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Cellular effects of detachment
on the neural retina and the retinal
pigment epithelium

Steven K. Fisher
Don H. Anderson

THE INTERFACE BETWEEN RETINA AND
RETINAL PIGMENT EPITHELIUM

Early in development of the eye, the neural retina and
the retinal pigment epithelium become closely apposed
and remain so throughout the normal lifespan of an in-
dividual. During very early development of the human
retina (until sometime after the eighth week of develop-
ment), the undifferentiated cells of the neural retina are
connected to the differentiating cells of the pigment ep-
ithelium by both adhering and gap junctions.“ In other
cell types the latter allow a free transfer of small mole-

cules (less than about 1500 daltons) between cells.® The

significance of coupling these two cell layers is not
known, but as the neural retina begins to differentiate,
these intercellular junctions disappear. Shortly thereaf-
ter, the apical surface of the retinal pigment epithelium
elaborates numerous villous and sheetlike processes
that interdigitate with the photoreceptor outer segments
in the adult eve, and the rod and cone outer segments
grow into the extracellular region that becomes the in-
terphotoreceptor space.

The mature retinal pigment epithelium is a polarized
monolayer of neuroepithelial cells that consists of a fe-
nestrated basal surface lying immediately adjacent to a
basal lamina (Bruch’s membrane) and the choroidal vas-
culature. The components of this conventionally orga-
nized basal lamina are synthesized and secreted, at least
in part, by the retinal pigment epithelial cells them-
selves. 14424452 At their lateral margins, each retinal pig-
ment epithelial cell is connected to its neighboring cells
by a junctional complex composed of adhering, gap,
and tight junctions.””

The apical surface of the epithelium and its relation-
ship to differentiated photoreceptors is an anatomically
complex one. There are no actual cellular junctions be-
tween the two layers in the mature eye. Rather, photore-
ceptor outer segments are ensheathed by specialized ar-
rays of microvilli and microplicae that are organized dif-
ferently for primate rods and cones”*” In human and
rhesus monkey retinas, the apical surface of the retinal
pigment epithelium extends villouslike processes to-
ward the photoreceptor outer segments, where some of
them expand into cytoplasmic sheets or lamelli that sur-
round the outer segments.”>” For rods, these surround
the distal portion of the outer segment with two or
three partially overlapping layers. Foveal and extrafoveal
cones are usually ensheathed with more layers of apical
processes than are the rods, and the ensheathment usu-
ally extends further along the outer segment, about two
thirds of the distance to its base. The greatest difference
between the ensheathment of these primate photore-
ceptors is the existence of a substantial “supracone
space” above the cone outer segments. Typically, cone
outer segments do not reach the apical surface; for ex-
trafoveal cones, the apical processes may traverse 10 to
20 um before reaching the distal tip of the outer seg-
ment. The apical processes that will ensheath a single
cone, however, group together in the supracone space,
where they are easily recognizable by either scanning or
transmission electron microscopy. The anatomic ar-
rangement of the apical processes surrounding cone
outer segments is known as the cone sheath.>® Outside
the fovea they are so distinctive that they are easily rec-
ognizable by light microscopy, as first described by
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The photoreceptor/retinal pigment
epithelium interface

The retinal pigment epithelial apical surface.
One of the earliest effects of detachment occurs at the
retinal pigment epithelial apical surface. The long and
elaborate sheetlike and villous processes that normally
ensheath the outer segments are lost within a few hours
of detachment and replaced by a “fringe” of short mi-
crovilli (Fig. 123-2). Also occurring within the first 24
hours of detachment is a change in the overall surface
morphology of these cells so that they begin to show a
rounded contour with cytoplasm protruding past the
normal limits of the apical surface into the subretinal
space (Figs. 123-2, 123-3).% In addition, the nucleus is of-
ten displaced from its normal central location in the ret-
inal pigment epithelial cell to a more apical location.
This response has been termed “mounding” of the api-
cal surface and recent experiments have shown that it
begins within minutes of producing a detachment in
rabbit retina.2® On the basis of similar observations in
cultured retinal pigment epithelial cells, it has been sug-
gested that this effect is caused by a change of tension in

SECTION 2

the circumferential ring—bundles of actin-containing
filaments at the apical border that ring the outer margin
of the retinal pigment epithelial cell bodies.*”

The proliferation of retinal pigment epithelial
cells. If *H-thvmidine, a specific precursor of DNA syn-
thesis, is injected into the vitreous cavity and sections of
retinal tissue are processed for autoradiography, silver
grains appear over nuclei where *H-labeled molecules
have been incorporated into DNA. Using this technique,
labeled nuclei appear within the retinal pigment epithe-
lial cell laver within 24 hours after production of a
detachment.” Thus the retinal pigment epithelial cells,
which are normally quiescent, enter a stage of stimu-
lated DNA synthesis and proliferation soon after the two
cell layers are detached (Fig. 123-4). This proliferative
response can result in the transformation of the retinal
pigment epithelium’s uniform monolayer into a more
heterogeneous morphology in which strands of cells ex-
tend from the original monolayer into the subretinal
space. In longterm detachments (30 to 50 days) the
proliferative response may induce the formation of mul-

Fig. 123-2. An electron micrograph of the retinal pigment epithelium 1 day after production
of a retinal detachment. In comparison with normal retinal pigment epithelial cells, the apical
surface is mounded. The sheetlike apical projections that normally ensheath the outer seg-
ments have been replaced by a homogeneous fringe of short, microvillous processes (MV). In
this particular cell, the nucleus (V) is displaced into the mounded region. The cell's lateral
junctions are indicated by arrows. SRS, Subretinal space. (Magnification X 6750.) (From
Anderson, DH et al.: Invest Ophthalmol Vis Sci 24909, 1983.)
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Fig. 123-3. Scanning electron micrograph of the retinal pigment epithelium apical surface 6

weeks after production of an experimental detachment. Demonstrates the pronounced
mounding response of the epithelial cells. (Magnification X 4800.) (From Anderson, DH et al.:
Invest Ophthalmol Vis Sci 24:910, 1983.)

