Response of the Retinal Pigment Epithelium
to Selective Photocoagulation
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¢ Multiple short argon laser pulses can
coagulate the retinal pigment epithelium
selectively, while sparing the adjacent
neural retina and choroid; in contrast,
continuous-wave laser irradiation typi-
cally damages the neural retina and chor-
oid. The healing response to selective
photocoagulation of the retinal pigment
epithelium was studied in rabbits during a
period of 4 weeks. The lesions were never
visible ophthalmoscopically. During the
healing period, the epithelium was re-
formed by a single sheet of hypertrophic
retinal pigment epithelial cells. In contrast
to continuous-wave photocoagulation,
only minimal inflammatory response was
found. Retinal pigment epithelial cells
showed clear signs of viability, eg, phago-
cytized outer segments. The local edema
in the photoreceptor layer and subretinal
space found in the early stage disap-
peared when the blood-retinal barrier was
reestablished. The choriocapillaris re-
mained unaffected. No subsequent dam-
age to the photoreceptors was found. This
type of photocoagulation may be useful
for retinal pigment epithelium-related dis-
eases, eq, diffuse diabetic macularedema.

(Arch Ophthalmol. 1992;110:1786-1792)

The coagulative effect of laser light on

retinal tissue is exploited therapeu-
tically in the field of ophthalmology. De-
spite its widespread clinical use, the
mechanism by which laser photocoagula-
tion prevents visual logs from prolifera-
tive vitreoretinopathies or macular
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edema is not completely understood. The
therapeutic benefit of retinal photocoag-
ulation is often not caused by the imme-
diate laser burn but by the secondary tis-
sue response induced by the initial pho-
tocoagulation. In proliferative diabetic
retinopathy, either the removal of the
oxygen-consuming photoreceptors and
the replacement by a low-oxygen-
consumning glial scar! or the regeneration
of the retinal pigment epithelium (RPE)
causes the therapeutic effect.” The obser-
vationthat RPE cellsreleaseinhibitors of
neovascularization in vitro suggests that
these cells may play an important role in
the regulation of intraocular and choroi-
dal neovaseularization in vivo.® In central
serous retinopathy and in diffuse macular
edema, the restoration of the pigment ep-
ithelial barrier is thought to be stimulat-
ed®® and to lead to the therapeutic effect.

Approximately 50% of the incident
514-nm light delivered by laser irradia-
tion is absorbed in the RPE.S If pulse
durations of 100 milliseconds or more
are used, heat dissipates out of the RPE
during and after the irradiation and
causes damage to the adjacent choroid
and neural retina. The heat flux out of
the RPE is negligible if very short pulse
durations are used. The upper limit of
the pulse duration for a selective effect
of the RPE can be estimated by the
thermal relaxation time of the RPE,
which is on the order of a few
microseconds.™ For short pulses, how-
ever, high temperatures are necessary
to produce a similar thermal effect as
with long pulses. Thermomechanical
mechanisms, such ag explogive effects,
increasingly compete with pure ther-
mally mediated effects and are clinically
intolerable. To avoid the high peak
temperatures necessary with a single
short pulse, multiple pulses with sub-
threshold energies are applied, and a
given number of pulses should compen-
sate for the lower pulse energy.

Our objective was to develop a proce-
dure to coagulate selectively the RPE
while sparing the directly adjacent neural
retina and choroid. The healing response
of these selective RPE lesions was mon-
itored during a period of 4 weeks.
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The secondary tissue response of the
RPE to continuous-wave (CW) laser
irradiation has been investigated
previously.®'"® All of these investiga-
tions studied the tissue response when
the photoreceptors, the choriocapillaris,
and the RPE had been thermally dam-
aged simultaneously. In this study, only
the RPE underwent selective photoco-
agulation, and the surrounding tissues
were spared.

