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Purpose: We investigated the effects of various retinal laser therapies on preservation
of the photoreceptors in an animal model of Mer tyrosine kinase receptor (MERTK)–
related retinitis pigmentosa (RP). These modalities included photocoagulation with
various pattern densities, selective RPE therapy (SRT), and nondamaging retinal
therapy (NRT).

Methods: Laser treatments were performed on right eyes of RCS rats, using one of
three laser modalities. For photocoagulation, six pattern densities (spot spacings of
0.5, 1, 1.5, 3, 4, and 5 spot diameters) were delivered in 19-day-old animals, prior to
the onset of photoreceptor degeneration, to determine the optimal treatment density
for the best preservation of photoreceptors. The left eye was used as control. Rats
were monitored for 6 months after treatment using electroretinography, optical
coherence tomography, and histology.

Results: Photocoagulation resulted in long-term preservation of photoreceptors,
manifested morphologically and functionally, with the extent of the benefit
dependent on the laser pattern density. Eyes treated with a 1.5 spot size spacing
showed the best morphologic and functional preservation during the 6-month follow-
up. SRT-treated eyes exhibited short-term morphologic preservation, but no
functional benefit. NRT-treated eyes did not show any observable preservation
benefit from the treatment.

Conclusions: In a rodent model of MERTK-related RP, pattern photocoagulation of
about 15% of the photoreceptors (1.5 spot diameter spacing) provides long-term
preservation of photoreceptors in the treatment area.

Translational Relevance: Availability of retinal lasers in ophthalmic practice enables
rapid translation of our study to clinical testing and may help preserve the sight in
patients with photoreceptor degeneration.

Introduction

Retinitis pigmentosa (RP) is a group of inherited
retinal degenerations characterized by progressive loss
of photoreceptors, with a prevalence of approximate-
ly 1 in 4000.1 The persistent loss of rod photorecep-
tors leads to night blindness, followed by loss of cone
photoreceptors, which is associated with constriction
of the visual field in the daytime, deterioration of
visual acuity, and eventually blindness after several
decades.2 Novel treatments for slowing the disease

progression or restoring sight have been investigated,

including gene therapy,3,4 stem cell transplantation,5,6

neuroprotection,7 and retinal prosthesis.8

To date, numerous genetic mutations have been

identified as the cause of RP, which explains the

heterogeneity of the disease and the difficulty in

finding a universal treatment.9 However, a particular

form of RP resulting from mutations of the Mer

tyrosine kinase receptor (MERTK) gene may be

closer to potential treatment. Such mutations account

for approximately 1% to 2.5% of RP cases.10,11
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MERTK is responsible for the efficient phagocytosis
of shed photoreceptor outer segments (POS) by the
retinal pigment epithelium (RPE).12 Therefore, mu-
tations in this gene impair phagocytosis and lead to
accumulation of shed POS and subsequent formation
of subretinal debris. Eventually, this mutation causes
gradual loss of photoreceptors.13

Long-term functional and morphologic preserva-
tion of photoreceptors has been demonstrated after
viral vector gene replacement therapy in Royal
College of Surgeons (RCS) rats, an RP animal model
of the MERTK gene mutation.14–16 However, long
before the development of MERTK gene therapies,
studies have reported rescue of photoreceptors in this
animal model following laser photocoagulation.17–19

While the mechanism leading to the rescue effect
remained unknown, some studies have suggested that
the laser treatment somehow enhanced phagocytosis
or increased b-fibroblast growth factor level, promot-
ing the photoreceptor survival.