Fig. 123-4. Light microscopic autoradiogram of the cat retinal pigment epithelium (RPE) 2
days after detachment. Tritiated-thymidine was injected intravitreally 3 hours before fixation.
Two labeled nuclei (arrouws) and an adjacent mitotic iigure (M) indicate that some retinal pig-
ment epithelial cells are proliferating at this stage. SKS, Subretinal space. (Magnifica-
tion X 850.) (From Anderson, DH et al.: Invest ()[)blbalmol Vis Sci 24911, 1983.)
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tiple lavers of cells whose polarity does not necessarily
match that of the original monolayer (Fig. 123-5). It is
important to note that the molecular stimulus for DNA
svnthesis and proliferation is unknown, but its effect is
limited to the region immediately underlyving the de-
tached retina; attached regions in the same eye remain
mitotically quiescent. These data strongly suggest that at-
tachment of the retinal pigment epithelium and neural
retina acts to keep the retinal pigment epithelium mitot-
ically inactive and its apical surface highly differentiated.
In the absence of the apposing photoreceptor cells, the
apical retinal pigment epithelial surface faces a lumen.
As such, retinal pigment epithelial cells in the detached
state are similar to cultured retinal pigment epithelial
cells, and they display many of the morphologic charac-
teristics of confluent cell cultures.

From long-term experiments it does appear that the
proliferative response of the retinal pigment epithelium
is self-limiting. In experimental detachments of both the
owl monkey and the cat retina, proliferation (measured
by *H-thymidine incorporation) is at very low levels af-
ter long detachment intervals (e.g., 1210 14 months ).
proliferation of the retinal pigment epithelium during
detachment is of clinical significance. The proliferation
of retinal pigment epithelial cells in the subretinal space
is probably the basis of pigmentary changes often ob-
served during ophthalmoscopic examination of retinal
detachments in humans. It is likely that the demarcation

P

SECTION 2

lines noted in human retinal detachments represent
zones of proliferated retinal pigment epithelium occur-
ring at transitions between detached and attached re-
gions of the eve. Current experimental evidence also
suggests that such proliferation may be one of the fac-
tors adversely affecting photoreceptor outer segment re-
generation after reattachment.*®

The migration of cells into the subretinal space.
In the mammalian retina, the interphotoreceptor space
is normally free of cells. Within 24 hours of an experi-
mental detachment, PAS-positive cells appear in the sub-
retinal space. These cells are also found in the choroidal
and retinal capillaries and have the overall morphology
of polymorphonuclear neutrophils and monocytes in
different maturational stages. Monogytes are sometimes
found between adjacent retinal pigment cpitheTiul cells,
apparently in the process of migration from the chorio-
capillaris into the subretinal space (Fig. 123-6). These
cell types appear to mature into tissue macrophages
within the subretinal space, where they then phagocy-
tose cellular debris (including membrane from degen-
erating outer segments).

Retinal pigment epithelial cells can also be found free
within the subretinal space after a detachment. Studies
by electron microscopy show that by about 72 hours af-
ter a detachment, some retinal pigment epithelial cells
begin to lose their attachment to their neighbors and

Fig. 123-5. A light micrograph of an area of retinal pigment epithelial cell proliferation in a
cat retina detached for 14 days and reattached for 30 days. Three monolayers of retinal pig-
ment epithelial cells are present (L,, L, Ly), each displaying different surface polarity. The
apical surfaces of L, and L, face each other, as do the basal surfaces of L, and L. The basal
lamina of L, is clearly evident (arrows). Only outer segment fragments (asterisk) appear near
the inner segment (18) tips. ONL, Outer nuclear layer. (Magnification X 800.) (From Anderson,
DH et al.: Invest Ophthalmol Vis Sci 27:174, 1986.)
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migrate into the subretinal space (Fig. 123-7). These
cells also contain large packets of outer segment debris,
indicating their probable role in scavenging material
from the degenerating photoreceptors. Thus there are at
Jeast two different sources for cells that move into the
subretinal space and phagocytose cellular debris. Some
are of hematopoietic origin, whereas others are derived
from the retinal pigment epithelial layer: the proportion
of cells derived from each source has not been deter-
mined.

1dentifving the tissue of origin of subretinal cells can-
not be done solely on the basis of morphologic criteria.
Antibodies to cell-type specific proteins can be used,
however, as immunochemical probes to distinguish be-
mveen different cell types. For example, cellular retinal-
dehvde-binding protein is found only in retinal pigment
cpithcliul and Miiller cells.'” An antibody to this protein,
coupled indirectly to an appropriate marker molecule

Fig. 123-6. An electron micrograph of the retin
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such as colloidal gold, can be used to identify cells ex-
pressing this particular protein. Cells with the morpho-
logic features of tissue macrophages appear within the
subretinal space in the detached cat retina. However,
some of these cells are labeled by antibodies to cellular
retinaldehyde protein using immunohistochemical meth-
ods and., as such, can be positively identified as retinal
pigment epithelial cells (Fig. 123-8).

The degeneration of photoreceptor outer seg-
ments. Like the retinal pigment epithelial cells in the
detached retina, the photoreceptor outer segments also
project into the expanded subretinal space. Under ex-
perimental conditions, many outer segments appear rel-
atively normal up to 12 hours after the detachment; but
some outer segments are almost certainly damaged
by the injection of fluid into the interphotoreceptor
space. Indeed, mechanical damage seems likely in the

al pigment epithelium (RPE) 22 days after a

detachment. The cell on the right has nearly separated from the monolayer. A narrow tail of
cvtoplasm retains junctions to neighboring cells (circle). The apical processes (MV) of these
highly mounded cells are longer than those found at carlier detachment times. SRS, Subretinal
space. (Magnification X 6250.) (From Anderson, DI et al.: Invest Ophthalmol Vis Sci 24:920,

1983.)
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Fig. 123-7. An electron micrograph from a reattached monkey retina. The tissue sections
were incubated with an antibody to cellular retinaldehyde —binding protein and then labeled
with a secondary immunoglobulin-gold conjugate. The protein is expressed only in retinal
pigment epithelial and Miiller cells. The small black spheres scattered throughout the cyto-
plasm of the retinal pigment epithelium (RPE) indicaic the presence of the protein (see inset).
The two unlabeled cells (A1) are almost certainly invading cells from the circulation. The inset
comes from the area marked by the asterisk. (Magnification X 53,000; inset, magnification X