MATERIALS AND METHODS
Laser System

A 20-W (multiline) CW argon laser (Innova
100, Coherent, Palo Alto, Calif) was used at a
514-nm wavelength. The argon beam was
modulated externally with an acousto-optical
modulator (DLM-40-V-7, Andersen Labora-
tories, Bloomfield, Conn). It was possible to
produce any pulse duration, from 500 nanosec-
onds up to continuousirradiation, and any rep-
etition rate, up to several kilohertz; any num-
ber of pulses could be delivered. The modu-
lated beam was focused into an 80-um fiber
(numerical aperture 0.1) and delivered to a
clinically used ophthalmie slit lamp (30 SL-M,
Zeiss, Oberkochen, Germany) that had been
developed for laser delivery. The laser heam
was focused into rabbit eyes. A helium-neon
laser beam was coupled into the slit lamp for
aiming. The spot size (defined as the distance
across the center of the beam, for which the
irradiance equals 1/e® of the maximum irradi-
ance) was 170 pm in air, as measured with a
photodiode array before irvadiation. Detailed
caleulations show that the use of a plano con-
eave contact lens in eycloplegic emmetropic
rabbit eyes translates the laser foeus of
170 pum into a retinal spot size of 110 pm."

Laser Photocoagulation

Chinchilla gray rabbits were used because
the density and location of light-absorbing
pigments in the fundus are rather uniform
and are similar to that of the human eye.® The
animals were anesthetized with ketamine hy-
drochloride (35 mg/kg of body weight) and
xylazine hydrochloride (6 mg/kg of body
weight). The treatment of experimental an-
imals in this study was in compliance with the
Association for Research in Vision and Oph-
thalmology Resolution on the Use of Animals
in Research.

To achieve selective RPE damage with
multiple pulses, the pulse energy was de-
creased below the single-pulse threshold en-
ergy, and many pulses were used to com-
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pensate for the lower pulse energy. The
number of pulses necessary to damage the
RPE was evaluated as a function of the pulse
energy. Two end points for damage were
chosen: the ophthalmoscopic and the fluores-
cein angiographic visibility of the lesion.
Pulses with a duration of 5 microseconds
were used at a repetition rate of 500 Hz at
514 nm. The number of pulses included 1, 25,
100, and 500. The pulse energy varied from
2 uJ to 10 pJ, limited by the maximum power
of the CW laser. As a control, CW exposures
were performed at 514 nm with exposure
times of 50, 100, and 500 milliseconds and 1
second. Threshold curves were made for an-
giographically and ophthalmoscopically visi-
ble damage for all CW irradiations.

Approximately 400 CW and 800 pulsed irra-
diations were performed in theregio macularis
of 40 eyes of 25 rabbits, and statistical analysis
was performed 2 hours after exposure.

To study the healing response of the RPE
after selective photocoagulation, the retinas
of 18 additional chinchilla rabbits were ex-
posed to repetitive pulsed photocoagulation.
The exposure variables were as follows: the
pulse duration was 5 microseconds, the rep-
etition rate was 500 Hz, the total number of
pulses delivered was 100, and the single-
pulse energies were either 3 or 6 pJ. The le-
sions were applied to the regio macularis in
a cluster of typically 50 to 100 lesions in an
avea of 1X2 mm for each energy. A typical
irradiation pattern is shown in Fig 1.

Fundus Evaluation and Morphologic
Study

Characteristics of the lesion were re-
corded by fundus photography and standard
fluorescein angiography by injection of 10%
fluorescein sodium into the ear vein at
2 hours, 1 day, 2 days, 4 days, 2 weeks, and

= T T

4 weeks. The animals were killed with an
overdose of phenobarbital sodium, and the
eyes were studied histologically 2 hours
(n=6), 1 day (n=5), 3 days (n=3), 14 days
(n=3), and 28 days (n=1) after exposure. The
eyes were removed before the rabbits were
killed, and step sections were examined by
light microscopy and electron microscopy.
Pathologic examination included 150 lesions
hy light microscopy, 36 lesions by transmis-
sion electron microscopy, and 41 lesions by
seanning electron microscopy.