In a previous study, we showed that laser
photocoagulation in RCS rats results in long-term
preservation of photoreceptors.20 We hypothesized
that although mutations in the MERTK gene impair
phagocytosis, minimal phagocytic activity of RPE
cells still remained, possibly via MERKT-indepen-
dent mechanisms. Therefore, eliminating a fraction of
photoreceptor cells would result in less daily shedding
of POS. The RPE cells with reduced phagocytic
ability could then sustain the lower POS recycling
load to prevent their accumulation, thus delaying the
photoreceptor degeneration. Our previous study
showed that 1.5-spot diameter (d) spacing laser
photocoagulation were morphologically and func-
tionally preserved to photoreceptors for nearly three
times longer compared to untreated eyes. However,
prior to clinical trial of this treatment, it is essential to
investigate the optimal dosimetry: the fraction of
photoreceptors to be eliminated for the best preser-
vation of the visual function. If too many photore-
ceptors are eliminated, the amount of daily POS
shedding would be smaller, but the overall retinal
function would be compromised. In contrast, if not
enough photoreceptor cells are eliminated, the sub-
retinal POS accumulation rate would still be dis-
proportionally higher than the RPE phagocytic rate,
leading to formation of a thick debris layer interfering
with the oxygen and nutrient flow from the choroid.
Therefore, there should be an optimal laser treatment
density that causes minimal acute damage but
maximizes long-term preservation of the photorecep-
tors. We used a computer-guided pattern scanning

laser (PASCAL) to determine the optimal fraction of
photoreceptors to be eliminated by adjusting the laser
pattern density.

Selective RPE therapy (SRT) and nondamaging
retinal therapy (NRT) have also been used in clinics
to treat common retinal disorders such as central
serous chorioretinopathy,21 diabetic macular ede-
ma,22,23 and macular telangiectasia.24 SRT selectively
eliminates RPE cells via explosive vaporization of
melanosomes without damaging the photoreceptor
cells.25,26 Following treatment, RPE cells from
adjacent areas migrate and proliferate, effectively
refilling the damaged area. One week after SRT, the
ablated zone in the RPE layer was completely refilled,
including many small proliferating RPE cells, which,
importantly, outnumber the original RPE cells.27

Thus, when applied to RCS rats, the number of
RPE cells available to handle POS shedding could
increase, thereby delaying photoreceptor degenera-
tion.

NRT, the nondamaging retinal laser therapy based
on the Endpoint Management (EpM) titration
protocol,24,28 induces thermal stress of RPE cells
below the damage threshold.29 Although the exact
mechanism leading to therapeutic benefits of NRT is
not clear, it is thought that sublethal thermal stress
results in upregulation of a heat-shock proteins. These
proteins boost recycling of accumulated misfolded
proteins, thereby rejuvenating RPE cells and restoring
their cellular function.24 Thus, RPE cells stimulated
by NRT might be able to recycle the shed outer
segments more effectively.

In this study, we investigated the optimal laser
pattern density of photocoagulation, as well as the
effects of SRT and NRT, on preservation of
photoreceptors in an animal model of MERTK-
related RP.

Materials and Methods

Animals

Pigmented RCS rats were obtained from the Rat
Resource and Research Center (RCS-pþ/LavRrrc
strain; University of Missouri, Columbia, MO) and
housed under 12/12-hour light-dark illumination. A
total of 46 RCS rats were used in accordance with the
Association for Research in Vision and Ophthalmol-
ogy Statement for the Use of Animals in Ophthalmic
and Vision Research. All proposed experiments were
reviewed and approved in advance by the Adminis-
trative Panel on Laboratory Animal Care at Stanford
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University. Postnatal 19-day-old (P19) RCS rats were
randomly divided into three groups according to laser
treatment modality: photocoagulation (n ¼ 30), SRT
(n ¼ 8), and NRT (n ¼ 8). Prior to laser treatment,
electroretinogram (ERG) recordings, or optical co-
herence tomography (OCT) imaging, animals were
anesthetized with ketamine hydrochloride (75 mg/kg)
and xylazine (5 mg/kg) delivered by intramuscular
injection, and their pupils were dilated using one drop
of 1% tropicamide and 2.5% phenylephrine hydro-
chloride. Topical 0.5% tetracaine hydrochloride was
instilled in the eye for local anesthesia.