96,000.)
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Fig. 123-8. An electron micrograph of a cell in the subretinal space in a cat retina detached
for 2 months. The tissue sections were incubated as described in Fig. 123-7. The presence of
gold spheres (arrous) scattered in the avtoplasm indicates that this subretinal cell is derived
from the retinal pigment epithelium. (Magnification X 33,000.)

detachment of any mammalian retina, whether it is
experimental or clinical. The retinal pigment epithelial-
photoreceptor interface constitutes a complexly orga-
nized intercellular compartment that is quite suscepti-
ble to disruption. Although the outer segment bases are
ensheathed by a basket of fine calvceal processes, their
only connection to the inner segment is by a single
ciliary stalk > As previously mentioned. the apices of
the outer segments are enveloped by arrays of apical
retinal pigment epithelial processes (Fig. 1239, A). The
interphotoreceptor matrix has long been presumed to
play a role in maintaining the structural integrity of
these elements. In any case, the measured adhesion
between the two cell layers is reported to be strong,”!
and any force that separates them will probably pro-
duce some damage to this anatomically complex inter-
face.

The most common damage reported during the first
12 hours of detachment is a vacuolation or distortion of
the distal end of the outer segment. Between 24 and 72
hours after detachment, both rod and cone outer seg-
ments show evidence of damage. Although many are
still attached to their connecting cilium, they appear
greatly distorted, with discs improperly oriented within
a truncated outer segment. The degeneration of outer
segments continues until the few remaining in the zone
of detachment appear only as empty sacs of membrane

attached to the connecting cilium (Fig. 123-9, B). During
this same time, outer segment debris appears within the
subretinal space. This is an abnormal process because
in the normal eve the shedding of discs from the photo-
receptor distal end i accompanied by immediate
phagocytosis by the adjacent retinal pigment epithelial
cell. -

Photoreceptor outer segment renewal. Both rod
and cone outer segments are renewed by a continual
process of disc addition at the base and loss at their
tips. 10 Thus any process that interrupts either the
production of new discs or their shedding and subse-
quent phagocytosis at the distal end will affect the integ-
rity of the outer segment. Many questions remain about
the regulation of disc morphogenesis and shedding dur-
ing a period of detachment. There is experimental evi-
dence that when photoreceptors are detached from the
retinal pigment epithelium, disc shedding cannot be in-
duced by treatments that stimulate massive shedding in
normal retinas.”® It also appears from ultrastructural
studies that the process of disc morphogenesis must
slow down considerably while the retina is detached. In
long-term detachments, ciliary stalks with a few rudi-
mentary discs or membrane evaginations are present at
the distal inner segment tips. These disc membranes are
found long after membranes synthesized before detach-

g
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Fig. 123-9. A, An electron micrograph of the photoreceptors and retinal pigment epithelium
(RPE) in a normal cat retind. The outer segments are oriented along their longitudinal axes in
1 uniform, densely packed row. Cone outer segments (C) are shorter than those of rods
(R) and are ensheathed by a complex array of apical processes known as the cone sheath (CS).
B, An electron micrograph showing the photoreceptor outer segment structures that remain
in a cat retina detached for 13 days. 1S, Photoreceptor inner segment. CC, Photoreceptor con-
necting cilium. Arrow indicates a few disclike structures in the degenerated outer segment.
(Magnification X 28,000.) (A from Anderson, DH et al.: Invest Opththalmol Vis Sci 27:173,
1986.)
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ment would be expected to persist. Immunolocalization
experiments indicate that these discs are labeled with
opsin antibodies (Fig. 123-10). These results suggest that
disc membrane formation and opsin biosynthesis do not
cease completely, even after lengthy detachment epi-
sodes. But it is not known if visual pigment, i.c. opsin,
svnthesis is down-regulated during detachment. Disor-
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Fig. 123-10. An electron micrograph demonstrating immuno-
labeling of an outer segment remnant with an antibody to
opsin, the major membrane protein in photoreceptor outer
segments. The retina was detached for 60 days. /5, Photorecep-
tor inner segment. CC, Connecting cilium. OS, Outer segment
remnant. (Magnification X 32,500.) The inset shows a portion
of the outer segment at higher magnification. The electron-
dense gold spheres signify the areas where opsin is present.
(Magnification X 73,000.)
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ganized lamellar debris rather than discrete packets of
discs is found in the subretinal space in long-term de-
tachments. This provides additional evidence that dises
ar¢ not shed in the normal manner. Thus it appears
likely that both the normal shedding process and disc
formation are adversely affected by the separation of the
two layers. Once the two layers are reapposed and outer
segments begin to regenerate, a normal balance be-
tween disc addition and disc shedding must be reestab-
lished if the outer segments are going to reattain normal
length.

The effects of detachment on the photoreceptor
retinal pigment epithelial interface are rapid and exten-
sive. The retinal pigment epithelial apical surface mor-
phology changes abruptly, and cells begin to proliferate
and then migrate into the subretinal space. Other cells
of hematopoietic origin also enter the subretinal space.
All these probably function to some degree as phago-
avtic cells, which serve the purpose of removing debris
left from degenerating photoreceptors. The photorecep-
tor outer segments degenerate, leaving most photore-
ceptors with only a rudimentary cilium that may have a
few disorganized discs associated with it

The inner retina

Although the earliest and most obvious effects of de-
tachment are seen at the retinwretinal pigment epithe-
lial interface, they are by no means limited to that re-
gion of the retina. A number of changes occur in the ret-
ina proximal to the outer segments, especially in detach-
ments lasting more than a few davs. There are species
differences in the ability of the outer nuclear laver to
survive retinal detachment, and these differences proba-
bly relate 1o the degree of vascularization of the retina.
Rabbits, which have an “avascular”™ retina, show exten-
sive and rapid degenerative effects in the laver of photo-
receptor nuclei, with changes occurring as quickly as 3
days after detachment. Dogs, monkeys, humans, and cats
have capillaries within the neural retina, and in these
species the neural retina is apparently spared from total
degeneration during detachment.

