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LABORATORY INVESTIGATION

Photoreceptor decay over time and apoptosis
in experimental retinal detachment

Abstract @ Background: Data are
scarce on the actual rate and mode
of outer nuclear layer decay in reti-
nal detachment (RD). We used an
experimental rabbit model to assess
the presence of apoptosis and rate
of photoreceptor death following
RD. This model included the cre-
ation of localized and stable retinal
blebs, while controlling for any de-
cline of retinal elevation over time.
® Methods: RD was produced in
New Zealand white rabbits by in-
jecting 0.05 ml of 15% sodium
hyaluronate (Healon GV) under the
neural retina using a microsurgical
technique. Animals were killed at
1,2,4,7, 14 and 29 days. Retinal
tissue was processed for light and
electron microscopy and for in situ
end labeling of fragmented DNA
using a modification of the TUNEL
technique. Photoreceptor cell nu-
clei were counted in the RD areas
of maximum retinal elevation of

28 eyes, and an additional 4 eyes
were used for nick end labeling.

©® Results: Positive DNA nick end
labeling, ultrastructural features
and absence of necrotic cells indi-
cated apoptotic photoreceptor cell
death. Also, there was a rapid, al-
most linear elimination of photore-
ceptor nuclei over time. At 14 days
only half of the number of nuclei
were discernible, while approxi-
mately one tenth remained after 29
days. There was a statistically sig-
nificant, but minimal decline in RD
height over the 4 weeks of study.

® Conclusion: Following experi-
mental RD in rabbits, apoptotic cell
death is associated with an almost
linear elimination of photoreceptor
cells over time. The use of highly
viscous sodium hyaluronate in sep-
arating the neural retina from the
retinal pigment epithelium allows
the RD to maintain a nearly con-
stant height over a period of 4 weeks.

Introduction

It has long been known that retinal detachment (RD) is
associated with diverse cellular pathology, such as pro-
liferation of Miiller cells and retinal pigment epithelium
and, in contrast, deterioration or loss of photoreceptor
cells [4]. Whereas degeneration of photoreceptor outer
segments may be reversible following reattachment [5,
16, 21, 251}, loss of cell nuclei indicates a terminal event
causing irrevocable damage to the visual function. How-
ever, little is known about the actual rate of photorecep-
tor loss following RD.

The mechanism of photoreceptor cell elimination af-
ter RD is currently being elucidated, and while apoptosis
is now believed to cause photoreceptor cell death in di-
verse degenerative retinal disease [2,7, 9, 30, 32, 33, 35],
some recent data also indicate the presence of apoptosis
after traumatic RD in humans [8] and in experimental
RD in cats [11] and rhesus monkeys [38].

It is conceivable that a well-established retinal circu-
lation may prevent pathological changes from occurring
in the inner layers of the neural retina, but the potential
effect on the outer retinal layers remains unclear. Howev-
er, oxygen profiles in the cat retina indicate that 90% of
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the oxygen consumed by the photoreceptors comes from
the choroid, the rest coming from the retinal circulation
[22]. In contrast to feline and human retina, photorecep-
tor survival in the rabbit exclusively depends upon the
retinal pigment epithelium and choroidal circulation.
Thus, the avascular rabbit retina offers a pure and simple
experimental model in which to assess photoreceptor
loss after RD.

Materials and methods

Thirty-four eyes of 17 young (New Zealand) white rabbits (aged
7-9 weeks and weighing approximately 2 kg) underwent surgery
under general anesthesia using intramuscular injections of ke-
tamine hydrochloride 35 mg/kg (Ketalar, Parke-Davis, Morris
Plains, N.J.), USA) and xylazine 5 mg/kg (Rompun, Bayer,
Leverkusen, Germany). A sclerotomy was cut 1-2 mm from the
limbus. A glass micropipette with a tapered tip (about 0.1 mm in
diameter) was inserted into the vitreous and through the medullary
ray of the neural retina about 1 disc diameter from the optic disc
using an operating microscope; 0.05 ml of a 1.5% solution of
sodium hyaluronate (Healon GV, Pharmacia, Uppsala, Sweden)
was injected into the subretinal space. Reproducible and circum-
scribed blebs of RD were created which remained essentially sta-
ble during the time of study (29 days). Approval was obtained from
the ethics committee of the Karolinska Institute, Stockholm, Swe-
den. Principles of laboratory animal care (NIH publication No.
86-23, revised 1985) were followed.