Laser Treatments

For photocoagulation, a total of 30 RCS rats were
divided into six subgroups (n ¼ 5 per subgroup). A
577-nm PASCAL laser (Topcon Medical Laser
Systems, Santa Clara, CA) was used to deliver
uniformly patterned laser lesions. Before photocoag-
ulation, preliminary test spots were applied to P19
RCS rats to determine the appropriate pulse energy
level for creating barely visible retinal coagulation
lesions. The laser parameters were as follows: typical
power of 40 mW, duration of 15 milliseconds, and
aerial spot diameter of 100 lm (45 lm on the rat
retina). Using a square grid pattern, six laser pattern
densities (spot spacing of 0.5, 1, 1.5, 3, 4, and 5 d)
were applied to each subgroup. Irradiation was
applied to the central retina, with an irradiated area
of approximately 4 mm2 (2 mm 3 2 mm) for each
subgroup. The right eye was laser treated, and the
fellow left eye served as a control.

For SRT, eight rats were treated with a 532-nm
PASCAL laser using a continuous line scanning
mode. With a scanning speed of 6.6 m/s (in air),
exposure time, defined by the ratio of the beam
diameter (100 lm in air) to the beam velocity, is 15
microseconds. Lines of 2 mm in length have been
applied 200 lm apart using laser power of 1.5 W, and
this was repeated twice in the same location with a 20-
millisecond delay. After SRT, fluorescence angiogra-
phy (FA), OCT, and autofluorescence (AF) imaging
were performed to confirm selective RPE damage. If
photoreceptor damage was detected on OCT, such
eye was excluded from the follow-up. The total
treatment area was approximately 6 mm2 (2 mm 3 3
mm).

For NRT, the 577-nm PASCAL laser with EpM
was used. First, to determine the laser power for
barely visible retinal coagulation lesions, preliminary
test spots were applied to the retina of P19 RCS rats
with a 15-millisecond duration and a 200-lm spot

size. The pulse energy for a barely visible lesion was
assigned a 100% EpM setting. A total of eight P19
rats were treated with a pattern-scanned (5 3 5) grid
with 0.25-d spacing, using 30% of the titration energy
level (30% EpM setting).24 The typical laser power on
titration was 60 mW. A total of eight (5 3 5) grid
patterns were applied to each animal to ensure
coverage of approximately 4 mm2 (2 3 2 mm). The
right eye was laser treated, and the left eye served as a
control. After laser treatment, FA, OCT, and AF
imaging were performed to check for any signs of
retinal damage. If any damage was detected, the eye
was excluded from the follow-up.

Full-Field and Multifocal ERGs

For full-field ERGs, animals were prepared under
a dim red light (,1 lux) after overnight dark
adaptation. Under anesthesia, pupils were dilated
using 1% tropicamide and 2.5% phenylephrine
eyedrops, and corneas were lubricated with 1%
methylcellulose. A reference/ground needle electrode
was placed subcutaneously on the nose. ERG
response was recorded from both eyes simultaneously,
using an electroretinograph (Espion E2; Diagnosys
LLC, Lowell, MA). For dark-adapted full-field ERG
responses, stimuli were presented at six increasing
intensities of 0.0001, 0.001, 0.01, 0.1, 1, and 3 cd�s/m2.
ERG recordings consisted of 10 presentations of a
single 1-millisecond flash with a constant 10-second
interstimulus interval to verify reproducibility and to
improve the signal-to-noise ratio by averaging. Full-
field ERGs were recorded at P38, P52, P73, P98,
P120, P150, and P180.

