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Insertion of light-gated channels into inner retina neurons restores neural light responses, light evoked
potentials, visual optomotor responses and visually-guided maze behavior in mice blinded by retinal
degeneration. This method of vision restoration bypasses damaged outer retina, providing stimulation
directly to retinal ganglion cells in inner retina. The approach is similar to that of electronic visual
protheses, but may offer some advantages, such as avoidance of complex surgery and direct targeting of
many thousands of neurons. However, the promise of this technique for restoring human vision remains
uncertain because rodent animal models, in which it has been largely developed, are not ideal for
evaluating visual perception. On the other hand, psychophysical vision studies in macaque can be used to
evaluate different approaches to vision restoration in humans. Furthermore, it has not been possible to
test vision restoration in macaques, the optimal model for human-like vision, because there has been no
macaque model of outer retina degeneration. In this study, we describe development of a macaque
model of photoreceptor degeneration that can in future studies be used to test restoration of perception
by visual prostheses. Our results show that perceptual deficits caused by focal light damage are restricted
to locations at which photoreceptors are damaged, that optical coherence tomography (OCT) can be used
to track such lesions, and that adaptive optics retinal imaging, which we recently used for in vivo
recording of ganglion cell function, can be used in future studies to examine these lesions.

� 2014 Published by Elsevier Ltd.
1. Introduction

The extreme vulnerability of photoreceptors to retinal eye dis-
ease has lead to the development of two methods for vision resto-
ration that provide visual information directly to neurons of inner
retina, bypassing degenerated photoreceptors. The first method
involves optoelectronics, conveying an electrical representation of
the visual stimulus to retinal ganglion cells via an array of stimu-
lating electrodes placed above or below the ganglion cell layer, and
this approach has recently been approved for therapeutic use in
blind humans by the FDA (Humayun et al., 2012; Wilke et al., 2011).
A second, optogenetic method, inserts light-gated channels such as
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channelrhodopsin into bipolar or retinal ganglion cells in order to
render these cells light-sensitive and thus able to transduce visual
to neural signals in place of the degenerated photoreceptors. The
use of light-gated channels has proven effective in rodent animal
models, restoring physiological responses to visual neurons, and
pupillary and optomotor responses as well as visual guided
behavior to mice previously blind due to outer retina degeneration
(Bi et al., 2006; Doroudchi et al., 2011; Lagali et al., 2008). Although
electronic prostheses have produced partial restoration of vision in
blind humans (Wilke et al., 2011) light-gated channels may offer
advantages including low cost, avoidance of potentially damaging
retina surgery, and the dense spatial sampling of visual images by
the many ganglion cells in primate central retina.

However, the potential efficacy of light-gated channels for
restoring vision to blind humans is not understood because the
rodent animal models in which this technique was developed are
not ideal for studying perception. Macaques are an excellent
model for evaluating human visual restoration, because, unlike
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rodents, they share the highly specialized fovea that distinguishes
primate vision from that of other species (Dacey, 1994). Also, as-
pects of perception critical to blinded humans such as acuity,
contrast sensitivity, form and motion perception can be directly
measured psychophysically in macaques (Merigan et al., 1991). In
this study, we describe a primate model of focal laser treatment of
retina that eliminates photoreceptors over a small region with no
alteration in the number of ganglion cells overlying the eliminated
photoreceptors. Because macaque vision is similar to human
vision, restoration of visual perception can be measured in this
model, making testing of monkey vision critical to evaluation of
visual prostheses. Psychophysical measures in this study show
that vision was eliminated at the location of damaged photore-
ceptors throughout the followup test period of approximately 7
months, but not disrupted at other nearby locations, including
along fiber bundles that would indicate damage to axons of gan-
glion cells.

The value of macaque monkeys for evaluating vision restora-
tion by light-gated channels is heightened by our recent finding
that the function of the output neurons of the retina, retinal
ganglion cells, can be monitored in living macaques by adaptive
optics calcium imaging (Yin et al., 2012). This advance will permit
future studies to measure both loss of RGC function following
photoreceptor damage and restoration of function by visual
prostheses. The present study demonstrates that structural adap-
tive optics retinal imaging can be carried out at the site of retinal
laser lesions in the same monkey that is used for psychophysical
testing.
Table 1
Description of the 15 individual laser lesions examined in this study. Lesions 1e6 in
each monkey were made on one occasion, and then lesions 7 e 9 in monkey 1 were
placed 16 months later. Power levels ranged from 100 to 260 uW, and durations of
laser exposure from 10 to 200 ms, parameters that are common in clinical treatment
for diabetic retinopathy or retinal edema. The diameter of the laser beamwas set to
200 and 250 mm, but actual initial lesion size estimated from fundus photos ranged
from approximately 250 to 420 um.

