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Purpose. To determine the effects of reattachment on the
molecular and cellular events initiated by a retinal detachment
lasting 1 hour or 1 day.

MEeTHODS. Experimental retinal detachments were created in
the right eyes of nine cats. Reattachments were performed 1
hour (n = 3) or 1 day (n = 3) after the detachment, and the
animals were killed 3 days after detachment. Three-day de-
tached (n = 3) and normal (z = 3) retinas were used for
comparisons. Agarose-embedded sections were double labeled
with a panel of antibodies. Some sections were also probed
with the TUNEL technique to detect apoptotic cells. Wax-
embedded sections were labeled with the MIB-1 antibody to
the Ki67 protein to detect proliferating cells.

Resurrs. The 1-hour and 1-day detachments followed by reat-
tachment showed a very similar and consistent reduction in
photoreceptor deconstruction and the Miiller cell gliotic re-
sponse when compared with 3-day retinal detachments with-
out reattachment. Light microscopy and immunolabeling with
opsin antibodies showed a significant reduction in both rod
and cone outer segment (OS) degeneration, even though OS
length was shorter than normal. The reattachments also
showed a reduction in opsin redistribution, retraction of rod
terminals, TUNEL-labeled photoreceptors, loss of cytochrome
oxidase staining in photoreceptors, neurite outgrowth from
second-order neurons, the number of proliferating cells, and
the increase in intermediate filaments and loss of soluble pro-
teins from Miiller cells. The apparent re-ensheathing of the OS
by the apical processes of the retinal pigment epithelium had
begun but was not completely normal.

Concrusions. These data indicate that, even though the length
of the OS is less than normal, retinal reattachment within 1 day
of detachment can either greatly retard or reverse many of the
molecular and cellular changes initiated by detachment. (In-
vest Opbthalmol Vis Sci. 2002;43:2412-2420)

Retinal detachment is a relatively common retinal injury that
remains a significant cause of blindness." Although the
anatomic success rate for retinal reattachment surgery has
increased over the years to approximately 90%,> functional
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recovery, in many cases, can be less than perfect. Indeed, if the
macula has been detached for even short periods, successful
reattachment surgery leads to a final visual acuity of 20/50 or
better in only 39% of the cases.>* More recent studies using
ERG measurements indicate that recovery after reattachment is
a slow process, with acuity still improving up to 10 years later.”
Other parameters, such as photopigment recovery, color
matching, and metamorphopsia recover even more slowly
than visual acuity in foveal detachments.® Although the exact
cause for this slow recovery is not known, the extent of
changes occurring in photoreceptor cells before reattachment
most certainly affects both the final visual outcome and prob-
ably the speed with which that outcome is reached. Several
studies have shown that rod and cone outer segments (OS)
degenerate shortly after detachment, but that they retain some
capacity to regenerate if the retina is reattached to the retinal
pigment epithelium (RPE).”~'? Furthermore, some photorecep-
tors die after detachment,’>'® and in photoreceptors that
survive, there are many molecular and structural changes that
have the potential to affect visual recovery. The most notable
changes are the general disruption of cellular organelles, in-
cluding mitochondria in the inner segments, along with the
retraction and/or remodeling of synaptic terminals.'? It is pre-
sumably the changes in synaptic terminals and their loss
through photoreceptor cell death that leads to plastic changes
in the dendrites of second-order neurons to which the photo-
receptors connect."” There are also changes in Miiller cells that
may have effects on visual recovery. The potential effects of
some are obvious, such as subretinal and preretinal prolifera-
tion, and some are not so obvious, such as changes in the
expression of various proteins'®~2° or the amino acid profiles
of these cells.”"

Retinal reattachment studies in the cat'® and primate'” have
shown that the morphology of the RPE-retina interface does
not return to normal, even after recovery periods of up to 6
months. In those studies, 7 days was generally the shortest
detachment time used. Because foveal detachments are usually
repaired very quickly, in this study, we focused on detach-
ments of only 1 hour or 1 day and then studied the early events
associated with retinal reattachment. The goal was to deter-
mine whether very early reattachment could halt the structural
and molecular changes that begin within the first day of de-
tachment. This has become even more relevant in recent years,
because short-term retinal detachment occurs as part of exper-
imental therapies in use or proposed for retinal degenerative
diseases (e.g., retinitis pigmentosa, age-related macular degen-
eration) including retina-RPE transplantation,®*? foveal trans-
location,?* or the introduction of trophic factors or vectors for
transfection of retinal cells.?> Thus, it is essential that we gain
an understanding of the consequences of inducing a detach-
ment of short duration if we are going to optimize the regen-
erative capacity of the retina.