For multifocal ERGs, a recording electrode was
placed at the corneal limbus. Subcutaneous nose
needle electrodes served as a reference and ground
electrodes. Before multifocal ERG recordings, the eye
was aligned with the center of a monitor (model
P2017H; Dell, Round Rock, TX) and placed 11 cm
away from it. Multifocal ERG recordings were
obtained from each eye. A pseudorandom binary
sequence of black and white squares was generated
for the stimulus pattern using software (MATLAB
and Statistics Toolbox, Release 2015b; MathWorks,
Natick, MA), in which the luminance of the squares
was either 250 cd/m2 (light) or 0.25 cd/m2 (dark); each
frame was presented for 100 milliseconds, followed by
a black screen for 400 milliseconds (2-Hz image
switch). The multifocal ERG signals were analyzed
offline using a custom MATLAB script.
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OCT Imaging

Spectral-domain OCT images were obtained at
P19, P38, P52, P73, P98, P120, P150, and P180 by
using a diagnostic imaging platform (HRA2-Spectra-
lis; Heidelberg Engineering, Heidelberg, Germany).
Before imaging, pupils were dilated, and 1% methyl-
cellulose was used throughout the procedure. During
imaging, the cornea was covered with viscoelastic gel
and a coverslip to cancel its optical power. Multiple
horizontal linear scans were obtained from the optic
disc toward the superior retina; a single vertical line
was also obtained. Outer nuclear layer (ONL)
thickness was measured at five points along the same
horizontal line, approximately two disc diameters
superior to the optic disc. ONL thicknesses measured
in the laser-treated and control eyes were averaged
and plotted as a function of age for all animals.

Histology

All animals in the study were killed at the end of
the follow-up (P180) for histologic analysis. Before
enucleation, the superior edge of the eye was marked
with one stitch under deep anesthesia. Both eyes of
each animal were enucleated and fixed in 1%
paraformaldehyde and 1.25% glutaraldehyde fixative
prepared with 5 mM calcium chloride and 5% sucrose
for 24 hours at room temperature. After removal of
the cornea and lens, the posterior eye cup was
dehydrated through a graded series of alcohols,
infiltrated in propylene oxide, and embedded in
epoxy. Sections 0.5 lm in thickness were taken using
an ultramicrotome (Reichert Ultracut E; Leica,
Deerfield, IL) and stained with 0.5% toluidine blue.
Serial sections of the slides were photographed by a
light microscope (Eclipse E1000; Nikon, Tokyo,
Japan). Two images (203) taken at a similar area
from each sample, in the superior and inferior retina
of each eye, were used to count photoreceptor nuclei
in 100-lm length of the retina.

Data Analysis

Statistical analyses were performed using statistical
software (R, version 3.4.2, Foundation for Statistical
Computing, Vienna, Austria). Statistical significance
of the differences in b-wave amplitude, ONL thick-
ness, and number of nuclei in the ONL between the
laser-treated and control eyes were determined using a
paired t-test. A P value , 0.05 was considered
statistically significant.

Results

Laser Treatments

Photocoagulation using six laser pattern densities
was applied to the retina of the right eye in each
group. FA shows hyperreflective spots where the laser
treatment was applied, indicating disruption of the
RPE (Fig. 1A; 1.5- and 5-d spacing shown).
Photoreceptor damage caused by the laser was clearly
visible on OCT (Fig. 1A, arrows). The SRT-treated
area can be seen as multiple hyperfluorescent lines on
FA and as hyporeflective lines on AF images,
indicating the destruction of RPE cells. However,
OCT shows no detectable damage to photoreceptors
(Fig. 1B). Following NRT, no detectable damage of
the photoreceptors or RPE layer was identified in FA,
AF, or OCT (Fig. 1C).

ERGs Following Laser Photocoagulation

Figure 2A shows a series of ERG waveforms from
RCS rats treated with a laser pattern spacing of 1.5 d.
Waveforms in the treated eye decline slower with time
than in the control eye. Other representative ERG
waveforms from other laser pattern densities are
shown in Supplementary Figure S1. Comparison of
the b-wave amplitude between the treated and control
eyes for various pattern densities over time is shown
in Figure 2B. The sparsest laser pattern of 5-d spacing
did not provide any benefit compared to a control
eye. With a spacing of 4 d, there was a slight
improvement in b-wave amplitude, statistically sig-
nificant (P , 0.05) only at day 98. Pattern densities of
1.5- and 3-d spacings exhibited the most significant
improvement in ERG response. In the 3-d spacing
group, the benefit was sustained up to P120, while
with 1.5-d spacing, it lasted until P150. However, with
much denser pattern, 0.5-d spacing, ERG decreased
right after the laser treatment due to destruction of a
very significant fraction of photoreceptors, and even
though its decline was slowed down, compared to
control, significant benefit was observed only at P73
and P98. Therefore, the laser pattern density of 1.5 d
was optimal for functional preservation.

