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Successful Cotransplantation of Intact Sheets of Fetal
Retina with Retinal Pigment Epithelium

Robert B. Aramant,12 Magdalene J. Seller,12 and Sherry L Ball1

PURPOSE. Many retinal diseases, such as macular degeneration, affect both retinal pigment epithe-
lium (RPE) and photo receptors. Therefore, retinal repair may require transplantation of both tissues
together as a cograft.

METHODS. AS recipients of retina-RPE cografts, 7- to 10-week-old albino Royal College of Surgeons
rats that lose their photoreceptors because of a pigment epithelium defect were used. Freshly
harvested intact sheets of RPE with neural retina from pigmented normal rat fetuses were gel
embedded for protection and transplanted into the subretinal space.

RESULTS. After 6 to 7 weeks, with the support of the cografted RPE sheet, transplanted photore-
ceptors developed fully in organized parallel layers in the subretinal space. Immunohistochemistry
for rhodopsin, rod a-transducin, and S-antigen and peanut agglutinin labeling for cone interpho-
toreceptor matrix domains suggested that the photoreceptors in the graft were capable of normal
function.

CONCLUSIONS. Freshly harvested intact sheets of fetal RPE and retina, transplanted together into the
subretinal space, can develop a normal morphology. Such transplants have the potential to benefit
retinal diseases with dysfunctional RPE and photoreceptors. (Invest Ophthalmol Vis Sci. 1999;40:
1557-1564)

Interactions between photoreceptors and retinal pigment
epithelium (RPE) are crucial to retinal function. For exam-
ple, the RPE is responsible for daily phagocytosis of shed

tips of photoreceptor outer segments.1 In the Royal College of
Surgeons (RCS) rat mutant, RPE cells cannot phagocytize the
shed photoreceptor outer segment tips, leading to accumula-
tion of outer segment debris and subsequent photoreceptor
degeneration.2'3 In humans, diseases of RPE, such as age-re-
lated macular degeneration, a leading cause of blindness,4'5

also lead to photoreceptor degeneration.
One approach to the treatment of these diseases is to

replace diseased cells with healthy cells. To date, most retinal
transplantation studies have involved transplanting only
RPE6-10

 o r neural retina separately.1 '~20 Based on experiments
showing that photoreceptors in the RCS rat can be rescued by
injecting freshly harvested RPE cells,6"8'21'22 clinical trials of
RPE transplants have been performed in patients with macular
degeneration.23'24 However, such transplantations can only be
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effective if there are some remaining photoreceptors in the
diseased retina that are not already committed to cell death.
For example, RCS photoreceptors can be rescued by RPE
transplantation only up to 4 weeks of age.6"8 When the pho-
toreceptors have irreversibly degenerated at later stages of the
disease, transplantation of either RPE or photoreceptors alone
will have no effect on the time course of retinal degeneration.
Transplant photoreceptors develop fully and maintain outer
segments only if supported by a healthy RPE.25"28 Therefore, in
some diseases or stages of disease, retinal repair may require
the transplantation of intact sheets of both RPE and neural
retina. Another precondition for a functional transplant is that
the inner retina of the recipient still be intact29'30 and connect
either directly or indirectly with the photoreceptors of the
transplant.

Earlier experiments of retinal transplantation involved
transplanting retinal tissue as cell aggregates12"1418 or cell
suspensions.15 However, this consistently resulted in the for-
mation of photoreceptor rosettes. Gouras et al.'6 injected ret-
inal microaggregates (i.e., <0.2-mm2 pieces) of postnatal
mouse retina into the subretinal space of rd mice. A portion of
these microaggregates was arranged in the right orientation
and small patches of transplant photoreceptors could develop
with outer segments in contact with host RPE. If postnatal or
mature photoreceptors are transplanted as intact sheets, ro-
sette formation can be avoided.'' Cografting of intact sheets of
RPE with retina has not been achieved before, probably be-
cause of the extreme difficulty of dissection and implantation.
Especially in the rat that offers several good retinal degenera-
tion models,2'31"33 the implantation of intact retina/RPE sheets
into the subretinal space is very delicate because of the small
eye and the large lens.

Our laboratory has developed a unique method for trans-
planting intact sheets of fetal donor tissue in rats.25"28 The
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procedure involves a special technique of gel-embedding the
tissue, and the use of a custom-made implantation instrument
to place the tissue with minimal trauma into the subretinal
space. Such transplants can "repair" an area of a light-damaged
retina by development of a parallel photoreceptor layer with
outer segments in contact with the host RPE and can become
integrated with the host retina.28 In that article,28 the term
"integration" was used to describe the apposition of the trans-
plant toward the host retina in the absence of glial barriers.
This means intermingling of transplant and host cell processes
so that they cannot be distinguished, thus creating a potential
for connections.

