Real-Time In Vivo Imaging of Retinal Cell Apoptosis

after Laser Exposure
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Purroste. To investigate whether the detection of apoptosing
retinal cells (DARC) could detect cells undergoing apoptosis in
a laser model of retinal damage.

MEeTHODS. Laser lesions were placed, with the use of a fre-
quency-doubled Nd:YAG laser, on the retina in 34 eyes of
anesthetized Dark Agouti rats. Lesion size and laser-induced
retinal elevation were analyzed using in vivo reflectance
imaging. Development of retinal cell apoptosis was assessed
using intravitreal fluorescence-labeled annexin 5 in vivo with
DARC technology from baseline until 90 minutes after laser
application. Histologic analysis of retinal flat mounts and cross-
sections was performed.

ResuLts. The lateral and anteroposterior depth extension of the
zone of laser damage was significantly larger for higher expo-
sure settings. A strong diffuse signal, concentrated at the outer
retina, was seen with DARC for low exposures (<300 ms and
<300 mW). In comparison, higher exposures (>300 ms and
>300 mW) resulted in detectable hyperfluorescent spots,
mainly at the level of the inner retinal layers. Dose-dependent
effects on spot density and positive correlation of spot density
between lesion size (P < 0.0001) and retinal elevation (P <
0.0001) were demonstrated. Histology confirmed the presence
of apoptosing retinal cells in the inner nuclear and the ganglion
cell layers.

Concrusions. This is the first time that DARC has been used to
determine apoptotic effects in the inner nuclear layer. The
ability to monitor changes spatially and temporally in vivo
promises to be a major advance in the real-time assessment of
retinal diseases and treatment effects. (Invest Opbthalmol Vis
Sci. 2008;49:2773-2780) DOI:10.1167/iovs.07-1335

With the development of the confocal scanning laser oph-
thalmoscope (cSLO), it has become possible to image
large retinal areas with increasing sensitivity, high image con-
trast, and superior level of resolution in the living human and
the living animal eye." This method has also provided a method
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for detecting fundus autofluorescence.”> More recently, the
authors have used the cSLO to identify single apoptosing reti-
nal cells in vivo.? Until now, this technology, which we have
named detection of apoptosing retinal cells (DARC), has been
used to visualize retinal ganglion cell (RGC) apoptosis, with
particular reference to glaucoma and its management.>~>

The process of apoptosis is implicated in disorders through-
out the retina.® Apoptosis occurs in pathologic photoreceptor
cell death in several mouse models of retinal degeneration,
including light-induced injury and in the presence of mutations
in the retinal degeneration (rd), retinal degeneration slow/
peripherin (rds), and rhodopsin genes.””'* Apoptosis has also
been shown in human blinding retinal diseases such as retinitis
pigmentosa, age-related macular degeneration, pathologic my-
opia, diabetic retinopathy, and retinal detachment.'*”'” In
these diseases, apoptotic cells may occur in multiple retinal
layers, including the RGC, inner nuclear, photoreceptor, and
retinal pigment epithelium cell layers and the inner cho-
roid‘lS—Z()

One of the most accessible models of retinal damage is that
generated by acute exposure of laser irradiation. Its application
also represents one of the most important and widely used
methods for the treatment of blinding eye diseases. Laser-
induced retinal damage can be caused by ionization or plasma
formation, thermoacoustic or mechanical transients, heat, pho-
tochemical processes, and photoablation (for a review, see
Marshall*"). These effects depend on several factors, including
wavelength, pulse duration, exposure time, and laser power.
Because these parameters can be standardized and easily ad-
justed in the experimental setting, in vivo laser radiation rep-
resents a simple and titratable model in which to study the
deleterious effects of acute damage on the retina.