Photoreceptor inner segments. Changes in inner
segment morphology do not take place as rapidly as in
the outer segments. During the first dayv of a detachment
the inner segments appear essentially normal, but be-
tween the first and third days of detachment they begin
to show signs of degeneration. The most common signs
of inner segment degeneration are swelling, disruption,
and loss of mitochondria in the ellipsoid region: loss of
ribosomes and of rough endoplasmic reticulum from
the mvoid region; and, in about 2 weeks, an overall size
reduction of the inner segment. It is interesting to note
that the cilium that normally connects the inner seg-
ment to the outer segment is retained even in severely
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affected inner segments in long-term detachments. This
is a crucial point from the standpoint of visual recovery
after reattachment, because the connecting cilium is al-
most certainly essential for morphogenesis of the disc
membranes that make up the outer segment. The loss of
mitochondria also has the potential to significantly affect
the photoreceptors’ ability to regenerate, because the
metabolic rate in these cells is among the highest of any
in the body.

Outer nuclear layer and outer plexiform layer.
The outer nuclear layer contains the cell bodies of the
photoreceptor cells. These cells extend a process 10-
ward the outer plexiform layer where they form the
characteristic svnaptic terminals of rods (spherules) and
cones (pediclcs),*; The outer plexiform layer also con-
tains the processes of second-order neurons whose cell
bodies lie in the inner nuclear layer. These processes
svnapse with each other. as well as with the photorecep-
tors.

The photoreceptor cell bodies and synaptic terminals
show a rapid response 10 detachment of the feline ret-
ina. By 3 days after detachment the cell bodies and ter-
minals show extensive vacuolization and can also show
distension of the nuclear envelope and endoplasmic re-
ticulum. The cells often show a loss of cytoplasmic
ground substance and degeneration of their mitochon-
dria. Multivesicular bodies occurring in both the cell
body and synaptic terminals are also indicators of de-
generation in these cells. Not all photoreceptor cells de-
generate at the same rate. Some show extensive signs of
degeneration, whereas adjacent cells look relatively in-
tct, It does appear that rod cell bodies react more
quickly to detachment than do those of cones. In a re-
gion in which nearly all of the rod cell bodies show
signs of degeneration and even necrosis, neighboring
cone cell bodies may look relatively intact. Consistent
with this observation, the rod spherules appear o be
particularly susceptible to the effects of detachment.
These synaptic terminals are normally filled with synap-
tic vesicles and contain one or two large presynaptic rib-
bons. When the retina has been detached for 3 days,
many of these terminals appear depleted of vesicles, ex-
cept for a few that remain as a halo around a greatly
truncated ribbon. Similar to the effect at the level of the
photoreceptor cell bodies, the cone synaptic terminals
seem to survive the early effects of detachment better
than do the rod terminals. They retain their characteris-
tic shape and remain filled with synaptic vesicles; the
most striking change is a population of abnormally large
(85 nm to 100 nm) vesicles. Vacuolization also occurs in
some of the outer plexiform layer processes from sec-
ond order neurons in 3 day detachments.”® These pro-
cesses probably undergo further degeneration in longer
term detachments and the cell bodies of second order

SECTION 2

neurons may be affected as well, although there is virtu-
allv no information available on this process. In very
long-term detachments (50 days), photoreceptor termi-
nals can no longer be identified by light microscopy and
ultrastructural signs of synaptic contact between photo-
receptors and second order neurons are rarely found.

Proliferation of cells in the inner retina. During
the first 3 davs of detachment there is also a prolifera-
tive component to the changes in the inner retina.
within 12 hours of the detachment, pericytes, capillary
endothelial cells, and microglia are labeled by *H-thymi-
dine autoradiography. By 2 days after the dctachrﬁem,
some Miiller cell nuclei are labeled, and they are fre-
quently translocated from their normal positions on the
vitreal border of the inner nuclear layer into the outer
plexiform and outer nuclear layers. * -

Muller cell hypertrophy. As detachment proceeds
bevond 2 weeks, there is a significant hypertrophy of
Miiller cell processes within the outer plexiform layer
and outer nuclear laver, presumably filling the spaces
left by degenerating neurons. Miiller cell bodies are
now routinely found within these two layers. The cyto-
plasm of these cells is filled with 10 nm diameter (inter-
mediate) filaments that, by immunochemical criteria,
contain glial fibrillary acidic protein®” and vimentin (Fig,
123-11). By 30 days of detachment, Miiller cell processes
sometimes extend into the subretinal space through lo-
calized disruptions in the outer limiting membrane. The
extension of Miller cell processes onto the retinal sur-
face becomes more commonplace as detachment time
lengthens beyond 30 days, so that thev eventually form a
multilavered “glial scar” within the subretinal space,
separating the neural retina from the retinal pigment
epithelium. Similarly, within the outer plexiform layer
the hypertrophy of Miller cell processes in long-term
detachments can form a glial scar between the synaptic
endings of the photoreceptors and the processes of the
second order neurons. The proliferation and growth of
astroglial cells, accompanied by the synthesis of inter-
mediate filaments by the cells, is a common reponse to
central nervous system injury, for example in spinal
cord axotomy or neurectomy.®” In this case, the result-
ing glial scar is thought to block the regeneration of spi-
nal cord axons. The fibrillogenic response in Miller
cells is even more dramatic than in brain or spinal cord as-
trocytes because the Muller cells normally have only a
small population of intermediate filaments within their
end-feet, on the border of the vitreous cavity. W ithin a few
days of detachment these filaments begin to appear else-
where in the cells, until they occur throughout the inner
plexiform, inner nuclear, and outer plexiform layers.