Lesion Lesion parameters Lesion size (mm)

Diameter Power Duration Energy Fundus ONL ONL

(mm) (mW) (ms) mW/sec Image OCT Histology

Monkey 1
1 200 260 10 2.6 254 80 57
2 200 200 20 4 329 136 78
3 200 100 100 10 358 112 60
4 200 200 20 4 336 136 95
5 200 100 50 5 291 160 129
6 200 100 50 5 306 176 90
7 250 100 200 20 390 73
8 250 100 100 10 419 279
9 250 100 200 20 375 127
Monkey 2
1 200 200 20 4 314 136 66
2 200 100 100 10 388 181 138
3 200 100 50 5 343 115 116
4 200 200 50 4 261 146 70
5 200 100 200 20 418 284 230
6 200 260 10 2.6 0 0 0
2. Methods

Subjects. Two adult macaque monkeys were used, each
weighing approximately 10 kg, of age between 4 and 5 years at the
time lesions were made. Lesions were placed in the left eye (LE) of
monkey 1 and the right eye (RE) of monkey 2. Head-posts and
scleral eye coils were implanted in both monkeys to permit precise
control of fixation locus, so that visual test stimuli could be placed
relative to fixation locus with accuracy of approximately 0.1 deg, as
previously described (Hayes and Merigan, 2007). This precision is
necessary to test central vision because of the high sensitivity and
resolution of vision near the fovea. All surgery was performed
under isoflurane anesthesia, and all efforts were made to minimize
discomfort. The monkeys were pair housed in an AAALAC
accredited vivarium, fed ad libitum with a nutritious lab chow,
supplemented with fruits and vegetables such as pomegranates
and corn on the cob, and were given “browse”, leaf covered tree
branches, weekly. Primate enrichment included 2 pieces of
manipulata daily, puzzle feeders rotated among all animals, weekly
videos and rotating access to a large, free ranging space with
swings, perchs, etc. They were cared for by Laboratory Animal
Medicine veterinary staff under the supervision of three full-time
veterinarians, two with residence training in primatology, as well
as 6 veterinary technicians, whomonitor the health of the monkeys
and check for signs of discomfort at least twice daily. This studywas
carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the University
Committee on Animal Resources of the University of Rochester
(PHS assurance number: A-3292-01). At the conclusion of the ex-
periments the monkeys were euthanized for histological exami-
nation of the retinas by administering an IV overdose of sodium
pentobarbital (75 mg/kg), (death verified by thoracotomy) as rec-
ommended by the Panel on Euthanasia of the American Veterinary
Medical Association.
2.1. Laser lesions

Using a Coherent Novus Omni laser, 12 laser lesions were made,
6 in each of the monkeys within less than �7 deg of the fovea
center: wavelength ¼ 647 nm, duration ¼ 0.02e0.2 s, and
intensity ¼ 100e260 mW (Table 1). An additional 3 lesions were
made in the retina of monkey 1 to explore morphological changes
associated with slightly larger lesions.

2.2. Fluorescein angiography (FA)

The time course of choroidal leakage of fluorescein was tracked
for three lesions made at a single time in monkey 1 (lesions 7e9)
and the six lesions made at a single time in monkey 2. FA was ob-
tainedwith a Topcon TRC NW6 fundus camera on days 1, and 4 after
placement of lesions in monkey 1 and on days 1, 3 and 5 in monkey
2. For each measure, 0.3 ml sodium fluorescein was injected
intravenously and FA images taken for the next five minutes, and
fluorescein leakage determined from images taken at approxi-
mately 5 min post-injection, when arterial and venous retinal cir-
culation are substantial, and choroidal leakage is prominent.

2.3. Optical coherence tomography (OCT)

OCT images of retinal lesions were obtainedwith a Zeiss spectral
domain OCT (Cirrus) approximately 24 h, 2 or 3 months, and after 6
months in the two monkeys.