For light microscopy and transmission
electron microscopy, the tissue was pre-
pared by immersion fixation in 4% glutaral-
dehyde in 0.1 mol/L of cacodylate buffer,
with removal of the anterior parts within 15
minutes. The eyes were fixed for 12 to 24
hours in the cold, trimmed to block size after
9205, osmium fixation, dehydrated in ethanol,
and embedded in epoxy resin (Epon). One-
micron sections were stained with toluidine
blue, and ultrathin sections were stained
with uranyl acetate and Sato’s lead stain. For
scanning electron microscopic studies, the
eyes remained onice for 1 hour after enucle-
ation and then were briefly fixed in 1% glu-
taraldehyde in 0.1 mol/L of cacodylate buffer.
The neural retina was carefully removed. A
second fixation in 4% glutaraldehyde in
0.1 mol/L of cacodylate buffer was followed
by dehydration in a series of graded etha-
nols, and then the pieces of retina were pre-
pared in a critical-point drier with the use of
liquid carbon dioxide as the transition fluid.
Specimens were coated with a mixture of
gold and palladium.

RESULTS
Fundus Examination and Angiography

Typical fundus photographs obtained 2
hours after irradiation with repetitive

F-microsecond laser pulses are shown in
Fig 1. Only five of 800 lesions produced by
repetitive 5-microsecond pulses were Vis-
ible ophthalmoscopically at the energy
levels used. The other lesions could be de-
tected only by angiography. This finding
was independent of pulse number and
pulse energy. The other lesions also were
not visible during irradiation. No sign of
disruptive effects, such as hemorrhage,
was observed. Table 1 shows the thresh-
old powers (EDj) of the control CW ex-
posure for fluorescein angiographically
and ophthalmoscopically visible lesions.
Ophthalmoseopic  and angiographic
thresholds differed by a factor of 2.
Continuous-wave lesions, which are not
ophthalmoscopically visible, may imme-
diately turn white after 1 day. By 4 days,
there was no fluorescein leakage from ei-
ther pulsed or CW lesions; some of the le-
sions had already disappeared after 1day.

Statistical Analysis

Statistical evaluation (performed 2
hours after exposure) of the repetitive
pulsed lesions involved plotting the in-
cidence of fluorescein angiographie vis-
ibility vs pulse energy for various pulse
numbers. The angiographic or the oph-
thalmoscopic threshold energy (EDsp)
at an applied number of pulses is the
necessary pulse energy to achieve fluo-
rescein angiographieally visible or oph-
thalmoscopically visible damage with a
50% probability. The threshold ener-
gies are shown in Table 2 as a function

.
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Fig 1.—Left, Angiogram of the fundus obtained 2 hours after exposure following irradiation with repetitive 5-microsecond laser pulses (100 pulses |
of 6 ., single arrowhead; 100 pulses of 3 wJ, double arrowheads). For orientation, three large marker lesions are made. Right, Corresponding
fundus photograph obtained 2 hours after irradiation. None of the pulsed lesions was visible ophthalmoscopically.
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of the pulse numbers. The per pulse
threshold energy can be decreased by
applying more pulses. Because very few
of the pulsed lesions were visible oph-
thalmoscopically, the per pulse thregh-
old energy for ophthalmoscopie visibil-
ity has to be higher than the maximum
pulse energy used (10 wJ). Tt is gener-
ally possible to increase the pulse en-
ergy to increase the probability of dam-
aging the RPE. It is also possible to
achieve the same probability of fluores-
cein angiographically visible damage of
the RPE by increasing the total number
of pulses applied.

Histologic Findings

Immediate Biopsies of Pulsed and
CW Lesions (2 Hours).—The primary
immediate pathologic alterations after
selective RPE photocoagulation, even at
energy levels two to four times above the
angiographic threshold, were present in
the RPE with very limited damage to the
neural retina and no structural damage to
the choroid (Fig 2, left). The RPE showed
disruption of individual cells, loss of cell
membrane integrity, vacuolization of the
cytoplasm, and condensation of cytoplas-
mic proteins. Occasional dise disorganiza-
tion and vacuolization of the outer seg-
ments were noted, as was mitochondrial
swelling in the inner segments (IS). At
higher energy levels, scattered pyknotic
nuclei were found in the outer nuclear
layer (ONL) area overlying the damaged
RPE (Fig 2, middle). Bruch’s membrane
remained unbroken at all energy levels.