Characteristics of laser-induced retinal damage have been
extensively studied histologically.?*">° Laser exposure has
been reported to produce apoptosis in kangaroo kidney epi-
thelium and retinal pigment epithelium cell cultures.>**>" The
development of retinal apoptosis by exposure to high light
levels in the animal model has been well established in vitro.>?
In these models, it appears that photoreceptor apoptosis is
mediated by rhodopsin and is wavelength dependent.'"3?
More recently, Matsubara et al.>* have shown histologic apo-
ptotic changes in choroidal neovascularization induced by pho-
todynamic therapy. Methods relying on postmortem analysis
do not enable effects to be monitored in real time, and it is still
unknown how much alteration of intrinsic activity occurs as a
result of tissue fixation and processing. Visualization of real-
time in vivo apoptosis in the living eye or detailed analysis of
apoptotic processes in vivo has not previously been possible.

A widely used apoptosis marker is the protein annexin 5.3°
In the presence of Ca®>", this molecule has a high affinity for
phosphatidylserine, an anionic phospholipoid that is enriched
in the inner leaflet of plasma membranes. In the early devel-
opment stages of apoptosis, annexin 5 is externalized from the
inner to the outer cell membrane, before DNA fragmentation
and nuclear condensation occur. Using radiologic and fluores-
cent techniques, annexin 5 has been shown to be effective in
the identification of apoptosis in vivo and in vitro.>3>~%°
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In this study, we investigated real-time in vivo retinal apo-
ptosis after laser radiation using the DARC technique with
fluorescence-labeled annexin 5.

MATERIALS AND METHODS

Animals

All procedures were approved by the United Kingdom Home Office
and complied with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Thirty-four adult male Dark Agouti
rats, each weighing 200 to 250 g, were anesthetized by intraperitoneal
injections of ketamine (37.5%)/medetomidine hydrochloride (25%;
Domitor; Pfizer Animal Health, Exton, PA) solution (0.75 mL ketamine,
0.5 mL medetomidine hydrochloride, and 0.75 mL sterile water) at 0.2
mL/100 g. Pupils were dilated with 2.5% phenylephrine hydrochloride
and 1.0% tropicamide (Chauvin Pharmaceuticals Ltd., Surrey, UK). For
this study, human recombinant annexin 5 was labeled with infrared
imaging reagent (IRDye; LI-COR Biosciences, Lincoln, NE; 800CW;
absolute maximum, 774; emission maximum, 789) according to man-
ufacturer’s instructions and delivered by way of the intravitreal route,
as described previously.?~>%1

Laser Exposure

One hour after injection of annexin 5, laser lesions were focused on
the retina with a green, frequency-doubled, solid-state Nd:YAG laser at
A = 532 nm (RIS Medical OcuLight GL, Carlton Ltd., Buckingham-
shire, UK). An indirect ophthalmoscope and a 20-diopter (D) lens were
applied to visualize the aiming beam. The spot size, which encom-
passed roughly 1 to 2 disc areas (DAs), was not changed during the
study. Visible lesions were observed with all laser settings used. Care
was taken to ensure laser lesions were clearly separated so that borders
did not overlap or coalesce. Exposure time and laser power were
varied from 100 ms and 100 mW to 500 ms and 500 mW, respectively.
Animals were imaged at baseline and immediately after laser applica-
tion.

In Vivo Imaging

All in vivo imaging was carried out using our recently described DARC
technique with a modified ¢cSLO (Heidelberg Retina Angiograph 2,
Heidelberg Engineering, Dossenheim, Germany). The standard lens
(15° X 15°-30° X 30°) and the wide-field lens (55°; all degree values
calibrated for the human eye) were used.>%%! Reflectance and corre-
sponding fluorescence images with different focus settings were taken
of the rat retina. Because of the confocal optics, this approach allows
the acquisition of sectional scans through the rat retina for investiga-
tion of the depth location of the detected fluorescence signal.i>%3
Although the depth resolution is limited, the nerve fiber layer is
distinguishable from the inner and outer retinal layers. To improve the
signal-to-noise ratio and to enhance image contrast, the mean image
out of a series of single images (up to 100) was calculated after
correction of eye movements.