In this study, we chose 3 days as the end point of these
studies, because many important events, such as photorecep-
tor deconstruction, the loss of cone marker molecules, apopto-
sis, neurite outgrowth, proliferation, and changes in gene ex-
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pression in Miiller cells, can be reliably identified at that
time.>>?” We compared the results in retinas that had either
remained detached or had been reattached after 1 hour or 1
day.

MATERIALS AND METHODS

Retinal Detachments and Reattachments

Detachments were created in the right eyes of domestic cats. After the
removal of the lens and vitreous, a balanced salt solution (Alcon, Fort
Worth, TX) was infused between the neural retina and the RPE with a
glass micropipette. At either 1 hour (n = 3) or 1 day (n = 3) after the
detachment, the retina was reattached. First a fluid- gas exchange was
performed, with care taken to drain the fluid from under the retina.
After the retina was flat, 20% sulfur hexafluoride (Alcon) in filtered
room air was flushed through the eye. Detachments in the eyes of
three cats were not reattached. The left eyes of all animals served as the
normal control. All animals were killed 3 days after the detachment, at
which time the eyes were divided for analysis by histology, light
microscopy, immunohistochemistry (either by transmitted light or
laser scanning confocal microscopy), and TUNEL. At least three differ-
ent regions from each eye were analyzed. All procedures adhered to
the tenets of the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Tissue Preparation

Retinal samples were prepared for histologic analysis by fixing the
tissue in 1% paraformaldehyde and 1% glutaraldehyde (both from
Electron Microscopy Sciences, Fort Washington, PA) in sodium phos-
phate buffer (PBS; 0.086 M, pH 7.3) overnight at 4°C. The tissue was
then fixed in osmium tetroxide (2%) for 1 hour, dehydrated in increas-
ing concentrations of ethanol and embedded in Spurrs resin (Poly-
sciences, Warrington, PA). Each retinal location was sectioned at 1 um
and counterstained with saturated aqueous p-phenylenediamine
(PPDA), a lipophilic stain that enhances the appearance of the OS.
To examine the distribution of specific proteins in the retina using
laser-scanning confocal microscopy, we fixed the eyes and stored them
in 4% paraformaldehyde in sodium cacodylate buffer (0.1 M; pH 7.4;
Electron Microscopy Sciences). Before sectioning, pieces of retina
approximately 2 mm?, were excised from the eyecup, rinsed in PBS,
and embedded in 5% agarose (Sigma) in PBS. One-hundred-microme-
ter-thick sections were cut using a tissue sectioning system (Vi-
bratome; Technical Products International, Polysciences) and incu-
bated in normal donkey serum (1:20; Jackson ImmunoResearch, West
Grove, PA) in PBS containing 0.5% bovine serum albumin (BSA; Fisher
Scientific, Pittsburgh, PA), 0.1% Triton X-100 (Roche Molecular Bio-
chemicals, Indianapolis, IN) and 0.1% sodium azide (Sigma) overnight
at 4°C on a rotator (PBS+BSA+Triton+azide; PBTA). The next day the
blocking serum was removed and the primary antibodies were added.
Five sets of double-label combinations were used: anti-glial fibrillary
acidic protein (GFAP; 1:500; Dako, Carpinteria, CA) with anti-rod opsin
(1:50; gift of Robert S. Molday, University of British Columbia, Vancou-
ver, BO); anti-medium-to-long-wavelength (M/L) cone opsin (1:2000;
gift of Jeremy H. Nathans, Johns Hopkins, Baltimore, MD) with anti-
vimentin (1:500; Dako); anti-calbindin D (1:1000; Sigma) with anti-
short-wavelength (S) cone opsin (1:2000; gift of Jeremy H. Nathans);
anti-synaptophysin (1:100; Dako) with anti-cytochrome oxidase (CO; 1
ng/mL; Molecular Probes, Eugene, OR); anti-cellular retinaldehyde
binding protein (CRALBP; 1:400; gift of John C. Saari, University of
Washington, Seattle, WA) and biotinylated peanut agglutinin (PNA;
1:50; Vector Laboratories, Burlingame, CA). Single labeling was per-
formed using antibodies to CRALBP (1:400), glutamine synthetase
(GS), carbonic anhydrase C (CAC; both used at 1:600; gifts of Paul J.
Linser, University of Florida, St. Augustine, FL), and protein kinase C
(PKC; 1:100; Biomol Research Laboratories, Plymouth Meeting, PA). All
probes were diluted in PBTA. After rotating overnight at 4°C, the
sections were rinsed in PBTA and incubated in the secondary antibody
overnight at 4°C on a rotator. For each doublelabel combination,
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donkey anti-mouse and donkey anti-rabbit, conjugated to Cy2 or Cy3
(Jackson ImmunoResearch) were used. Streptavidin-Cy3 was used with
the biotinylated PNA. All secondary reagents were used at a 1:200
dilution. The sections were then rinsed, mounted in n-propyl gallate in
glycerol, and viewed on a laser scanning confocal microscope (model
1024; Bio-Rad, Hercules, CA).

