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Purpose: The development of new approaches to human vision restoration could be
greatly accelerated with the use of nonhuman primate models; however, there is a
paucity of primate models of outer retina degeneration with good spatial localization.
To limit ablation to the photoreceptors, we developed a new approach that uses a near-
infraredultrafast laser, focusedusing adaptive optics, to concentrate light in a small focal
volume within the retina.

Methods: In the eyes of eight anesthetized macaques, 187 locations were exposed to
laser powers from 50 to 210 mW. Laser exposure locations were monitored for up to
18 months using fluorescein angiography (FA), optical coherence tomography (OCT),
scanning laser ophthalmoscopy (SLO), adaptive optics scanning laser ophthalmoscope
(AOSLO) reflectance imaging, two-photon excited fluorescence (TPEF) ophthalmoscopy,
histology, and calcium responses of retinal ganglion cells.

Results: This method produced localized photoreceptor loss with minimal axial spread
of damage to other retinal layers, verified by in-vivo structural imaging and histologic
examination, although in some cases evidence of altered autofluorescence was found
in the adjacent retinal pigment epithelium (RPE). Functional assessment using blood
flow imaging of the retinal plexus and calcium imaging of the response of ganglion cells
above the photoreceptor loss shows that inner retinal circuitry was preserved.

Conclusions: Although different from a genetic model of retinal degeneration, this
model of localizedphotoreceptor lossmayprovide auseful testbed for vision restoration
studies in nonhuman primates.

Translational Relevance:With this model, a variety of vision restoration methods can
be tested in the non-human primate.

Introduction

Although several strategies for vision restoration1–6
show promise for use in humans blinded by retinal
disease, they are largely based on the use of the rodent
retinal degeneration model, which is not ideal for
predicting translational efficacy. Nonhuman primates
are an especially valuable model for preclinical vision
restoration studies because their visual system is closest

to that of humans, with a similar distribution of rods
and cones,7 a specialized fovea,8 and almost identi-
cal retinocortical architecture. Furthermore, perceptual
capabilities such as contrast sensitivity, visual acuity
and motion direction discrimination are comparable
in macaque and human.9 Unfortunately, nonhuman
primate models of photoreceptor loss are still at an
early stage of development.

Given the challenges of working with naturally
occurring eye disease models in macaque10 other

Copyright 2020 The Authors
tvst.arvojournals.org | ISSN: 2164-2591 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

mailto:dhakalrkamal@gmail.com
https://doi.org/10.1167/tvst.9.7.16
http://creativecommons.org/licenses/by-nc-nd/4.0/


Localized Photoreceptor Ablation TVST | June 2020 | Vol. 9 | No. 7 | Article 16 | 2

Table 1. Summary of Nonhuman Primates Used in the Study

Macaque ID Species Age (y) Sex Eye Axial Length (mm)

M1 Fascicularis 6 M OD/OS 17.20/17.10
M2 Fascicularis 6 M OD 17.87
M3 Fascicularis 5 F OS 17.15
M4 Fascicularis 5 F OD/OS 17.10/17.14
M5 Fascicularis 6 F OD/OS 17.92/17.75
M6 Fascicularis 6 F OD/OS 17.88/17.87
M7 Mulatta 19 M OS 20.52
M8 Fascicularis 8 M OD/OS 17.55/17.56

approaches have been developed, including toxicant
exposure11–13 and intense continuous-wave (CW) laser
light to induce photoreceptor degeneration.14 These
methods have proven inadequate for studying isolated
photoreceptor damage as all methods used to date
appear to damage other retinal neurons and may
produce substantial scarring.14 Furthermore, CW
exposure produces cell loss with poor spatial and axial
localization and may cause collateral damage due to
dissipation of heat to the surrounding tissue.15 On
the other hand, it is challenging to achieve permanent
photoreceptor loss using subthreshold laser power.16

Here, we report an improved method for photore-
ceptor ablation in macaque. Building on the extensive
literature of laser-retina interactions,15,17–22 we sought
to limit the axial spread of damage by using adaptive
optics to focus a femtosecond laser at the photorecep-
tor layer. Previous studies have used in-vivo imaging
to examine photoreceptor loss in humans.23 In this
study we used optical coherence tomography (OCT)
and adaptive optics scanning laser ophthalmoscope
(AOSLO) imaging of retinal structure and function
over a period of up to 18 months after damage to
identify laser parameters that give complete photore-
ceptor loss that is laterally and axially confined and
confirmed this by retinal histology.

Methods

Animal Preparation

Eight monkeys (Table 1) were pair-housed in a
vivarium accredited by the Assessment and Accred-
itation of Laboratory Animal Care committee and
subjects were handled as per the protocols prescribed
and approved by theUniversity of Rochester’s commit-
tee for animal research and in accordance with the
Association for Research in Vision and Ophthalmol-
ogy (ARVO) Animal Statement for the Use of Animals
in Ophthalmic and Vision Research. This study was

