Cesarean section after sacrificing pregnant dams with an overdose of sodium
pentobarbital. The embryos were p laced in Ames’ solution at 4° C containing (mM)
NaCl (120), KCl1 (3.6), MgSO, (1.2), CaCl, (1.2), NaHCO, (23), NaH.PO, (0.1),
Na,HPO, (0.4) and glucose (1 O) The evns were removed and the neural retmas
were dlssected free from the retinal pigment epithelium. Both peripheral and cen-
tral areas were used for transplantation. The isolated retinas were stored in Ames’
solution at 4° C (composed as above) until used for transplantation (4 hours at
most).

Eleven adult rabbits of the same breed as the donors (4-6 months old at the time of
transplantation) were used as recipients. The transplantation technique has been
described earlier. * In brief, thirty minutes before the surgery, the right pupil of the
recipients was dilated with 1% cyclopentolate-HC1 (Cyclogyl®, Alcon-Couvreur,

Belgium) and one drop of 10% phenylephrine-HCI (Sanofi W mthrop Pharmaceuti-
cals, New York, USA). The recipient rabbits were anaesthetized with 1ml/’kg
Hypnorm® (10 mg/ml fluanison and 0.2 mg/ml fentanyl; Janssen Pharmaceutica,
Beerse, Belgium). One to two drops of tetracaine-HCI (Alcon-Couvreur) were in-
stilled into the eye. One to four embryonic retinas (in up to 10 U1 total volume)
were drawn up into a thin polyethylene capillary mounted on a special instrument
which was connected to a precision microsyringe. A small scleral incision was made
in the recipient eye 2-4 mm behind the limbus. The capillary was advanced through
the vitreous to the posterior pole of the eye where the retina was penetrated. The
embryonic retinas were slowly deposited in the subretinal space below the myeli-
nated streak in the central retina. The animals were kept in light/dark cyeles (12
hours each) and were allowed to survive for 21-118 days after the surgery. The
transplants thus reached ages equivalent to postnatal 5, 12, 20, 45, 90, and 102. No
immunosuppressive drugs were used.

Tissue preparation

Eyes carrying transplants were quickly enucleated and immersed in a freshly pre-

pared solution of 4% formaldehyde in Sérensen’s buffer (0.1 mM: pH 7.2). The
eyes were bisected in the fixation medium, and the anterior segment, lens, and vit-
reous body were removed. The posterior segments were transferred to fresh fixa-

131



tion medium (as above) and kept at 4° C for 2 hours. The tissue was subsequently
rinsed and cryoprotected in Sorensen’s buffer with increasing concentrations of
sucrose (5, 10, 15, 20, and 25%). The area containing the transplant was cut out,
embedded in an albumin-glycerin medium (30 gr. egg albumin, 3 gr. gelatin, 100
ml distilled water) and frozen. Sections were obtained on a cryostat (12 [m), col-
lected on gelatin/chrome alum-coated slides, air-dried, and stored at -20° C until
used. Certain sections were stained with hematoxylin and eosin.
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Figure 1: (A-B) bright field micrographs (hematoxylin-eosin) showing typical rabbit-to-
rabbit subretinal transplants: (A) transplant [T] corresponding to PN 5 and (B) transplant
corresponding to PN 20. In the transplants, cells belonging to inner retinal layers [IR] are
located between photoreceptor cells [ONL (t)], which are organized in rosettes [R]. In (A),
the outer nuclear layer of the host retina [ONL (h)] is partially degenerated. In (B), the host
outer nuclear layer and part of the host inner nuclear layer [INL (h)] have degenerated. (C-
F) fluorescence micrographs showing the distribution of NOS-immunoreactive cells. (C)
retinal transplant corresponding to PN 5 showing a NOS-immunoreactive cell (arrow) that
projects towards a region within the transplant where a NOS immunoreactive plexus is seen
(arrowheads). (D) a PN 12 retinal transplant showing several NOS-containing cells in the
transplant (arrows). One of these labeled cells is seen to send a long process towards a
plexiform layer within the graft (arrowheads), which developed parallel to the host inner
plexiform layer [IPL (h)]. (E) shows a specimen where a few cell rows are left of the host
outer nuclear layer [ONL (h)]. Immunoreactive fibers in the transplant run parallel to the
graft-host border (arrowheads). In (C-D), immunoreactive cells (small arrows) can be seen
in the host retina (H) in the inmer nuclear layer [INL (h)] and in the ganglion cell layer [GCL
(h)]. The host inner plexiform layer [TPL (h)] is also labeled (small arrowheads). (F) a nor-
mal adult rabbit retina showing NOS immunoreactive cells (small arrows) in the proximal
inner nuclear layer [INL] and their processes in the inner plexiform layer [IPL] (small ar-
rowheads). [T], [t] = transplant; [H], [h] = host retina; [ONL] = outer nuclear layer: [INL] =
inner nuclear layer; [IPL] = inner plexiform layer; [GCL] == ganglion cell layer; [R] = ro-
sette. Scale bars = 30 um,

Immunocytochemistry

Cryostat sections were incubated for 90 min with 0.1 mM PBS containing 0.25%
BSA, 0.25% Triton X-100 (PBTx), and 2% normal serum, followed by overnight
incubation at 4°C with sheep anti-neuronal NOS serum (1:4200 in PBTx contain-
ing 0.5% normal serum). After rinsing, sections were incubated for 90 min with
texas red sulfonyl chloride- (TRSC-) conjugated donkey anti-sheep IgG (1:80; Jack-
son ImmunoResearch, West Grove, PA, USA). Following immunostaining, sec-
tions were rinsed and mounted with buffered glycerol containing the anti-fading
phenylendiamine (Merck, Darmstadt, Germany). The NOS antiserum employed
(gift from Dr. I. Charles and Dr. P. C. Emsom) was raised against purified rat re-
combinant neuronal NOS protein and was found to be specific for neuronal NOS in
control experiments.

Results

Pieces of embryonic retina transplanted to the subretinal space developed all the
retinal layers. The cells of the outer nuclear layer formed rosettes, and in between
the rosettes were situated cells of the inner retina (Figs. 1A and B). With time, the
outer host retina was degenerated in the areas adjacent to the graft (Figs. 1A and B,
hematoxylin-eosin; Figs. 1C, D, 2, and 3, immunofluorescence). As a result, some
NOS-containing cells in the grafts were occasionally found relatively near the host
inner plexiform layer. In the present study, NOS immunoreactive cells were judged
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Figure 2: (A-B) fluorescence micrographs showing extension of NOS immunoreactive fi-
bers from the transplant [T] to the host retina [H]. (A) a PN 12 rabbit retinal transplant with
a rosette [R]. The host retina exhibits immunoreactive cells located within the inner plexi-
form layer [IPL (h)] and ganglion cell layer [GCL (h)] (small arrows), and an immunoreac-
tive plexus (small arrowheads) in the inner plexiform layer [IPL (h)]. A long immunoreac-
tive process (open arrowhead) is seen to cross over from the transplant to the host inner
plexiform layer [IPL (h)]. (B) a PN 20 retinal transplant showing a short process (open
arrowhead) connecting the immunoreactive plexus in the transplant (large arrowheads) to
the immunoreactive plexus in the host inner plexiform layer [TPL (h)] (small arrowheads).
[T} == transplant; [H], [h] = host retina; [INL] = inner nuclear layer; [IPL] = inner plexiform
layer; [GCL] = ganglion cell layer. Scale bars =30 um.

to belong to the host or the transplant depending upon their location and presuming
that the adult retinal neurons do not migrate.

In normal, adult rabbit retinas (the age of the recipient animals), NOS-containing
cells were found at the border of the inner nuclear layer and inner plexiform layer.
These constitute a subpopulation of large, sparsely distributed, wide-field amacrine
cells (Fig. 1F), and at least one more population of smaller and more weakly labeled
cells (not shown), all located in the proximal inner nuclear layer. A few immunore-
active cell bodies are seen also in the ganglion cell layer (not shown). NOS immu-
noreactivity is also seen in processes distributed mainly in 3 bands in the inner
plexiform layer of the normal rabbit retina (Fig. 1F). With the antibody we have
used, NOS immunoreactivity is thus restricted to the inner plexiform layer, the
innermost cell row of the inner nuclear layer, and the ganglion cell layer.