To evaluate cellular proliferation in the retina, retinal samples were
fixed in 4% paraformaldehyde in sodium cacodylate buffer (0.1 M; pH
7.4) overnight at 4°C. The tissue was then dehydrated in increasing
concentrations of ethanol and embedded in paraffin (Paraplast X-tra;
Fisher Scientific, Pittsburgh, PA). The tissue was sectioned at 4 wm and
placed on capillary gap slides (Fisher Scientific) at which time they
were dewaxed in xylene, rehydrated in graded ethanol, and stained
with the MIB-1 antibody (1:100; Immunotech, Westbrook, ME) to the
Ki67 protein, with an automated tissue stainer (Techmate 1000; Ven-
tana, Tuscon, AZ).

To determine the extent of cell death in the retina, retinas were
embedded in agarose as described earlier and stained using the TdT-
dUTP terminal nick-end labeling (TUNEL) method. Briefly, 100-um-
thick sections were rinsed in PBS, incubated in 70% ethanol for 30
minutes, rinsed in water, incubated in a citrate-Triton solution, washed
in water, incubated in the TdT buffer for 30 minutes, and finally
incubated in the TdT reaction solution for 2 hours in a humidified
chamber at 37°C. After rinsing in PBS and then BSA with Triton,
streptavidin conjugated to Cy3 (1:250, Jackson ImmunoResearch) was
added for 3 hours. TUNEL-labeled cells were counted, and the section
length was measured to give the number of cells labeled per millimeter
of retina.

OS measurements and counts of nuclei in the ONL were made on
1 wm-thick resin embedded sections stained with PPDA. For sampling,
sections were taken from three different regions from three eyes
within each condition. The width of the OS layer was measured with
an optical reticule in three representative areas on each section,
whereas counts of photoreceptor nuclei came from one region at the
center of each section.

RESULTS

Retinal Morphology

Typically, in a retina detached for 3 days there was significant
inner and OS degeneration as well as photoreceptor cell loss
from the outer nuclear layer (ONL; Fig. 1B; compare with
normal, Fig. 1A). The morphology of the retinas reattached
after 1 hour (Figs. 1C-E) or 1 day (Figs. 1F-H), and examined
at 3 days, however, showed considerably less evidence of
degeneration. Although some variability was present both be-
tween and within animals after reattachment, photoreceptor
OS were usually longer and more organized than control de-
tachments. Figures 1C, 1D, and 1E (1-hour detachments) and
Figures 1F, 1G and 1H (1-day detachments) demonstrate the
extent of the variability observed. In most cases OS appeared
remarkably normal (compare Figs. 1C and 1F with 1A),
whereas in other cases some shortening of the OS was appar-
ent (Figs. 1D, 1E, 1G, 1H). Regardless of the extent of the
shortening, however, the ONL always appeared remarkably
homogeneous in the reattached retinas, showing none of the
uneven borders and gaps characteristic of detached retina.
Rarely, some regions of retina had small folds, most likely
occurring as the retina settled down during the reattachment
procedure (not shown). No measurements or analyses were
performed in these regions.

Photoreceptor Cell Counts and OS Length

In the normal retina, in the regions sampled for the above
studies, we found, on average, 257 photoreceptor nuclei per
millimeter of retina (Fig. 2). After 3 days of detachment, there
was a reduction to an average of 207 nuclei/mm (P = 0.03
when compared with normal retina with a two-sample #test,
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assuming equal variance). In the reattached retinas, the reduc-
tion was smaller (232 nuclei/mm in both the 1-hour and 1-day
detachment-reattachment experiments). The same #-test yields
P = 0.09 when these data are compared with the counts in
normal retina.