conducted in strict agreement with the recommenda-
tions in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Before each imaging session, the monkeys
were anesthetized with a mixture of ketamine
(5–20 mg/kg), midazolam (0.25mg/kg), and glycopy-
rrolate (0.017 mg/kg) given intramuscularly and
maintained with inspired isoflurane (1.5–3%). Rocuro-
nium bromide (20–55 μg/kg/hour) was given for
paralysis and the animal was artificially respirated.
Body temperature was maintained at 37.8°C to 38.9°C
using a heated airflow system and warming packs.
Vital signs were monitored constantly and recorded
every 15 minutes throughout the imaging session using
electrocardiography. Lactated Ringer’s solution with
5% dextrose was given by intravenous drip for fluid
replenishment. Pupil dilation and cycloplegia were
induced with up to four drops each of phenylephrine
hydrochloride (2.5%) and tropicamide (1%). If the
pupil failed to dilate, up to four drops of cyclopento-
late hydrochloride (1%) solution were administered. A
lid speculum was used to keep the eye open. To prevent
dehydration of the cornea andmitigate refractive error,
a contact lens lubricated with Genteal (Alcon, Fort
Worth, TX, USA) was placed on the eye. A motorized
stereotaxic cart consisting of a three-axis translation
stage combined with a two-axis goniometer was used
to move the animal’s pupil in three dimensions so as
to align with the exit pupil of the imaging system and
navigate along blood vessels to the retinal location to
be imaged by moving the animal. At the end of the
imaging session, anesthesia was reversed with neostig-
mine (0.05 mg/kg) and glycopyrrolate (0.01 mg/kg)
given intravenously. Imaging sessions lasted up to six
hours and were repeated no more than once per week.

Ultrafast Laser Exposures

A two-photon adaptive optics scanning light
ophthalmoscope (2P-AOSLO) described in the follow-
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ing section was used to deliver ultrafast laser exposures.
To induce selective damage to photoreceptors, the
Ti:Sapphire femtosecond laser was focused at the
outer nuclear layer (ONL). A total of 187 retinal
locations, ranging in field sizes from 0.79° × 0.87° to
1.19° × 1.39°, were exposed to an average laser power
ranging from 50 to 210 mW and for durations ranging
from 106 to 335 ms. A computer-controlled shutter
(SH1; Thorlabs Inc., Newton, NJ, USA) restricted
exposure duration. The field size was determined
by computer-controlled scanners, which operated
at a frame rate of 26.5 Hz. Exposed locations were
monitored for up to 18 months after exposure using
OCT, scanning laser ophthalmoscopy (SLO), and
AOSLO reflectance and two-photon excited fluores-
cence (TPEF) imaging modalities.

2P-AOSLO

An AOSLO designed for TPEF imaging of the
primate retina, which has been described elsewhere,24
was used for both reflectance and TPEF imaging of
the retina. AOSLO imaging of reflected light, using
both confocal and nonconfocal detection methods,
was performed before and after the laser exposure to
assess the loss of photoreceptors, as well as any effects
on the vasculature. TPEF imaging was conducted
after the laser exposure for functional measurement
of the visual cycle in photoreceptors as described
elsewhere.24,25 Briefly, a Ti:Sapphire femtosecond laser
(55 fs, 80 MHz, 730 nm, Mai Tai XF-1 with DeepSee
attachment; Spectra-Physics, Santa Clara, CA, USA),
compensated for second-order dispersion arising from
both the optics of the AOSLO and the eye, was used
to excite TPEF; the maximum power at the cornea was
3.5 to 4.5 mW. An 840-nm superluminescent diode was
used for wavefront sensing with a Shack-Hartmann
wavefront sensor, and a maximum power of 45 μWwas
incident on the cornea. A deformable mirror corrected
aberrations and was used to focus the light in differ-
ent retinal layers. A 790-nm laser diode was used for
reflectance imaging. All sources were cofocused at the
retina. The focal spot was raster scanned across the
retina with a resonant and a piezo scanner. All images
captured were with a 2° × 2.2° field of view (X = 436
pixels and Y = 480 pixels) at a frame rate of 26.5 Hz.
Two photomultiplier tubes (PMTs) captured reflected
light from the 790 nm and 730 nm sources in confo-
cal reflectance configuration. Additionally, the 730-nm
reflectance channel was used for nonconfocal multi-
offset imaging, which has been described elsewhere.25
A third PMT for TPEF imaging (excitation: 730 nm;
detection: 400–550 nm) was used. The TPEF time
course data was adapted using a method described

elsewhere26 with an exponential function y= �F/F e−t/t

+ 1, where τ is the time constant of TPEF increase and
�F/F is the relative increase in TPEF.

RPE Autofluorescence Imaging

Methods for in-vivo AOSLO autofluorescence
imaging of individual RPE cells in macaques are
described elsewhere.27 This was performed using a
single photon AOSLO system described elsewhere.28
Briefly, we captured two channels of AOSLO images
simultaneously: a confocal reflectance image of the
photoreceptor cone mosaic using a 790-nm superlu-
minescent diode and a fluorescence image to detect
RPE autofluorescence. The RPE lipofuscin autoflu-
orescence excitation wavelength was 561 nm and
emission was detected over a wavelength range of 40
nm centered at 624 nm. An additional channel (840-nm
light) was used for measuring wavefront aberrations.
During imaging, the eye’s aberrations were measured
in real time by a Hartmann-Shack wavefront sensor
and were corrected using a deformable mirror that was
placed in the path conjugate to the entrance pupil. The
intensities of the imaging lights at the macaque pupil
were 20 to 40 μW (561 nm), 250 μW (790 nm), and 30
to 40 μW (840 nm).