The CW lesions investigated histo-
logically were irradiated with angio-
graphic threshold powers. Even at
these power levels, damage in the neu-
ral retina and choroid eaused by CW ir-
radiation was much more extensive
than that caused by pulsed irradiation.
The RPE was destroyed, and major
changes were also found in the neural
retina and choroid. As with the pulsed
lesions, RPE cells were severely dam-
aged, with few recognizable cytoplas-
mic organelles remaining. Intact mela-
nin granules were found among the
debris. Most of the nuelei of the ONL
appeared pyknotic (Fig 2, right), and
the cytoplasm appeared vacuolated.
The IS of the cells showed swollen mi-
tochondria and cytoplasmic vacuoliza-
tion. All outer segments (OS) had ve-
sicular profiles, and many showed loss
of cytoplasmic detail. In the choriocap-
illaris, fibrin and inflammatory cells
were found within capillaries as well as
in the interstitium. The blood vessels
showed damaged endothelial cells and
oeclusion, with a mixed thrombus com-
posed of fibrin, polymorphonuclear leu-
kocytes, and damaged erythrocytes.
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Table 1.—Angiographic and Ophthalmoscopic Threshold Powers (EDs,) at
Different Continuous-Wave Exposure Times Needed to Achieve
Fluorescein-Visible or Ophthalmoscopically Visible Damage to the

I':Ppithelium 2 Hours After Exposure

EDs,, mW
[ L
Exposure Time, ms Angiographic Visibility Ophthalmoscopic Visibility
50 24 40
100 16 34
500 12 27
1s 11 20

*EDs, indicates median effective dose.

Table 2.—Per Pulse Threshold Energy Needed to Achieve Fluorescein-Visible or
Ophthalmoscopically Visible Damage to the Retinal Pigment Epithelium 2 Hours After
Exposure by 5-Microsecond Pulses at Different Numbers of Pulses
Applied at a 500-Hz Frequency*

Per Pulse Energy (EDg), pJ

[
No. of Pulses

Angiographic Visibility

i
Ophthalmoscopic Visibility

1 55 >10
25 2.6 =10
100 2.0 >10
500 1.5 >10

*EDs, indicates median effective dose.

Healing Response of Pulsed Lesions:
Early Stage (2 Hours to 3 Days).—No
difference in the healing response of the
RPE after selective photocoagulation
was found between 8- and 6-p.J lesions.
The response of the RPE starts immedi-
ately after the laser irradiation. At 2
hours after irradiation, the RPE cells ad-
Jacent to the damaged cells were extend-
ing cell processes underneath the debris
toward the center of the irradiated site
(Fig 3). After 1 day, these immediate
neighboring RPE cells were enlarged
and flattened (Fig4). The RPE cells at the
periphery of the lesions showed an in-
creased quantity of smooth endoplasmic
reticulum and appeared hyperpig-
mented. Basal infoldings appeared prim-
itive, Very little phagocytosis was
present. The cellular debris was present
on top of the extending RPE cells. Fibrin
was detectable in Bruch’s membrane,

After 3 days, the irradiated site
was covered by an inereased number
of cells (Fig 5). There was a local per-
turbation of the regular hexagonal
RPE pattern, representing approxi-
mately three rows around the original
RPE lesion. The size and height of
cells inside the irradiated site varied.
All of these cells showed basal infold-
ings, microvilli, and melanin granules
(Fig 6, left). The RPE cells showed an
increased amount of smooth endoplas-
mic reticulum and increased phago-
cytic activity. Phagoeytized cellular
debris was found intracellularly (Fig
6, right). In some irradiated areas,
the basal infoldings were primitive; in
other areas, they were normal. Mela-
nin granules were found mostly in the

apical portion of the cell but were
sometimes dispersed throughout the
entire cell. Phagocytized lamellar bod-
ies were found inside the RPE. Tight
junctions were present within 3 days
(Fig 6, left). The continuity of Bruch’s
membrane remained unbroken. Spin-
dle cells resembling fibroblasts were
found inside Bruch’s membrane.