The presence of Miller cell processes within the sub-
retinal space appears to inhibit the regeneration of pho-

. 4




CHAPTER 123 Cellular effects of detachment 177

.- \.
!ﬁ x .
» . - ;A
s - x e
» ; ’ 4
14 Wy X
r 2 -
i3
LIRS
z" \: y s » ¥
¥ s » -
£ 34
| § L g C %
B § 3§ of
Bl B -
S5t N
I F rtor &
a 33 Lat Jes
£ b
W,
g Ty
»’}1 K B
.-E; T
Fg 2 A
Z “
=
{ ‘
[/ * e
L -
: B 3 o«
E - v ‘? . ;
P EPS
‘4 g A%y
I - @
.
£. ¢4
2 !
o v i
el E 2 i
TS .
?- . b1
Fig. 123-11. A, An electron micrograph showing a Miller cell nucleus (VA that has migrated
to the outer plexiform layer in a retina detached for 30 days. There are numerous intermedi-
ate filaments near the Muller cell nucleus (arrowheads) and in the cvtoplasm of the adjacent ]
Miller cell (MC) process. Arrows indicate an adjacent Maller cell process containing numer- !
ous intermediate filaments. PN, Photoreceptor nucleus. (Magnification X 10,000.) B, An elec- |

tron micrograph showing the immunolocalization of glial fibrillary protein (small arrow, 5
nm gold spheres), and vimentin (large arrow, 15 nm gold spheres) 1o the 10 nm diameter
filaments found in Miiller cell cytoplasm. (Magnification X 113,000.) (A from Erickson, PA et
al.: Exp Eye Res 44:41, 1987.) 1
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toreceptors after retinal reattachment (see below), and
their presence within the outer plexiform layer may
well be expected to interfere with the reestablishment
of any synaptic connections lost between photorecep-
tors and second order neurons during a period of de-
tachment.

The loss of photoreceptor cells. The loss of cells
from the photoreceptor layer occurs by necrosis and by
the extrusion of photoreceptor cell bodies past the
outer limiting membrane into the subretinal space. The
mechanism of the latter event is not understood, but
these cells have clearly lost all of their specialized fea-
tures. They appear as rounded cells with very little cyto-
plasm surrounding their nucleus. In the cat retina, there
is a significant decrease in the number of photoreceptor
cells by 1 month after detachment, and a continued de-
cline until the outer nuclear layer loses about 80% of its
cell population by 90 days after detachment'” (Fig. 123-
12). In regions severely affected by photoreceptor de-
generation, the outer nuclear laver can be reduced in
thickness te one or two cell layers. Cell death within the
retina is species-dependent. Of the species used in ex-

SECTION 2

perimental detachments. the rabbit is the most severely
affected. with the retina being reduced to 4 single laver
of cells in detachments of 4 months duration.”” Cell
death was not reported in the outer nuclear laver of ex-
perimentally: detached owl and rhesus monkey retinas,
even in detachments of 14 weeks duration.*'**** Based
on data from the monkey studies, it might be concluded
that cell death in the outer nuclear layer may not be a
factor in detachments of the human retina. However, a
recent histopathologic study by Wilson and Green™ of
retinal detachment in postmortem eves showed that at-
rophy of the photoreceptor layer occurred in 26.5% of
the retinas examined. Thus it appears that cell death in
the photoreceptor cell layer could be a significant factor
in the recovery from detachment, particularly in those
of more than a few days duration.

Metabolic changes during detachment

There must be substantial metabolic changes in reti-
nal cells during the period of degeneration after detach-
ment or during regenerative changes that occur after re-
attachment, but few of these have been specifically iden-
tified. As discussed above, Miller cells greatly increase
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Fig. 123-12. A graph relating the number of photoreceptor nuclei in the outer nuclear layer
(o the time after retinal detachment (er7or bars. + 1 standard deviation from the mean). The
points indicated by € (control, attached retina) on the ordinate are from posterior retina (P),
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their production of intermediate filaments. The only
other change that has been documented is a change in
RNA synthesis. It has been known for many vears that
neurons alter their levels of RNA synthesis after injun
(usually axotomy). In tissue containing a mixed popula-
tion of cells, the only way to determine relative changes
in RNA synthesis in different cell wpes is to use tissue
autoradiography after labeling with the ribonucleoside,
*H-uridine, a specific precursor of RNA. Svnthesis of
RNA can be quantified in autoradiograms by counting
exposed silver grains over individual cells, individual
nuclei, or per unit area. Because an experimental de-

tachment does not necessarily encompass the complete
retina, the detached regions can be compared with at-
tached regions of the same eve. When feline eves de-
tached for 24 hours are given an intravitreal or intrave-
nous injection of *H-uridine and the eves are then fixed
24 hours later, there is significantly less labeling in the
photoreceptor and Miller cells in the region of detach-
ment as compared with the adjacent, attached retina
(Fig. 123-13). This could represent an overall depres-
sion of metabolic activity or a specific effect on RNA syn-
thesis in the detachment zone. Labeling of the retina 48
hours after detachment produces the same decreased
level of labeling in the photoreceptors, but a dramatic
increase in the labeling of Miller cells (Fig. 123-13). 1f the
retina is labeled 2 weeks or 30 davs after detachment, the
pattern and labeling levels are similar to those observed
24 hours after detachment. Because these changes occur
in the region of detachment but do not occur in the adja-
cent attached region, thev suggest a localized effect of the
detachment on RNA biosynthesis. Although the RNA spe-
cies that increases in the Miller cells 48 hours postdetach-
ment is not known, it is correlated with a dramatic in-
crease in intermediate filament density, which also is lo-
calized to the region of detachment. Muller cells in imme-
diately adjacent attached retina do not show an increase in
intermediate filaments in their cvtoplasm.

Another metabolic change that occurs in Maller cells
after detachment is a decrease in the level of immuno-
staining with antibodies to different proteins. In feline
retinas detached for 2 months, there is a significant de-
cline in the labeling intensity of the Mdaller cells when

Fig. 123-13. Light microscope autoradiographs (dark-field
exposures) of retinas detached for 1 (A, B) or 3 (C) days
and labeled for 24 hours with tritiated-uridine. A is from an
atached region adjacent to the area of detachment shown in
B. Note the decreased intensity of labeling in the outer and
inner nuclear lavers in the detached region. C shows the
change in the pattern of labeling that occurs by 3 days after
detachment. There is heavy labeling of the Miller cell bodies
in the inner nuclear layer, the Miller cell end-feet (M1C) near
the vitreous (VIT), and strands of Miller cell cvtoplasm
extending into the outer retina (arrow). (Magnification

X 325.)
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stained with an antibody to the retinoid binding protein
known as cellular retinaldehyde protein (Fig, 123-14,
AB). Similar immunolabeling experiments show a dra-
matic decrease in the levels of two Maller cell enzymes,
carbonic anhydrase C and glutamine synthetase, during
detachment. Thus detachment of the retina seems 1O
produce changes in the metabolism of retinal glia. 1t 1s
likely that the large incredase in RNA synthesis seen in
Miiller cells represents a specific phase of altered tran-
scription and translation that is a direct or secondary re-
sponse to detachment.