NOS immunoreactive cells were seen in all grafts examined. Immunoreactive pro-
cesses originating in these cells were also seen. Most labeled cells found in the
grafts projected to the equivalent of an inner plexiform layer within the transplant,
which in many cases was located next to the host retinal pigment epithelium (Figs.
1C and D). At times, immunolabeled processes were also found in the grafts close
to the graft-host border. In regions where one or more photoreceptor cell rows of
the host outer nuclear layer remained, such processes could be seen to run parallel
to the border, without entering the host retina (Fig. 1E). Photoreceptor cell rows
could be observed in the host retina at the shorter survival times (Fig. 1A) and at the
edges of the bleb created in the host retina by the graft (Fig. 1E).

Nevertheless, at times, labeled fibers originating in the graft could be seen crossing
the graft-host border. This was seen in regions where the host photoreceptor layer
was absent. Such bridging was observed at all survival times, but not in all speci-
mens examined (in 8 out of 11). Further, it was in some cases possible to follow a
labeled process originating in the graft all the way into the host inner plexiform
layer. Examples of this are presented in Figs. 2 and 3. A long thin process is seen in
a graft corresponding to PN 12 (Fig. 2A) and a shorter in a transplant corresponding
to PN 20 (Fig. 2B). However, also in the latter case the fiber originates in the graft,
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Figure 3: (A-B) fluorescence micrographs showing NOS immunoreactive cells connecting
the transplant [T] to the host retina [H]. (A) a PN 45 specimen showing several stained
processes (large arrowheads) in the transplant [T]. One of the processes (open arrowhead)
belonging to a NOS-immunolabeled cell located in the transplant {arrow) is seen to project
towards the immunoreactive plexus in the host inner plexiform layer [TPL (h)] (small arrow-
heads). A stained cell body is also seen in the host inner nuclear layver [INL (h)] (small
arrow), next to the host inner plexiform layer [IPL (h)]. (B} a PN 90 retinal transplant show-
ing a strongly labeled cell body (large arrow). connecting the inner plexiform layer of the
host [IPL (h)] (small arrowheads) to an immunoreactive plexus in the transplant (large ar-
rowheads). An unmunoreactive cell 1s seen in the inner nuclear laver of the host [INL (h}]
(small arrow). [T] = transplant; [H]. [h] = host retina; [INL] = inner nuclear laver; [IPL] =
inner plexiform laver; [GCL] = ganglion cell laver. Scale bars =30 um.

at the level of the graft-host interface, where several labeled processes are seen. No
NOS immunoreactive fibers are seen in the normal rabbit retina external to the
inner plexiform layer with the antibody employed in this study (Fig. 1F), indicating
that the staining seen at the interface (Fig. 2B) is associated with structures within
the graft. Further, it should be noted that the inner host retina appears relatively well
preserved in the areas adjacent to the transplant (see Figs. 1C, D, E, 2, and 3). In the
host inner plexiform layer, the immunoreactive plexus is continuous and parallel to
the inner border of the retina and the graft-host interface. Thus the processes that
crossed this border perpendicularly could be judged as originating in the graft and
not in folds of the host retina.

In Fig. 3A, several stained processes are seen in the graft. In addition, a process
belonging to a NOS-immunolabeled cell located in the gratt (corresponding to PN
45) is seen to project towards the host inner plexiform layer. Serial sections con-
firmed the location of the cell. A stained cell body is seen in the amacrine cell layer
of the host and strong and continuous labeling is noted in the host inner plexiform
layer, reflecting the relative integrity of the inner host retina. The observations indi-
cate that the connecting fiber seen in this specimen indeed originates in the gratt.

In Fig. 3B, stained cell bodies are seen in the host retina in a graft corresponding to
PN 90. One strongly labeled cell body is seen in the transplant to project to a region
within the graft where faintly stained fibers are seen, similar to what was shown in
Figs. 1C and D. In addition, one large NOS-immunoreactive cell body is seen to
project to the same area within the graft, and to emit a weakly labeled process
towards the host inner plexiform layer. This specimen was taken 106 days after
transplantation, and, as mentioned above, a progressive loss of the outer host retina
is normally observed, which with time brings the graft closer to the host inner lay-
ers. Further, a strongly labeled cell is seen in the host retina in the expected posi-
tion, next to the inner plexiform layer. The connecting cell could therefore, judging
from its position, belong to the transplant. However, it is not possible to determine
conclusively whether this stained cell indeed belongs to the graft.
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In the host retina, the number of labeled cells did not appear to be altered in areas
adjacent to the graft or compared to normal retinas, unless also the host inner nuclear
layer was disrupted. There were also no indications that following transplantation,
cell types other than those seen in a normal rabbit retina expressed NOS immunore-
activity. However, the labeling over the host inner plexiform layer tended to appear
stronger and more dense than in non-operated animals.

DISCUSSION

NOS-containing cells (likely to be amacrine cells) were seen in rabbit transplants
corresponding to PN 5, which agrees with our previous report. 2 Labeled processes
were also identified and were often seen to converge to one or more regions within
the graft, forming small and at times dense plexuses of fibers, likely to be the equiva-
lent of an inner plexiform layer. In addition, a few processes could be seen to project
also towards the host retina, and occasionally, a process originating in the graft
could be seen entering the host. Such bridging was more often seen at long survival
times, which is as expected, considering that also in normal developing rabbit reti-
nas, outgrowth of NOS fibers is a relatively slow process. > Further, a better graft-
host fusion was observed in old transplants, which conceivably should also favor
the formation of connections. Using NOS immunocytochemistry, we have thus
demonstrated that NOS-containing cells in rabbit transplants are capable of project-
ing into the host retina, and that their processes reach the host IPL, the target for
NOS-containing fibers within the host retina.

We have also shown an example of a NOS immunoreactive neuron projecting to
both the host inner plexiform layer and to an equivalent region within the trans-
plant. In the case illustrated in Fig. 3B, it was not possible to determine the origin of
the cell, and the possibility that it belonged to the host can not be ruled out. What-
ever the origin of the neuron might be, it appears to connect the host inner plexi-
form layer to that of the graft. If so, information from the graft could be conveyed to
the host retina not only by those neurons which directly project to the host, but also
indirectly.

The number of NOS immunoreactive cells found in the transplants and of fibers
crossing over was not very large and varied between specimens and also between
sections from the same specimen. It may be noted that even in normal retinas, NOS
is expressed in only a small population of cells, and high numbers of bridging fibers
are not necessarily expected. The small number of NOS-containing cells and fibers
within the grafts may be explained in part also by the random organization of the
transplants which results from the transplantation of pieces of embryonic retina.

However, it has consistently been difficult to demonstrate graft-host connections.
161921 Tt may thus be speculated that the formation of connections is limited in some
way. As mentioned earlier, a rapid loss of the outer layers of the rabbit host retina
was normally observed. Numerous dying cells are found also in the transplants,
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mainly in areas adjacent to the host retina. *2¢ A gliotic response is seen to follow
neuronal cell death, and has, as expected, been observed in the host retina and with
time also in grafts. 27?8 Factors associated with reactive glia have been identified
which inhibit neurite outgrowth. ' Gliosis is therefore likely to intfluence nega-
tively not only the development and survival of the grafted cells (including NOS-
expressing cells), but also the formation of connections between graft and host
retinas.

We have in the present study observed also that no connections were ever found in
areas where one or more cell rows were left of the host outer nuclear layer. Pro-
cesses located next to the graft-host border were in these cases seen to run parallel
to the border, without crossing over, in spite of the fact that the host outer nuclear
layer was thinned and that the host inner plexiform layer was only a few microns
away from the graft. Whether this is a limitation of NOS containing fibers only or it
reflects the presence of some barrier cannot be established at this point.