Confocal SLO and OCT Imaging

Femtosecond laser damage was assessed with multi-
ple clinical and laboratory imaging modalities. The
retina was imaged before and after every session of
femtosecond laser exposure using a confocal SLO
(HRA + OCT; Heidelberg Engineering, Heidelberg,
Germany) using a 30° field of view (1536 pixels).
Imaging was performed in each of the following
modalities: blue-light reflectance (488 nm), blue-light
autofluorescence (Ex: 488 nm, Em: 510 nm), infrared
reflectance (815 nm), and infrared autofluorescence
(Ex: 786 nm, Em: 810–840 nm). Fourier-domain OCT
scans of exposed locations were captured with an
axial resolution of 3.9 μm using the same instrument.
During this period, confocal SLO images and OCT
scans were visually inspected for qualitative changes in
reflectivity or autofluorescence intensity.

FA

The time course of choroidal leakage of fluorescein
was tracked for six lesions made at various powers on
the same day (Monkey M1). FA was obtained with a
confocal SLO (Spectralis HRA + OCT, Heidelberg,
Germany) using a field size of 30°, (1536 pixels) at
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1 hour, 48 hours, and 72 hours after exposures. For each
measure, 7.7 mg/kg of sodium fluorescein was injected
intravenously, and FA images were taken over the next
six minutes. FA images were screened for potential
choroidal leakage.

Calcium Imaging

Calcium imaging using GCaMP6s was used to
assess whether the laser exposure of the photoreceptors
compromised the response of the overlying ganglion
cells in monkey M3. This was performed near the
fovea of monkey M3 using the AOSLO system as
described elsewhere.28 A localized scotoma was created
by ablating photoreceptors directly under the ganglion
cell layer using the ultrafast laser (average power 150
mW, duration 106 ms, and 0.79° × 0.87° field of
view). Foveal retinal ganglion cells (RGCs) are laterally
displaced from the central foveal photoreceptors they
serve, forming a ring at the margin of the foveal pit.
This means that in contrast to other species and other
retinal locations, it is possible to expose these ganglion
cells to the lesioning light, ablating the photoreceptors
directly beneath, without compromising the laterally
displaced photoreceptor input to these RGCs. Thus the
unique topography of the fovea makes it possible to
directly assess the functional impact on RGCs lying
directly above the damaged photoreceptors.

To achieve GCaMP6s expression in the foveal
ganglion cells, the animal was injected intravitreally
with 100 μL of AAV2-CAG-GCaMP6s with a titer
of 1.94 × 1013 viral genomes per milliliter. Expres-
sion was monitored using the blue autofluorescence
modality of a confocal SLO (Heidelberg Spectralis).
A 488 nm, 4.9 mWcm−2 laser source was focused on
the ganglion cell layer to excite GCaMP6s fluores-
cence that was detected in a 520/35 nm emission band.
A pinhole of eight Airy disc diameters was used to
maximize signal collection. A panretinal 590 nm LED
0.8 mW/cm−2 flicker stimulus was presented at 0.2 Hz
for 90 seconds to drive retinal activity while GCaMP6s
fluorescence was recorded. Confocal reflectance images
of the photoreceptor layer were recorded simultane-
ously for image registration.

Histologic Preparation

Monkeys designated for retinal histologic exami-
nation (M2 and M4) were euthanized and under-
went perfusion with 2.5% glutaraldehyde + 4%
paraformaldehyde in 0.1 mol/L phosphate buffer as
described previously.23 Briefly, after perfusion, the eyes
were dissected, the anterior chambers were removed,
and the posterior globes were immersion-fixed

overnight in 2.5% glutaraldehyde + 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer at 4°C. The optic
nerve, foveal regions, and regions containing the laser
lesions were dissected from the globes. They were
placed in 0.1 mol/L phosphate buffer overnight, rinsed
five times with the same buffer over a total of one
hour before dehydration with graded concentrations
of ethanol (50%, 70%, 80%, 95%, and 100%, two
changes each) also over a total of one hour. The tissue
was then defatted using acetone before infiltration
with glycol methacrylate plastic (Technovit H7100, no.
14653; Electron Microscopy Sciences, Hatfield, PA,
USA) and embedding in molds (no. 70176-30; Electron
Microscopy Sciences) at room temperature. Sections 3
μm thick were cut through regions of interest using a
rotary microtome (MICROM HM355S International,
Walldorf, Germany), affixed to glass slides, and stained
with Multiple Stain Solution (no. 08824; Polysciences,
Inc., Warrington, PA, USA) before imaging with a
light microscope in brightfield mode (BX53; Olympus,
Tokyo, Japan).

Vasculature Imaging

Vasculature imaging to assess the integrity of deep
and superficial blood vasculature of the retina was
performed using 790-nm reflectance channel in the 2P-
AOSLO system described in the prior section. This
study did not quantify measures of blood flow that can
only be done by taking high-speed line scan images of
single locations along blood vessels. A through focus
movie was created from the images captured at frame
rate 26.5Hzwhile manually changing the AOSLO focal
plane through photoreceptors to ganglion cell layer,
and movies at fixed depths (superficial and deep) are
shown in Supplementary Movies S1 and S2. Image J
was used to create motion contrast images by taking
the standard deviation of stacked time series images.

Data Analysis

During AOSLO imaging, the high signal-to-noise
ratio (SNR) reflectance videos and low SNR TPEF
videos were recorded simultaneously with the pulsed
730 nm laser. Dual-image registration software29
computed the eye motion from the high-SNR videos
and coregistered both the high and the low-SNR video.
The same strategy of coregistration was used for RPE
imaging.