EXPERIMENTAL RETINAL REATTACHMENT
visual recovery after retinal reattachment

The fact that retinal reattachment restores at least par-

tial vision in most human patients implies that many of

the adverse effects of retinal detachment can be success-
fully reversed. Understanding the cellular changes that

..
.
R
e
. »
L]
™~ ‘(-
LI .
»
A
L ]
L]
>
. -
* R‘y
& .
L
- Y .
R :
> L
N
S R S
; XN
L g
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accompany this recovery and acquiring information that
will promote maximal recovery is the ultimate goal of
experimental studies of reattachment. Discovery of the
cellular mechanisms underlying the recovery process
and the variables that affect the extent of the recovery
must depend almost entirely on animal models because
retinal tissue from human reattachment patients is rarely
obtainable. .
Most studies of visual recovery in human reattach-
ment patients have been restricted to basic acuity mea-
surements as a function of detachment duration. In gen-
eral. these studies indicate that detachment duration is
inversely related to acuity recovery, with the longest du-
rations correlated with the least recovery. A few studies
clearly demonstrate that improvements in color vision,
visual sensitivity, and other visual parametérs are also-an
integral part of the recovery process.'>** In the case of
detachments involving the macula, there is no general

Fig. 123-14. A, An electron micrograph showing the immunogold localization of cellular ret-
inaldehyde—binding protein in the cvtoplasm of normal Miiller cells. Gold spheres are 15 nm.
(Magnification x 61,000.) B, Labeling is absent from the Miller cells in a zone of detached

retina (60-days duration) adjacent to the

33,000.)

attached region shown in A. (Magnification X
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consensus in identifving a critical period bevond which
the prognosis for recovery dims. However, one study'?
provides compelling evidence that visual recovery de-
clines exponentially as a function of macular detach-
ment duration. This conclusion conforms with the mor-
phologic results obtained from experimental models of
reattachment.

Reestablishing the photoreceptor—retinal
pigment epithelial interface

It is evident that successful reestablishment of the
photoreceptor—retinal - pigment epithelial interface is
the most important aspect of morphologic recovery af-
ter reattachment. The molecular interactions that must
occur between the photoreceptors and retinal pigment
epithelial cells after reattachment are not known. But
some relevant concepts have emerged from the experi-
mental analysis: (1) The photoreceptors are not reap-
posed to their original sites of interaction with the reti-
nal pigment epithelium when the retina is reattached.
Therefore site-specific interactions between these two
cell tvpes can be virtually ruled out as a factor in recov-
erv. (2) Rods and cones in many mammals, including
humans, have ditferent ultrastructural relationships with
the retinal pigment epithelial apical surface (see p. 165).
It is still unclear whether these specific relationships
are reestablished after reattachment and, moreover,
whether this has implications for the successful re-
growth of rod vs. cone outer segments. (3) The cell-cell
interaction that must occur after reapposition of the two
Javers is analogous to the interaction that takes place
dﬁring retinal pigment epithelial and photoreceptor de-
velopment. Early in development, the photoreceptor in-
ner segments are apposed to a mounded and undiffer-
entiated apical retinal pigment epithelial surface. Un-
known metabolic and molecular processes that promote
retinal pigment epithelium—photoreceptor adhesion
tend to maintain this apposition as the photoreceptor
outer segments interdigitate with newly forming apical
retinal pigment epithelial processes and eventually at-
tain their mature configurations. Reattachment of the
retina must induce a similar series of molecular events
that controls the redifferentiation of the retinal pigment
epithelial apical surface and the reensheathment of the
regenerating outer segments. (4) The photoreceptors
and retinal pigment epithelium must also reestablish a
functional relationship. The transport of ions and mole-
cules between the retina and retinal pigment epithelium
is affected to an unknown degree when the two cell lay-
ers are separated from each other. For example, retinoids
(vitamin A isomers), coupled to their binding proteins,
must be transported back and forth between the neural
retina and the retinal pigment epithelium as part of the vi-
sual cycle.™ It is not known whether this transport is af-
fected by detachment or reattachment processes.
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Photoreceptor outer segment regeneration

Information on the rate of outer segment regrowth af-
ter reattachment is very sparse and difticult to obtain. In
experimentally reattached retinas, regenerating outer
segments often appear shortened and misaligned with
respect to each other. The stacking of the disc mem-
branes is usually abnormal. In addition, there is a high
degree of variability in outer segment length from one
reattached region to the next, which contributes to the
impression that regeneration is not a homogeneous
process across the retina (see below). All of these fac-
tors add to the difficulty of quantifving the rate of outer
segment regrowth.

It has been reported that owl monkey rods undergo a
period of accelerated membrane synthesis within the
first 24 hours of reattachment*® In the cat and rhesus
monkey, we have been unable to confirm anv deviation
from the normal rate of disc membrane turnover.>%* In-
cat retinas detached for between 5 and 10 days and reat-
tached for 1 week, a band of radioactive protein appears
near the base of the outer segment 24 hours after an in-
travitreal injection of *H-amino acids, the same location
as in control eves. Cat rod outer segments are renewed
at a rate of about 2.3 pnv/day, so they could theoretically
regenerate to normal length (12 to 18 wm) in about 1
week in the absence of any disc shedding. Since the
normal renewal process represents a balance between
disc assembly and disc shedding, regenerating outer
segments would be expected to take somewhat longer
than a week to reattain their normal lengths. In fact,
many rod outer segments are shorter than normal sev-
eral months after reattachment, suggesting that they may
never regain their normal size.”

“Patchwork regeneration,” the result of prolif-
erative changes. What is striking in reattachment stud-
ies is the variability in outer segment length within an
individual retina or between different retinas with the
same detachment and reattachment intervals. This may
reflect inherent variability in the detachment and reat-
tachment processes themselves. Retinas have detached
regions that are deep or shallow and, hence, may suffer
more or less severe photoreceptor degeneration. In ad-
dition, certain regions may regain close apposition to
the retinal pigment epithelium more rapidly and begin
the regenerative process more quickly than do adjacent
regions.