The local retinal edema inside the
ONL, IS, and OS increased for the first
3 days (Fig 7). Parts of some single
damaged OS were present on top of
RPE cells, although most were nor-
mally aligned and showed no morpho-
logie damage. After 3 days, the OS ap-
peared longer in the irradiated area
(Fig 7). In the limited number of lesions
examined, no inflammatory cells, such
as macrophages, were found in the neu-
ral retina or in the choriocapillaris
within the first 3 days. The choriocapil-
laris appeared unaffected.

Healing Response of Pulsed Lesions:
Late Stage (2 Weeks and 4 Weeks).—
Most of the cellular debris was removed
by 14 days. Alllesions were covered by a
single layer of hypopigmented and hy-
perpigmented RPE cells. Some local per-
turbation of the hexagonal RPE pattern
around and inside the original irradiation
site could still be found. Many RPE cells
in the original lesion site showed an in-
creased height. The melanin granules
were located in the apical part of the cell.
The microvilli and the basal infoldings
appeared normal. The RPE cells con-
tained phagocytized O3 (Fig 8), and some
of them had changed into dark inclusion
bodies. Bruch’s membrane remained
unbroken.
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Fig 2—Light micrographs of pulsed lesions (left and middle) and continuous-wave lesion (right) obtained 2 hours after exposure. Left, A total of

500 puises of 3 pd each (5 microseconds, 500 Hz); retinal pigment epithelium damage is indicated by arrowheads. There is only slight edema in
the neural retina but no damage to the choroid. Middle, A total of 500 pulses of 6 each {5 microseconds, 500 Hz); damage (arrowheads) is more
extensive. The outer segments, inner segments, and outer nuclearlayerare damagedin anirregular pattern within the lesion. Right, Continuous-wave

lesion (arrowheads) at the angiographic threshol

Fig 3.—Transmission electron micrograph obtained
aged retinal pigment epithelial (RPE) cell (D) and the adjacent RPE cell, which shows acytoplasmic
extension (asterisk) underneath the damaged RPE cell along Bruch's membrane (arrow). The
choroid is not damaged, and the outer segments show minimal alterations. Bar indicates 1 pm.

Only in one rabbit, in areas where
three or more original lesions were
confluent, a single macrophage was oc-
casionally seen at the interface of the
0S and the regenerated RPE (Fig 9.
During the late stage, no edema was
present in the ONL, IS, 08, or subret-
inal space. All OS5 appeared ultrastruc-
tually normal. The density of the nuclei
in the ONL appeared to be the same as

Arch Ophthalmol—Vol 110, December 1992

Id (1 second, 10 mW). The photoreceptors are uniformly destroyed. Bar indicates 40 pm.

by using CW exposure times of 50 mil-
liseconds to 1 second without injury to
adjacent structures. The lack of oph-
thalmoscopic visibility of lesions pro-
duced by multiple microsecond pulses
results from reduced damage to the
neural retina. Ophthalmoscopie visibil-
ity and whitening indieate a change in
the scattering properties of the neural
retina due to cell debris.® The thera-
peutic bandwidth regarding selective
RPE damage with sparing of the pho-
toreceptors is at least a factor of 2 to 3,
if 100 or more repetitive pulses are
used. This has the practical advantage
that the use of energies above angio-
graphic threshold is tolerable, with no
additional harm to the photoreceptors.
Thus, higher energies could compen-
sate for any energy loss due to opacities
in the eye.