The OS layer in normal eyes averaged approximately 17 um
thick in the region of retina used for these studies (Fig. 3). By
3 days of detachment the thickness had decreased to approx-
imately 10.3 um. In the 1-hour detachment-reattachment ex-
periment, it averaged 9 um and in the 1-day detachment-
reattachment experiment, 8.2 um. All three of these
measurements are highly significant when compared with nor-
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FIGURE 1. Light micrographs of nor-
mal (A), 3-day detached (B), 1-hour
detached/3-day reattached (C-E),
and 1-day detached/2-day reattached
(F-H) retinas. Some shortening of OS
occurred in the reattached retinas
(D, E, G, H); however, they usually
appeared longer and more organized
(C, F) than those in the 3-day de-
tached retinas (B). The ONL of the
reattached retinas was also more or-
ganized compared with the 3-day de-
tached retina. There was no signifi-
cant difference in the appearance of
the retinas between the 1-hour and
1-day detachments followed by reat-
tachment. OS, outer segment; IS, in-
ner segments; ONL, outer nuclear
layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion
cell layer. Scale bar, 50 um.

mal (P < 0.0001) but are not significantly different from each
other.

Apoptosis

Cell death in the retina after detachment occurs mainly by
apoptosis, peaks at the 3-day time point, and continues at
lower levels, as long as the retina is detached.'® At 3 days after
detachment, there were, on average, 54.2 TUNEL-labeled pho-
toreceptor cells per millimeter of retina (Fig. 4, 3d RD). The
number was dramatically lower (0.21 and 0.05 cells/mm) in
retinas that had been detached for 1 hour or 1 day, respec-
tively, and then reattached and harvested at 3 days (Fig. 4,
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FIGURE 2. Number of photoreceptor nuclei counted per millimeter of

retina in normal, 1-hour detached/3-day reattached (1h/3d), 1-day de-
tached/2-day reattached (1d/2d), and 3-day detached retinas (3d RD).
The outer nuclear layer photoreceptor counts in reattached retinas
were not significantly different from those in normal retina. The 3-day
detachments showed a significant decrease in photoreceptor number
compared with normal retina. Error bars, 1 SD.

1h/3d, 1d/2d). No TUNEL-positive cells were found in normal
retina. The reattachments was not significantly different from
each other (P = 0.28) or from normal retina (1 hour, P = 0.16;
1 day, P = 0.07) in the number of TUNEL-positive cells, but
they are significantly different from the 3-day detachments
(P < 0.0001).

Immunohistochemistry

Results from four sets of antibodies used to characterize
changes in the retina are shown in Figure 5. Typical 1-hour and
1-day detachments with reattachment can be compared with
normal retina and retina that had been detached for 3 days. In
the normal retina, anti-GFAP labeled intermediate filament pro-
teins in the end foot portion of Miiller cells and, to a lesser
degree, horizontal cells; anti-rod opsin labeled rod OS (Fig. 5A).
At 3 days after detachment, anti-GFAP labeling occurred
throughout the entire Miiller cell, extending to the outer lim-
iting membrane (OLM); anti-rod opsin labeling was still present
in the truncated and disorganized OS but also occurred
throughout the plasma membrane of the entire cell (Fig. 5B). In
the reattached retinas qualitatively similar but greatly attenu-
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FIGURE 3. Length of OS in normal, 1-hour detached/3-day reattached
(1h/3d), 1-day detached/2-day reattached (1d/2d), and 3-day detached
retinas (3d RD). Both the reattached and 3-day detached retinas
showed a similar decrease in OS length compared with normal retina,
although they were not significantly different from each other. Error
bars, 1 SD.
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FIGURE 4. Extent of TUNEL labeling at day 3 in 3-day detachments (3d

RD), and 1-hour (1h/3d) or 1-day (1d/2d) detachments followed by
reattachment. Essentially no TUNEL labeling was observed in the
reattachments. Error bar, 1 SD.

ated changes were observed. Anti-GFAP labeling stopped in the
inner portion of the ONL (Figs. 5C, 5D). Anti-rod opsin labeling
occurred predominantly in the rod OS and surrounding only an
occasional photoreceptor cell body in the ONL (Fig. 5D, ar-
rows). This pattern of anti-GFAP and anti-opsin labeling was
remarkably consistent in all the reattachment regions exam-
ined; the only variability being in the OS length, as illustrated in
Figures 1 and 3.