Our laboratory has consistently and successfully used
fresh fetal neural retinal donor tissue (reviewed in Ref. 26).
Fetal or embryonic tissue has a high capacity to develop dif-
ferent cell types, sprout neuronal processes, and produce tro-
phic factors. Most important, because of a lack of antigenic
sites, embryonic cells are well tolerated immunologically by a
host of the same species when placed into the central nervous
system or the eye.34'36

The goal of the present study was to investigate the fea-
sibility of transplanting sheets of freshly harvested fetal RPE
and retina together and the development of these tissues in a
dysfunctional host retina, the RCS rat, at an age when photo-
receptors could no longer be rescued by RPE cell transplants.
We have shown previously that aggregates of fetal retinal cells
transplanted to a retinal lesion site develop most retinal cell
types, including photoreceptors12'13'17 and send out neuronal
processes to form synapses in the host retina.37

Part of this cografting study has been published as meeting
abstracts.3839

METHODS

In this study, 11 albino RCS rats were used as recipients. The
rats received a transplant in one eye at 48 to 67 days of age,
when the majority of the photoreceptors have degenerated
and the subretinal space is filled with outer segment debris.3

The animals were treated according to the regulations in the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Donor tissue was
obtained from pigmented embryonic day (E)18 to E20 Long-
Evans rat fetuses prelabeled in utero by injecting a timed-
pregnant rat with 40 mg/kg bromo-deoxy-uridine (BrdU), a
thymidine analogue, on 2 to 3 gestational days before harvest-
ing the embryos.18 Donor eyes were incubated in dispase
(Collaborative Biomedical Products, Bedford, MA) for 10 min-
utes at 37°C to enable the RPE and retina to be dissected from
surrounding tissues. To enter the subretinal space, a small
incision (~ 1 mm) was cut just behind the pars plana of the
host eye. Retinal pieces with attached RPE sheets (width,
0.5-0.7 mm; length, 1.0-1.5 mm) were protected with a thin
layer of gel (Fig. 1A; note: All figures are oriented with the
ganglion cell layer toward the top and the photoreceptor layer
toward the bottom of the micrograph) and grafted as intact
sheets to the subretinal space, using a custom-made implanta-
tion tool according to a published procedure.28 The tissue was
usually placed in the superior quadrant.

The recipient rats were killed 43 to 155 days after implan-
tation with an overdose of sodium pentobarbital (300 mg/kg).

Most rats were perfusion fixed with 4% paraformaldehyde,
0.18% picric acid in 0.1 N Na-phosphate buffer (pH 7.2);
eyecups were embedded in paraffin. The eyes of three rats
were immersion fixed in 2% paraformaldehyde and 2.5% glu-
taraldehyde in 0.1 N Na-phosphate buffer (pH 7.2), and retinal
pieces were embedded in Epon. Epon sections (0.75 jam) were
stained with toluidine blue. Paraffin sections (8 /xm) containing
the transplant and the surrounding host retina were stained
with hematoxylin-eosin, peanut agglutinin (PNA) lectin (1:
1000; Vector, Burlingame, CA), and monoclonal antibodies for
BrdU (Dako, Carpinteria, CA), rhodopsin,40 rod a-transducin,41

and S-antigen (arrestin).'*2 The immunohistochemical proce-
dures have been described previously.17'28

RESULTS

Transplantation Successes and Failures

In 4 of 11 animals (43 and 51 days after transplantation), the
transplanted eyes contained cografts of fully laminated neural
retina supported by the cotransplanted sheet of RPE (Figs. 2, 3,
4). In the remaining seven animals (data not shown), the RPE
had separated from the neural retina during implantation, the
neural retinal transplants had formed rosettes, and/or the trans-
planted RPE cells had dispersed and migrated into the retinal
cografts. In three of these animals, transplants had been mis-
placed into the choroid and showed infiltration of macro-
phages.

Recipient Retina

At the earliest time of death (host age 3 months), the recipient
retina had lost almost all rod photoreceptors (Figs. IB, 1C, ID).
Although remnants of the outer segment debris stained for
rhodopsin, no rhodopsin-stained photoreceptors could be seen
(Fig. 1C). The sparse staining for the phototransduction pro-
tein S-antigen in the recipient retina revealed only a few re-
maining cell bodies of photoreceptors, most likely cones
(Fig. ID).