Image Analysis

With image analysis software, the individual pixel distribution of each
image was optimized by changing image contrast and brightness
(Adobe Photoshop 7.0; Adobe Systems Inc., Mountain View, CA). The
area of laser burns was measured by manually outlining the borders of
each lesion at the outer retina with the mouse-driven arrow on the
reflectance images. In addition, the optic disc for each eye was out-
lined, and lesion areas were subsequently calculated in disc area. In the
rat eye, 1 DA roughly corresponds to 0.041 mm?, assuming a lateral
pixel resolution of 1.15 wm/pixel.*! Each focal plane of the cSLO is
defined by the diopter units of the focus settings. To investigate retinal
elevation after treatment, the relative anteroposterior depth extension
of damage was quantified by the differences of diopter units between
the scans at the level of the nerve fiber layer and the outer retina
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(retinal pigment epithelium/photoreceptor complex) at the center of
the laser burn. According to Hughes, the axial length in Dark Agouti
rats is 6.3 mm compared with approximately 24 mm in a human eye. 4
An estimation of 1 D in a rat eye would be roughly 20 wm. This
approximation would be consistent with the comparison of retinal
thickness between cSLO in vivo imaging and confocal microscopy on
postmortem cross-sections (taking 10% shrinkage into account) over
nonexposed retinal areas in this study. The number of apoptotic cells
labeled by annexin 5 was counted on the fluorescence scans. The
amount of apoptosis was analyzed by spot density per DA (number per
lesion size area).

Histologic Analysis

After laser exposure and subsequent cSLO imaging for up to 90 min-
utes, animals were killed and eyes were immediately enucleated. Eyes
were fixed in 4% paraformaldehyde overnight and processed for either
retinal flat mounts or cryostat cross-section analysis. For the latter, eyes
were cryoprotected with 30% sucrose solution (in 0.1 M PBS), embed-
ded in OCT compound (Tissue-Tek; Sakura Finetek, Tokyo, Japan), and
frozen in acetone solution. The frozen blocks were then cut into
sections 20 wm thick and were stained with 4,6-diamidino-2-phenylin-
dole (DAPI, 1:2500; Sigma-Aldrich, St. Louis, MO) for assessment of
nuclei and identification of retinal layers. For flat mounts, eyes were
dissected at the equator, and the lens and vitreous were removed. Flat
retinas were obtained and mounted in glycerol/PBS solution. Cross-
sections and flat mounts were assessed by using a confocal laser
scanning microscope (LSM 510 UV; Zeiss, Thornwood, NY) with LSM
software.

Furthermore, two eyes were fixed with 3% glutaraldehyde and 1%
paraformaldehyde in 0.08 M sodium cacodylate-HCI buffer (pH 7.4),
rinsed three times in PBS, and immersed in 1% aqueous osmium
tetroxide solution for 2 hours at room temperature. Tissue was then
rinsed in distilled water (three times), dehydrated by 15-minute incu-
bations in 50%, 70%, and 90% 3 X 100% ethanol, 2 X 20-minute
changes of propylene oxide, and left overnight in a 1:1 mixture of
propylene oxide/araldite to infiltrate. This was changed for full resin
and left on a rotator for 6 hours before embedding and overnight
polymerization at 60°C. Semithin sections for examination by light
microscopy were cut using a Leica (Wetzlar, Germany) ultracut S
microtome and diamond knife, stained with a mixture of 1% borax and
1% toluidine blue in 50% ethanol at 60°C, dried, and mounted in
xylene. Ultrathin sections were cut at 70 nm thickness, stained with
lead citrate, and viewed under a transmission electron microscope
(JEOL 1010; JEOL, Tokyo, Japan) operating at 80 kV. Images were
recorded onto film (4489 EM; Eastman Kodak, Rochester, NY) and later
digitized with a flat bed scanner (DuoScan T2500; Agfa, Brentford,
Middlesex, UK). All stains and resins were supplied by Agar Scientific
Ltd. (Stansted Essex, UK).