Nevertheless, despite conditions that might limit the formation of connections, we
have demonstrated here that they do occur. The connections are established by cells
in the graft which maintain their ability to synthesize NO, one of the recognized
retinal neuromodulatory compounds. ***% We wish to emphasize that the term
connection used here does not imply that synaptic contacts are established by the
projecting NOS-containing cells. However, there is evidence that neurites project-
ing from retinas transplanted to the brain are capable of forming synaptic contacts
upon reaching the host target tissue. ***' As shown here, NOS-containing processes
not only project into the host retina, they were also seen to reach the host IPL. This
indicates that subretinally grafted cells are potentially capable of contacting their
partner cells in the host retina. If true for other grafted cell types as well, a good
basis is then provided for the functional integration of the transplants.
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Influence of technique
and transplantation site on

rosette formation

in rabbit retinal transplants

R. K. Sharma. A. Bergstrom and B. Ehinger

Department of Ophthalmology. University Hospital of Tund, Lund, Sweden

ABSTRACT. In order to determine mechanical and host-graft related interac-

tions in the histogences

is of retinal transplants, a new technique for transplanting

flat and comparatively large pieces of embryonic rabbit retina into adult rabbit
cyes was claborated. With the procedure, free-floating grafts in the epiretinal
space survive, develop and differentiate largely without rosette formation, sug-
gesting that the dissection and transplantation procedure is adequate for obtain-
ing a normal development. On the other hand, subretinal transplants mature at
an apparently faster pace than cpiretinal transplants, but do not become regularly
Jaminated. Outer segments do not develop well in the epiretinal transplants,
whereas they do so in the subretinal ones, suggesting host-graft interactions by

means of yet unknown diffusible factors.

Key words: retinal transplantation - development - rabbit - rosette formation - photoreceptar

development.
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he initial transplantation studies of

fetal vetinas to the anterior chamber
showed by Royo & Quay {1939} were fol-
lowed by similar experiments by del
Cerro ot al. (1985). At about the same
time, Turner & Blair (1986) demon-
strated that the transplanted tissue sur-
vives in the epiretinal space, as is also the
case when it is placed between the
photoreceptors and the pigment epithe-
lium (Aramant & Turner 19880 Berg-
strom ctal. 1992,

Retinas have been transplanted in dif-
ferent physical states. Cell suspensions
have been found to give transplants that
show no or only very little organisation
and no, or hardly any photoreceptor
outer segments (del Cerro et al. TORS,
1989: Gouras et al. 19914, 1991h,1992;
Juliussonetal, 198 3)
fragments and micro
well (del Cerro et al. TVSS: Blair & Turner
1987: Seiler ctal. 1988 a; Bergstrim et al.
1992; Gouras et al. 1994y and alse show
betler layering than transplants produced

splanted tissue
Aes survive

with the suspension technigue (Juliusson
ctal. 1993). The lragmented tissuc transs
plant often becomes organised into small
rounded structures, usually referred o as
rosettes. Within the rosettes. there are
usually concentric cell layers that strongly
resemble the normal lavers of the retina,
with well developed photoreceptor outer
segments pointing inwards into the cen-
tral fumen.

The reasons for rosette formation in
retinal transplants are not well under-
stood. but it s usually thought of asx a
general injury response (Lahav et al
1¢ Milam & Jacobson 1990y Mech-
anical [actors have also been suggested (0
lead 1o rosette formation (Caffé ot al
1989). Apother possibility is that growth

¢ be re-

plants, but only very fitde is known about
such interactions. The extent of the ro-
sette formation differs in the varous
transplantation models, When fragments
of retina are transplanted.

OSCHES are a
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prominent feature (McLoon et al. 1982
det Cerro et al 198

: Bergstrém et al.
they are much fewer or
ertin cell suspension transplants
(Gouras etal. 1992 Juliusson etal. [993)
Very little rosette formation was seen in
carefully mounted in vitro explants of
fetal tis t al. 1989) and there
are preliminar reports that transplants of
photoreceptor layer embedded in gelatin
atso show no or only little rosette forma-
tion {Sitverman & Hughes 1989 Silver-
man etal. 1991, 1994), In an effort to ob-
tain transplants which develop architec-
turally similar to the normal retina in
terms of famination and development of
outer segments, we have modified the
tissue fragment procedure so that com-
paratively Jarge sheets of minimally dis-
turbed fetal retinas can be transplanted.
Since it reguires less mechanical handling
of the transplant tissue to place it epireti-
nally than between the photoreceptors
and the pigment epithelium, we have
compared the results of transplantation
at these two places. We have also com-

red the results obtained with the new
with results of fragmented
plants.

procedure

tissue tran

Material and Methods

Donor tissue

Ordinary mixed strain pigmented rabbits
from stage E13 (15th post-conception
day) were used as donors. Embryos were
obtained by caesarean section aft
ficing the pregnant female rabbits with
barbiturates. They were kept at -
Ames solution b the following com-
position imMy: NaCl 1200 KCU 3.6,
MgSO, 1.2, CaCl, 1.2, NaHCO; 23,
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NaH, PO, 0.1,Na,HPO, 0.4 and glucose
10 (Ames 11T & Nesbett 1981). Eyes from
these embryos were enucleated, and the
neural retina was then dissected from the
posterior eyecup under an operating
microscope. Care was taken not to dam-
age the ncural retina, especially when
separating it from the pigment epithe-
lium. In this way we were able to obtain
close to all of the undamaged fetal neural
retina in the form ol a cup. These retinas
were kept in the same solution until trang-
planted.

Recipients

Adult rabbits of the same strain as the do-
nors, weighing 2.5-3 kg were used as reci-
pients, Fifteen minutes before surgery,
the right pupil of the recipient was dilated
with 1% cyclopentolate and, if necessary.
also with 10% phenylephrine HCL. The
animals were anaesthetized with Hyp-
norm®, 1 ml/kg (fluanison 10 mg/m! and
fentanyl 0.2 mg/ml). 1-2 drops of tetra-
caine HCI were instilled into the eye as
needed. Twenty-four transplants were
performed in this study. In 11 eyes large
sheet retinal transplants we replaced sub-
retinally, and in 3 both subretinally and
epirctinally. In 10 eyes [ragmented tissuc
transplants were placed subretinally.

Transplantation cannula

A special instrument (Fig. 1) was de-
veloped for transplanting the slightly
cupped pieces of embryonic rabbit reti-
nas into the adult eyes. The instrument
comprises a cannula made from an 18
gauge injection needle, which scrves as a
jacket around a thin-walled flat poly-
ethylene tube (about 1.8 X 0.6 mm outer
and 1.6 X 0.4 mm inner dimensions). This
polyethylene tube and the cannula is
mounted on a specially designed instru-
ment that can push the tube out of the
cannula in a controlled fashion when
desired. Further, the plastic tube is at-

tached to a precision micro syringe.
Donor tissuc is sucked into the poly-
ethylenc tube with the help of the micro
syringe. Tn this process, the slightly cup-
shaped neural retina enters the Lube as a
singlc picce. There is inevitably some
damage to the transplant tissue at the cut
margins, but the central portion remains
as an intact sheet.

For transplanting fragments of the
donor tissue the instrument described by
Bergstrom etal. (1992) was used. The dif-
ference between the instrument used for
transplanting the fragmented picces of
the tissuc and the large sheets of tissue is
that the plastic cappilary used is narrower
(with inner and outer tip diameter of
0.15-0.4 and 0.3~0.5 mm) for transplant-
ing the fragmenled donor retina.

Transplantation technique
For transplanting large sheets of donor
tissue, the cannula with the polyethylene
tube containing 3 Lo 4 pieces of the donor
tissue was introduced into the cye
through a scleral incision about 5-6 mm
behind the Jimbus and advanced transvi-
treally until il reached the predetermined
transplantation site in the central retina.
The procedure was monitored under an
operating microscope, using a standard
contact lens. On reaching the retina, the
polyelhylene tube was pushed oul of the
cannula, and if required introduced into
the subretinal space by doing a retino-
tomy with the tube containing the tissue,
The donor tissue was then ejected at the
appropriate site by pushing the piston of
the microsyringe attached to the cannula.