At all lesions investigated, the RPE
barrier had been restored morphologi-
cally within 4 weeks. The cells at the le-
sion site closely resembled normal RPE
cells, exhibiting their characteristic po-
larity and surface membrane specializa-
tions. The lesions were covered by a
gingle sheet of hypertrophic RPE cells
within 2 weeks. Although we did not
test the function of the restored RPE
cells, we inferred from its morphologic
appearance, eg, phagosomes of OS, that
function had returned to normal. Dur-
ing the repair process, the RPE cells
used Bruch’s membrane as a guide. This
type of healing of RPE cells in a single
sheet after photocoagulation has been
observed in monkeys® and humans!'®*

2 hours after pulsed irradiation. Note the dam-

in unirradiated areas. The choriocapil-
laris appeared unaffected and normal.

COMMENT

The in vivo observations and morpho-
Jogie findings demonstrate that most of
the neural retina can be spared by using
repetitive microsecond pulses at low
energy levels. It is impossible to repro-
ducibly and selectively affect the RPE
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terisk). There is abundant cellular debris in |

after mild CW photocoagulation, often
referred to as mild grade II lesions.’
Repair of the RPE with several layers
of cells, as described after heavy CW
photocoagulation,'® was not seen follow-
ing pulsed irradiation.

Scanning electron mieroscopy demon-
strated a new perspective of cells prolif-
erating from the edge of the lesion. The
re-formed RPE cells originated from the
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Fig 4.—Scanning electron micrograph obtained 1 day after pulsed ir-
radiation. There is debris from the damaged cells (D). Note the cyto-
plasmic extensions of the surrounding cells into the area of damage.
Arrowheads indicate cell boundaries. Bar indicates 10 L.

Fig 6.—Transmission electron micrographs obtained
brane to the outer segments and show area
ysosomes (arrowheads)
cells resembling fibroblasts (F) in Bruch’s membrane and the intercell
tron micrograph from Fig 6, left, showing more detail of the retinal pigm
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Fig 5.—Scanning electron
tion. There is an increased density of the retinal pigment epithelial
cells completely covering the damaged area. The cells have fewer
microvilli, are smaller, and have altered the normal hexagonal pattern.

Bar indicates 10 pm.

surrounding RPE by spreading and mi-
grating; this has also beenshownin organ
culture. " The number of RPE cellg in-
side the irradiated region was signifi-
cantly increased after 3 days, which is
highly suggestive that the RPE cells
found in the irradiated sites are derived
from cells at the border. It has been spec-
ulated that proliferation of the RPE cells
after photocoagulation with long laser

Ef a2 X

micrograph obtained 3 days after irradia-

v

3 days after irradiation. Left, Retinal pigment epithelial cells extend from Bruch's mem-
s of normal basal infoldings as well as other areas where the basal infoldings are primitive (as-

- Apical microvilli and single melanosomes are present. Note the spindle
ular junction (arrow). Bar indicates 1
ent epithelial cell. Note the boundary (asterisk) between normal-appearing
ndant debris present in lysosomes (L). Note the bundle of microfilaments

pm. Right, Intermediate-power elec-

pulses (CW mode) oceurs by budding. 1819
Other studies have described RPE cell
mitosis as a mechanism of replenishing
the RPE after CW photocoagulation. !
Incorporation of tritiated thymidine, in-
dicating DNA synthesis and cellulay pro-
liferation, was found in the RPE cells, fol-
lowing xenon are photocoagulation of the
rabbit retina® and following retinal de-
tachment in monkey eyes.?! In organ cul-
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radiation. There is debris from the damaged cells (D). Note the cyto-
plasmic extensions of the surrounding cells into the area of damage.
Arrowheads indicate cell boundaries. Bar indicates 10 pm.

2 ;
Fig 6.—Transmission electron micro

Fig 4—Scanning electron micrograph obtained 1 day after pulsed ir-

Bar indicates 10 um.