Statistical Analysis

Statistical analyses included frequency and descriptive statistics. Three
energy settings were used for comparison of laser exposure effects:
100 ms and 100 mW, 300 ms and 300 mW, 500 ms and 500 mW. The
Kruskal-Wallis test was used for statistical analysis between treatments
(SPSS 11.0; SPSS, Chicago, IL). Mean results and 95% confidence inter-
vals were displayed graphically. The relation between the spot density
and the lateral and anteroposterior extensions of damage was investi-
gated using the Spearman rank correlation coefficient (p). P < 0.05
was considered statistically significant.

RESULTS

Placement of Laser Lesions

Five to six laser lesions were placed around the disc (Fig. 1).
For all exposure settings, in vivo reflectance imaging showed
sharply demarcated, circular lesions with rapid enlargement
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FIGURE 1.
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Placement of laser lesions in rat eye. (A) Baseline reflectance image before laser exposure

is focused at the level of the nerve fiber layer. Normal central retina is visualized. (B) Five to six laser
lesions were placed around the disc. Reflectance imaging immediately after laser exposure shows five
laser burns. (C) Schematic drawing illustrates the different exposure settings. Note the larger lesion
size and the marked development of a blister for the burns with higher exposures (B, C).

and swelling at the borders. Depending on the intensity set-
tings, different retinal damage characteristics were observed at
the site of the laser burn immediately after treatment. Charac-
teristically, at low settings (100 ms and 100 mW), mild whit-
ening and discoloration were observed, and at higher settings
lesions appeared more creamy and chalky white. At the highest
settings (500 ms and 500 mW), the rapid development of a
blister in the center of the laser burn was usually observed at
the end of the application. However, no subretinal hemor-
rhages were observed in any type of laser burn.

In Vivo Imaging and Spatial Assessment of
Retinal Damage on the Effects of Different Levels
of Laser Exposure

For all levels of laser exposure, the area of the laser burns was
greatest and most pronounced in the outer retina in the reflec-
tance images (Fig. 2). Overall, the median lesion size at the
outer retina was 4.0 DA (interquartile range [IQR], 2.9-7.2).
The median anteroposterior extension of damage was 18.0 D
(IQR, 14.3-24.0) compared with a median retinal thickness of
13.2 D dQR, 11.2-15.0) before laser application. A dose-de-

FIGURE 2. In vivo imaging on the ef-
fects of different levels of laser expo-
sure. Reflectance imaging (confocal
plane: A, E, I, inner retina; C, G, K,
outer retina) shows that the size of the
laser lesions is dose dependent and
that the lateral extension of damage is
larger at the outer retina. Fluorescence
imaging (corresponding focal planes
to the reflectance images: B, F, J, inner
retina; D, H, L, outer retina) visualizes
distribution and uptake of fluores-
cence-labeled annexin 5. Within the
burn produced with the lowest set-
tings (100 ms and 100 mW; A-D, top
row), an intense diffuse hyperfluores-
cence is detected. Confocal imaging
suggests that this signal is mainly de-
rived from the outer retina (D). Laser
intensities at 300 ms and 300 mW
(E-H) produce diffuse hyperfluores-
cence at the edges of the lesion at the
level of the outer retina (H) and a few
spots inside and near the lesion at the
level of in the inner retina (F). Increas-
ing the power and exposure time (500
ms and 500 mW, I-L) reveals many hy-
perfluorescent spots, concentrated in
the middle of the lesion, that are visual-
ized in the presence of blister forma-
tion at the level of the inner retina (J).
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pendent correlation of the spatial extension of the zone of
damage was observed (Fig. 3). The lesion size area for the
group with low energy settings (100 ms and 100 mW) was
always less than 1 DA, and no retinal elevation compared with
baseline was detectable (P = 0.52). Laser lesions produced
with higher settings (300 ms and 300 mW) were significantly
larger (P = 0.004) and showed increased retinal thickness (P =
0.000). Blister formation with even more lateral (P = 0.008)
and anteroposterior (P = 0.014) extension of damage was seen
for the highest settings (500 ms and 500 mW).