Anti-vimentin and anti-M/L cone opsin labeling showed
changes similar to those observed with anti-GFAP and anti-rod
opsin (Figs. 5E-H). In retinas that had been detached for 1 hour
or 1 day and then reattached, the anti-vimentin labeling
showed a small increase, stopping at the border of the outer
plexiform layer (OPL; Figs. 5G, 5H). Very little variability was
observed in the pattern of anti-vimentin staining in the reat-
tached retinas. Unlike the 3-day detachments, the anti-M/L
cone opsin labeling was restricted to the OS, with little or no
redistribution (Figs. 5G, 5H; arrows). As with the rod labeling,
the most variability was seen in the length of the cone OS.

To examine specifically the response of the S-cones, sec-
tions were labeled with anti-S cone opsin and anti-calbindin D.
The S cones responded similarly to M/L cones (Figs. 5I-L). In
the normal retina anti-S cone opsin was observed only in the
OS, and anti-calbindin D labeled all cones in their entirety (Fig.
5D). At 3 days after detachment, very little S-cone opsin and
calbindin D labeling was present on the sections. When S-cone
opsin was observed, it was present in very truncated OS (Figs.
5J, arrow) and was redistributed to the inner segment (IS) and
cell body. In the reattachments, however, many anti-S cone
opsin-labeled OS (Figs. 5K, 5L, arrows) were observed, with
these cells rarely showing opsin redistribution. Anti-calbindin
D labeling was present in the entire cone cell with an intensity
similar to normal. As with the M/L cones and rods, most of the
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FIGURE 6. Double-label immunohis-
tochemistry with probes to CRALBP
(green) and biotinylated PNA (red).
In the normal retina (A) anti-CRALBP
labeling was present in the RPE cyto-
plasm and in the fine apical microvilli
that projected into the cone matrix
sheath, labeled with PNA (arrow). In
detachments of 1 hour (B, C, D) or 1
day (E, F) followed by reattachment
and examined at 3 days, anti-CRALBP
labeling was still present in the RPE
and in large processes extending to-
ward the photoreceptors. In some
cases, these processes projected into
the PNA-labeled sheath (B, C, F; ar-
rows). In other cases the RPE had yet
to form apical projections, so that
the sheath only abutted the RPE (D,
E). The PNA labeled cone sheaths
were also shorter and less organized
in the reattachments compared with
the normal appearance. In some
cases, a few RPE cells appeared to
label more intensely than other RPE
cells in the same section (F). The red
staining at the fop of some figures
represents PNA binding to the base-
ment membrane. This staining was
not altered by reattachment. OS,
outer segment; IS, inner segment;
RPE, retinal pigment epithelium.
Scale bar, 10 um.

variability between and within animals with anti-S cone opsin
labeling was in the length of the OS.

Anti-CO and anti-synaptophysin were used to examine
the population of mitochondria in the photoreceptor IS and
the organization of photoreceptor terminals in the OPL,
respectively (Figs. 5SM-P). In the normal retina, anti-CO
labels the IS robustly and anti-synaptophysin labeling clearly
demonstrates the highly organized layer of photoreceptor
terminals in the OPL (Fig. 5M). At 3 days after detachment,
CO antibody labeling of the IS decreased, whereas the syn-
aptophysin antibody labeling pattern showed substantial
disruption of the OPL, as rod terminals were retracted into
the ONL (Fig. 5N). Rarely was either of these responses
observed in any of the reattached retinas (Figs. 50, 5P). Very
little variability occurred with these two probes, and in most

cases, the retina simply appeared normal, although in rare
cases, some retraction of photoreceptor terminals, as well as
a decrease in anti-CO labeling of the IS, was observed (data
not shown).

Anti-PKC and anti-calbindin D were used to examine the
extent of neurite outgrowth from rod bipolar and horizontal
cells, respectively. At 3 days of detachment, neurite outgrowth
extending into the ONL was observed in many, but not all,
sections.'” In the reattached retinas, this response was never
observed (data not shown).

To further explore the response of Miiller cell proteins after
reattachment, sections were labeled with antibodies to GS,
CAC, and CRALBP. At 3 days of detachment, the intensity of the
Miiller cell labeling dramatically decreased with all three anti-
bodies.' After reattachment in either detachment duration,