To quantify the axial extent of damage as a function
of average power, measurements were made on OCT
B-scans through the center of each exposure. ImageJ
software was used to draw a line segment axially across
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Table 2. Summary of Exposures

Imaging Modality

Macaque Average Power (mW) Exposure (ms) Exposed Area OCT AOSLO HRA Remarks

M1 210 ± 2 335 1.19° × 1.39° 2\2 2\2 2\2 a

M1 210 ± 2 259 1.19° × 1.39° 2\2 2\2 2\2 b

M1 210 ± 2 183 0.79° × 0.87° 2\2 2\2 2\2 b

M1 210 ± 2 183 1.19° × 1.39° 2\2 2\2 2\2
M1 210 ± 2 106 0.79° × 0.87° 3\3 3\3 3\3
M1 210 ± 2 106 1.19° × 1.39° 2\2 2\2 2\2
M1, M3 180 ± 2 106 0.79° × 0.87° 4\4 4\4 4\4
M1,M2, M3 150 ± 2 106 0.79° × 0.87° 4\4 4\4 4\4
M1, M7 130 ± 2 106 0.79° × 0.87° 3\3 3\3 3\3
M1, M3, M4, M6 120 ± 2 106 0.79° × 0.87° 14\14 14\14 14\14
M4, M5, M6, M8 110 ± 2 106 0.79° × 0.87° 42\42 42\42 42\42
M1, M4,M5, M6, M7, M8 100 ± 2 106 0.79° × 0.87° 50\50 50\50 50\50
M1,M3, M4, M5, M7, M8 90 ± 2 106 0.79° × 0.87° 54\54 54\54 54\54
M1 80 ± 2 106 0.79° × 0.87° 1\1 1\1 1\1
M1 68 ± 2 106 0.79° × 0.87° 0\1 0\1 1\1
M1 50 ± 2 106 0.79° × 0.87° 0\1 0\1 0\1

aSevere damage and vasculature rupture observed.
bCollateral damage observed.

the lesion, and the line segment length was plotted as a
function of laser power.

For calcium imaging data, analysis was performed
by Fourier transforming the time-course profile of
GCaMP6s fluorescence. Two spatial segmentation
masks for individual retinal ganglion cells were created,
one containing cells within the boundary of the
exposure as identified on confocal reflectance image
of the photoreceptor layer, and a second containing
cells superior to the exposure in the same frame. These
masks were applied to the frame-registered videos. The
fluorescence time course for each cell was Fourier-
transformed to extract the amplitude of the response
at the visual stimulus frequency. Average Fourier trans-
forms for all cells inside and all cells outside of the
exposed area were created to assess the impact of laser
exposure.

Results

Effect on Photoreceptors

In-Vivo Structural Assessment of Photoreceptors
Table 2 summarizes the parameters of all laser

exposures used in this study and visible changes
observed in exposed locations using different imaging
modalities. The vast majority of laser exposures
were at the intermediate levels of laser intensity

(90–120 mW). Approximately 100 mW intensity
was required to reliably damage all photoreceptors,
something that was subsequently confirmed by histol-
ogy (see Fig. 4). Figure 1 shows examples of the
AOSLO appearance of the retina after exposures to
three laser intensities (50, 150, and 210 mW). The left
column shows reflectance images focused at the level
of photoreceptors, illustrating a high level of structural
detail visible due to the waveguiding of the photore-
ceptor outer segments. No change in waveguiding of
photoreceptor is seen for the lowest intensity laser
exposure in Figure 1a. The structural detail is greatly
reduced within the exposed regions, as is visible at
the center of Figures 1b and 1c. The right column of
Figures 1d to 1f shows multi-offset aperture images of
the same region, which reveals visible inner segments
across the entire field of view except within the laser
exposed regions at the two laser intensities as shown
in Figures 1e and 1f.

In-Vivo Functional Measurement of Photoreceptors
We tested function of the visual cycle in exposed

regions by collecting the time course of TPEF
from the photoreceptors using approaches described
elsewhere.25,26 The left column shows the two-photon
fluorescence image following exposure to a lower
intensity 50 mW (Fig. 2a) and a moderate laser
intensity at 130 mW (Fig. 2c). The time course
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Figure 1. AOSLO images of photoreceptors post-lesion. Left panels show 730-nm reflectance images after 50 mW (a), 150 mW (b), and
210 mW (c) exposures of 106 ms with corresponding multi-offset aperture images to the right (d–f ) (monkey M1).

of TPEF from within and surrounding the exposed
area is plotted in Figures 2b and 2d. Photorecep-
tors at the location of the lower intensity laser
exposure (50 mW, 106 ms) did not show any notice-
able changes in either structure or function as
shown in Figures 2a and 2b, whereas photorecep-

tors had substantially less TPEF at the location of
higher laser exposure (210 mW, 106 ms) as seen in
Figure 2d, suggesting a dysfunctional visual cycle,
whereas the photoreceptors outside the exposed region
appeared normal. We found a similar result at all
other power levels except at 50 mW. Table 3 shows
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Figure 2. Photoreceptor structure and function within and outside lesions. (a–d) TPEF images of photoreceptors, orange rectan-
gle is extent of lesion. (e–h) TPEF time profile outside and inside of exposed area for laser average powers 50, 100, 130, and
210 mW.
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Table 3. Mean TPEF Intensity Values Inside and
Outside Exposure Area

Power (mW) Inside Outside

210 13 45
150 29 42
130 17 74
100 25 52
80 27 50
50 49 50

the mean TPEF intensity inside and outside of the
lesions for exposure powers from 50 to 210 mW.
A t-test comparison of TPEF intensity within and
without the lesion resulted in a t = 4.2, degree of
freedom = 5, with the difference significant beyond the
0.05 level.