The animals were killed at 1, 2, 4, 7, 14 and 29 days and the
eyes enucleated. Two eyes did not contain adequate blebs, but the
remaining globes were immediately fixed for 24 h in ice-cold 4%
buffered glutaraldehyde (28 eyes) or in 10% formaldehyde (four
eyes). After fixation and gross examination, each RD was divided
in half and embedded in paraffin or Epon. Step-wise sections were
cut at 4 um from the paraffin blocks, stained with hematoxylin-
eosin and used for the counting of photoreceptor nuclei. Similarly,
semithin (2 pm) sections were cut from all Epon blocks and stained
with toluidine blue. Epon-embedded tissue was then routinely pro-
cessed for transmission electron microscopy as appropriate.

The total number of photoreceptor nuclei per 0.9-mm retinal
strip were counted at magnification X640 in detached areas of 28
eyes, taking care to include the area of maximum retinal elevation
(vertex area) of the RDs. To indicate the area counted on the spec-
imen, we used a calibrated eye-piece microgrid for the central part
(0.15 mm?) of six fields. To minimize bias, the examiner was
masked as to the duration of RD. Morphologically abnormal pho-
toreceptor nuclei were included, whereas occasional apoptotic
bodies were discarded. Similarly, cells extruded from the outer
nuclear layer into the subretinal space were excluded from the
counts.

Four eyes were used for the detection of apoptosis using the
commercially available ApopTag modification (Oncor, Gaithers-
burg, MD, USA) of the terminal dUTP nick end labeling (TUNEL)
technique [14]. Briefly, sections were cut at 4 um from formalde-
hyde-fixed, paraffin-embedded tissue, deparaffinized and rehy-
drated through graded alcohols. Protein was then digested by
treating the tissue slides with pronase at 37° C for 5 min, where-
after endogenous peroxidase was quenched by 2% hydrogen per-
oxide for 5 min. The ApopTag processing then included the appli-
cation of two drops of an equilibration buffer directly to each
specimen followed by 10-15 s incubation beneath a plastic cover-
slip. After removal of the coverslip, 54 ul of working strength
deoxynucleotidyl transferase was applied directly on each speci-
men, whereafter tissue slides were incubated beneath a plastic
coverslip in a humidified chamber at 37° C for 1 h. Following

removal of the plastic coverslip, each specimen was put in a Coplin
jar containing pre-warmed working strength stop/wash buffer and
incubated for 30 min at 37° C in a humidified chamber. Again, the
coverslips were removed and two drops of anti-dioxygenin peroxi-
dase applied to each specimen. The specimens were then incubat-
ed in a humidified chamber for 30 min at room temperature. Final-
ly, sections were stained with 3-amino-9-ethylcarbazole, counter-
stained with weak hematoxyline and mounted.

Positive controls — formaldehyde-fixed, paraffin-embedded
sections from female rodent mammary gland retrieved 3-5 days
after the weaning of rat pups — were obtained from the manufactur-
er. These tissue slides were then included in the protocol outlined
above. Negative controls were provided by substituting 32 pl of
distilled water for deoxynucleotidyl transferase, as suggested by
the manufacturer and others [19, 23, 34].

The inter-observer reproducibility was assessed using repeated
counts by an independent observer masked to the duration of RD
and the results of the initial observer. The initial observer repeated
the cell counts at a later stage to assess intra-observer reproduci-
bility.