In Vivo Imaging and Assessment of Cell
Apoptosis for Different Laser Exposures

Fluorescence scans revealed dose-dependent effects on the
spatial distribution and uptake of fluorescence-labeled annexin
5 (Fig. 2). Low settings (= 200 ms and = 200 mW) produced
diffuse hyperfluorescence at the site of the laser lesion. This
strong signal of the label was concentrated at the outer retina.
However, no distinct apoptosing spots were observed. Energy
settings of 300 ms and 300 mW produced diffuse hyperfluo-
rescence at the edges of the lesion, at the level of the outer

Outer retina



2776  Schmitz-Valckenberg et al.

. [
3
£
£ 2
= P=0.004
85
Wi
c
£a
o
= 3
o
w2
-

1

0

100 + 100 300 + 300 500 + 500
A B Laser exposure [in ms + mW)

C

Anteroposterior
depth extension (inD)

IOVS, June 2008, Vol. 49, No. 6

FIGURE 3. Spatial assessment of ret-
inal damage and the effects of differ-
ent levels of laser exposure. (A) The
extent of laser damage was defined
by two parameters. The lateral exten-
sion was assessed at the level of the
outer retina, where it was measured
in DA. The relative anteroposterior
depth extension was quantified by
the differences in diopter units be-
tween scans of the inner retina and
outer retina. (B, C) A dose-depen-
dent correlation of the spatial exten-
sion of the zone of damage was ob-
served. The lesion size area for the
group with low-energy settings (100

P 0014
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ms and 100 mW) was always less than 1 DA, and no significant retinal elevation compared with baseline was detectable (P = 0.52). Laser lesions
produced with higher settings (300 ms and 300 mW) were significantly larger (P = 0.004) and showed increased retinal thickness (P = 0.0006).
Blister formation with even more lateral (P = 0.008) and anteroposterior depth (P = 0.014) extension of damage was seen for the highest settings

(500 ms and 500 mW).

retina. Few spots inside and near the lesion at the level of the
inner retina were observed within 20 minutes after laser appli-
cation. The highest exposure levels (500 ms and 500 mW)
showed many hyperfluorescent spots. Their density was typi-
cally found to be highest at the center of the lesion and at the
level of the inner retina. Some spots were also seen at the
edges or in the direct vicinity of the lesions.

Approximately 1 hour after laser exposure, spot density at
the inner retina was significantly higher for the 500-ms and
500-mW group (median, 12.1 per DA) compared with the
300-ms and 300-mW group (1.66 per DA; P = 0.007; Fig. 4.
‘When lateral and anteroposterior depth assessments of damage
were plotted against the spot density, a positive correlation for
higher spot density in lesions with larger lesion areas (P <
0.0001; p = 0.75) and with more pronounced retinal elevation
(P < 0.0001; p = 0.77) was observed.

In Vivo Analysis of Blister Lesion

Confocal live scanning through lesions with blister formation
at 500 ms and 500 mW allowed more detailed assessment of
spot location (Fig. 5). At the most anterior parts of these
lesions, where the RGC layer is located, only a few hyperfluo-
rescent spots were detected. In fact, most discrete spots were
located slightly more deeply; maximum apoptotic cell number
was seen at the level at which the inner nuclear retina would
be assumed. Subsequent scans of more posterior planes at the
outer retina showed a fading fluorescence signal with no dis-
crete spots visible.

Histologic Assessment of Retinal Damage
and Apoptosis

Confocal Histologic Analysis of Whole Retina. Through
an approach similar to in vivo confocal analysis, retinal flat
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mounts were assessed with the use of confocal scanning laser
fluorescence microscopy (Fig. 6). Imaging of all laser burns
revealed sharply demarcated circular zones of damage. At the
outer retinal layers, massive tissue destruction and diffuse sig-
nals with no visible anatomic details, including hyperfluores-
cent spots, were detected inside the burns. However, lesions
with high exposure settings showed hyperfluorescent spots at
the level of the inner retina of the specimen. Spots were most
numerous at the center, and spot density appeared to be
highest at the level of the inner nuclear layer. Markedly fewer
spots were seen at the RGC layer. These results were consis-
tent with those of the in vivo study.