Fig 5—Scanning electron micrograph obtained 3 days after irradia-
tion. There is an increased density of the retinal pigment epithelial
cells completely covering the damaged area. The cells have fewer
microvilli, are smaller, and have altered the normal hexagonal pattern.

g A X &

graphs obtained 3 days after irradiation. Left, Retinal pigment epithelial cells extend from Bruch’s mem-

brane to the outer segments and show areas of normal basal infoldings as well as other areas where the basal infoldings are primitive (as-

terisk). There is abundant cellular debris in lysosomes (arrowheads). Apical microvilli and sin
cells resembling fibroblasts (F) in Bruch's membrane and the intercell
tron micrograph from Fig 6, left, showing more detail of the retinal pigm
basal infoldings and a basal region without infoldings. There is abun
(M) present in the basal region of this cell. The bundle runs entirely w

Bruch’s membrane. Bar indicates 0.5 pm.

after mild CW photocoagulation, often
referred to as mild grade II lesions.’
Repair of the RPE with several layers
of cells, as described after heavy CW
photocoagulation,'2 was not seen follow-
ing pulsed irradiation.

Scanning electron mieroscopy demon-
strated a new perspective of cells prolif-
erating from the edge of the lesion. The
re-formed RPE cells originated from the
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surrounding RPE by spreading and mi-
grating; this has also been shownin organ
culture.'®!" The number of RPE cells in-
side the irradiated region was signifi-
cantly increased after 3 days, which is
highly suggestive that the RPE cellg
found in the irradiated sites are derived
from cells at the border. It has been spec-
ulated that proliferation of the RPE cells
after photocoagulation with long laser

gle melanosomes are present. Note the spindle
ular junction (arrow). Bar indicates 1 wm. Right, Intermediate-power elec-
ent epithelial cell. Note the boundary (asterisk) between normal-appearing
dant debris present in lysosomes {L). Note the bundle of microfilaments
ithin the cell and is associated with intercellular junctions. Arrow indicates

pulses (CW mode) occurs by budding 11
Other studies have described RPE cell
mitosis as a mechanism of replenishing
the RPE after CW photocoagulation.!
Tneorporation of tritiated thymidine, in-
dicating DN A synthesis and cellular pro-
liferation, was found in the RPE cells, fol-
lowing xenon arc photocoagulation of the
rabbit retina® and following retinal de-
tachment in monkey eyes.”! In organ cul-
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Fig 7.—Light micrograph obtained 3 days

Fig 9.—Light micrograph obtained 14 d
lium. Bar indicates 10 um.

ture, it was found that RPE cells at the
edge of an RPE wound express prolifer-
ating cell nuclear antigen, an obligatory
cofactor of a DNA polymerase and 2
marker of cells committed to cell mito-
sis.” No clear mitotic figures were found
inour study; however, the chances of see-
ing a mitotic figure would be expected to

Arch Ophthalmol—Vol 110, December 1992
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after pulsed irradiation.
There is edema and thickening of the retinal pigment epithelium.
Quter segments appear longer in the area above the irradiated reti-
nal pigment epithelium. Bar indicates 20 pm.

ays after pulsed irradiation.
There is a macrophage (arrow) in an area where there was damage
to several retinal pigment epithelial cells. Note the variable distribu-
tion of the melanosomes in the regenerating retinal pigment epithe-

Fig 8.—Transmission electron micrograph obtained 14 days after
pulsed irradiation. A single hypertrophic retinal pigment epithelial cell
is illustrated, demonstrating an increased height, nearly normal basal
infoldings, phagolysosomes (arrowheads), and single melanosomes.
Note the membrane-bound debris in the subretinal space. Bar
indicates 2 um.

Fig 10.—Transmission electron micrograph obtained 3 days after mild
continuous-wave irradiation (100 milliseconds, 20 mW, 110-pm spot
size). There is extensive damage to the outer nuclear layer and outer
segments. Note macrophages (M), lymphocytes (L), and pigment-

containing cells with single melanosomes present in the outer nuclear
layer (asterisk). The choriocapillaris is absent under the center of the
irradiated area. Bar indicates 10 pm.

be small. In this study, some eells with
protruding nuclei and eytoplasm consis-
tent with the observations of Marshall et
al”® and Biilow!® were noted.