Scatterplots of photoreceptor loss and maximum RD height
over time were arranged and linear regression was performed. The
goodness-of-fit of a linear model for photoreceptor loss over time
was then compared to that of an exponential model using analysis
of variance. To control for inter-eye correlation [31], separate
analyses were made for paired data (28 eyes of 17 rabbits) and for
independent data (17 eyes of 17 rabbits). The level of statistical
significance was set at 0.05. All calculations were computerized,
based on the Complete Statistical System (Statistica), release 3.1
(Statsoft Inc, Tulsa, Okla, USA) and SPSS release 6.0 (SPSS,
Chicago, Ill., USA).

Results

The experimentally induced RD consistently formed a
round bleb of elevated retina distinct delineated from the
attached retina (Fig. 1). Histopathological examination
disclosed that, in the detached retina, the photoreceptor
outer segments were destroyed, the inner segments
severely damaged and the number of receptor cell nuclei
reduced. These morphological features were more pro-
nounced after prolonged RD (Fig. 2), but also varied con-
siderably within each RD.

There was no inflammatory cellular response, and no
macrophages were observed in the neural retina. Pho-
toreceptor nuclei were occasionally extruded from the
outer nuclear layer into the subretinal space. Generally,
however, photoreceptor nuclei disappeared without leav-
ing any remnants or cell necrosis. By light microscopy, a
few apparently single apoptotic bodies were present in
the outer nuclear layer after 4 days of RD. However, de-
oxyribonucleic acid (DNA) nick end labeling disclosed
large numbers of positively staining photoreceptor nu-
clei following 2 days of RD (Fig. 3). Similarly, electron
microscopy revealed photoreceptor cell shrinkage and
condensation of hyperchromatic nuclei, consistent with
apoptosis (Fig. 4).

The receptor cell degeneration was rapid. A signifi-
cant decrease in the number of nuclei was demonstrated
within 2 days after surgery and the number of photore-



Fig. 1 a Photograph of gross specimen showing a circumscribed
retinal detachment (arrows) adjacent to the medullary ray. b Mi-
crophotograph of periphery of retinal detachment featuring a dis-
tinct transition between detached and attached retina

Fig. 2a, b Microphotographs showing vertex of retinal detach-
ment with a 2 days’ and b 7 days’ duration, respectively. Note the
decline in the number of photoreceptor cell nuclei over time

Fig. 3 DNA nick end labeling (ApopTag) of photoreceptor nuclei
in retina detached for 2 days. Numerous nuclei stained with 3-
amino-4-ethylcarbazole (red) indicate the presence of extensive
apoptosis

Fig. 4 Electron micrograph showing shrinkage of photoreceptor
cell with condensation of the hyperchromatic nucleus (asterisk)
consistent with apoptotic cell death. Bar 1 um

ceptor cell nuclei declined gradually over time. After 14
days half of the number of nuclei remained, while at 29
days photoreceptor cell death was very extensive and on-
ly about one tenth of the original number of nuclei were
still discernible (not shown).

The decrease in the number of photoreceptor cell nu-
clei over time appeared almost linear (Fig. 5). Similarly,
analysis of variance showed that the goodness-of-fit of
the linear regression model was satisfactory, the sums of
squares indicating that 76% (3,550,372.7/4,664,993.5)
of the total variation could be explained by the regression
(Table 1). However, when the same data set was entered
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Fig. 5 Linear regression of photoreceptor nuclei per 0.9-mm reti-
nal strip on retinal detachment time. The estimated slope (solid
line) is statistically significant (standard error 3.6; ¢ statistic=9.1;
P<<107%). The 95% confidence interval of the regression line is
inciuded (broken lines)

Table 1 Analysis of variance for linear model of photoreceptor
loss over time (paired data for 28 eyes of 17 rabbits)

Height of retinal detachment in mm

[s] t + ;
0 10 20 30

Days of retinal detachment

Fig. 6 Linear regression of retinal detachment height on retinal
detachment time. The regression line (solid line) is statistically
significant (standard error 0.0069; ¢ statistic=2.2; P=0.034). The
95% confidence interval of the regression line is included (broken
lines)

Table 3 Analysis of variance for linear model of photoreceptor
loss over time (independent data for 17 eyes of 17 rabbits