Morphologic Cross-Sectional Analysis with Light and
Electron Microscopy. Cross-sectional analysis with the use of
light and transmission electron microscopy showed character-
istic structural changes at the site of the laser lesions (Fig. 7).
For low settings, damage was confined to the outer retina, with
photoreceptor displacement, disruption of outer segments,
and necrotic and vacuolar debris inside the retinal pigment
epithelial cells. Bruch membrane appeared to be intact. For
high-energy burns, zones of damage were larger, and damage
extended to both the choriocapillaris and the more inner
retinal layers. Extensive disruption and vacuolization of the
retinal pigment epithelium and choriocapillaris were present.
In the middle of lesions with maximum exposure parameters,
distortion of photoreceptor outer segments with elevation to-
ward the vitreous, disruption of the inner nuclear layer with
pyknotic nuclei, abnormal distribution of heterochromatin,
local swelling of the cytoplasm, and organelle loss were seen.
The edges showed folding of photoreceptor and inner nuclear
layers. These structural changes were consistent with the for-
mation of a blister after laser radiation.*®*°

20 FIGURE 4. Assessment of retinal cell

apoptosis for different laser expo-

g = 2 sures in vivo. (A) No retinal cell ap-
‘g“ S optosis inside the laser burn was ob-
2 ’ served for 100 mW and 100 ms. For
£ . . the other two energy groups, the
£ . density of spots per DA (number of
E» 10 spots per disc area) was significantly
g . higher in the 500 ms and 500 mW
v 3 224 group than in the 300 ms and 300
. of . mW group (see also Fig. 2). (B, C)
- For each lesion, both the lateral and
10 20 in 40 . .
% e b the anteroposterior extension of

damage were plotted against the spot

density. The two graphs show a positive correlation for higher spot density in lesions with larger lesion size and with more pronounced retinal
elevation. These findings were statistically significant (Spearman rank coefficient; each P < 0.0001).
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FIGURE 5. In vivo analysis of blister lesion. This sequence of five reflectance images (upper line) with corresponding fluorescence (lower line)
images illustrates sectional scans through a laser blister (500 ms and 500 mW). Scanning from the outer retina (far left) toward the vitreous to the
anterior part of the lesion (far right), the reflectance mode reveals a circular, well-demarcated zone of damage with surrounding edema. The
fluorescence mode shows mild intensity at the outer retina, whereas hyperfluorescent spots are imaged at the more inner retinal layers. The density
of these spots appears to be highest at the inner retina, at the level below the ganglion cell layers and most probably at the inner nuclear layer.

Cross-Section Analysis of Retinal Apoptosis. Cross-sec-
tion histologic analysis using the cryostat technique allowed
for better depth resolution of retinal cell apoptosis within the
laser lesions (Fig. 8). Few marked hyperfluorescent spots were
observed at the superficial retina corresponding to RGCs, and
most spots were seen at the level of the inner nuclear layer
showing nuclei colocalization. The photoreceptor nuclei layer
did not show any annexin 5-positive staining.

Di1scUSSION

This is the first time, to our knowledge, that laser-induced
retinal cell apoptosis in the inner nuclear layer has been dem-
onstrated in vivo. Until now, the DARC technique has been
only used to investigate RGC apoptosis. In addition, our study
clearly showed that it is possible to quantify dose-dependent
effects on both the development of apoptosing cells in vivo
and the spatial extent of retinal damage.