For transplanting the fragmented
tissue, 3-4 embryonic retinas were drawn
into the instrument with the fine capillary
and transplanted (Bergstom et al. 1992).
The donor tissue got fragmented while
passing through the cappilary.

After the transplantation, sutures are
usually not needed. The animals were

Fig. 1. Drawing of the instrument used for transplantation. The plastic tube (D) fits inside the

main part of the instrument (B and C

his part of the instrument pushes the plastic tube (D) out

of the cannula (A) which shields it during the passage through the vitreous. The other end ol the
plastic tube (D) is connected to a glass capillary (E) which in turn is connected to the precision
syringe (F) that controls the injection of the donor tissue.

allowed to wake up and transferred to
their normal cages with 12/12 hour light/
dark cycles. No antibiotics or immuno-
suppressives were given postoperatively.
All animals were sacrificed 6 weeks after
transplantation. Appropriate permits for
the study were obtained from the Swedish
government  Animal  Experimentation
Ethics Committee at the University of
Lund. The experiments were conducted
according to the rules set forth in the
ARVO resolution on animal experimen-
tation,

Fixation and staining

At the decided post transplantation time,
the animals were sacriliced. Their eyes
were enucleated and fixed in 4% [ormal-
dehyde for 24 h. After tixalion, the eves
were hemisected and the part carrying the
transplant was excised. The tissue was
washed with Sérensen’s phosphate buffer
(0.1 M pH 7.2) and then with the same
buflfer containing 5%, 10% and 20% suc-
rose before sectioning on a cryostat (12
um). For paraf(in sections, the fixed
tissue was washed in 30, 50 and 80%
cthanol in which it was also stored until
embedded in paraffin wax and scctioned
(6 pom).

Sections were stained with hacmatox-
ylin and eosin for light microscopy.
Mousc monoclonal antibodies agatnst
rhodopsin (R2-15, diluted 1:6000) and
vimentin (Dakopalts, diluted 1:100) were
used for immunohistochemistry  on
cryostat sections. Antibodics were di-
luted in phosphate bulfered saline (PBS)
containing 0.25% Triton X-100 and 1%
bovine serum albumin. Scctions were
washed for IS minin 0.01 MPBS (pH 7.2)
containing 0.25% Triton X-100, which
was used for all the washes in the immu-
nohistochemical staining. Sections were
then incubated with normal blocking
serum (rabbit 1:10, Dakopatts) followed
by incubation with primary antisera for
20-25 h. Sections incubated with anti~
vimentin antibody were then washed, in-
cubaled with secondary antibody (rho-
damine-conjugated rabbit immunoglo-
bulins to mouse immunoglobulins, Dako-
patts) for 30 min, washed again and
mounted with Vectashicld (Vector Lab.
Inc.). Sections incubated with anti-rho-
dopsin were subsequently incubated in
secondary antibody (rabbit-anti-mousc
immunoglobins, Dakopatts). To develop
the peroxidase reaction, sections were
first washed for 15 min in 0.05 M Tris
buffer (pH 7.4) and then developed for 10
min in a substrate solution of 0.05%
diaminobenzidine (DAB) and 0.015%
H,0,in (.05 M Tris buffer (pH 7.2).
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Observations and Results

With the deseribed technique it was
possible to place fat whole pieces of em-
brvonic retinal tissue in the adult rabbil
eves ecither epiretinally or between (he
photoreceptors and the pigment epithe-
lium. The last picce of donor tissue in the
transplantation cannula is at times Jiffi-
cull to eject. but otherwise the procedure
htforward and works well. Tf the
animal is oo lightly anacsthetized, inser-
tion of the transplantation cannula may
clicit a withdrawal reaction due o the
sensory nerves in the choroid. which may
ruin the surgi

Six weeks alter transplants
is cquivalent to R weeks af
the epiretinal (ransplants had grown into
a more or less spherical or cup-shaped
laminated sheet as in normal retinogen-
esis. This piece of donor tissue did not
show rosette formation except at the mar-
ein of the transplant, where a few, small
roseltes could be seen {Fig. 23 Transplant
cells differentiated in two distinet nuclear
layers, The apical faver wis comprised of
dark and oval nuclet ol newrablas
The convex surface of this |
no Phﬁh\l\\\f]‘[\\]' DULT S¢
3 which was confirmed by
immunorcactivity  for rhodapsin (nol
shown). On the hasal side this nucl
taver was followed by a Taver with the s
pearance of the normal : i

al resulis,

ton, which

ceplion,

lic cells

v showed

onts (g

laver. A cell Tayer equivale
vanglion cell Jayer was also
the (ype of cells in this kawerr
determined (Fig, 3).

Subretinal farge sheet transplants in
the same eye showed a different organisa-
tion than the epirctinal farge sheet trans-
plants. Here the cells were predominantly
arranged inirregular arcua
sette-like clusters (Fig, ). The photore-
ceptars in these arcnate arrays alwavs
faced the host retina, whereas  the

osent,
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photareceptors in the rosettes faced their
centres, Both in the arravs of cefls and in
the roseutes. the photoreeeptors: most
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Fig. 2. A 6-week-old E 1S large sheet
retinal (ransplant in (he epiretinal
space developing as a spheroid with-
oul any roscttes except at the margins
(black asterisks with  white dots)
where the donor tissue was damaged
during the process of transplantation.
Differentiation of the transplant in
twa lavers is visihle, Hematoxylinand
eosin bar= 200 um.
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rhodopsin (Fig. 5). Immunostaining was
also present in the host retina adjacent to
the transplant but was disrupted in the
host retina overlying the transplant, in ac-
cordance with previous reports (Berg-
strom ct al. 1992). Particularly in cell ar-
rays, photoreceptors were also associated
with a well developed outer limiting
membrane as judged by light microscopy
(Fig. 4). The arcuate arrays appeared not
only in places where the retinal pigment
epithelium had been removed by the
surgery, but also where it was still present
(Fig. 6). They were at times very large (up
to about 300 um). The regular rosettes
dominated in fragmented tissue trans-
plants (Fig. 7), but rosette free arcas were
rarely found in places where the host pig-
ment epithelium was disturbed.

Both, the arcuate arrays in the large
sheet retinal transplants and the rosettes
in the fragmented lissue retinal trans-
plants showed two distinct layers of cell
bodies. The first was comprised of com-
paratively small, oval cell bodies, appar-
ently developing photoreceptor cells.
The second conmsisted of cells with
rounder and more lightly stained nuclei,
which resembled cells of the inner nu-
clear layer. A plexiform layer was also
present between the two nuclear Jayers, as
was in places another plexiform layer,
most likely equivalent to the inner plexi-
form layer. Thus the rosettes had two cell-
rich layers and two layers resembling the

Fig. 5. A 6-week-old E 15 large sheet subreti-
nal transplaot (1), showing rhodopsin staining
in the photoreceptor outer segments (arrows)
in arcuate arrays and in the host retina (arrow
heads). Note that the rhodopsin immunorcac-
tivity in the host retina (H) disappears when it
apposes the transplant. Host retinal pigment
cpithelium (RPE) is visible at the right hand
corner of the figure, Immunostaining with tho-
dopsin antibody R2-15, bar = 50 pm.

Fig. 6. A 6-week-old E 15 large sheet retinal
transplant (T), covered by the host retina (H),
showing arcuale arrangement of the photore-
ceplors also at places where the host pig-
mented cpithelium (RPE) is still present. RPE
shows some irregularities and moulding pres-
umably due to surgical trauma. Dark dots in
the transplant are the pigmented cells from
the host RPE. Hematoxylin and cosin, bar =
50 pm,

Fig. 7. Fragmented donor tissue transplant (T)
in the subretinal space showing the rosette for-
mation (black asterisks with white dols) and
not the arrays of cells. H=host retina. hema-
toxylin and eosin, bar =50 pum.
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outer and inner plexiform layers, respec-
tively. The organisation was more regular
and prominent in the arcuate ar
in the rosettes, A cell layer resembling the
ganglion cell fayer was also present. but it
was not established whether it contained
true ganglion cells or some other cell
type. such as displaced amacrine cells.
Miiller cells contain vimentin, and
staining for this substance therefore re-
veals their overall morphology. Asseenin
8, vimentin staining of transplants
which are not cavered by the host retina
reveal a Miller ecell ¢

sation is noticeable in the arcuate
(Fig. 9). but not in fragmented
transplants {Fig. 10) where Miller cells
show a radial arrangement.