In the experimentally reattached retina,*® photore-
ceptor regeneration occurs in a “patchwork™ way, with
areas of near-normal appearance adjacent to areas show-
ing virtually no regeneration. Only some of the mecha-
nisms producing this result are understood. Two of
them clearly result from proliferative events that occur
during detachment. The proliferation of either retinal
pigment epithelial cells or Miller cells into the subreti-
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nal space is nearly always associated with poor or non-
existent photoreceptor recovery (Figs. 123-15 and 123-
16). In the case of retinal pigment epithelial prolifera-
tion, recovery seems to depend on the degree of differ-
entiation and the polarity of the proliferated cells. In
many instances, the apical-basal surface morphology of
proliferated retinal pigment epithelial cells bears little
resemblance to that of normal retinal pigment epithe-
lium. In others, additional lavers of proliferated cells
may have their polarity reversed, with the basal surface
facing the photoreceptors (see Fig. 123-5). In either sit-
uation, regeneration is much poorer. Similarly, if the
photoreceptors are apposed to glial (Miller) cell pro-
cesses in the subretinal space, they are unable to regen-
erate an outer segment. Suppression of proliferation of
these two cell types may lead to improved visual recov-
ery after reattachment.

A MOLECULAR BASIS FOR RETINAL ADHESION

Although the major cellular changes that occur after
retinal detachment and reatachment are now known in
some detail, a clear understanding of whyv the retina ad-
heres to the pigment epithelium remains elusive. It is

SECTION 2

widely believed that bulk flow of fluid moving through
the retina in the vitreous 1o choroid direction consti-
tutes the adhesive force that maintains the normal appo-
siion between the retina and retinal pigment epithe-
lium. The retina is presumed to offer resistance to this
fluid movement and is consequently suctioned onto the
apical surface of the epithelium. However, such theories
are hard-pressed to account for the fact that the retina
remains adherent after enucleation of the globe and re-
" Similarly, the retina
usually remains adherent even in the the presence of a
retinal tear or hole that negates the “suction force™ by
presenting a path of no resistance to fluid flow. Thus it
appears unlikely that the movement of fluid accounts for
all aspects of retinal adhesion ! Cell-cell and/or cell-ma-
trix interactions could be of equal importance in main-
taining adhesion at the interface berween thesg two cell
lavers.

i _ 3
moval of the anterior segment.”™

Cell-cell adhesion

Current theories of cell-cell adhesion focus on a lim-
ited number of cell adhesion molecules (CAMs) that are
present in a variety of different tissues.'® CAMs are in-

Fig. 123-15. A light micrograph showing an area of retinal pigment epithelial (RPE) cell pro-
liferation in a reattached retina. Only a few outer segment remnants remain under the cluster
of proliferated cells (asterisk). The dimensions of the outer segments (OS) adjacent to the
zone of proliferation are nearly normal. /S, Photoreceptor inner segment. ONL, Outer nuclear
layer. (Magnification X 2200.) (From Anderson, DH et al.: Invest Ophthalmol Vis Sci 27:173,
19806.)




CHAPTER 123

trinsic membrane glvcoproteins that: mediate cell-cell
adhesion by direct molecular binding between CAMs on
apposing cells. CAM-mediated retinal adhesion would
require direct binding of CAMs on the plasma mem-
branes of pigment epithelial microvilli to CAMs on the
outer segment plasma membranes (Fig. 123-17). CAMs,
or their equivalents that show a capacity for homophilic
binding, have vet to be identified at the photoreceptor—
pigment epithelial interface. although they are present
throughout the inner retina.™”

Cell-matrix adhesion

Alternatively, retinal adhesion could arise from cell-
matrix interactions in the interphotoreceptor space. The
mechanism by which cells in culture adhere to their
substrate is now known to be a transmembrane process
involving both matrix and cvtoskeletal-related proteins.
Cell surface molecules, such as fibronectin, laminin, col-
lagens, and proteoglvcans, interact with subplasmalem-
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mal proteins such as vinculin and alpha-actinin, at sites
of cell-substratum adhesion.”” In that context. retinal ad-
hesion could be hypothesized as a case of cell-substra-
tum-cell atachment. Extracellular matrix molecules in
the interphotoreceptor space would bind to specitic
ligands on the outer segment epithelial plasma mem-
branes, which, in turn, would interact with subjacent cv-
toskeletal elements (Fig. 123-17). In fact, there is some
fragmentary  evidence consistent  with  this  matrix-
mediated hypothesis.

Fibronectin (fibre, fiber + nectere, to bind) is a candi-
date retinal adhesion molecule. It is a major component
of blood plasma, cell surfaces, and extracellular matrices
and has been implicated in a wide variety of adhesion
and migration-related cellular events.”” Although it is
not detectable by biochemical analysis as a soluble com-
partment of the interphotoreceptor matrix, it has been
localized extracellularly on the apical microvilli of the
rat. pigment epithelium by immunoelectron micro-

Fig. 123-16. An electron micrograph showing extensive Muller cell hypertrophy in the sub-
retinal space in a retina that was detached for 6 weeks and reattached for 4 weeks. The Miiller
cell processes form a barrier between the retinal pigment epithelium (RPE) and the photore-
ceptor cell layer. ONL, Outer nuclear layer. Asterisk, Miller cell processes in the subretinal
space (SRS). MC, A Miller cell body in the subretinal space. (Magnification X 2800.)
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Fig. 123-17. A molecular model of matrix-mediated retinal adhesion. In this hypothetical
model, aggregates or assemblies of matrix molecules in the interphotoreceptor space mediate
binding to ligands on the plasma membranes of RPE cell apical microvilli and photoreceptor
outer segments. The ligands are depicted here as the extracellular domains of membrane pro-
teins that act as surface receptors (R) for matrix molecules (M). The membrane receptors
could be the same or they could be different for the two cell types. The cytoplasmic side of
the receptors interacts with cytoskeletal and subplasmalemmal proteins (V). Corresponding
interactions with cytoskeletal elements of the outer segments may also be inferred but they
are not shown. The alternate hypothesis described in the text requires direct molecular bind-
ing between identical cellular adhesion molecules on the microvillar and outer segment
plasma membranes.
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scopy."' Using immunofluorescence microscopy, it is
not detected on the apical surface of pigment of epithe-
lial explants in the chick,* but we have recently corrob-
orated and extended the results in rat retina to the cat
and rhesus monkey pigment epithelium, using similar
immunocytochemical methods (Fig. 123-18). However,
further work will be required to determine whether fi-
bronectin or other photoreceptor matrix molecules are
implicated in retinal adhesion.