At the onset of the laser excitation, TPEF of
normally functioning photoreceptors increases
exponentially and after several seconds reaches a
plateau, indicating that bleached photopigment is
being converted to all-trans-retinol in the visual
cycle.25 Exponential fits to the TPEF of photore-
ceptors outside the exposed region at higher power
(130 mW) yielded a fractional TPEF increase of 0.72
± 0.01, whereas inside the exposed region TPEF was
severely reduced with a TPEF increase of only 0.37 ±
0.01. The time course and fractional increase of TPEF
for the lower level laser exposure (50 mW) was similar
both within and surrounding the exposed region.

Effect on RPE Cells

Functional Assessment of RPE Tight Junctions
Fluorescein angiography was carried out to

examine the effect of femtosecond laser exposure
on RPE tight junctions. As shown in Figure 3a,
fluorescein leakage was substantial for four lesions
(120–180 mW) examined 1h post-exposure. In
addition, minimal fluorescein leakage was observed at
two exposure locations at power levels 80 mW and 100
mW. By 72 hours after exposure, there was no fluores-
cein leakage at any lesion location. This suggests a
rupture of RPE cell tight junctions initially at higher
laser average powers, but complete recovery after
72 hours (Fig. 3c).

In-Vivo RPE Autofluorescence
Figures 3d to 3g show single photon autofluores-

cence images of the mosaic of RPE cells exposed to
laser average power ranging from 80 to 180 mW. Each
RPE cell nucleus is visible as a dark circle, surrounded
by a diffuse bright ring, which shows the autofluores-
cence of the lipofuscin distributed in the cytoplasm

of the RPE cells. Retinal blood vessels appear as dark
shadows overlying the RPE mosaic. In vivo AOSLO
RPE autofluorescence imaging of the exposed regions
50 days after exposure revealed that at all power levels
less than 100 mW there was a decrease in RPE autoflu-
orescence in Figures 3d and 3e, but it was severely
altered, and the RPEmosaic appeared highly disrupted
at the higher powers as shown in Figures 3f and 3g.

Effect on the Inner Retina

Histologic Assessment
Stained, 3-μm–thick sections of the lasered regions

of retina show complete loss of the ONL and
photoreceptor outer segments over distinct, well-
defined regions (Fig. 4). The diameter of these regions
appeared to correlate with the laser power used
(100–120 mW), with the smallest area of missing
ONL seen at 100 mW, and the largest at 120 mW. In
contrast, the inner retina appears completely unaltered
compared with unexposed retina.

OCT Imaging
The axial extent of each lesion was measured

from OCT B-scans taken three months after damage.
When plotted as a function of average laser power
(Fig 5a), the axial extent of damage increases, consis-
tent with the histological findings denoted above and
illustrated in Figure 4. In addition, we observed
subtle but consistent changes in blue reflectance,
blue autofluorescence, infrared reflectance and infrared
autofluorescence SLO imaging after femtosecond laser
exposure at all but the lowest power (50 mW) as shown
in Table 2 (HRA). Figures 5c–5e show OCT images
taken 12 months after exposure with average powers
of 100, 150, and 180 mW, clearly illustrating the larger
lesion diameter. There was no sign of inner plexi-
form or ganglion cell layer disorganization in the OCT
images, again consistent with histologic findings above
(Fig. 4). As observed in Figures 5d and 5e, a hyper-
reflective OCT signal was consistently observed below
the RPE at all laser powers of 110 mW or greater. At
powers of 100 mW or lower, no hyperreflective OCT
signal was observed in Figure 5c.

In-Vivo Vasculature Imaging of Inner Retina
Figures 6a and 6b show 790 nm AOSLO

reflectance images of photoreceptors before and after
exposure. Figures 6c and 6d show motion contrast
images of blood flow through the deepest retinal capil-
laries, and Figures 6c and 6e show motion contrast
images for the most superficial vessels before and after
laser exposure respectively. No vasculature damage
or alteration in blood flow was seen. Video images of
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Figure 3. (a–c) 5.5-minute post injection fluorescein leakage shows rupture of RPE tight junctions one and 48 hours post lesion, but
largely recovered by 72 hours. AOSLO autofluorescence images of the RPE mosaic at the lesion site at laser average power (d) 80 mW,
(e) 100 mW, (f ) 120 mW, and (g) 180 mW, respectively, for a duration of 106 ms (monkey M1).
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Figure 4. Histologic cross-sections of a monkey retina (M4) in the approximate center of laser lesions made at 100, 110, and 120 mW
(106ms duration). Note the localized loss of photoreceptors, with a complete ablation of the ONL over an increasingly larger diameter zone
as laser power increased. In contrast, the inner nuclear layer (INL) and other layers of the anterior retina above the damaged zone appear
structurally intact. A “control” region of unlasered retina at an eccentricity close to the 120mW ablation is included for comparison. GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; RPE, retinal pigment epithelial layer.