2.4. Visual thresholds

The seated monkey faced a 17-inch color monitor, illustrated in
Fig. 1, (Nanao, T560i), of illuminance 1.2 cd/m2, which used only the
green gun, at a distance of 57 cm. A small black fixation spot was
presented at the center of themonitor, and contrast thresholdswere
measured for discriminating the orientation of small patches of
vertical or horizontal grating displayed on the monitor. The grating
targets were Gabor functions (cosinusoidal gratings multiplied by
horizontal and vertical Gaussian weighting functions). The



Fig. 1. Psychophysical procedure used to test contrast thresholds. The panels of the figure show the sequence of four conditions that were repeated in each trial. A. During the 3 s inter-
trial interval the video display was blank. B. Each trial began with illumination of a small black fixation spot and the monkey was required to fixate within �0.3 deg of the spot in
order to advance to the stimulus presentation. The small dashed red box shows the location of the electronic window, not visible to the monkey, within which the monkey must
fixate for 500 ms before the stimulus was presented. C. Once the fixation criterion was satisfied, a small test stimulus (vertical or horizontal Gabor stimulus) was presented for
500 ms at a location relative to the fixation spot that was chosen to test a single location in the monkey’s visual field. The monkey had to maintain fixation during this period to
reach the choice interval, otherwise the computer presented a 3 s tone that indicated fixation break, and the program returned to the intertrial interval (A). D. If fixation was
maintained, the fixation spot and stimulus disappeared and two small black fixation response target squares appeared to the right and left of the fixation locus. The monkey was
required to report that the test grating patch had been either vertical or horizontal by moving its fixation locus to one of two response squares (right box ¼ horizontal, left
box ¼ vertical), and maintaining fixation of the response box for 10 ms. In each session of approximately 200 trials, only a single location in the visual field was tested. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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horizontal and vertical Gaussian weighting functions had equal
space constants (s ¼ 0.15 deg). Thus, the grating was above 37% of
peak contrast (full width at the l/e point) over a region of 0.3 deg.

When the monkey fixated within 0.300 of a black fixation spot, a
test stimulus was presented at a pre-determined location in the
visual field, testing only a single location in each daily session. If the
monkey maintained fixation during the stimulus presentation for
0.5 s, the fixation spot and stimulus disappeared and two choice
squares were presented to the right and left of fixation, so the
monkey could indicate by fixating for 10 ms on one of the boxes
whether the stimulus had been vertical or horizontal. Correct
choices were rewarded with water, incorrect choices, fixation
breaks or premature responses were followed by a 3 s beeping tone.
The sequence entered a 3 s intertrial-interval following correct or
incorrect choices, fixation break or premature responses.

The contrast of the stimulus was varied according to a staircase,
becoming higher by one step (2 dB contrast or 0.2 octave speed)
after each error, and lower with probability 0.33 after each correct
choice. Daily sessions consisted of 200 trials, and thresholds were
taken at 75% correct responding either by linear interpolation or by
probit fits to the daily psychometric functions (Finney, 1971). All
thresholds were tested monocularly in the lesioned eye (monkey 1
LE, monkey 2 RE). Visual thresholds weremeasured for 7 months in
each monkey after placement of the initial 6 lesions.

2.5. Adaptive optics imaging

High-resolution reflection adaptive optics images of lesions
were obtained in monkey 2 at the conclusion of behavioral testing
in order to determine if lesion placement would compromise
adaptive optics imaging, as previously described (Yin et al., 2011).
Through focus images were obtained of lesions and selected images
are shown to demonstrate that high signal-to-noise imaging of
retinal neurons can be done following lesions.

2.6. Histology

After visual testing was complete, both monkeys were eutha-
nized for histological examination of retinal lesions. Monkey 1 was
euthanized 20 months after initial lesions were placed andMonkey
2, 30 months after lesions were placed. Retinas were initially
examined as wholemounts with confocal microscopy. Following
confocal microscopy of the wholemounted retina, the retina was
frozen, sectioned and stained with hematoxylin and eosin, so that
the general histological structure of the retina could be examined.
Sections through the center of the lesion as well as neighboring
sections 100 um from the lesion center were examined.

2.7. Measures of retinal scale

Lesion size and locus in the retina were determined from pho-
tographs of unfixed retinal wholemounts after euthanization. The
dimensions were calculated in mm as well as degrees of visual
angle (deg) from a comparison of fundus images, OCT, and psy-
chophysical testing to the photographs of unfixed retina.

3. Results

As shown in Table 1, a total of 15 lesions were examined in this
study, exploring a range of parameters that included 25% variation
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in beam size, 2.6-fold variation in power and 20-fold range in
duration. Lesions 1e6 were made at a single time in monkeys 1 and
2, and lesions 7e9 in monkey 1 were placed 17 weeks later. Lesions
1e6 in both monkeys were placed in a straight line, extending to
about 8 degrees of eccentricity on both sides of the fovea. Initial
lesion diameter, determined from fundus images, varied by less
than a factor of two, with the exception of lesion 6 in monkey 2,
which could not be seen in fundus images and was not visible in
OCT or histology. Final lesion diameter (ONL gap size) at the time of
histology varied by about 4-fold, but was relatively independent of
laser parameters used to make the lesions.