Discussion

The large sheet retinal transplantation
technique described in this paper differs
from other techniques in transplanting
relatively large picces of whole retinas as
compared to fragmented pieces (Berg-
strom et al. 1992), dissociated cells
(fuliusson et al. 1993). or the photorecep-
tor layer (Silverman & Hughes 1989).
This new technique enables relatively un-
disturbed, large pieces of retina to be
transplanted.

At the time of tre \mphmmlm'! em-
Iwr\nmu \Ll\ 15, th dm‘\n tssue iy kmm n

dxf[uullm\ul CL”\ (B\. ¢ et al
1992). Development of an inner plexi-
form layer in the epirctinal transplants
and formation of layers and photoreeep-
tor outer segmentsin the subretinaf trans-
plants shows that the doner tissue con-
tinues to mature at both the transplanta-
tion sites, as reported by many authors
in various models (Rovo & Quay 1930:
Turner & Blair 1986; Seiler et al. 1990;
Gouras ctal. [990; Bergstrom et al. 1992,
1994).

In this study, epirctinal and subretinal

Fig. 10. Vimentin staining in a [ragmented
tissue (ransplant (T in the subretinal space
(H = host retina). showing the radial arra

ment of Miller cells in the roseties (lumen in-
dicated by black asterisks with white dmu
This arrangementis different that that of
ate arrays in the large sheet retinal transplant
as shownin Tig. 9. B GTI0R

ing a palisade-like arrangement of the Miiller ceils. Bar

Fig. 9. Vimentin staining in a 6-week-old £

ACTA OPHTHALMOLOGICA SCANDINAVICA 1997 —

ge shect transplant not covered by the hast retina show-

space (H=host retina). showing palisade-fike arrangement of Miiller cells in arcuate areays.,

Bar = S0 um.
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transplants were placed in the same cye
under identical conditions. Nevertheless,
only the subretinal transplants developed
outer segments demonstrated by light
microscopy and immunostaining with
rhodopsin. Further, in subretinal trans-
plants, an outer limiting membrane was
found (Fig. 4), whereas this structure
were not seen in epiretinal transplants
(Fig. 3). Most photoreceptor outer-seg-
ments appear post-natally in the normal
development  (Greiner &  Weidman
1982). The rosctte-free areas of the epire-
tinal transplants did not show any outer
plexiform layer, even at 4 weeks post-
natal age. During normal development,
the outer plexiform layer develops in the
peuroblastic cell mass shortly before
birth and is distinct at the time ol birth
(Greiner & Weidman 1982; Stone et al.
1985; Sharma & Ehinger, unpublished
results). Retinal layering and the photore-
ceptor outer segment development is
completed in all parts of the rctina by
post-natal week 4, which is the eq uivalent
age ol the transplants in this study. Thus,
the retinal grafts developed after trans-
plantation but could only rcach up to a
pre-natal stage in the cpiretinal space,
whereas they reached a post-natal stage
in the subretinal space, when the graft
tissue age was 4 weeks post-natal. This
suggests that the subretinal transplants
more rapidly develop mature cells than
the epiretinal ones do. It is possible that
proximity of the graft to the host retinain-
fluences the development. In human em-
bryonic retinal transplants in the cpireti-
nal space of rat eyes, roscttes closer to the
host retina stain belter for the photore-
ceptor specific proteins and cellular reti-
naldehyde binding protein which marks
the ghial cells (Seiler & Aramant 1994;
Aramant et al, 1990).

The lamination of the large sheet reti-
nal transplants was diffcrent from that of
fragmented tissue transplants. The lami-
nation in these transplants was largely ro-
sette free in the epiretinal spacc and de-
veloped arcuate arrays in the subretinal
space, unlike rosettes in the fragmented
tissuc transplants. The difference in the
organisation of the transplant was con-
firmed by vimentin immunoreactivity of
the Miiller cells. Miiller cells are radially
arranged in the outer nuclear Jayer of the
roscttes where as they appear abnormal
in the inner retinal layers of the transplant
(Seiler & Aramant 1994). In cell suspen-
sion transplants also the Miiller cells are
disorganiscd (Juliusson et al. 1993). Glial
fibrillary acidic protein (GFAP) and
$-100 staining also reveals radial organi-
sation of the glia fibers in fragmented

tissue retinal transplants in rats (Seiler &
Turner 1988Db). In the present study also,
rosettes in the fragmented tissue trans-
plants showed radial arrangement of the
Miiller cells, but the arcuate arrays that
dominate the large sheet retinal trans-
plants, and most parts of the cpiretinal
transplants, showed a palisade-like ar-
rangement of the Miiller cells.

It is apparent from the results pres-
ented here that transplants done with two
different techniques can develop differ-
ent morphologies. Fragmented  tissue
transplants developed rosettes with the
photorcceptors facing their centres. This
is similar (o the picture seen in the re-
generating central retina of chickens in
which there is a transdifferentiation of the
pigmented epithelium into neurons, both
in vivo (Coulombre & Coulombre 1965,
1970; Park & Hollenberg 1989) and in
vitro (Layer & Willbold 1989, 1994). In
these models of regeneration, the initial
aggregation process causes clustering of
the most adhesive cells. The initial inter-
action of the embryonic cells is mediated
by variety of cell adhesion molecules
(Edclman 1984; Rathjen 199i). Such
molecules also play a role in cellular and
histological differentiation (Takeichi ctal.
1990, 1991). In the fragmentation tech-
nique also the donor tissue has to
undergo an initial aggregation, like in the
regeneration modcl of central retina,
which is important for the eventual cy-
toarchitecture of the tissue.

Large sheet retinal transplants de-
veloped a different morphology. Here the
donor tissue architecture was minimatly
disturbed at the time of transplantation,
especially in the epiretinal transplants
which were not cven covered by the host
retina, After transplantation, no or little
re-aggregation of the cells 100k place in
the minimally disturbed donor tissue and
therefore they developed a largely ro-
sette-free lamination when placed in the
epiretinal spacc. When transplanted to
the subretinal location, arcuate arrays ap-
peared, which are structurally different
from rosettes, as shown by vimentin stain-
ing. However, rosettes developed at
places in large shect retinal transplants
where the donor tissue was disturbed and
thus needed re-aggregation, like at the
margins of the epiretinal transplants. Ro-
settes are known to form early in frag-
mented tissue transplants (Sharma et al.
1995). Since the rosette formation is al-
ready apparent at the margins of the
epiretinal transplants, further maturation
of these transplants is not likely to give
rise to more rosettes.

A different mechanism of regeneration

is present at the cilliary margin in the
chicken retina and results in- corvectly
laminated  stratospheroids  (Mckeehan
1961; Coulombre & Coulombre 1965,
1970; Willbold & Layer 1992). Here, the
pigmented cells induce neuroblasts to
protiferate, and aggregation of cclls plays
a minor role. Factors, yet unknown, me-
diating this process also induce correct
laminar orientation in the newly formed
cells. Spheroids thus formed do not con-
tain rosettes but laminated spherical
structures with correct polarity, that is,
the photoreceptors lace the outside, simi-
lar to the in vivo regencration from the
peripheral retina.