Source df  Sums Mean squares F P Source df  Sums Mean squares F P

of varijation of squares of variation of squares

Regression 1 3,550,372.7  3,550,372.7 83 <10™® Regression 1 2,087,057.4 2,087,057.4 35 <1074
Residual 26 1,114,620.8 42,870.0 Residual 15 892,751.7 59,516.8

Total 27 4,664,993.5 Total 16 2,979,809.1

Table 2 Analysis of variance for exponential model of photore-
ceptor loss over time (paired data for 28 eyes of 17 rabbits)

Table 4 Analysis of variance for exponential model of photore-
ceptor loss over time (independent data for 17 eyes of 17 rabbits)

Source df  Sums Mean squares F P Source df  Sums Mean squares F P

of variation of squares of variation of squares

Regression 1 18,513,858 18,513,858 155 <107'" Regression 1 11,739,258 11,739,258 72 107°
Residual 26 3,103,265 119,356 Residual 15 2,449,616 163,308

Total 27 21,617,123 Total 16 14,188,874

into an exponential model the sums of squares suggested
that 86% of the total variation could be explained by the
regression (Table 2). Ophthalmic data frequently have a
strong inter-eye correlation [31], and to adjust for any
correlation between fellow eyes, the calculations were
repeated for a set of eyes comprising one randomly se-
lected eye from each of the 17 animals. When using this
unpaired data set, both regression models retained statis-
tical significance. However, the exponential model main-
tained a slightly better goodness-of-fit, accounting for
82% of the total variation, compared to 70% when using
a linear model (Tables 3, 4).

The retinotomy at the medullary ray was almost self-
sealing and there appeared to be little, if any, leakage or
resorption of the highly viscous sodium hyaluronate so-
lution. Correspondingly, the RDs showed only minimal
reduction in height (Fig. 6). While this decline was statis-
tically significant (P=0.034), analysis of variance sug-
gested that only 16% could be attributed to the regres-
sion using a linear model (not shown).

The intra-observer reproducibility of photoreceptor
nuclei counts was satisfactory, showing only minimal
variation. Statistical analysis revealed no significant dif-
ference between two masked counts (Fig. 7). Moreover,
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Fig. 7 Intra-observer reproducibility of photoreceptor nuclei as-
sessments. Observer 1 counted 15 retinal strips of 0.15 mm length
at magnification X640 twice in a masked fashion. The differences
between the two counts are plotted against the mean count. The
graph suggests minimal intra-observer variability. The 95% limit
of agreement (—10.8 to +15.2) as defined by the mean (2.2) +
two standard deviations (SD=6.5) is indicated (broken lines). The
hypothesis of zero bias was formally tested by the two-tailed ¢-test
for paired data (P=0.21), indicating no significant difference be-
tween the two counts
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Fig. 8 Inter-observer reproducibility of photoreceptor nuclei
counts. Observer 1 and observer 2 each counted 15 retinal strips of
0.15 mm length at magnification X640 in a masked fashion. The
differences between the two assessments are plotted against the
mean count of the two observers. The graph suggests no signifi-
cant inter-observer variability. The 95% limit of agreement (—30.0
to +28.4) as defined by the mean (—0.8) + two standard devia-
tions (SD=14.6) is indicated (broken lines). The hypothesis of
zero bias was confirmed by the two-tailed r-test for paired data
(P=0.84), indicating no significant difference between the two
observers

the inter-observer variability was minimal and the differ-
ence did not reach statistical significance (Fig. 8).

Discussion

In this experimental model, using a viscous solution of
sodium hyaluronate to create an RD, there is an almost
linear decay of the number of photoreceptor nuclei over
time; after 4 weeks of RD the reduction of photoreceptor
nuclei was approximately 90%. Most previous data on
experimental RD derive from animal studies. In owl
monkeys (Aotus trivirgatus) degeneration of photorecep-
tor outer segments and the formation of intraretinal cys-
toid spaces were observed within 2 weeks’ duration of
RD [20, 24]. The investigators reported little evidence of
cell death in the outer nuclear layer of the retina before
14 weeks. While experimental studies on RD in rabbits
have indicated severe loss of photoreceptor cells after 4
months [13, 28], a significant decrease of the number of
photoreceptor nuclei was found in the feline retina after
1 month [12]. Our results indicate that the photoreceptor
loss of the rabbit is extensive after only 4 weeks of an RD
with an elevation of only 1.0-1.5 mm.