OCT Following Laser Photocoagulation

At P19, when photocoagulation was applied,
retinal structure appears nearly normal on OCT, with
all its layers, including the inner nuclear layer (INL)
and ONL, photoreceptor inner/outer segments, and
RPE clearly visible (Fig. 3A). At P38, the outer
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segments of photoreceptors began to accumulate and
form subretinal debris, visible as a thick hyper-
reflective layer, followed by a progressive thinning
of ONL and INL. In control eyes, ONL was not
distinguishable after P98 (Fig. 3A). In laser-treated
eyes, however, ONL preservation was clearly ob-
served until the end of the follow-up period (P180;
Fig. 3A, arrow, 1.5-d spacing). OCT images from
other laser pattern densities are shown in Supplemen-
tary Figure S2.

Thicker ONL was observed in laser-treated eyes
for all pattern densities (Fig. 3B). Longevity of the
benefit increased with increasing pattern density: from

P73 at 5-d patterns, to P98 at 4- and 3-d spacing, to
P180 with denser patterns. However, in the densest
pattern (0.5-d spacing), the ONL thickness decreased
below that of control eyes after the laser treatment (at
P38), indicating excessive laser-induced retinal dam-
age. Again, pattern of 1.5-d spacing provided the best
preservation in terms of the ONL thickness.

Retinal Preservation Localized to the Laser
Treatment Zone

Multifocal ERG demonstrated retinal responses
only in the laser-irradiated areas and not in untreated
retina of right eyes, nor in controls (Fig. 4A). OCT

Figure 1. Representative images of three different laser treatments of the retina in P19 RCS rats: photocoagulation, SRT, and NRT.
Photocoagulation was performed using one of six laser pattern densities (0.5-, 1-, 1.5-, 3-, 4-, and 5-d). (A) FA and a diagram show laser
spots applied onto the retina, separated by a distance equivalent to 1 d (top) or 5 d (bottom). Photoreceptor damage after laser
photocoagulation can be seen on OCT (arrows). (B) SRT with 15-microsecond exposures using continuous line scanning laser. Selective
RPE cell damage is confirmed by multiple hyperfluorescent lines on the FA and hypoautofluorescent lines on the AF image. No
photoreceptor damage can be seen on OCT. (C) NRT was delivered using EpM algorithm (30% setting). Neither photoreceptor nor RPE
cell damage can be seen on FA, AF image, or OCT.

5 TVST j 2019 j Vol. 8 j No. 4 j Article 19

Kang et al.