One of the technigues to minimize ro-
sette formation is to transplant ccll sus-
pensions or very small picces, called
microaggregates. Cell suspension trans-
plants fail to develop different retinal
layers (Juliusson et al. 1993) and the
photoreceptor outer segments (Gouras
elal. 1997a,b). One to two postnatal day
mice neuro-retinal  microaggregates,
transplanted by using narrower glass pi-
pettes (inner diameter of 0.15 10 0.2 mm)
than the ones used to make the frag-
mented tissue transplants (0.15 to 0.4
mm), resulted in decreased rosctte for-
mation (Gouras et al. 1994). Though
these transplants had photoreceptor
outer segments, there was a relative pauc-
ity of the non-photoreceptor cells in the
transplants. Another approach to mi-
nimize the rosettes is to transplant a ge-
latine embedded photoreceptor layer, but
these grafts also fail to develop healthy
photoreceptor outer segments (Sitver-
man & Hughes 1989).

The present results also suggest that
the dissection and handling of fetal tissue
to be transplanted can be performed
carefully enough to prevent rosette for-
mation. However, inserting the transplant
between the photoreceptors and the pig-
ment epithelium prevents the appearance
of proper lamination. It has been shown
previously that mechanical factors may
induce rosette formation (Caffé et al.
1989), and the added mechanical hand-
ling needed to put the transplant in place
may thercfore be one of the causes for the
disorganization. However, it cannot be
ruled out that the pigment cpithelium
and/or the host retina release substances
that prevent the development of proper
layering. Pigmented epithelium has been
shown to promote the survival and or-
ganisation of cell layer in the retinal trans-
plants (Seiler et al. 1995). On the other
hand, for unknown reasons, absence of
pigment epithelium has been found in as-
sociation with the rosette free areas in the
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fragment tissue transplants (Bergstrom
1992), However, in the farge sheet retinal
transplants, arcuate arrays were present
even in places where the pigment cpithe-
lium was in place, suggesting that in these
transplants this effect was due to mechan-
ical handling of the donor tissue and not
the pigmented epithelium.

In conclusion, we find that it is import-
ant 1o maintain the tissue architecture at
the time of dissection and transplantation
in order to get a desirable lamination. In
addition, the difference in the degree of
maturation of the transplants suggests
that ather factors may also be of import-
ance.
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Survival of Long-term Retinal
Cell Transplants

RAJESH K. SHARMA,” ANDERS BERGSTROM,” CHARLES L.
ZUCKER,” ALAN R. ADOLPH,” AND BERNDT EHINGER"
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[ retinal cell transplants are to be used in the management of retinal degeneration,
they will need to survive in the eye for a significantly long time period. This study
was conducted to assess the fate of the neural retinal transplants in the eye after long
survival times. Fragmented pieces of neural retinas from embryonic day 135 rabbits
were transplanted in the subretinal space of adult animals of the same stain. The
transplants were allowed to survive for up to 583 days prior to sacrifice and light
microscopical examination. In most cases, both neural and glial cells survived in
these transplants. However, some of the grafts seemed to contain predominantly
glial cells. Only when the photoreceptors in the graft were apposed to the host
pigmented epithelium did the graft photoreceptors survive along with their outer
segments and the outer limiting membrane. Otherwise the neuronal components of
the grafts were largely cells typically found in the inner retina. In grafts lacking
photoreceptors, the rosettiform layering in the grafts was less conspicuous than in
short term transplants. Good physical integration of the host and the graft was seen
at the host/graft interface, which was free of debris from dying cells seen in less
mature transplants. The long-term transplants were much thinner than short term
transplants, with the combined thickness of the graft and the degenerated host retina
overlying it being 1 or 1.5 times the thickness of the non-degenerated retina adja-
cent to the transplant. Even after long survival times, the transplants lacked vascu-
larization. No inflammatory cells were seen in or around the grafts. The results
suggest that the cells of the inner retina survive for long periods after transplanta-
tion, but the photoreceptor cells seem to need the support of the host pigmented
epithelium for long-term survival. It may therefore be important to have a trans-
plantation technique where the graft photoreceptors can be placed in apposition
with the host pigment epithelium.
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Introduction

In the recent past, research in the field of neural degeneration and regeneration has
shown that the degenerative retinal diseases may not be so untreatable as previ-
ously believed (Sharma and Ehinger, 1999). One of the possibilities being explored
is retinal cell transplantation, which aims at replacing the degenerated photorecep-
tors with healthy ones from donor tissue (for review see Sharma and Ehinger, 1997¢;
Sharma, Bergstrém and Ehinger, 1995c¢). Retinal cell transplants are already under
clinical trials for establishing the safety of the procedure (Kaplan et al., 1998; Das
et al., 1996). However, certain vital questions still remain to be answered, and one
of them is the long-term fate of retinal transplants.

Intraocular retinal grafts proliferate, survive, and differentiate, protected by the
immune privilege of the eye (del Cerro et al., 1989; Sharma, 1998; Sharma and
Ehinger, 1997; Aramant, Seiler and Turner, 1988). At the appropriate stage of de-
velopment, embryonic donor tissue consists largely of neuroblastic cells (Sharma
and Ehinger, 1997a). In the host environment, this immature pluripotent tissue, is
capable of developing into a structurally retinatypic tissue containing most or all
retinal cell types. The transplanted retinas also contain many of the structural and
the functional proteins found in the normal retina (Yang et al., 1992; Guo et al.,
1991; Seiler and Aramant, 1994; Juliusson et al., 1994; Sharma, Perez and Ehinger,
1997, Aramant et al., 1990; Bergstrdm et al., 1994). At the electron microscopic
level, the transplants contain most of the cellular components and synapse arrange-
ments found in the normal retina (Ehinger et al., 1991). If the donor tissue is trans-
planted in the form of fragments or larger sheets, the photoreceptors outer segments
develop reasonably well (Ehinger et al., 1992). The transplants are also capable of
converting the absorption of light into a neuronal signal (Adolph et al., 1994). Al-
though retinal transplants form few connections with the host retina (Aramant and
Seiler, 1995), there is some evidence that limited information can be conveyed to
the brain (del Cerro et al., 1991; Coffey, Lund and Rawlins, 1989). However, the
functional implications of such weak connectivity remains to be established.

It has been observed that soon after the transplantation some cells of both graft and
host origin, degenerate at the host-graft interface (Sharma and Ehinger, 1997b;
Bergstrom et al., 1992b). It is not clear whether this degeneration is a result of a
host-graft interaction, a lack of nourishment reaching this part of the transplant
since it, and the now detached host retina, is displaced from the RPE and
choricocapilaris, or some other cause. It is thus important to understand the long-
term consequences of such cell death on the viability of grafts after long survival
time.

One of the reasons for the excellent survival of retinal cell transplants in oculo is the
relative immune privilege of the eye. Nevertheless, it has been shown that neural
retinal grafts are immunogenic (Jiang and Streilein, 1991). Also, the immune privi-
lege of the eye is not perfect and it can break down under some circumstances
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(Jiang and Streilein, 1991; Ksander et al., 1991). Evidence from retinal pigment
epithelium transplantation also suggests that over long time frames, pigment epi-
thelium transplants in the human eye are affected by the host immune systems (Kohen
etal., 1997; Gouras and Algvere, 1996; Algvere ct al., 1997). The long-term fate of
neural transplants is yet to be established in this respect.

Patients with retinitis pigmentosa are potential beneficiaries from retinal transplants.
Retinitis pigmentosa is a group of heterogeneous hereditary disorders that have
variable onsets and progression depending upon factors including the location of
the mutation. In certain patients visual loss can occur early. Even in cases with a
later onset of visual loss, useful retinal transplants will have to survive in oculo for
extended periods of time. It is therefore important to assess the fate of retinal trans-
plants after long survival times.

Most pervious studies of retinal transplants were aimed at developmental aspects of
the transplant, and were therefore typically confined the survival time of a few
months, till the transplant reaches optimum growth and differentiation. In this study
we have concentrated on the fate of retinal transplants after long survival times.

Materials and Methods
Transplantation

Ordinary mixed strain pigmented rabbits (Dutch Belted) were used as donors. Em-
bryos (from embryonic day 15; E15) were obtained by caesarian section after kill-
ing the pregnant female rabbits with barbiturates. They were kept at +4° C in Ames’
solution containing (in mM): NaCl 120, KC1 3.6, MgSO, 1.2, CaCl, 1.2, NaHCO,
23, NaH PO, 0.1, Na,HPO, 0.4 and glucose 10 (Ames TIT and Nesbett, 1981). Eves
from these embryos were enucleated, and the neural retina was dissected out. They
were kept in the same solution until transplanted.