There may be several explanations for this difference.
It is reasonable to assume that a highly viscous (1.5%)
solution of sodium hyaluronate impairs the convection of
fluid and creates a relative barrier to the diffusion of
several vital substances from the choroid and the retina
pigment epithelium to the neurosensory retina. The dif-
fusion rate of oxygen, nitrogen and glucose, however,
does not seem to be greatly reduced in a solution of sodi-
um hyaluronate [17, 26]. However, the diffusion of large
molecular substances is probably reduced more. In the
opposite direction from the neural retina to the choroid,
the diffusion of lactate [36] may also be critically im-
paired, yielding a low pH in the neural retina. These
effects are likely to aggravate photoreceptor death in this
experimental model as compared to the free diffusion of
substances in the aqueous subretinal fluid.

It has been suggested that the RD height, i.e. the dis-
tance from the detached retina to the retinal pigment
epithelium, will substantially influence photoreceptor
degeneration [24]. Thus, the severity of the degenerative
changes in the neural retina may vary in different experi-
mental models depending upon the configuration of RD.
In the present experimental model the initial RD height
and the size and shape of the RD were well defined and
remained essentially stable throughout the study period
of 4 weeks. This is in striking contrast to some recent
data using diverse fluids to separate the neural retina
from the retinal pigment epithelium. When autologous
aqueous humor, autologous vitreous and autoserum are
injected into the subretinal space, the RD disappears
within 24 h [1]. Similar to our study, other authors have
injected a viscoelastic substance subretinally to create a
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well-circumscribed RD [4, 11, 12], but few data are
available on the shape and size of the bleb after prolonged
detachment. In contrast to these reports, we used a more
viscous solution of sodium hyaluronate (1.5% compared
to 0.5%) to create a stable retinal bleb.

In apoptotic cell death single cells are deleted in the
midst of living tissue [40]. These cells are disposed of
very neatly by a process of specific recognition and
phagocytosis, in contrast to the non-selective events in-
volved in necrotic cell death [37]. Apoptosis originally
was defined by morphological criteria, including cell
volume loss, nuclear condensation and the formation of
apoptotic bodies [18, 41], and later by characteristic
degradation of the DNA to oligonucleosomal fragments
recognizable by agarose gel electrophoresis [3, 27, 29].
Recently, techniques have been introduced whereby the
DNA breaks may be recognized by in situ end labeling
[14, 15, 19, 23, 34, 39]. Apoptotic bodies are usually
seen only for a few hours before phagocytosis [6] , and in
situ end labeling will not just confirm the presence of
DNA fragmentation, but may also identify a larger pro-
portion of cells entering apoptosis. Conceivably, DNA

oligonucleosomal fragmentation may occur in the ab-
sence of apoptosis, and the validity of gel electrophore-
sis for identifying apoptosis has recently been chal-
lenged [10]. Recent findings suggest that in situ nick end
labeling is more sensitive than agarose gel electrophore-
sis in detecting internucleosomal DNA cleavage [35]. It
is currently recommended that the recognition of apopto-
sis should be based both on DNA degradation patterns
and ultrastructural features [10].

Therefore, our present data are based upon a combina-
tion of in situ nick end labeling and electron microscopy
to unequivocally demonstrate the presence of apoptosis.
The apoptotic photoreceptor loss in RD is further sup-
ported by the absence of significant retinal necrosis. The
process of retinal degeneration after RD appears to occur
through the focal and continuous elimination of photore-
ceptor cells, consistent with apoptosis being a major con-
tributor, in accordance with earlier studies [8, 11, 38].
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