Fluorescein angiography examined the integrity of retinal
pigment epithelium following laser lesions. As shown in Fig. 2,
fluorescein leakagewas substantial at 24 h after lesion placement in
all but one of the 9 lesions examined. Leakage then decreased over
the next few days and was largely absent by 96 h post-lesion in
monkey 1 and completely absent by 120 h in monkey 2. Leakage
was minimal even at 24 h at lesion 6 in monkey 2, which involved
the shortest duration laser exposure, but apart from this lesion
Fig. 2. Fluorescein angiograms show leakage in the first few days after laser lesions. Angiograms
fluorescein for about 3 days. The top row shows monkey 1 and the second row monkey 2, w
Monkey 1 showed severe leakage 24 h post-lesion, but leakage was markedly decreased by
showed severe leakage from lesions 1e5 at 24 h, but little or no leakage from lesion 6. Flu
present at 120 h lost-lesion.
there was no relation of laser duration and intensity to the time
course of leakage. Leakage persisted slightly longer for lesions
closer to the fovea in both monkeys.

OCT examined the time course of retinal changes following le-
sions 1e6 in the two monkeys. OCT images at 24 h after lesions
(Fig. 3) showed enhanced outer nuclear layer (ONL) OCT signal that
appeared to track the displacement of the near foveal Henle fibers
away from the fovea. Altered OCT signal also extended toward outer
retina, reaching the pigment epithelium layer (RPE). The size and
location of the regions of altered OCT signal closely matched
boundaries of lesions seen in fluorescein angiographs (Fig. 2) and
color fundus images. No altered signal was evident in inner retina.
Later OCT imaging suggested cell loss in the outer part of the ONL
extending to near the RPE. At the location of each signal gap in the
ONL, there was an apparent extension of the outerplexiform layer
(OPL) into the ONL.

Retinal histology of the twelve 200 um diameter lesions in the
twomonkeys showed severe damage to outer retina but no obvious
changes in the underlying inner retina. Fig. 4 shows two lesions
taken approximately 5 min after fluorescein injection show severe leakage of choroidal
ith time after lesions extending from left to right. Each lesion is numbered as in Table 1.
96 h post-lesion. Lesions 1e6 in monkey 1 had been placed 17 weeks earlier. Monkey 2
orescein leakage from lesions 1e5 was substantially decreased by 72 h and no longer



Fig. 3. Optical coherence tomography (OCT) of lesions 1e6 in the two monkeys. 24 h. Initial OCTs were obtained 24 h post-lesion, and show 3 lesions in each monkey on either side of
the foveal pit near the center of the lesions. Altered OCT signal extends from the retinal pigment epithelium (RPE) to the outer nuclear layer, apparently tracking photoreceptor
pedicles (Henle fibers), which project to bipolar cells that are displaced away from the fovea center. >6 mo. Composite OCTs are shown for each monkey, since the visibility of 6 mo.
OCTs varied across individual B scans. Most lesions at this time show a gap in OCT signal from the region of photoreceptor inner and outer segments, as well as partial collapse of the
outer nuclear layer (ONL), consistent with a loss of photoreceptor nuclei in the central portion of most lesions examined histologically (Figs. 4 and 5). The images >6 mo were
obtained with “Selective Pixel Profiling” software (Zeiss, Jena), a method that reduces speckle noise in OCT images, and was not available when the 24 h images were obtained. This
improvement in the OCT software does not affect system resolution.
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from Monkey 1, illustrating the range from least observed damage
(lesion 3) to the most marked damage (lesion 5) at the time of
sacrifice, approximately 20 months following the lesions. Lesion 3
shows a modest gap in ONL but no gap in the inner and outer
segments of photoreceptors. In contrast, lesion 5 shows a large gap
in photoreceptor nuclei of the outer nuclear layer, and also in the
inner and outer segments of photoreceptors. ONL was thinned on
both edges of the lesion, suggesting possible migration of photo-
receptor nuclei into the lesioned area. A similar gap in ONL was
seen in all 6 lesions in this monkey, although the size of the gapwas
always approximately 50e80% smaller than the size of the initial
lesion judged from fundus photos. Only three of the six lesions
showed a gap in inner and outer segments of photoreceptors and
none were as dramatic as that of lesion 5. Rod and cone photore-
ceptor somas could be distinguished in the H & E stained sections,
but showed no evidence of selective damage to either rods or cones.
Fig. 4. Histological appearance of two lesions in monkey 1. Images show the range of
observed gap in photoreceptor inner and outer segments; no gap in lesion 3 versus a
120 um gap in lesion 5. Of the 6 lesions examined in monkey 1, only lesion 5 showed a
substantial gap in photoreceptor inner and outer segments, all other lesions showed
little or no gap. The outer nuclear layer (ONL), which contains the soma of all
photoreceptor cells, was interrupted by all lesions, although the gap in the ONL was
smaller in all cases (see Table 1) than the initial lesion size as measured by fundus
photography (Table 1). Ganglion cell layer (GCL) and inner nuclear layer (INL) showed
no morphological changes at the location of lesions, nor was the nerve fiber layer (NFL)
affected. We found no alteration of Muller cell morphology in neighboring vimentin
stained sections. The RPE cell monolayer appeared intact across all lesions, although
melanin pigment granules are reduced in some lesions (seen here in lesion 5, but not
in lesion 3). Neighboring sections showed intact lipofuscin content in the monolayer of
RPE cells across all lesions. Hematoxylin and eosin stain, 20�.
There was no evidence of cell loss or disorganization in either the
inner nuclear layer or the ganglion cell layer. RPE cells formed a
normal appearing monolayer across all lesions and inspection of
neighboring unstained sections indicated that lipofuscin intensity
in RPE cells was not different within lesions.