Adult rabbits of the same strain as the donors and weighing 2.5 - 3 kg were used as
recipients. The animals were anaesthetized with Hypnorm®, 1 ml/kg (fluanison 10
mg/ml and fentanyl 0.2 mg/ml). One to two drops of tetracaine HCI were instilled
into the eye as needed. The transplantation technique has been described earlier
(Bergstrom et al., 1992). In brief, 3 to 4 embryonic retinas were drawn in to plastic
capillary (with inner and outer diameters ranging from 0.15-0.4 and 0.3-0.5 milli-
meters) of a specially designed instrument. The donor tissue got fragmented while
passing through the capillary. The instrument was introduced into the eye through a
small pars plana incision and advanced transvitreally until it reached the posterior
pole. At an appropriate place on the posterior pole the plastic capillary containing
the donor tissue was pushed out of its metal jacket and introduced into the subretinal
space by making a small retinotomy with the capillary tip itself. The donor tissue
was then deposited into the subretinal space and the instrument drawn out of the
eye.
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Fig. 1. Rabbit retinal cell transplant 28 days after transplantation (equivalent age 12 days
postnatally). The specimen shows differentiated retinal cells. The transplant contains mainly
rosettes (asterisk) with dark labeled cells belonging to the outer nuclear layer, forming the
inner or the luminal layers of the rosettes. The cells of the outer nuclear layer (ONL) are
largely responsible for the rosetted appearance of the transplants. The lightly stained cells
belonging to the inner retinal layers (INL) are situated in between the rosettes. A plexiform
layer corresponding to the outer plexiform layer (OPL) is found separating these two types
of cells. In certain parts of the transplants, especially close to the host retinal pigment epithe-
lium, another plexiform layer is sometimes observed. It probably corresponds to the inner
plexiform layer (IPL). H = Host retina. Bar = 90 pu.

After the transplantation, the animals were allowed to wake up and were transferred
to their normal cages with a 12/12-hour light/dark cycle. No antibiotics or
immunosuppressives were given postoperatively. Eleven animals were allowed to
survive for long duration of time after transplantation (n = 11; range = 583 to 470
days; average = 516 days). An additional 10 animals were allowed to survive only
for short duration of time (n= 10; range = 12 to 28; average =22 days). Appropriate
permits for the study were obtained. The experiments were conducted according
the rules set by the ARVO resolution on animal experimentation.

Tissue processing

The eyes were briefly fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS; 0.1 M phosphate, 0.85% NaCl; pH 7.4). The anterior segments of the eyes
were removed and the posterior segments were fixed in the same fixative for 24
hours. The tissue was rinsed in the same phosphate-buffered saline. The area con-
taining the transplant was cut out and embedded in plastic or historesin and sec-
tioned.
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Results
Transplants

In short-term transplants aged 27 to 31 days, differentiated retinal cells were ob-
served. The transplants showed signiticant rosettiform structure. with darkly stained
cells belonging to the outer nuclear layer forming the luminal layer of the rosettes.
More lightly staining cells, representing the inner retinal layers, lay in between the
rosettes. A plexiform layer corresponding to the outer plexiform layer was found
separating these two cellular layers. In certain parts of the transplants, especially
close to the host retinal pigment epithelium, a second plexiform layer was some-
times observed, probably corresponding to an inner plexiform layer (Fig. 1).

In the long-term transplants, graft was identified in 9 specimens. In 3 out ot 9, glal
tissue (as identified by its overall morphology as well as the pallor of the cytoplasm
and the nuclei in the tissue) was found to dominate with very few nerve cells (fig.
2). In other transplants, (6 out of 9), nerve cells were found in abundance (Fig. 3).
However, even in these transplants, ghial cells were more abundant than in trans-
plants of shorter survival times (compare figures 1. 2 and 3).

Fig. 2. Long-term rabbit retinal transplant (T), 482 dayvs after transplantation. The specimen
shows that the glial tissue dominates the transplant (arrows). Only few nerve cells are present.

159



517 days after transplantationy

Fig. 3. Long-term rabbit retinal transplant 517 days after transplantation, showing abundance
of nerve cells. Even in these transplants the glial cells are more abundant than in transplants
of younger ages (compare with fig. 1). In the specimen retinal neurons belonging to the inner
retina are found to be arranged around ‘ghost lumens’ (asterisks). The photoreceptor cells are
lacking, and there are thus no easily observable rosettes. The cells of the ganglion cell layer
are preserved in the host retina (H) including some large presumed ganglion cells (arrow-
head). There is no debris at the host-graft interface, which contrasts with the picture seen in
transplants of younger ages (Fig. 5). This suggests a better integration with the host in the
long-term transplants than in the short-term ones. Bar = 45 pu.

In long-term transplants photoreceptors were found to survive only when they were
well apposed to the host retinal pigment epithelium. The surviving photoreceptors
showed outer segments, and, in addition, an outer limiting membrane was also spo-
radically present (Fig 4). In portions of the graft where the transplanted tissue was
pot in contact with the host retinal pigment epithelium, surviving photoreceptors
were not found. In these parts of the graft, the rosetted layering of the transplant
was largely lost. Nevertheless, the outlines of the rosettes and at times a ‘ghost’
lumen could still be seen (Fig. 3).

At the host-graft interface in transplants of shorter survival time, many degenerat-
ing host and/or graft cells were observed (Fig. 5). After longer survival times, the
physical fusion between the transplant and the host was excellent as judged by the
lack of a discernable border between the host and the transplant. There was no
debris of the degenerating cells visible at the host-graft interface. At times it was
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difficult to demarcate the border between the host and the graft (Fig. 3).

Retinal grafts were examined for vascularization, especially at places where the
host retinal pigment epithelium had been damaged. No blood vessels were observed
in the grafts either in the younger or the older age groups. However, in one trans-
plant where the host retinal pigment epithelium was extensively damaged, a vessel
could be observed at the junction of the host choroid and the transplant. In this case
it was difficult to judge if the vessel was situated in the choroid or the graft. There
was no evidence for the presence of inflammatory cells in this graft. The micro-
scopic criteria for macrophages were a small, oval, darkly stained nuclei with scanty
cytoplasm.

The thickness of the long-term grafts was much reduced in comparison with the
ones that had survived for short duration. In short-term grafts the total thickness of
the transplant and the remaining host retina overlying the graft was approximately
3 times the thickness of the intact host retina adjacent to the graft (Fig. 6). In long-
term transplants the thickness of the graft and the overlying degenerated host retina
was almost equal to, or slightly more (<1.5 times) than the thickness of the intact
host retina (Fig. 7).

! : . i § !
Fig 4. A long-term transplants (T), 510 days after transplantation, showing that the photore-
ceptors (ONL) survive only when they were well apposed to the host retinal pigment epithe-
lium (H-RPE). The surviving photoreceptors show good outer segments (OS). This suggests
that well differentiated transplant photoreceptors can survive for long times if in contact with
the pigment epithelium. Bar = 30 uu.

i
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Fig. 5. A transplants of shorter survival time, 12 days after transplantation (equivalent age:
embryonic day 27). The specimen shows many degenerating host and/or graft cells at the
host- graft interface (parenthesis). In long-term transplants (Fig. 3), the host graft interface
was free of such cells. H = host, T = transplant. Bar = 45 pu

Host

The host retina covering the transplants showed degeneration of the photoreceptor
and outer nuclear layers. Due to the good integration of the host with the graft, the
outer plexiform layer of the host overlying the transplant was not easily distin-
guishable. The cells of the inner nuclear layer, the inner plexiform layer, and the
ganglion cell layer were clearly distinguishable, although the number of cells in the
inner nuclear layer appeared to be less than what was seen in the non-degenerated
parts of the host retina adjacent to the transplants. Certain large cells (presumed to
be ganglion cells) were visible in the host retina covering the transplants (Fig. 3).
The deeply stained cells of the outer nuclear layer along with photoreceptor outer
segments were seen in the host adjacent to the transplant. In the host retina adjacent
to the transplant, the number of cells in the outer nuclear layer and the size of the
outer segments tended to taper off (Fig. 6). These observations were also noted in
the transplants of younger ages. No pyknotic cells or any identifiable inflammatory
cells were found in the host retina.