The appearance of morphologic vari-
ations among proliferating RPE cellg,
such as RPE-derived macrophages, has
been described in several studies as a

consequence of retinal laser injury?3.:82:
orin other conditions in both human and
animal eyes.” Phagoeytic and inflam-
matory cells in the neural retina are
regularly found in the photoreceptor
layer after photocoagulation with a CW
laser.”®'%2 Figure 10 shows the tissue
reaction 3 days after a mild (slightly
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above angiographic threshold) CW pho-
tocoagulation argon burn (514 nm) with
a single 100-millisecond pulse at 20 mW.
Clear evidence of phagoeytosis, eg, nu-
merous phagoeytized melanin granules,
was found in cells resembling macro-
phages. In addition, lymphocytes were
present. The number of maerophages
found after selective RPE photocoagu-
lation was minimal. In only one rabbit,
we found occasional single macrophages
in the OS. The integrity of the RPE was
reestablished in all of our lesions, and
most of the repair process was done by
the RPE cells themselves.

We found clear signs of viability of the
RPE cells at the irradiated site. Phago-
cytized lamellar bodies of the OS were
regularly found in these RPE cells,
which are known to actively transport
fluid from the subretinal space into the
choroid.?** The local edema in the pho-
toreceptor layer and subretinal space
found in the early stage had disappeared
in the late stage. Because no inflamma-
tory cells were present in the early
stage, the retinal edema resulted from a
breakdown of the RPE barrier. The dis-
appearance of the retinal edema in the
late stage followed the reestablishment
of the RPE border. The time frame of
the RPE repair is in accordance with
that reported in other studies about
blood-retinal barrier recovery after
clinically mild CW photocoagulation of
the RPE, in which it was shown that the
active transport for fluoreseein across
the blood-retinal barrier had almost
completely recovered within 4 weeks.?

No subsequent damage to the chorio-
capillaris and no inflammatory cells after
selective RPE photocoagulation were
found during the period of investigation.
Following CW photocoagulation, chorio-
capillaris damage is regularly found with
an inflammatory response during the
healing period. By experimental injection
of sodium iodate, choriocapillaris atrophy
in rabbits resulted from damage to RPE
cells.®” No atrophy was detected in those
studies in which the RPE was viable and
undamaged. In our case, where small spot
sizes were used, the RPE wag absent only
for short periods ranging between 8 days
and 2 weeks. This could explain why no
signs of choriocapillaris atrophy could be
found. Maybe viable RPE cells produced
a vascular modulating factor that helped
maintain the choriocapillaris.?™*

The healing process of the RPE after
selective photocoagulation shows char-
acteristics of RPE recovery as seen af-
ter therapeutic mild CW photocoagula-
tion. One possible, yet unproved, expla-
nation for the therapeutic effeet of
photocoagulation for diffuse diabetic
macular edema is thought to be the re-
sult of the restoration of a new blood-
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retinal barrier.* Because after selective
photocoagulation the RPE seems mor-
phologically and functionally recovered,
this treatment modality may likewise be
useful for diabetic macular edema. In ad-
dition, it would eliminate the chorioret-
inal neovascularization occasionally
found in response to CW photocoagula-
tion.® Finally, selective RPE photoco-
agulation has the advantage that most, of
the photoreceptors would be spared.
Paracentral scotomas observed clini-
cally after CW photocoagulation® might
thus be avoided.

The feature of confined thermal dam-
age by repetitive laser pulses could
make this type of photoeoagulation use-
ful in a variety of other clinical applica-
tions, eg, age-related macular degener-
ation, central serous retinopathy, and
even diabeticretinopathy. In addition, it
could also be helpful for RPE transplan-
tation to remove the host RPE before
transplantation. Repetitive pulsed pho-
tocoagulation could be used to investi-
gate the basic mechanism of photocoag-
ulation and to answer the question as to
whether clinical photocoagulation needs
the destruction of the photoreceptors,
ag occurs in all eurrent types of photo-
coagulation procedures, or whether se-
lective effects in the RPE are sufficient
for the therapeutic effects. Further clin-
ieal investigations willnow be needed to
prove the significance of this type of
photocoagulation.
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