The matrix sheath that envelops cone outer and inner
segments in many species'®? " could also play a role in
retinal adhesion. The sheath extends beyond the outer
segment tips and is apparently continuous with a gly-
cosaminoglycan-rich region on the apical surface of the
pigment epithelium.>®  Although the relationship of
these matrix domains to the photoreceptor and pigment
epithelial cell membranes is unknown, their locations
are suitable for the type of cell-matrix-cell linkage al-
Juded to above.
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THE LIMITS OF MORPHOLOGIC RECOVERY

The evidence for complete photoreceptor recovery,
even after a brief episode of detachment. is conflicting.
Rabbit retinas that spontaneously reattached were de-
scribed as showing limited and variable outer segment
recovery.®™ In cat retinas that were detached and reat-
tached for variable periods of time it was concluded
that, “. . .ultrastructural morphology does not return to
the pre-detachment state even after brief episodes of de-
tachment coupled with prolonged recovery periods™
(Fig. 123-19). On the other hand, Kroll and Machemer?*?
concluded that owl or rhesus monkev retinas detached
for up to 12 weeks can appear relatively normal after ap-
proximately 4 weeks reattachment. A recent study in the
macula of rhesus monkeys detached for 3 or 7 days and
reattached for 3, 7, 14, or 30 days demonstrated a pro-
gressive increase in both rod and cone outer segment
length and a tendency to return to their normal
configurations® (Fig. 123-20). There is general agree-

Fig. 123-18. An electron micrograph showing the immunolocalization of fibronectin to the
apical surface of the cat pigment epithelium (RPE). Clusters of ferritin particles (three are in-
dicated by arrows) indicate the presence of fibronectin molecules adjacent to the plasma
membrane of the apical microvilli. (Magnification X 44,000).
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Fig. 123-19. Light micrographs of retinas detached and reattached for various intervals. A,
The photoreceptor/retinal pigment epithelial interface after a 3-day detachment and 1-month
reattachment. After short detachment intervals the outer segments can reattain normal length
in a relatively short time frame. Discrete areas of disruption, however, can still be identified.
B, In contrast to A, the lengthy detachment interval of 42 days coupled with a 30-day reattach-
ment period results in distinctly inferior outer segment regeneration. The dark-staining nuclei
in the outer nuclear laver are pyknotic cells. C, In a retina detached for 5 days and reattached
for 7 days, there is virtually no evidence of outer segment regrowth in this region. The apical
processes of the pigment epithelium extend down to the inner segments. This probably rep-
resents one of the earliest stages in recovery.
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Fig. 123-19, cont. D, An example from a second animal whose retina was detached for 5
davs and reattached for = davs. In this case the rod outer segments are approximately half the
normal length. Cone outer segments are also abnormally short E, In-a retina detached for 8
davs and reattached for 7 davs. there is a wide range of outer segment lengths: The outer
segment tips are positioned along the perimeter of the mounded epithelial surface. and that
mav account for the uneven spacing between outer segments. RPE, Retinal pigment epithe-
lium. O, Laver of photoreceptor outer segments. /8. Laver of photoreceptor inner segments.

(Magnihcation X 800.)

ment that after reattachment the outer segments do re-
win some capacity for regrowth and for reestablishing a
relationship with apical retinal pigment epithelial pro-
cesses. Moreover, the prevailing evidence also indicates
that detachment duration is an important, if not critical.
variable in determining the eventual extent of morpho-
logic recovery. This clarity is lost, however, when at-
tempts are made to define precisely the temporal pa-
rameters that govern recovery, as well as the absolute
limits that may be imposed on morphologic recovery by
detachment per se. At present, it seems reasonable to
conclude that a return to completely normal retinal mor-

phology is unattainable even after brief episodes of

detachment.® But it also appears that incomplete mor-
phologic recovery may actually be sufficient to subserve
near normal vision under ideal circumstances.

This raises the issue of whether the neural retina, like
other organ systems, has sufficient resilience to sustain
an anatomic injury such as detachment without resulting
in measurable or perceived deficits in function. At

present, it simply is not known whether some of the
ultrastructural - abnormalities  that  persist  indefinitely
after reattachment have measurable effects on visual
capacity. 1t mav be that they do not, unless a particular-
v vulnerable retinal location. such as the fovea, is
involved.

Many of the effects described in experimental reat-
tachments occur in small localized regions, especially
when the detachment interval is short. This may have no
significant effect on the return of vision unless it occurs
within the macula, where even a small disruption of ret-
inal structure may have a profound effect. The presence
of a macular detachment is known to produce distur-
bances in acuity, metamorphopsia, and disturbances of
color vision that persist long after the retina is reat-
tached. The loss of even a few photoreceptors from the
fovea may have an impact on acuity. Although Curcio
and coworkers' have shown substantial individual vari-
ability in the packing density of photoreceptors within
the primate macula, the reduction in number in an al-
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Fig. 123-20. An electron micrograph of the photoreceptor—retinal pigment epithelial (RPE)
interface in the macula of a monkey retina detached 7 days and reattached for 3 days. Even
after short reattachments intervals some regenerating outer segments (arrow) can be identi-
fied. IS, Photoreceptor inner segment. (Magnihication X 7100.)

ready established mosaic may have an effect on the re-
turn of vision. Because of lack of plasticity, the adult vi-
sual system may not be able to compensate for the loss
of photoreceptors in the mosaic.

SUMMARY

Recent experimental evidence suggests that retinal re-
attachment results in the establishment of a modified re-
lationship between the neural retina and the retinal pig-
ment epithelium.8 Reattachment of detached retinas re-
sults in heterogeneity across the retina, so that regions
of relatively normal retina may lie adjacent to areas of
severe degeneration. Indeed, the range of structural ab-
normalities may range from relatively subtle changes in
the retinal pigment epithelial apical surface to complete
photoreceptor degeneration and the presence of subret-
inal gliosis. Degenerative changes extend to the inner
retina in a longterm detachment; as yet unidentified
subcellular changes may occur at the level of synaptic
interactions, even in short-term detachments.
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