https://arvo.silverchair-cdn.com/arvo/content_public/journal/tvst/938090/tvst-08-04-22_s02.pdf?Expires=1565119627&Signature=5C8eXigj~NnTJtbAdpce6p5gt~phnlPEzFQkt30NOSdBPmZANKjLQDMW210WXSg7YWv~tyJIkHuFCrOR8meS1dtF2eFk~k6xmeX6Umzqf3HEP56xYt873yezfB3zO902rGWMFk2q5YjajB2JmQFcIHXFgagMAicGMHTPliGNtx63JKTbv2gvwK3Y-aAZC-ydzUjx27fRZKuR9jzX53decc7qd6Zvvh2~yyG9vBJzS9x10rkCD93u8S2bJaokld~dpJoFOSnVeS6yquiIQcvqiN2R8O0ehVb6nlaEX~Qe4jNs8k4-ez3zI5av~a01qj-bTu06HH4strOoPnqaKQ4A7A__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://arvo.silverchair-cdn.com/arvo/content_public/journal/tvst/938090/tvst-08-04-22_s02.pdf?Expires=1565119627&Signature=5C8eXigj~NnTJtbAdpce6p5gt~phnlPEzFQkt30NOSdBPmZANKjLQDMW210WXSg7YWv~tyJIkHuFCrOR8meS1dtF2eFk~k6xmeX6Umzqf3HEP56xYt873yezfB3zO902rGWMFk2q5YjajB2JmQFcIHXFgagMAicGMHTPliGNtx63JKTbv2gvwK3Y-aAZC-ydzUjx27fRZKuR9jzX53decc7qd6Zvvh2~yyG9vBJzS9x10rkCD93u8S2bJaokld~dpJoFOSnVeS6yquiIQcvqiN2R8O0ehVb6nlaEX~Qe4jNs8k4-ez3zI5av~a01qj-bTu06HH4strOoPnqaKQ4A7A__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA


also demonstrated preservation of ONL only in the

treated central retina, whereas little to no ONL was

observed in untreated peripheral retinas, similar to the

corresponding zones of control eyes (Fig. 4B).

Retinal Histology Following Laser
Photocoagulation

At P180, the histology of control eyes displayed no

discernible photoreceptor layer or their nuclei (Fig. 5).

Similarly, very few photoreceptor nuclei could be seen

in the eyes treated with very sparse patterns: 4- and 5-

d spacing. However, with denser patterns, more ONL

was preserved at P180. Eyes treated with a 1.5-d

spacing exhibited the best-preserved photoreceptor

layer, with up to five rows of photoreceptor nuclei,

and with outer segments (Fig. 5, arrow). The number

of nuclei per 100 lm of length in the sections with

laser patterns of various spacings and in the

corresponding control eyes is summarized in the

Table. The statistically significant difference between

laser-treated and control eyes was noted with pattern

densities of 0.5-, 1-, and 1.5-d spacing.

Short-Term Retinal Preservation After SRT

SRT-treated eyes exhibited slight improvement in
ERG compared to control eyes from P52 through
P98, but it did not reach statistical significance (Figs.
6A, 6D). Serial OCT scans demonstrated thicker
ONL in treated eyes, which was statistically signifi-
cant at P52 and P73. However, the preservation did
not last up to P180 (Fig. 6E). OCT at P52
demonstrates that ONL is preserved only in the area
treated by SRT (Fig. 6B). Animals were killed for
histology at P180, but no preservation benefits have
been seen at that age. The number of photoreceptor
nuclei per 100 lm was 3.0 6 2.5 in the treated eyes
versus 2.3 6 1.3 in control eyes (Figs. 6C, 6F).

No Preservation Benefits Following NRT

There were no differences in b-wave amplitudes
between the eye treated with NRT and controls in the
6-month follow-up period (Figs. 7A, 7D). Similarly,
no differences in ONL thickness between the treated
and control eyes have been observed (Figs. 7B, 7E).
Histology also demonstrated a similar number of

Figure 2. (A) Representative series of ERGs from RCS rats treated with 1.5-spot spacing laser pattern, obtained in response to flashes of
1 cd�s/m2. (B). Comparison of b-wave amplitude between laser-treated and control eyes for each pattern density. Pattern density of 1.5-d
spacing provides the best functional preservation. Error bar: SEM; *P , 0.05, paired t-test.
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nuclei in the treated and control eyes: 2.7 6 2.0 vs. 3.3
6 2.8, respectively (Figs. 7C, 7F).