Organization of Successful Cografts
In the four successful transplantations, a full lamination had
developed in the neural retinal transplant with parallel retinal
layers, including mature photoreceptors in contact with the
cotransplanted RPE sheet (Figs. 2A, 2B, 2C). The donor tissue
could be unequivocally identified by immunohistochemistry
for BrdU. BrdU-labeled cells were seen in all retinal layers (Fig.
2D). In transplanted RPE cells, the BrdU-label was mostly ob-
scured by the pigment and could only be seen in some less
pigmented cells (Fig. 2E). Some ganglion or amacrine cells
were misplaced in the inner plexiform layer of the transplant
(Figs. 2A, 2B). The photoreceptor layer contained 5 to 10 rows
of photoreceptor nuclei (Figs. 2A, 2B, 2C). Parallel inner and
outer segments developed in transplant photoreceptors in con-
tact with the cotransplanted RPE (enlargements shown in Figs.
2F, 3C, 3D, 4B, 4C, 4D). A sectioning artifact was seen in
Figures 2A, 2D, 2E, 2F, 3A, 3B 4A, 4B, 4C, and 4D (breakup of
outer segments) which can also occur in sections from normal
retina.

Interface between Transplant and Host Retina

The apposition of the transplants toward the host retina varied.
In three of four transplants, partial absence of glial barriers and
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FIGURE 1. (A) Donor tissue. Gel-embedded E18 rat retina with RPE. The neural retina contains a ganglion cell layer (GO and an outer neurobUistic
layer (NB). (B, C, D) Recipient RCS rat retina. (B) Central area of recipient retina close to transplant. The inner nuclear layer (IN) is immediately
adjacent to the RPE. Hematoxylin-eosin staining, (C) Rliodopsin staining of outer segment debris in the subretinal spsice. (D) S-antigen staining of
cone cell bodies close to the IN and of outer segment debris in the subretinal space.

interdigitation of transplant and host tissue could be seen (Fig.
2B). However, an apparent glial limiting membrane was seen
separating part of the transplants from the host retinas (Figs.
2A, 2C). The fourth transplant was completely separated from
the host retina by a glial limiting membrane. No remnants of
host photoreceptor debris were seen in the transplant area.
The neural retinal transplant and the overlaying host retina
contained some microglial cells, but no major immune re-
sponse was seen (Fig. 2B). Some pyknotic ganglion cells were
seen in the host retina overlying the transplant (Fig. 2B) but
also in other areas,

RPE Cells in Cografts
The cotransplanted RPE sheets had been placed either onto the
host Bruch's membrane (Figs. 3A, 3C), or the transplanted RPE
cells apparently had produced a second Bruch's membrane on
top of presumably remnant host RPE (Figs. 3B, 3D). These cells
were suggested to be of host origin because of the intact sheet
of pigmented donor RPE overlaying it. The remnant albino host
cells had taken up some pigment granules from the donor cells
(Fig. 3D). In either case, the transplanted RPE sheet maintained
its characteristic monolayer. In one area of a transplant (not
shown), the RPE sheet appeared to have folded on itself and
formed a double layer, This did not interfere with the full
development of the adjoining photoreceptors, although the

outer segments were shorter in one case (Fig. 3D). One trans-
planted RPE sheet had a hole at the time of implantation. This
hole appeared to have been sealed at the time of the animal's
death, presumably because of proliferation and/or migration of
the transplanted RPE cells.

Photoreceptor Markers in Transplants
As a measure of photoreceptor organization and viability, trans-
planted photoreceptors were stained for the phototransduc-
tion proteins: rhodopsin (Fig. 2F), rod a-transducin (Figs. 4A,
4B), and S-antigen (Fig. 4C). Intense transducin immunoreac-
tivity was seen in inner segments of fully developed photore-
ceptors organized in parallel layers and in contact with the
transplanted RPE (Fig, 4A). The retinal edges of the transplants
sometimes formed rosettes (Fig. 4A). In rosettes, photorecep-
tors had only weak transducin immunoreactivity (Fig. 4A).
Cone interphotoreceptor matrix domains were labeled with
PNA, suggesting a normal level of RPE-photoreceptor adhesion
(Fig. 4D).