Our demonstration of apoptosis within 20 minutes of laser
application supports the view that annexin 5 is a marker of
early apoptosis, detecting cell death significantly earlier than
other methods.*>*> Our observations are also in accordance

outer retinag ——oos—

with a recent report by Matsubara et al.,> who demonstrated
the presence of apoptotic cells after the first hour of photody-
namic therapy in a laser-induced CNV rat model. Apoptosis in
their study was identified immunohistochemically with the use
of TUNEL assay and caspase activation markers. Previous stud-
ies using the DARC technique have confirmed histologically
that annexin 5-positive cells show double-labeling with anti-
caspase-3.227%? In this study, in vivo apoptosis imaging was
limited to 90 minutes after laser application. We observed a
slight increase in hyperfluorescent spots over time in a few
laser burns. However, because of time-consuming imaging of
several laser burns and imaging of different layers, no system-
atic analysis or quantification of changes in spot numbers
within the observation period was possible and would have
extended beyond the scope of the study. In comparison with
histologic analysis, the DARC technique offers the possibility of
investigating cellular changes as they occur, in real-time and in
the same animal over a period of hours, days, weeks, or even
longer. This has implications not only with regard to the
number of animals required but also with respect to the assess-
ment of apoptotic processes and treatment efficacy.

Inner retina

FIGURE 6. Confocal histologic analysis of whole retina. Confocal histologic analysis of whole retina of a blister lesion (exposure settings: 500 ms
and 500 mW) reveals massive destruction and loss of anatomic details with mildly diffuse hyperfluorescence at the outer retina. Hyperfluorescent
spots are visualized at the level of the inner retina. The number of spots is highest in the middle of the lesion and at the inner nuclear layer. Markedly
fewer spots are seen at the ganglion cell layers. These results were consistent with the in vivo imaging analysis.
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FIGURE 7. Morphologic  cross-sec-
tional analysis with light and electron
microscopy. Representative cross-
sections through laser lesion (500 ms
and 500 mW) with light and trans-
mission electron microscopy. (A)
Semithin section (3 wm in thickness)
through the laser burn reveals the
formation of a blister. Elevation of
the photoreceptor outer segments
(POS), separation of the outer nu-
clear layer (ONL), and disruption of
the inner nuclear layer (INL) are ob-
served. No pronounced damage is
visible at the level of the retinal gan-
glion cell (RGCL). At the edge of the
burn (far left, arrowhbead), folding
of the photoreceptor outer segment
layer is present. Scale bar, 50 um. (B)
Electron transmission microscopy

photographs (X2500; *approximate location) show structural changes consistent with apoptosis, including pyknotic nuclei (arrowbead) with
abnormal distribution of heterochromatin, local swelling of the cytoplasm, and organelle loss in the INL. (C) Electron microscopy (x) shows
disruption and vacuolization at the retinal pigment epithelium and choriocapillaris level. Bruch membrane (arrowbead) appears to be intact.

Our funduscopic and histopathologic observations of struc-
tural changes after laser exposure are in keeping with previous
reports evaluating the effects of laser irradiation, including the
primary site of damage and dose-dependent involvement of
different retinal layers.*®~>° We have confirmed that the appli-
cation of the minimal laser energy required for producing a
visible lesion correlated with histologic retinal damage limited
to the outer retina and choroid with intact Bruch membrane.
Higher settings were associated with retinal elevation and
involvement of more inner retinal structures, extending to the
RGC layer. Retinal disruption and blister formation are known
to occur with high laser intensities and have been previously
shown to be more common with the frequency-doubled Nd:
YAG laser than with the argon laser.*® These structural changes
after laser radiation are thought to be induced by acoustic or
thermo-mechanical shock waves rather than simple thermal
effects.”!>2

Different interactions between the laser light and the retina
could explain the phenomena observed in this study. We
believe that localized damage and no visible retinal elevation
associated with low-energy settings were produced mainly by
thermal melting and acute necrotic effects. Acute damage with

FIGURE 8. Cross-sectional analysis of retinal apoptosis. Cryostat cross-
sectioning through a histologic laser lesion (energy setting: 500 ms and
500 mW) and overlay with DAPI allows for localization of annexin
5-positive spots mainly at the inner nuclear layer (INL) (blue, DAPI;
red, fluorescence-labeled annexin 5). Few spots are present at the
ganglion cell layer (RGCL). High magnification of the inner nuclear
layers (inset) shows colocalization of annexin 5-positive spots (red)
with cell nuclei (blue). Scale bar, 50 wm.