Discussion

Extended survival of the photoreceptors after
photocoagulation in RCS rats has been noticed
previously. Humphrey et al.30 reported two to three
rows of ONL remained at P83 after the following
laser treatment: 300 to 350 mW, 0.5-second pulse
duration, 50 lm spot diameter, 40 to 60 spots.
Behbehani et al.18 demonstrated preservation of
retinal function in the laser-treated eye until P44
using the following laser parameters: 100 to 300 mW;
0.2-second pulse duration, 500-lm spot diameter, 12

spots. The present study demonstrated that the extent
of retinal preservation varies with the treatment
density, and under optimal conditions (40 mW, 15
milliseconds, 100 lm spots, separated by 1.5-d
distance), four to five rows of photoreceptors can
survive at P180, with functional benefits extending
until P150. Patterns sparser than 3-d spacing did not
improve the photoreceptor lifetime by much, while
very dense patterns (0.5-d spacing) resulted in
excessive damage with no additional benefits com-
pared to 1.5-d spacing.

The exact mechanism leading to photoreceptors’
survival after photocoagulation in RCS rats remains
unknown. Several mechanisms have been suggested:
enhanced phagocytosis of RPE following laser
photocoagulation,18,19 suppression of the photorecep-

Figure 3. (A) Representative longitudinal OCT images from P19 to P180 illustrate the retinal degeneration in the control eye of RCS rat
(top). Pattern laser treatment using 1.5-d spacing delays retinal degeneration and slows down the loss of ONL (arrow) (bottom). (B) ONL
thickness as a function of age for each pattern density (0.5-, 1-, 1.5-, 3-, 4-, and 5-d spacing). Denser patterns (0.5-, 1.0-, 1.5-d) show better
preservation of ONL compared to the control eye. In sparse patterns (3-, 4-, or 5-d), preservation of ONL was not sustained until the end
of follow-up. Error bar: SEM; *P , 0.05, paired t-test.
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Figure 4. ERG and OCT in RCS rat treated with laser pattern of 1.5-d spacing, at P120. (A) Multifocal ERG responses were detected only
in the laser-treated area, while in untreated retina of the same eye and in the fellow eye they were nearly flat. (B) The ONL is still present
(upper yellow box) in the laser-treated zone, unlike the untreated retina (upper white box) in the same eye, and the fellow eye (lower two
white boxes).

Figure 5. Representative histology of the retina at P180 after laser treatment with various pattern densities. Very few photoreceptor
nuclei can be seen in the control eye, as well as in the retina treated with very sparse patterns: 4- and 5-d spacing. With other pattern
densities, rows of photoreceptor nuclei are observed. The thickest ONL and even the inner and outer segments (arrow) were visible in the
eyes treated with the 1.5-d patterns.
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tor apoptosis due to expression of neurotrophic
factors such as basic fibroblast growth factor17 or
ciliary neurotrophic factor,31 and activation of other
phagocytic cells, such as microglia or macrophages,
following photocoagulation.20 Another mechanism
could be the balance in supply and demand of the
outer segment recycling. That is, if the load of shed
outer segments is sufficiently low, even the diseased
RPE cells might be able to sustain it, thus avoiding
the accumulation of outer segments. Therefore,
elimination of some fraction of photoreceptors by
laser might decrease the daily load of shed outer

segments to a sustainable level. With this in mind, the
main focus of the current study was determination of
the fraction of eliminated photoreceptors necessary
for the best structural and functional outcomes.

If the photocoagulation zone matches the laser
spot diameter, a laser pattern with 1.5-d spacing
should eliminate 13% of photoreceptors within the
irradiated area. It is unlikely that such a small
decrease in the POS shedding would compensate for
the RPE deficiency. Moreover, increasing pattern
density to 0.5-d spacing, which should eliminate 35%
of photoreceptors, did not improve their survival

Table. The Number of Photoreceptor Nuclei in Laser-Treated and Control Eyes With Six Different Laser Pattern
Densities

Spacing, d 0.5 1 1.5 3 4 5

Treated 17.2 6 5.4* 16.2 6 5.5* 30.8 6 14.3* 3.1 6 2.3 2.5 6 1.5 2.1 6 1.9
Control 3.3 6 2.8 2.4 6 3.2 3.4 6 3.7 2.9 6 3.0 3.5 6 3.0 1.8 6 1.9

* P , 0.05.