<
<

FIGURE 5. Double-label immunohistochemistry using antibodies to GFAP and rod opsin (A-D), vimentin and M/L cone opsin (E-H), calbindin D
and S cone opsin (I-L), and cytochrome oxidase (CO) and synaptophysin (M-P). Comparisons were made between normal (A, E, I, M), 3-day
detached (B, F, J, N), 1-hour detached/3-day reattached (C, G, K, O), and 1-day detached/2-day reattached feline retinas (D, H, L, P). GFAP and
rod opsin: In the normal retina, GFAP (green) was restricted to the inner portion of the Miiller cell and rod opsin (red) was localized to the rod
OS (A). At 3 days of detachment, GFAP increased in Miiller cells to the level of the OLM. Rod opsin was present in the truncated OS and was
redistributed to the ONL (B). In detachments of both 1 hour (C) or 1 day (D) followed by reattachment, GFAP increased within Miiller cells to the
level of the ONL. Very little opsin redistribution was present, although labeled cell bodies were occasionally observed (arrows; D). Vimentin and
M/L cone opsin: In the normal retina, vimentin (green) was restricted to the inner portion of the Miiller cell, and M/L cone opsin (red) was present
in the cone OS (E). At 3 days of detachment, vimentin increased in the Miiller cells to the level of the OLM (F). M/L cone opsin was present in
the truncated cone OS (arrow) and was redistributed to the IS and cell bodies (F). In detachments of 1 hour (G) or 1 day (H) followed by
reattachment, vimentin increased to the level of the OPL/ONL. Cone opsin was present only in the shortened OS (arrows). Calbindin D and S cone
opsin: In the normal retina, calbindin D (green) was present in the entire cone cell, and S cone opsin (red) was present in the OS of S cones (I).
At 3 days of detachment, no calbindin D labeling was present. S cone opsin was present in the truncated cone OS (arrow) and was redistributed
to the IS and cell bodies (J). In detachments of 1 hour (K) or 1 day (L) followed by reattachment, calbindin D labeling appeared normal. S cone
opsin was present only in the shortened OS (arrows). (Note: the calbindin D-stained cells in the INL of (J) and (L) were horizontal cells, which
were not always in the picture, and therefore are not shown in (I) and (K).) CO and synaptophysin: In the normal retina, CO (red) was present
in mitochondria in the photoreceptor IS (as well as other cell types), and synaptophysin (green) was present in the photoreceptor terminals (M).
At 3 days of detachment, the intensity of CO decreased in the IS. Synaptophysin was present in the rod terminals that had retracted into the ONL
(). In detachments of both 1 hour (O) or 1 day (P) followed by reattachment, the decrease in intensity of CO in the IS was less. Anti-synaptophysin
labeling was more normal, showing an organized OPL. Abbreviations as in Figure 1. Scale bar: (A-H) 50 um; (I-P) 25 um.
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FIGURE 7. Number of nonneuronal cells dividing at 3 days (3d RD) in
the entire retina (Whole Retina) and only in the inner nuclear layer
(INL Cells), as detected by the MIB-1 antibody. Cell proliferation was
much lower in the reattached retinas (1h/3d; 1d/2d), compared with
the 3-day detachments. The proliferating cell types included Miiller
cells, astrocytes, endothelial cells, microglia, and RPE. Reattachment
appeared to reduce the amount of cell proliferation substantially in the
INL (primarily Miller cells), indicating that other retinal cell types
(primarily astrocytes) were responsible for most of the proliferation
after reattachment. Error bars, 1 SD.

very little change in labeling intensity was observed compared
with normal (data not shown).

The RPE-OS interface was examined by the double labeling
of sections with anti-CRALBP and biotinylated PNA. In the
normal retina, long, slender apical projections of the RPE
microvilli (labeled with anti-CRALBP) extend into the cone
matrix sheath (labeled with biotinylated PNA; Fig. 6A). Detach-
ment separated and disrupted these two structures but on
reattachment, this relationship showed signs of beginning to
re-form (Figs. 6B-F). In some cases, these newly formed apical
projections from the RPE appeared very wide, yet they ap-
peared already to be enveloped by the cone matrix sheath
(Figs. 6B, 6C, OF, arrows). In other areas from the same sec-
tions, however, the RPE appeared simply to abut the PNA-
labeled cone matrix sheath, apparently having not yet formed
the specialized apical processes (Figs. 6D, 6E). The 1-hour
(Figs. 6B-D) and 1-day detachments (Figs. 6E, 6F), followed by
reattachment, showed a similar response.