Figure5. Lateral andaxial visualizationof lesions. (a)Measurement of axial extent of lesion fromOCT-B scans (mean± SD, one-tail Student’s
t test). (b) Infrared autofluorescence cSLO images of lesion sites showing the enface view of lesions (100, 150, and 180 mW)marked by blue,
yellow, and red arrows, respectively. (c–e) OCT B-scan images show axial localization of lesion at laser average powers marked by arrows.
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Figure 6. Assessment of retinal vasculature. Top panel (a, b) shows AOSLO imaging of a location before and after exposure (130 mW,
106 ms), respectively. Through focus AOSLO imaging shows no vasculature rupture. AOSLO reflectance (790 nm) motion contrast images
of deep retinal vasculature before (c) and after (d) laser exposure, respectively. AOSLO reflectance (790 nm) imaging of superficial retinal
vasculature before (f ) and after (g) laser exposure, respectively (monkey M1).
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pre-exposure and postexposure blood flow at these two
locations are shown in Supplementary Movie S1 and
Supplementary Movie S2.

Response of Ganglion Cells Measured With Calcium
Imaging AOSLO

In monkey M3, the calcium response of RGCs was
measured in a region directly above a 150-mW laser
exposure and compared to the response of RGCs from
a control location. Figure 7a shows an OCT image
with the location of the 150-mW lesion highlighted by
the yellow box, whereas the foveal ganglion cell somas
through which the laser was directed are highlighted
by a blue box. These cells have displaced receptive
fields that are located at the fovea center, and there-
fore should remain responsive to a visual stimulus if the
laser-induced damage is axially localized to the outer
retina. Figure 7b shows a fluorescence image from the
same field of view showing the GCaMP expressing
RGCs. The RGCs directly above the lesioned area are
labeled green; RGCs in a control region outside of
the lesioned area are labelled red. A reflectance image
of the lesion within the photoreceptor layer is shown
in Figure 7c. The lower left panel shows the average
Fourier amplitude of the segmented cells from both
the regions outside of the lesion (Fig. 7d) and directly
above the lesion (Fig. 7e) to a 0.2-Hz visual stimulus.
The response amplitude is the same in the two cases,
indicating that the lesion is axially confined to the outer
retina and has not functionally impaired the retinal
ganglion cells lying directly above it.

Discussion

This study examined a novel approach that
combined femtosecond laser exposure and adaptive
optics to create focally complete photoreceptor
ablation in primate retina with minimal damage to
other retinal neurons. Previous attempts to achieve
selective damage have been unsuccessful, since laser
exposure can produce diffuse retinal damage,30 and
substantial retinal scarring has been observed even
when damage is targeted to photoreceptors.31 Thus
a major goal of the study was to determine whether
the inner retina is functionally spared even after
femtosecond laser exposures of sufficient power to
cause complete loss of photoreceptors and perma-
nent vision impairment. In this study, we tested a
greater than fourfold range of laser powers and
exposure durations to identify parameters that can
selectively ablate the photoreceptor layer. Despite the
degeneration of outer retina and persistent loss of

structure and function of photoreceptors (measured
by TPEF of all-trans-retinol, the dominant intrinsic
fluorophore found in photoreceptors) observed here,
ganglion cell function was preserved at laser-treated
locations. AOSLO imaging of vasculature function
also showed that inner retina vascular supply was
spared. The results suggest that these selective lesions
could provide a useful primate model for exploring
approaches to vision restoration for future application
in humans. The present method, although different
from a genetic model of retinal degeneration, could be
beneficial in various vison restoration strategies such
as electronic protheses, optogenetics, and stem-cell
therapy in animal models where genetic models are not
readily available.

This primate model of eye disease does not replicate
the widespread damage to most outer retinal neurons
that is seen in humans and genetically appropriate
models of retinal disease in transgenic mice, rats and
dogs and humans.32 On the other hand, relatively selec-
tive damage to outer retina may permit separation of
the effects of selective photoreceptor loss from other
aspects of retinal loss that are typical of human retinal
disease.33

Completeness of Photoreceptor Loss

Interpreting vision restoration is simpler in those
cases with no surviving photoreceptors that could
mediate “apparently restored” vision. This is a well-
known complexity of some outer retinal degenerations
(e.g., mouse rd1), where sufficient photoreceptors may
survive that they canmediate fairly substantial vision.34
This issue is especially problematic when measuring
such functions as grating acuity, which can survive
loss of most photoreceptors with little change.35 Thus
this study identified laser parameters that give 100%
photoreceptor loss, confirmed by in-vivo measures of
OCT and adaptive optics imaging and retinal histology.

Short-Term and Long-Term Preservation of
Inner Retina Function

Despite passage of the laser through the retinal
ganglion cell layer that occurs when making exposures,
the function of the RGCs is unaffected. This is a
key advantage of this localized ablation approach for
preclinical development of vision restoration therapies.
Manymethods of vision restoration depend entirely on
relative preservation of ganglion cell function despite
loss of outer retina, in order to enable restoration by
epiretinal or subretinal optoelectronics, 36,37 optogenet-
ically mediated responses of retinal ganglion cell or
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Figure 7. Functional measurement of ganglion cell response. Upper panel (a), OCT image showing location of test lesion (150 mW, 106
ms) directly under foveal ganglion cell ring. The yellow box denotes the axial location of the lesion, the blue box shows the region of
ganglion cells directly above the lesion. Lower panel (b) Blue Box: An en face AOSLO fluorescence image (525/35 nm) of the ganglion
cell layer directly above the region of photoreceptor loss. Cells labeled green are right above the lesioned area (white dashed line).
Cells labeled red are from a control region further from the lesioned area. (c) Yellow box: An en face AOSLO reflectance image of
the photoreceptor layer after the ultrafast laser exposure. The red (d) and green (e) Fourier transforms show the average response of
the red and green marked ganglion cells to a 0.2 Hz pan retinal visual stimulus. The laser exposure did not affect cell responsivity
(monkey M3).
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bipolar cells38 or activation of preserved ganglion cells
by photoreceptor precursors inserted into the subreti-
nal space.39