Figure 6. (A, D) Representative ERG waveforms from eyes treated with SRT and corresponding amplitude of the b-wave as a function of
age. There is no significant difference in ERG response between the treated and control eyes. (B, E) OCT images at P52 and ONL thickness
plotted as a function of age. Significant preservation of ONL was observed only at P52 and P73. (C, F) Histology at P180 and the average
number of photoreceptor nuclei per 100 lm demonstrated no significant difference between the SRT-treated and control eyes.
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either. These observations indicate that the hypothesis
of the supply–demand balance in POS recycling is
unlikely to be correct.

However, even a temporary rescue of photorecep-
tors could provide very significant clinical benefit. At
optimal settings (1.5-d spacing) photoreceptor surviv-
al, as judged by the ONL thickness on OCT images,
was extended from 73 to 180 days—by a factor of 2.5.
If similar extension could be achieved in human
patients, it would extend the lifetime of vision from
teenage to mid-30s, a very significant improvement,
especially considering the simplicity of the treatment.

One limitation is that laser photocoagulation can’t
be applied directly to the central fovea, which is
responsible for the central vision. Therefore, nonde-
structive and noninvasive laser treatment, such as
SRT or NRT, are very appealing potential alterna-
tives, if they would be effective. Selective destruction
of RPE using microsecond pulses25,26 without thermal
damage to photoreceptors in SRT has been success-

fully tested in clinics to treat various retinal diseases.
Its therapeutic effect is thought to be based on
replacement of the old RPE cells with newly
proliferated ones, hence rejuvenating the RPE layer.
However, the current study demonstrated that a
single application of SRT at P19, just before the
accumulation of subretinal debris, provided morpho-
logic preservation of photoreceptors for a short
period (from P52 to P73) in the treated area. It well
may be that repeating SRT could extend the
photoreceptor preservation further, but we could
not do it because the subretinal debris accumulating
after P19 scattered the laser light and interfered with
photocoagulation, which we used for titration of laser
power. Recently developed real-time dosimetry sys-
tems based on optoacoustics32 and reflectometry33

may permit laser titration even with the debris
present. This would allow determination of whether
SRT retreatments could extend the rescue of photo-
receptors further.

Figure 7. (A, D) Representative ERG waveforms from the eyes treated with NRT and the corresponding b-wave amplitude as a function
of age. Electophysiologically, there is no significant difference between the treated and control eyes. (B, E) Serial OCT images from the
treated and control eyes and ONL thickness as a function of age. No preservation of ONL was not observed. (C, F) Retinal histology from
the treated and control eyes at P180 and the number of the photoreceptor nuclei per 100 lm are also very similar.
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Recently, efficacy of NRT has been shown in
treatment of various retinal disorders, including
central serous chorioretinopathy and macular telan-
giectasia.24 The effect of nondamaging hyperthermia
has mainly been attributed to upregulation of the
heat-shock proteins, leading to stimulation of not
only the RPE, but also Muller cells24 and microglia.34

In particular, sublethal laser exposure potentiates
microglial cell phagocytic activity,34 which could be
useful to clear the accumulated outer segments of
photoreceptors. However, in the current study NRT
did not show any benefits for morphologic or
functional preservation of photoreceptors in RCS
rats. This result indicates that simply boosting the
metabolism of RPE cells is not sufficient for
photoreceptor preservation, and physical removal of
a fraction of photoreceptors is essential for prolong-
ing their survival.

In conclusion, destruction of about 15% of the
photoreceptors promotes survival of the remaining
photoreceptors in the MERTK-related RP. This
approach can be easily tested in human patients by
pattern photocoagulation in a periphery before it
completely degenerates. Loss of one-seventh of
photoreceptors by small-spot coagulation and with-
out scarring should not diminish retinal sensitivity, as
has been shown in this study, while it may signif-
icantly extend the lifetime of the visual function.
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