DISCUSSION

This study is the first to show that freshly harvested intact
sheets of fetal RPE with neural retina can be transplanted to
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FIGUKE 3. Retinal pigment epithelium of retinal cografts. (A, B): Donor age, E18; host age at time of transplantation, 1.8 months; age at time of
death, 3-2 months. (C D) Donor age, E20; host age at time of transplantation, 2.2 months; age at time of death, 3-9 months. (A, C) Enlargement
of cocninsplanted RPE monolayer in contact with photoreceptor outer segments (OS). Note the clearly demarcated Bruch's membrane (13LM). (B,
D) Transplanted pigmented RPE sheet CO on top of presumable host RPE cells (H), There are two Bruch's membranes (BM). (D) The
abnormal-appearing host cells have taken up some pigment.

the subretinaJ space and survive, with development of an
apparently normal cytoarchitecture. Previously, it has been
shown that cografted cell aggregates of fetal rabbit neural
retina with RPE increases the long-term survival of trans-
planted photoreceptors.43 However, the organization of
these cell aggregate transplants was not comparable to the
results presented here using intact sheets. The transplanta-
tion of intact sheets of fetal neural retina alone to adult RCS
rats results in rosette formation or in transplanted photore-
ceptor degeneration (Aramant and Seiler, unpublished ob-
servations, 1998), whereas transplantations of intact retinal
sheets to light-damaged rats with intact RPE show develop-
ment of photoreceptors with inner and outer segments in

contact with the host RPE.28 Using a different approach,
another laboratory has recently transplanted "full-thickness"
fetal retina to rabbits with normal retinas.19

The success rate of our experiments was relatively low
(4/11) probably for technical reasons, because the surgeon
could not see where the tissue was placed in the small rat eye.
In addition, because fetal RPE and retina are extraordinarily
loosely attached, delicate dissection and transplantation proce-
dures were required. The implantation would be easier in
larger animals. However, in contrast to the RCS rat, photore-
ceptor degeneration proceeds very slowly in the models avail-
able in cats, dogs, and pigs. Such animals are expensive and
difficult to maintain, and the number of experiments is limited.

FIGURE 2. Retina-RPE cografts. (A, D, E, F) Donor age, E18; host age at time of transplantation, 1.8 months; age at time of death, 3.2 months. (B,
C) Donor age, E20; host age at time of transplantation, 2.2 months; age at time of death, 3 9 months. (A) Transplant (T) of neural retina and retinal
pigment epithelium (RPE) in the subretinal space of an albino RCS rat host retina (H). Parallel retinal layers developed in the neural retina transplant.
There appears to be a glial barrier between transplant and host retina. No photoreceptor debris zone is seen. The breakup of the outer segments
of the transplant photoreceptors is a sectioning artifact. Hematoxylin-eosin stained paraffin section. (B) Example of partial absence of glial barriers
between recipient retina and retinal cograft. Note some degenerating host ganglion cells (arrows) and the presence of a few microglia
(arrowheads). Toluidine blue-stained Epon section. Breakup artifact in RPE area. (C) Another area of same transplant as shown in (B). Part of the
transplant is separated from the host by a glial barrier. (D) BrdU-tabeled donor cells clearly distinguish transplant from host tissue. The donor
mother had been injected with BrdU on El 3, E14, and E17. Labeled cells can be seen in all retinal layers of the transplant. (E) BrdU-labeled nuclei
(arrows') provide evidence of donor-derived RPE, (F) Outer segments of transplant photoreceptors stained for rhodopsin.
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FIGURE 4. Photoreceptors of retinal cografts. (A, B, C, D) Host age at time of transplantation, 1.8 months; age at time of death, 3.2 months. (A)
Rod a-transducin immunoreactivity is high in the parallel photoreceptor layer of the transplant but very weak in photoreceptor rosettes (arrows)
at the edges of the transplant. No stain in the host retina. (B) Enlargement of (A) showing main a-transducin immunoreactivity in rod photoreceptor
inner segments. (C) Outer segments of transplant rod photoreceptors are immunoreactive for S-antigen. (D) Interphotoreceptor matrix surround-
ing transplant cones (anoiv) identified with the leccin PNA.

In the present study, the transplanted RPE sheet formed a
coherent monolayer that appeared to be continuous with the
host RPE at the edges of the transplant area. In contrast,
transplantation of injected, dissociated RPE cells often leads to
formation of multilayered aggregates that do not show the
typical RPE morphology.71'*'* Tight junctions between RPE cells
throughout the retina are critical to the function of the outer
blood-retinal barrier.45 Because in vitro studies showed that
the RPE in RCS nits is capable of forming tight junctions,46 it is
possible that the RPE of the host RCS rat formed junctions with
the edges of the transplanted RPE sheet. This should be inves-
tigated by electron microscopy.

In most areas of the transplant, the transplanted RPE cells
were directly apposed to the Bruch's membrane adjacent to
the host choroid, and no host RPE could be seen. The host RPE
cells may have been scraped off during implantation, or they
may have died and have been subsequently removed by mac-

rophages. In some areas, abnormal-looking host RPE cells
could be seen underneath a second Bruch's membrane formed
by the transplanted RPE sheet. Therefore, it appears that a
monolayer could develop in the fetal transplanted RPE sheet
without removal of the dysfunctional host RPE.