The dependence of restoration on inner retina
function is complicated by the finding of severe
“remodeling” that has been observed following depri-
vation of photoreceptor input to inner retina.33
Despite this complete loss of inner retina function is
inconsistent with the success of optoelectronic restora-
tion40 showing at least partial preservation of inner
retina, since the patients showing restored vision by
optoelectronic devices have often been blinded by outer
retina degeneration for many years. One might expect
that, however good the quality of vision was at the
time of treatment, the quality of preserved visionmight
undergo progressive decline if the inner retina contin-
ues to progressively remodel. On the other hand, it is
also possible that the optoelectronically restored vision
itself might slow or prevent further inner retina remod-
eling.

Although these questions are fundamental to the
utility of vision restoration they are difficult to address.
The primate model reported here should make it possi-
ble to explore such issues, since the onset of photore-
ceptor loss is quite abrupt and vision testing methods
can be used to study long-term alteration in inner
retina function. It may also be possible to ameliorate
a “remodeling”-based decline in inner retina function,
because a biochemical basis has been proposed for
remodeling, which could make remodeling preventable
if the retina is pretreated with suggested antagonists.41

The Nature of RPE Damage

The most prominent changes observed outside the
photoreceptor layer in this study were to the RPE,
a monolayer of cells physically linked to photorecep-
tors by ciliary processes. These RPE cells support the
photoreceptors in multiple ways, including renewal
of photopigment in the visual cycle and physical
support of the fragile photoreceptor outer segments.
The health status of RPE cells in all animal models is
of great importance for studying insertion of photore-
ceptor precursors,42,43 since the survival and integra-
tion of photoreceptor replacement cells may be highly
dependent on RPE for both structural support and
photopigment renewal. This important role of RPE
makes it urgent that we learn more about optimal
animal models for studying photoreceptor replace-
ment. The macaque preparation described here may
provide an excellent model for studying photoreceptor
implantation, as shown in other studies,44 RPE cells
rapidly recover from major insults including surgical

removal, apparently by generating a new monolayer
of cells with apparently normal structure (as long as
Bruch’s membrane remains intact). Thus, the present
macaque model could be more favorable for the
survival of photoreceptor precursors than the degener-
ated human retina for which this therapy is ultimately
being developed. Future studies can examine this issue
by separately implanting photoreceptor precursors
alone, RPE precursors alone, or combined photorecep-
tor/RPE precursors, possibly givenmechanical support
by incorporation in a scaffold.45,46

The Mechanism of Photodamage

It is likely that the photodamage observed here is
due to a combination of photomechanical damage
due to multiphoton absorption as a consequence
of the high peak power of the ultrashort pulses47
and photothermal damage due to absorbance of
730 nm light by melanin and other chromophores
present in retina. Photodamage is limited primar-
ily to the photoreceptors, but photothermal damage
could be causing RPE disruption because damage
might not purely photomechanical. Use of adaptive
optics increases the likelihood of nonlinear interac-
tion produced by the ultrashort pulse laser by creat-
ing a near diffraction-limited focal volume, as shown
in Supplementary Figures S1a and S1b. Details of the
calculation of peak laser intensity and likelihood of
photomechanical damage by femtosecond laser pulse
is described in Appendix A.

Experimental Advantages of the Method
Described Here

A substantial limitation of the macaque model
of outer retina loss described here is that it does
not replicate the actual eye disease the restoration
therapy is being developed to treat. Such genetically
precise retinal diseases are widely available in other
species, especially mouse, rat, and dog,32 although both
naturally occurring and transgenic models will be avail-
able in the future in primates.48,49 One major benefit of
the present model is that it can produce small lesions
of photoreceptors at multiple retinal locations in each
tested animal. The small lesions can be made smaller
than the optic disc, which produces an approximately
five-by-eight–degree blind spot in every eye. This blind
region in each eye, as well as local visual loss of up
to about 7° diameter produced by visual disease can
be recognized by humans only under unusual circum-
stances, because of the phenomenon of cortical filling
in.50 Thus small lesions of the retina are probably not
detectable by laboratory nonhumanprimates. A second
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benefit of small retinal lesions is that they permit
comparison of lost vision to the function of nearby
retinal locations that function normally. This is impor-
tant for the adaptive optics calcium imaging method
used in the present study because the method needs
to adjust imaging focus with respect to the reflection
from the photoreceptor layer at nearby normal retina
locations. Small lesions are also important for future
perceptual studies of optogenetic restoration to permit
initial training of the monkey on perceptual discrimi-
nation at nearby seeing locations before moving slowly
to the lesioned location. This also permits developing
specific training of visual perception at locations of
photoreceptor loss, which may provide a visual experi-
ence novel to the macaque. Finally, precise local lesion-
ing of photoreceptors will provide a model to evalu-
ate any change in visual function that results from loss
of photoreceptor input. These advantages suggest that
themodel of retina degeneration described heremay be
valuable in initial development of optogenetic methods
for use in human, followed by studies in nonhuman
primate models of the exact outer retina disorders to
be targeted in humans.