photoreceptor disruption and exposure of cellular debris in
the outer retina, including the inner lipid membranes contain-
ing phosphatidylserine, might have led to pooling of annexin 5,
as identified in in vivo images by markedly diffuse fluorescence
at the outer retina (Fig. 2). This could explain why, during
tissue processing, this (pooled) annexin 5 would have been
washed out and not detectable histologically. Washing out of
material during processing is thought to be responsible for
differences between in vivo and histologic observations in
other retinal conditions, such as the absence of yellow vitelli-
form material in histologic sections through “egg yolk” lesions
seen on funduscopy in patients with Best disease.’® The elu-
tion of material in Best disease is supported by an observation
made by Eckardt et al.>' during macular translocation on a
patient with adult vitelliform macula dystrophy. While sur-
gically removing the vitelliform lesion en bloc, they noticed
that the yellow vitelliform material was washed out during
processing.

With increasing exposure time and laser power, acute ret-
inal damage appeared to involve more inner retinal layers with
tissue disruption and blister formation. At the outer retina,
these high energies might have resulted in coagulative necro-
sis, thus fixing the cellular membranes of the photoreceptors
in place so that they could not react with annexin 5. The
reduced energy at the edge of the lesion might have resulted in
less damage, similar to that at the center of burns with 100 ms
and 100 mW, manifesting as a hyperfluorescent ring in vivo
and no histopathologic correlate because of washout phenom-
ena. By contrast, in the inner retina, no massive destruction
was seen, but structural changes consistent with apoptotic
processes were. This explains why it was possible to identify
apoptosis at this level, as supported by the observation of
hyperfluorescent spots at the inner retina, but suggests that a
different mode of damage was responsible for the different
effects. This is consistent with the assumption that the damage
induced at the inner retina with higher laser settings is caused
by thermoacoustic or mechanical, as opposed to thermal, tran-
sients. Additional mechanisms may also include (at least tran-
siently) ischemia of the inner retina.

In one previous report on the effects of laser irradiation on
apoptosis in retinal pigment epithelial cell cultures, Barak et
al.>* reported massive destruction at the center of the laser
burn and the occurrence of apoptosis at the periphery of the
lesion. These results would be in accordance with the devel-
opment of massive necrosis in the middle of the laser burn at
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the outer retina and the development of apoptosis further
away from the primary site of damage in the present study.

We did not observe photoreceptor apoptosis in our study.
Photochemical reactions are thought to be responsible for
photoreceptor apoptosis in several lightinduced models.>> It
can be assumed that acute, intense laser exposure resulted in
the necrosis and cell death of photoreceptors before any pho-
tochemical reactions could have developed. We suggest more
appropriate models with reduced light intensity and longer
exposure times would be required to investigate whether
DARC can visualize real-time in vivo apoptosis in photorecep-
tors.

The observation of cell apoptosis with high exposure set-
tings also confirms current clinical guidelines. Regardless of
the desired treatment effect, retinal elevation and blister for-
mation are indicative of laser overexposure and are considered
early markers of laser-induced subretinal hemorrhage.*” The
development of apoptosis in the inner nuclear and RGC layers
would be an additional reason to decrease intensity settings
before further application of laser burns. Our results also dem-
onstrate that the extension of the visible laser lesion size may
be correlated with the amount of apoptosing cells. This finding
underscores the importance of carefully controlling lesion size
during retinal laser application.

In summary, we could observe individual apoptosing spots
after suprathreshold laser exposure in vivo using DARC and
histologic examination. These observations are suggestive of
ongoing retinal cell death, mainly in the inner nuclear layer.
DARC has previously been used to delineate RGC changes.
This is the first time this technique has been used to determine
effects on other retinal cells. Our study demonstrated that
DARC may be used to image real-time retinal cell apoptosis
after laser damage. The ability to monitor changes as they
occur and longitudinally as they progress promises to be a
major advance in the real-time assessment of retinal diseases
and treatment effects.
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