Discussion

Most clinical situations where retinal transplantation could conceivably be of thera-
peutic use call for replacement of the photoreceptor layer. As seen in the short-term
transplants in this study, as well as in other studies, the photoreceptor cells are
capable of developing and differentiating in the rosettes, where they are not in di-
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rect contact with the host retinal pigment epithelium (Seiler and Aramant, 1994a;
Sharma and Ehinger, 1997a; Bergstrom et al., 1992a). The photoreceptors in the
rosettes have reasonably well developed outer segments and there is an outer limit-
ing membrane, suggesting that the photoreceptors in the grafts undergo advanced
degrees of differentiation (Seiler and Aramant, 1994a; Sharma, Bergstrom and
Ehinger, 1997a; Ehinger et al., 1991a). The observations in this study suggest that
the photoreceptors require the support of pigment epithelium for long-term sur-
vival. Only when they were in proper apposition with the host pigment epithelium
did they survive. This support is apparently not needed for the initial development
and differentiation of the photoreceptor cells, as they develop and differentiate well
even in the absence of the pigmented epithelium. Studies on Royal College of Sur-
geons (RCS) rats also support this finding. In these, there is a genetic defect that
renders the pigmented epithelium incapable of phagocytizing photoreceptor outer
segments (Mullen and LaVail, 1976; Young and Bok, 1969). The photoreceptors
develop normally until the outer segments begin to differentiate. At this stage, de-
bris accumulates at the interface between the photoreceptors and the pigment epi-
thelium (LaVail, Pinto and Yasumura, 1981; Dowling and Sidman, 1962). It is well
known that the defect causes the photoreceptors to degenerate, and a healthy pig-
ment epithelium is thus needed for long-term survival of the photoreceptor cells.

20 days after transplantation

Fig. 6 Short-term rabbit retinal transplant (T), 20 days after transplantation. The combined
thickness (large parenthesis) of the graft and the degenerated host retina (d-H) overlying it is
approximately 3 times that of the normal retina (n-H) adjacent to it (small parenthesis). Also,
the host outer nuclear layer and the photoreceptor outer segments on the side of the graft
(arrows progressively decreasing in size) progressively taper off away from the host choroid.
Bar = 90 pu.
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Fig. 7 Long term rabbit retinal transplant 482 days after transplantation showing that the
thickness of the long-term grafts is much reduced as compared to the ones that had survived
for shorter duration. In this case, the thickness of the graft (T) and the overlying degenerated
host retina (d-H) was almost equal to or only slightly more than the thickness of the intact
host retina (H). Bar = 45 pu.

However, as is the case in retinal transplants, a lack of contact with or defect in the
pigment epithelium does not prohibit the initial development and differentiation of
the photoreceptors.

Our results are in agreement with a different study in which microaggregates of
mouse neural retina were transplanted into the subretinal space and followed for up
to 9 months after the transplantation. Only the photoreceptor cells in contact with
the host retina survived (Gouras et al., 1994). In another study, where retinal pig-
ment epithelium was co-transplanted with the neural retina, the inner limiting mem-
brane developed only in the presence of retinal pigment epithelium, and the photo-
receptors also survived longer (>12 weeks) when in contact with the pigmented
epithelium (Seiler, Aramant and Bergstrom, 1995).

The cells of the outer nuclear layer located in the inner layers of the rosettes are
largely responsible for the histologically identifiable rosettes. In the long-term trans-
plants the reduction of rosettiform lamination is due to the absence of photorecep-
tor cells. The survival of inner retinal cells, and not those of the outer nuclear layer,
demonstrates that the photoreceptor cells are particularly vulnerable to degenera-
tion. It should be noted that the large and varied complement of genetic mutations
found in retinitis pigmentosa seem to damage predominantly the photoreceptor cells.
In RCS rat retina where the host pigment epithelium is defective, it is also the pho-
toreceptor cells of the neural retina which are effected most, whereas the cells of the
inner retinal layers are, to a large extent, preserved (Santos et al., 1997; Sharma,
Warfvinge and Ehinger, 1997; Sharma et al., 1998) .

164



Although the precise mechanism remains unknown, our results indicate that the
lack of proximity to the pigmented epithelium results in the degeneration of photo-
receptor cells. The subretinal transplants are shielded by the immune privilege of
the eye, both in the healthy and the diseased eye (Jorquera et al., 1994). However,
the immune privilege of the eye is not perfect, and by no means permanent. For
example, some tumor cells transplanted to the anterior chamber of mice induce
only a transient ACAID reaction (Ksander et al., 1991). Allogenic retinal grafts
placed in the anterior chamber are eventually destroyed, indicating that conven-
tional immunity can overcome the ACAID (Jiang and Streilein, 1991). Histocom-
patibility antigens are present in only low levels in the normal neural retina, but are
usually upregulated after transplantation (Larsson, Juliusson and Ehinger, 1998;
Rao et al., 1989). This means that immunity may possibly result in the death of
grafted cells. The lack of inflammatory cells either in the graft or the surrounding
host retina suggests that immunity probably does not play a role in cell death of the
transplants. It has been shown that there is massive cell death by apoptosis in the
graft and the surrounding host retina soon after transplantation, but the cell death
stabilizes after some time. Nevertheless some apoptotic cell death can still be ob-
served at the longest time (61 days post transplantation) examined in the study
(Zhang and Perez, 1998). It is possible that slow apoptosis continuing for a long
time may be responsible for the death of the photoreceptors in the transplants. Ex-
cessive glial tissue noted in certain transplants could result from prolonged cell
death in the transplants. Excessive glial cell proliferation and gliosis has been ob-
served in retinal transplants (Sharma and Ehinger, 1997b; Seiler and Aramant, 1994b)
as well as in retinal degenerations (Fan et al., 1996).

In the pathogenesis of subretinal neovascularization, loss of integrity of the Bruch’s
membrane plays an important role (Dastgheib and Green, 1994; Miller et al., 1990).
It is conceivable that some damage to the host retinal pigment epithelium and to the
Bruch’s membrane must take place during the transplantation surgery. Damage to,
and migration of the host retinal pigment epithelium during the transplantation sur-
gery has previously been reported (Sheedlo, Li and Turner, 1993; Bergstrom et al.,
1992). Therefore, the lack of neovascularization in and around the retinal graft is a
desirable sign.

It is not clear whether the cell death observed in the graft and the host is due to some
host-graft interaction or due to lack of nourishment reaching the cells in the trans-
plant and the host retina which are situated away from the source of nourishment,
the host choroid. The long-term transplants tend to stabilize in thickness, suggest-
ing that the thickness reached might be the optimum one, perhaps determined by
the availability of nourishment reaching it from the host choroid. It has been noted
that subretinal transplants that are small in size undergo minimum degeneration
(Sharma and Ehinger, 1997b). Preservation of the cells of the inner retina in the
host overlying the grafts indicates that the connections that the graft forms with the
host in this area will maintain their functionality for long periods of time.
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Patients with retinitis pigmentosa and other hereditary retinal degenerations which
can potentially benefit from retinal transplantation essentially need photoreceptor
cell replacement. For the long-term survival of photoreceptors in the transplants, a
proper apposition of the graft photoreceptors with the host retinal pigment epithe-
lium seems to be important. It will therefore be essential to evolve surgical tech-
niques in which large sheets of donor retinas can consistently and predictably be
placed in to the subretinal space well apposed to the host retinal pigment epithe-
lium, or to cotransplant the pigmented epithelium with the neural retina. Progress is
already underway in this direction (Sharma, 1999; Sharma, Bergstrom and Ehinger,
1997).
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