Fig. 5 shows a comparison of ex-vivo histology and in-vivo high-
resolution adaptive optics imaging of lesion 5 in monkey 2. The
histological appearance of the lesion (Fig. 5A) was intermediate
between that of lesions 3 and 5 in monkey 1, shown in Fig. 4.
Adaptive optics imaging (Fig. 5B) showed the structure of the nerve
fiber layer as well as a superficial retinal vessel that crosses the
lesion. Images deeper in the stack are dominated by signal from
photoreceptors, which are visible surrounding the lesion, but
cannot be seen in the center of the lesion. Photoreceptors at the
edge of the lesion do not show the decreased density that might be
expected from migration of photoreceptors toward the lesion.

Lesions 7e9 in monkey 1 involved larger laser beam diameter as
well as slightly higher laser exposure parameters than the earlier 6
lesions in eachmoney. As shown in Table 1, resulting lesion sizewas
relatively large and the gap in the ONL was large but varied. Lesions
8 and 9 produced slight disruption of inner nuclear layer organi-
zation, not seen in any other lesions in monkey 1 or monkey 2.

The extent of perceptual improvement over months of testing
differed between monkeys 1 and 2. As shown in Fig. 6, visual
function in the first month after lesion placement closely matched
the location and extent of funduscopically mapped lesions (red
ovals). Only lesion 6 in monkey 2 showed no visual loss in the first
month of testing. However, between the end of the first and end of
the seventh month of testing, visual loss in monkey 2 showed
almost no change, whereas loss in monkey 1 could not be detected
at any locations except lesions 3 and 5. The precise time course of
this recovery is not known because of the infrequent testing of
individual locations, but lesion locations 1, 2, 4, and 6 in monkey 1
all showed recovery in months 2 and 3 of testing. Locations 3 and 5
in monkey 1 were tested repeatedly throughout the 1e7 month
testing period and showed stable loss. No evidence was found of
visual loss beyond the region of outer retina affected by the laser
exposure, indicating no substantial effects involving lateral inter-
action in the retina or nerve fiber defects.

An important question for this study is whether visual loss was
due only to the histologically observed damage to outer retina, or if
inner retina may also have been compromised. Potential damage to
inner retina could result from one of two mechanisms; direct
damage to cells or axons caused by the passage of the laser through
inner retina, or later damage caused by degeneration of inner retina