Conclusions

These results suggest that the lesions created from
femtosecond laser in conjunction with adaptive optics
could provide a useful primate model for explor-
ing restoration of visual function in nonhuman
primates model. This approach, although different
from a genetic model of retinal degeneration, could
be beneficial in various vison restoration strategies
such as electronic protheses, optogenetics and stem-cell
therapy in animal models where genetic models are not
readily available.
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Appendix A. Theoretical Estimation of
Photomechanical Damage

The high peak power associated with short or ultra-
short pulses is prone to cause photomechanical damage
in transparent or low absorbing tissue.51,52 The nonlin-
ear dependence of the refractive index of the material
on applied electric field (irradiance) also known as the
Kerr-effect can cause self-focusing of the laser beam.53
High peak power of the laser pulse can also cause
multiphoton ionization and thus plasma formation or
dielectric breakdown if photons have sufficient energy
to overcome the band-gap energy.54 Plasma has absorp-
tive properties that are different from those of ordinary
gases.55 Here, the critical power for self-focusing and
plasma formation was calculated and compared to the
estimated peak power when exposing the retina to an
average power.

(i) Laser Peak Power
Considering the constant repetition rate ƒrep = 1/T,

where T is one full period, E is the energy per pulse and
τ is the pulse width of femtosecond laser.

Peak power is defined as rate of energy per pulse

Ppeak = E/τ, (A1)

Where the average power is rate of energy over one
full cycle.

Pavg = E/T (A2)

Therefore, the peak power

Ppeak = Pavg

frep.τ
(A3)

Considering the form factor for Gaussian beam

Ppeak = 0.94x
Pavg

frep.τ
(A4)

Our highest average power used in this study was
210 mW, corresponding to a peak power in our study,

Ppeak = 0.94x
210 mW

80 MHz .55 fs
≈ 45 kW (A5)

(ii) Self-focusing
Self-focusing occurs if the laser peak power

approaches the critical power,56

Pcr,s f = 0.148xλ 2

n1 .n2
≈ 1.34MW � Ppeak (A6)

Where λ is thewavelength of light used (730 nm) and
the linear and nonlinear refractive indices for vitreous

humor are n1 = 1.336 and n2 = 1.4 × 10−13 esu respec-
tively.

Therefore, possible damage induced by self-focusing
of femtosecond laser in our study is completely
neglected.

(iii) Plasma formation
The irradiance threshold for plasma formation in

the femtosecond laser pulse regime in ocular media
is calculated following the example of Cain et al.57
and employing the AOSLO scanner failure case by
Schwarz et al.58 with consideration of first order model
of Kennedy with special attention to Kennedy sections
IV D and V F.59,60 For the ultrashort pulse regime, this
model is based on the theory of multiphoton ioniza-
tion. The threshold intensity for the plasma-mediated
breakdown is calculated by

Icr = (Qcr)
1
K ∗(A.τ. 0.5)−K

B
≈ 1013 W/cm2 (A7)

with Qcr being the critical free electron density (∼1018
cm−3) and K is the number of photons required
to ionize the medium (considering simple aqueous
medium water having band gap energy (�) = 6.5 eV
of the medium and ω = 2.58 x1015 Hz is the frequency
of the laser at wavelength (λ) = 730 nm.

K =
(
1 + �

�.ω

)
= 4 (A8)

A and B are characteristic parameters of the
medium and are defined by

A =
(

2
9.π

)
· ω.

(
m′.ω

�

) 3
2

· e2K · φ (z) ·
(

1
16

)K

(A9)

And

B = q2

m′.�.ω2c. ε0. n0
(A10)

ω, K and � are the same as above, and
ε0= 8.85 × 10−12 C/Vm is the permittivity of the
free space no = 1.336 the index of refraction of the
medium at frequency ω, m’ = 4.55 × 10−31 kg the
exciton reduced mass, � = 6.58 × 10−16 eVs the
reduced Planck constant, q = 1.6�10−19 C the electron
charge, and 	(z) = e−z2 ∑n

k = 0
z2n+1

n!.(2n+1) represents
Dawson’s integral with Z =

√
2K− 2.�

�.ω
.

The low-density plasma formation model in
aqueous media previously used by Vogel et al.61 and
followed by Schwarz et. al.,58 showed that possibility
of low-density plasma formation if the laser peak
intensity reaches to a particular threshold, calculated
mathematically, Icr ≈ 1013 W/cm2. Considering diffrac-
tion limited focal spot size ∼ 2.49 μm2 of scanning
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laser beam used in this study and using peak power of
the femtosecond laser used in this study as calculated
in prior section (45 kW), the peak laser intensity in
our study is (Ipeak) is 0.18 × 10x13 W/cm2, which is
comparable to the peak threshold intensity of optical
breakdown (Icr = 10x13 W/cm2). Therefore, we believe
the ablation of photoreceptors by the femtosecond
laser reflected a photomechanical effect. However due
to the presence of highly absorbent chromophores
such as melanin in the retina, damage caused by a
photothermal mechanism cannot be ruled out.

Supplementary Material

Supplementary Movie S1. Adaptive optics movie of
blood flow in superficial retinal vasculature before the
lesion (left) and after the lesion (right). No change is
visible in the superficial vasculature.
Supplementary Movie S2. Adaptive optics movie of
blood flow in deep retinal vasculature before the lesion
(left) and after the lesion (right). The lesion is visible in
the after-lesion video.