Proliferation

After retinal detachment, proliferation began in all nonneuro-
nal retinal cell types, including astrocytes, Miiller cells, endo-
thelial cells, and microglia.”®*° The MIB-1 antibody, which
detects dividing cells in all phases of cell division, was used to
determine the effect of reattachment on this proliferative
event. In past experiments it has been estimated that the peak
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of proliferation occurs at 3 to 4 days after detachment. In the
retina detached for 3 days we counted an average of 32.86
MIB-1 labeled cells/mm of retina (Fig. 7, 3d RD, Whole Retina).
Reattachment after either 1 hour or 1 day of detachment
reduced these numbers to 7.65 and 9.38 cells/mm retina,
respectively (Fig. 7, 1h/3d, 1d/2d, Whole Retina). When the
labeled cell types were tabulated separately, the number of
dividing cells in the INL (presumed Miiller cells) was reduced
from 19.13 labeled cells/mm of retina in the 3-day detachment
to 0.55 and 0.7/mm of retina, in the 1-hour and 1-day detach-
ments with reattachments, respectively (Fig. 7, INL Cells).
Thus, the number of labeled cells across the whole retina was
reduced approximately 4-fold in the reattachments, whereas
the number of labeled Miiller cells was reduced by nearly
30-fold.

In 3-day detachments without reattachment, approximately
0.71 RPE cells/mm retina labeled with the MIB-1 antibody (Fig.
8, 3d RD). The number of labeled RPE cells after reattachment
in either the 1-hour (Fig. 8, 1h/3d, 0.72 cells/mm) or 1-day (Fig.
8, 1d/2d, 0.26 cells/mm) detachments with reattachment,
however, was almost equivalent to the number found in the
retinas with 3-day detachments.

Di1scuUssION

Previous experimental studies of retinal reattachment have
focused primarily on the morphology of the photoreceptor-
RPE interface, because of the primary role of OS in the visual
process.®'°71? In this study, we used several different molec-
ular probes to examine the effects of very early reattachment
on protein expression, cell death, and proliferation, as well as
photoreceptor recovery. An overview leads to the conclusion
that reattachment within 24 hours is remarkably effective at
halting many of the cellular changes induced by detachment
that may pose a threat to the return of normal vision (Table 1).
The reattached retinas also show variability in their responses,
particularly in OS length and in the OS-RPE interface. It is this

0.8

)

0.6

Dividing cells/mm RPE

0.4 1

0.2 1

3d RD 1h/3d 1d/2d

Timepoints

FIGURE 8. Number of dividing RPE cells at 3 days in 3-day detach-
ments (3d RD) and 1-hour (1h/3d) or 1-day (1d/2d) detachments,
followed by reattachment, as detected by the MIB-1 antibody. There
was no significant difference between the groups, indicating that RPE
cell proliferation continued, albeit at a low rate, after reattachment.
Error bars, 1 SD.
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TAaBLE 1. A Summary of the Effects of Early Retinal Reattachment

Photoreceptors
Does not prevent the shortening of OS induced by detachment
Prevents opsin redistribution in both rods and cones
Preserves the amount of cytochrome oxidase in IS.
Prevents rod synaptic terminal retraction
Second-order neurons
Prevents rod bipolar neurite outgrowth
Prevents horizontal cell neurite outgrowth
Miiller Cells
Slows the increase in intermediate filament protein expression
Greatly reduces proliferation
Preserves the expression of soluble proteins GS, CAC, CRALBP
Retinal pigment epithelium
Does not prevent shortening of apical processes
Does not completely reestablish ensheathment of outer segments
Does not stop proliferation
Astrocytes, endothelial cells, microglia
Reduces the proliferative response

variability that may explain some of the imperfections in vision
that can result, even after rapid and successful reapposition of
neurosensory retina to the RPE. Indeed, these variations appear
to form the beginning of “patchwork” regeneration described
across retinas reattached for very long times.?® “Patchy” recov-
ery may have little effect in the periphery, but it could be
highly significant in the small area encompassed by the fovea.
The continued responsiveness of Miiller and RPE cells may pro-
vide a mechanism for certain long-term complications after reat-
tachment, in which cells can grow on either surface of the retina
in a condition known as proliferative vitreoretinopathy (PVR).

The remarkable similarity between the retinas that were
reattached after being detached for 1 hour or 1 day is striking
and suggests that reattachment at any time up to 24 hours after
detachment produces similar results. This, in turn, suggests
that molecular processes induced during the first hour of
detachment are not halted immediately by reattachment. We
have recently shown that the FGF receptor-1 and the extracel-
lular signal-regulated kinase (ERK) become phosphorylated
within 15 minutes of detachment.?® Yoshida et al.>" showed an
induction of c-fos mRNA 30 minutes after detachment. Mem-
bers of the activator protein-1 (AP-1; c-Fos and cJun) complex
are then highly induced at 2 hours of retinal detachment.>®
Because c-Fos and c¢-Jun are potentially important regulators of
downstream events after detachment, it is reasonable to as-
sume that reattachment at 1 hour did not stop their induction.
However, it is also reasonable to assume that reattachment
modifies events associated with these signaling pathways, be-
cause all the cellular events associated with detachment were
attenuated by reattachment. Based on other studies of reattach-
ment,'®°"*? longer detachment intervals make these events
more difficult to stop or reverse, thus probably producing
more variability in the recovery process and a greater likeli-
hood of complications such as PVR.