Fig. 5. Histology and AO images of lesion 5 in monkey 2. Comparison of a histological
section through lesion 5 in monkey 2 to two images from a through-focus stack of in-
vivo AO images of the same region obtained approximately 2 months before eutha-
nasia. A. Section through lesion 5 that illustrates no apparent change in inner retinal
layers (upper part of the image) but interruption of the outer nuclear layer (ONL), and
the presence of photoreceptor inner and outer segments extending farther into the
lesion that the ONL. B. In vivo adaptive optics image showing superficial nerve fiber
layer, and C. photoreceptors surrounding the lesion. Hematoxylin and eosin stain, 20�.
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subsequent to loss of outer retina input. Placement of lesions near
the fovea helped clarify the first mechanism, because the marked
displacement of near foveal retinal ganglion cells away from the
photoreceptors that provide their input would produce two foci of
Fig. 6. Visual performance of the two monkeys at 1 month and 7 months after lesions. Visual or
monkeys 1 and 2, in the first month following lesions and cumulatively to the 7th month fo
photography immediately after lesions, and numbers to the left of the ovals show the lesio
points represent performance above 75% correct, indicating locations with visual function, a
vision. Each data point is approximately 0.8 deg in diameter, a conservatively large represen
deviation.
visual loss if both inner and outer retinawere damaged by the laser.
Fig. 7 illustrates RGC displacement from outer retina lesion location
formonkey 2with black curved arrows. Predicted visual loss should
correspond to the location of pink ovals (funduscopically observed
lesion locations) if the loss were due only to outer retina damage.
As Fig. 7 shows, the visual loss (blue dots) associated with lesions
1e5 in monkey 2 (lesion 6 produced no visual loss) was discreet
and closely matched the loss expected from outer retina damage
only. Dashed circles show the locus of loss expected if inner retina
had been damaged by the laser exposure, locations inconsistent
with the observed loss. The data of monkey 1 was less ideal for this
analysis because there were only two persistent loci of visual loss,
but is nonetheless consistent with this finding.

4. Discussion

This study demonstrated that primate inner retina is relatively
spared by severe focal light exposure that causes degeneration of
photoreceptors and permanent loss of vision. In this study, we
tested a four-fold range of laser energy in order to identify pa-
rameters for inducing permanent focal lesions in macaque, and the
degree of permanent visual loss was relatively independent of
treatment parameters. Despite the degeneration of outer retina and
persistent vision loss observed here, visual function was preserved
at laser-treated locations where ganglion cells are displaced from
the photoreceptors that provide their input. These results suggest
that focal laser lesions in the macaque could provide a primate
animal model for exploring restoration of visual function in human
eye disease by direct activation of inner retinal neurons to treat the
large number of eye diseases that produce initial damage to outer
retina. This approach could be used to test either optoelectronic
ientation discrimination performance across the visual field surrounding lesions 1e6 in
llowing lesions. Red ovals show the location and size of lesions determined by fundus
n number (Table 1). Data points show the result of contrast sensitivity testing, yellow
nd blue points represent performance below 75% correct, indicating impaired or absent
tation of the effective size of the Gabor patch of grating that was �0.3 deg in standard



Fig. 7. Retinal location of visual loss in monkey 2. Mapping of the actual locations of
visual loss in monkey 2, (blue circles) and the locus of lesions 1e6 determined from
fundus images, OCT imaging and histology, illustrated on the OCT of this monkey taken
24 h after lesion placement. Curved arrows show the approximate flow of visual in-
formation from photoreceptors to retinal ganglion cells, based on previous anatomical
studies (Schein, 1988) and matched to the altered OCT signal in the ONL that was
visible 24 h post-lesion. The cartoon of laser exposure shows that red laser illumina-
tion penetrated vertically through the retina. Light-induced damage to the photore-
ceptors and RPE cells of the outer retina (pink circles) match the locus of visual loss
measured psychophysically in lesions 1e6 (blue circles), suggesting that outer retina
damage underlies visual loss. If visual loss instead resulted from damage to ganglion
cells, through which the laser passed, in the inner retina, the predicted locus of loss
would correspond to the dashed circles.
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prostheses (Humayun et al., 2012;Wilke et al., 2011) or optogenetic
approaches (Bi et al., 2006; Doroudchi et al., 2011; Lagali et al.,
2008) to restoring vision after damage to outer retina.
4.1. Mechanisms of photic injury involved in this study

The degeneration of outer retina with relative sparing of inner
retina observed here is consistent with previous observations that
outer retina is preferentially damaged by long wavelength light,
whereas shorter wavelength light damages all retinal layers from
nerve fiber layer to RPE (Smiddy et al., 1984). Similar observations
were reported in rabbit retina (Sher et al., 2010) with the use of
short pulsed green laser. The mechanism of damage in this study is
likely thermal, involving heating of the light absorbing layers of the
retina, RPE and photoreceptors (Roider et al., 1993). However, we
cannot rule out additional photochemical damage (van Norren and
Gorgels, 2011) inwhich damage is independent of increased retinal
temperature.
4.2. Retinal pigment epithelium