The normal morphology and organized appearance of the
transplant photoreceptors in the present study suggests that
transplanted RPE sheets support the development and mainte-
nance of photoreceptor outer segments in the retinal cografts,
as in a normal retina, by providing a barrier toward the host
choroid and transporting nutrients from the choroid to the
photoreceptors. Other studies have shown that the RPE is
necessary for normal retinal morphogenesis in vivo47 and in-
fluences the lamination of neural retina in vitro by acting on
early Muller glial cells through diffusible factors.48 The present
study confirms that RPE influences retinal organization in vivo
and suggests that freshly harvested RPE sheet transplants may



IOVS, June 1999, Vol. 40, No. 7 Cografting of Retina with Pigment Epithelium 1563

have a larger rescuing effect on remaining photoreceptors than
injected dissociated RPE cells. In some areas, donor RPE was
placed on top of host RPE or had folded on itself. However,
despite the increased distance from the host choroidal blood
supply, transplant photoreceptors in these areas showed de-
velopment of outer segments. Electron microscopic analysis is
needed for closer examination of transplanted RPE and photo-
receptor ultrastructure.

Not only is the RPE supportive to photoreceptors, but RPE
cells are also affected by photoreceptor activity. For example,
the barrier properties and the polarity of embryonic RPE in
vitro are dependent on diffusible factors from the neural reti-
na.49'50 Therefore, the presence of the cografted neural retina
may be important for the development and maintenance of a
polarized and functional RPE monolayer.

A healthy RPE is necessary to produce and maintain the
integrity of Bruch's membrane. In older patients with eye
diseases the diffusion properties of Bruch's membrane are
often compromised, resulting in a decreased supply of nutri-
ents to the RPE through Bruch's membrane.5152 Transplanted
RPE would have to be able to change the properties of the
recipient's Bruch's membrane back to a healthy state.

As a measure of photoreceptor organization and viability,
phototransduction molecules are often identified. The level of
a-transducin in photoreceptors was shown to decrease rapidly
after photoreceptor damage, whereas S-antigen and rhodopsin
immunoreactivity persisted for 1 to 2 months.53 In our study,
the retinal transplant photoreceptors appeared to have a nor-
mal distribution of signal transduction proteins, such as rho-
dopsin, S-antigen, and transducin, and a normal cone interpho-
toreceptor matrix as shown by PNA staining. The strong
staining for a-transducin in organized transplant photorecep-
tors suggests a normal phototransduction function. The weak
a-transducin staining of photoreceptors in rosettes suggested
that photoreceptors in rosettes have no or very low light
sensitivity. This confirms our previous results that only the
photoreceptors supported by RPE and transplanted as fetal
intact retinal sheets contain the a-transducin that is necessary
to respond to light (see also Ref. 54).

No immune reaction of the recipient was observed around
the cografts of RPE with retina when the transplant had been
placed correctly without injuring the host Bruch's membrane.
This may be because the subretinal space, like the central
nervous system, has been considered an immunologically priv-
ileged site; that is, it is partially protected from the peripheral
immune system.55 In contrast to photoreceptors, RPE cells can
express major histocompatibility complex (MHC) antigens af-
ter transplantation and be rejected slowly when they are mis-
matched in MHC antigens.56 However, fetal rat RPE cells may
not yet express MHC antigens. During transplantation, junc-
tions between the host RPE cells that form the outer blood-
retinal barrier were probably broken (in areas where the host
RPE had been removed), thus temporarily exposing the trans-
plant to the peripheral immune system in the choroid. At the
edges of the transplant, new junctions had to develop between
transplant and host RPE cells to restore the outer blood-retinal
barrier. The fact that viable transplants were seen at 43 and 51
days after transplantation indicates that no acute rejection had
occurred and the outer blood-retinal barrier was most likely
intact. However, the possibility of a slow rejection over a
longer time frame cannot be excluded. Delayed or slow rejec-
tion has been observed in clinical trials of injection of RPE cells

to patients with macular degeneration.23'2'1 Future studies
should include longer survival times and tissue processing for
electron microscopy.

The main conclusions of our study were: first, it is possible to
transplant intact sheets of fetal retina and RPE together to the
subretinal space; second, both transplanted tissues, retina and
RPE, interact to form histologically normal tissue; and third, in the
RCS rat, retinal repair requires the cotransplantation of neural
retina with RPE to achieve proper photoreceptor transplant de-
velopment. This procedure offers hope for persons with retinal
diseases that affect both RPE and photoreceptors.

The challenge for the future is to achieve functional trans-
plant-host connections and visual improvement.
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