Although average OS length is similar in both sets of reat-
tached retinas and in the 3-day detached retinas, one of the
clearest indications that the cells in the reattached retinas are
different from those that remain detached are the data on opsin
redistribution. When the retina is detached, rod and cone
opsins redistribute into the plasma membrane surrounding the
inner parts of the cell.>*~>* This reaction has been observed in
a number of retinal degenerations®> *° and seems to be a
reliable sign of OS degeneration. We interpret the absence of
significant opsin redistribution in the reattached retinas to
mean that the photoreceptors have recovered the mechanisms
responsible for normal disc morphogenesis and OS construc-
tion. That the OS are no greater in length in the reattached
retinas than in the 3-day detached retinas may indicate that
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these cells undergo a period of heightened disc shedding after
reattachment. Alternatively, it may mean that the process of OS
membrane assembly is much slower than normal. Primate
retinas detached for 7 days show a rod OS renewal rate that is
approximately one third of normal at 7 and 14 days after
reattachment.'> However, frog retinas detached for 10 hours
show essentially normal membrane assembly rates, but a sig-
nificant reduction at 2 days of detachment.*' Thus, the balance
between disc morphogenesis and disc shedding may not be
restored for an extended time, even if the retina is detached for
as short as only 1 hour.

Although the effects on OS may be variable and long-term,
it appears that other aspects of photoreceptor deconstruction
were halted by reattachment. Labeling with the antibodies to
synaptophysin showed almost no evidence of rod photorecep-
tor synaptic terminal retraction, a prominent response at 3
days of detachment."” Although OS can regrow, little is known
about the ability of photoreceptors to reform functional syn-
apses once those synapses become disrupted. Maintaining the
integrity of photoreceptor synaptic circuitry may turn out to be
one of the most important effects of early reattachment. De-
tachment of more than a few days’ duration produces wide-
spread and profound effects on the organization of the
OPL,"*>'7 and virtually nothing is known about the functional
effects of this remodeling.

Equally impressive to the effect on photoreceptor decon-
struction is the effect of reattachment on Miiller cells. Their
expression profiles for the proteins we commonly study—GS,
CAC, CRALBP, GFAP, and vimentin—are close to that in nor-
mal retina. Furthermore, the robust proliferative response of
Miiller cells, normally at its peak 3 days after retinal detach-
ment, was reduced to almost zero, even though the prolifera-
tion of other non-neuronal cells (mostly astrocytes) continued
at a low level. Overall, these results may indicate that Miiller
cells still maintain their role in regulating the retinal environ-
ment (e.g., glutamate levels®") when the retina is rapidly reat-
tached. The reduction in proliferation also suggests that sub-
sequent gliotic responses are less likely to occur after rapid
reattachment, at least in terms of intraretinal and subretinal
hypertrophy, the two most common responses in the feline
retina.'®'®2%?® We do not yet know whether reattachment
completely halts Miiller cell hypertrophy over longer periods,
nor do we know whether the low level of proliferation in the
reattachments continues, allowing RPE cells, astrocytes, or
Miiller cells eventually to form epiretinal membranes, as occurs
in human patients after reattachment surgery.**~ %4

We have reported that supplemental oxygen can also slow
the events described herein after detachment.'®** The results
of those experiments, as well as modeling done by Linsenmeier
and Padnick-Silver, * point to hypoxia as playing a major role in
the cellular responses to detachment. The results in this study
seem to strengthen that conclusion, because one of the first
effects of reattachment must be to reestablish normal oxygen-
ation of the photoreceptor layer. Reestablishing other cell- cell
interactions between the RPE and photoreceptors or photore-
ceptors and Miiller cells, or reversing the effect of signaling
cascades initiated by detachment, takes longer and may pro-
vide a mechanism for creating the variability that occurs in the
recovery of the retina. Defining these other events seems to be
critical to improving the results of retinal reattachment,
whether detachment happens in a setting of trauma or disease
or as a result of a therapeutic procedure.
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