Photoreceptors and RPE cells are most vulnerable to light
damage because of the high level of photic absorption by these
cells. However, RPE cells in mammalian retina may recover from
photic injury since they undergo proliferation in response to a va-
riety of insults, including surgical removal (Valentino et al., 1995),
retinal detachment (Fisher et al., 1991) and laser-light exposure
(Smiddy et al., 1986). RPE regeneration requires only a few days to
repopulate even large areas of RPE loss with a monolayer of RPE
cells (Bulow, 1978; Valentino et al., 1995), and the time course of
RPE regeneration parallels the cessation of leakage of choroidal
fluorescein into the retina (Lopez et al., 1995). Thus, the rapid
elimination of choroidal leakage observed in this study could reflect
repopulation of the laser-damaged areas by new RPE cells. However
we have no direct evidence that the RPE cells that completely tiled
retinal lesions at the time of histology in this study did not either
recover from laser damage or migrate into the lesioned area from
the surrounding retina. Histological evidence in both monkeys
showed that RPE cells covering all laser lesions appeared grossly
normal in their monolayer pattern, cell size and lipofuscin content.
These features suggest that at the time of histology RPE cells were
healthy at these locations, but we did not evaluate their function,
which in normal retina includes an important role in photopigment
regeneration (especially in rod photoreceptors), and phagocytosis
of outer segment discs (Strauss, 2005). Previous studies of RPE cells
in young and old human retina showed moderate numbers of
apoptotic RPE cells, but unchanged density of foveal RPE cells,
suggesting possible migration or regeneration of RPE cells in cen-
tral retina (Del Priore et al., 2002).

4.3. Photoreceptors

Studies in a variety of animal models have shown that photo-
receptors (PR) are very sensitive to light-induced degeneration, but
they do not undergo proliferation (Fisher et al., 1991). In laser-
treated rabbit retina, PRs migrate into lesion sites, markedly
reducing lesion size, and in some cases completely eliminating the
gap in PRs (Paulus et al., 2008; Sher et al., 2013, 2010). Furthermore,
multielectrode recordings of ganglion cells above lesion sites show
progressive recovery of ganglion cell physiological responses
(Leung et al., 2010; Sher et al., 2013, 2010). Limited migration of PRs
into laser lesions has also been reported in the rat (Busch et al.,
1999), with PR inner and outer segments completely covering
retinal lesions of 200 mm diameter, but not larger lesions of 400 or
800 mm diameter. In the present study, despite partial filling in of
lesions by inner and outer segments of PRs, gaps persisted in PR
somas in the ONL in all lesions. Busch et al. found thinning of the rat
ONL at the borders of lesions, a pattern also seen in the present
study, and concluded that it represented partial migration of ONL
into lesions. Migration of photoreceptors, with thinning of the ONL,
has also been reported in young dogs in a model of retinitis pig-
mentosa that initially produces scattered patches of PR loss and
ONL gaps (Beltran et al., 2009). Over time the PR loss disappeared
and ONL thinned, while gaps in the ONL disappeared. These earlier
results suggest that PR migration and visual recovery can follow
outer retina lesions, at least in younger animals, raising the possi-
bility of adult plasticity in the recovered response of overlying
RGCs, as was recently reported in rabbit by Sher et al. (2010).

4.4. Inner retina

Relative preservation of inner retinal neurons in this study was
suggested by the observation of no visible neuronal loss in either
the ganglion cell layer or the inner nuclear at or near the lesions.
However, future studies of ganglion cell recovery due to insertion of
light-gated channels will require thorough evaluation of the
physiology of these neurons, and this can be done with in vivo
adaptive optics imaging (see below). It is expected that replace-
ment of neural input by channelrhodopsin will substantially alter
neuronal physiology, and such changes will need to be distin-
guished from possible “remodeling” of RGCs and bipolar cells in
inner retina, a degenerative change which has earlier been found to
follow degeneration of outer retina in both rodent models of eye
disease and human retinal degeneration (Jones et al., 2003; Marc
et al., 2007). In this future study we will avoid light damage from
the visual stimulus used to activate channelrhodopsin by
measuring intensity response functions for individual RGCs driven
by channelrhodopsin (Yin et al., 2012) and using the minimal
effective light. We expect that RGCs can be activated by channelr-
hodopsin with 1 � 1015 photons/sec/cm2 (408 mJ/cm2) (Bi et al.,
2006) approximately 5000 fold below the ANSI maximum
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permissible exposure (MPE) for 488 nm light (American National
Standards Institute, 2007). The recent study by Sher and co-
workers (Sher et al., 2013) examined likely restoration of function
to RGCs by in vitro recording of RGC function comparing 2 days to 2
months after placement of laser lesions. In their study, 2 month
recovery produced complete closing up of the outer retina at the
site of 200 um diameter lesions, resulting in normal function of all
RGCs overlying the lesions. Such closing up of the ONL was not
observed in the approximately 200 um diameter lesions in the
present study despite the 20 and 30 month recovery time of the
two monkeys studied. The failure of outer retina lesions to close up
in the present study could reflect the species difference (macaque
versus rabbit) or possibly the proximity of lesions in the present
study to the fovea, which is dominated by midget RGCs whose
receptive field center receives input from only a single cone
(McMahon et al., 2000). The Sher study also did not find evidence of
inner retina remodeling above the site of retinal lesions, a finding
that could reflect either the brief duration of the loss of photore-
ceptor input or the small size of the lesions, since inner retina
remodeling is blocked by islands of surviving photoreceptors (Jones
et al., 2003). Possible preservation of inner retina in the present
study is unlikely due to short survival time since the monkeys
survived at least 20 months. However, it may reflect persistent
input of photoreceptors around the lesion to inner retina, since the
diameter of lesions in this study is small compared to the size of
dendritic fields of the larger cells in macaque inner central retina
(Rodieck and Watanabe, 1993).

4.5. Visual loss and partial recovery in the macaque

The orientation discrimination visual thresholds measured here
used a very small stimulus to examine visual perception locally,
with the 0.3 deg diameter of the high-contrast portion of the
stimulus. This stimulus tests pattern perception, not the less
informative flash detection which could be mediated by scattered
light from stimuli presented within a scotoma to surrounding re-
gions of normal retina. This is a conservative indicator of visual
performance, and shows that the 7-month performance of the two
monkeys (Fig. 5) was excellent, except at tiny locations in the visual
field. Because the size of visual scotomata produced by all lesions
was very small, these lesions would be difficult to detect with
microperimetry if they were present in a human retina, thus they
are unlikely to be apparent to the subject. Failure to measure re-
sidual visual loss at 4 of the 6 lesion locations in monkey 1 could
reflect inability to detect vision defects smaller than the stimulus
size, since all lesions in monkey 1 showed a gap in the ONL at the
time of histology.

4.6. Recovery of human visual function after light damage

The present results show that recovery of visual function in
laser-exposed macaques may require weeks. Visual loss from
excess light exposure in humans (Calkins and Hochheimer, 1980)
can recover rapidly or slowly in different cases, suggesting the
involvement of different mechanisms of damage. Visual loss from
slit lamp examination (Ghafour et al., 1984) or indirect ophthal-
moscopy (Fariza and Castellote, 1993) recovers in a few hours to
several days, suggesting mediation by retinal light adaptation or
very rapid recovery of retinal cells. On the other hand, the visual
loss and retinal scarring observed in 18 patients that viewed a solar
eclipse required weeks to months to heal, and often produced
permanent damage (MacFaul,1969). Retinal light damage produced
by the illumination used during eye surgeries such as cataract
removal (Knox Cartwright et al., 2007; Lessel et al., 1991) can pro-
duce long lasting defects in focal electroretinogram or visual
perimetry, although loss following threshold laser photocoagula-
tion in human subjects (Roider et al., 1999) often resolved from one
week to a few months after treatment. The success of high-
resolution OCT in examining retinal cellular structure in this
study suggests that this method may be effective for detecting
outer retinal damage in humans.

4.7. In future studies in vivo adaptive optics imaging may track RPE
and photoreceptor plasticity as well as restoration of RGC function
by light-gated channels

The present study suggested that lesion size may decrease over
time in primate retina as has been previously reported for rat
(Busch et al., 1999) and rabbit (Sher et al., 2013). In future studies, it
will be important to track the time course of plasticity in response
to the lesion itself and to differentiate such changes from those
produced by visual prostheses. The use of in vivo adaptive optics
imaging will permit these studies. The location of individual cone
and rod photoreceptors can be imaged (Dubra et al., 2011; Liang
and Williams, 1997) in order to track any migration into lesion lo-
cations. Individual RPE cells can also be imaged, both within and at
the border of lesions using the distinctive pattern of lipofuscin
autofluorescence that makes them visible (Morgan et al., 2009).
Finally, recovery of function of retinal ganglion cells (Sher et al.,
2013) can be tracked over the weeks following the lesion using
the FACILE (functional adaptive optics cellular imaging in the living
eye) method we have previously described (Yin et al., 2013) (Yin
et al., 2012). This experiment can show both the nature and time
course of photoreceptor and ganglion cell plasticity in response to
focal retinal lesions as well as the effect of intervention with visual
prostheses.
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