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Impact statement

Cone photoreceptor reflectance is being
explored as a possible biomarker of the
overall health and function of the cell.
Central to realizing this potential is
advancing our understanding of the cellular
origins of light capture and propagation
within the photoreceptors. Our work pro-
vides important data to support the use of
two cone-dominant animal models to fur-
ther explore mechanisms of cone reflec-
tance. Additionally, the observation of
similar reflectance behavior to that of
human cones (despite anatomical differ-
ences) can be used to inform theoretical
models of the morphological origins of
photoreceptor reflectance signals. Our
data provide valuable baseline information
against which to compare data from future
studies in which cone structure or function
is manipulated experimentally.

Abstract

In vivo images of human cone photoreceptors have been shown to vary in their reflectance
both spatially and temporally. While it is generally accepted that the unique anatomy and
physiology of the photoreceptors themselves drives this behavior, the exact mechanisms
have not been fully elucidated as most studies on these phenomena have been limited to
the human retina. Unlike humans, animal models offer the ability to experimentally manip-
ulate the retina and perform direct in vivo and ex vivo comparisons. The thirteen-lined
ground squirrel and northern tree shrew are two emerging animal models being used in
vision research. Both models feature cone-dominant retinas, overcoming a key limitation of
traditional rodent models. Additionally, each possesses unique but well-documented
anatomical differences in cone structure compared to human cones, which can be lever-
aged to further constrain theoretical models of light propagation within photoreceptors.
Here we sought to characterize the spatial and temporal reflectance behavior of cones in
these species. Adaptive optics scanning light ophthalmoscopy (AOSLO) was used to
non-invasively image the photoreceptors of both species at 5 to 10 min intervals over

the span of 18 to 25min. The reflectance of individual cone photoreceptors was measured over time, and images at
individual time points were used to assess the variability of cone reflectance across the cone mosaic. Variability in spatial
and temporal photoreceptor reflectance was observed in both species, with similar behavior to that seen in human AOSLO
images. Despite the unique cone structure in these animals, these data suggest a common origin of photoreceptor
reflectance behavior across species. Such data may help constrain models of the cellular origins of photoreceptor reflectance
signals. These animal models provide an experimental platform to further explore the morphological origins of light capture and
propagation.
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Introduction

Adaptive optics (AO) imaging of the human retina has
facilitated extensive investigation of the photoreceptor
mosaic over the past 20 years. Beyond describing the dis-
tribution of rods and cones within the mosaic,' ™ the spatial
and temporal variability in photoreceptor reflectance has
been a topic of great interest. In fact, photoreceptors have
been shown to vary in their reflectance over time scales
ranging from milliseconds to days.”® The exact mechanism
that drives this variability remains unknown, though
emerging evidence indicates that the photoreceptors them-
selves may govern these phenomena.>®*'? While extant
models suggest a variety of origins, it is generally agreed
that the unique anatomy of photoreceptors contributes to
aspects of light capture, propagation, and reflectance. The
role of the photopigment in photoreceptor reflectance has
been appreciated since early AO retinal densitometry
experiments, where the relative amount of bleached photo-
pigment was shown to correlate with the cone reflectance.’
More recently, there has been a rapid increase in optophy-
siological studies characterizing the reflectance and phase-
based changes induced by the phototransduction pro-
cess.”1013-16 Despite these advances, there remain unan-
swered questions as to how changes in photoreceptor
structure, such as those that may occur in disease, affect
cone reflectance behavior. For example, while reduced/
absent cone reflectance in patients with achromatopsia
has been demonstrated by many studies, the anatomical
basis of this phenotype is not understood (though the
cones are non-functional).'”’® Conversely, “dysflective
cones” have been observed in other conditions—these
cones are hyporeflective/non-waveguiding yet retain
normal sensitivity.'*' Taken together, these data highlight
gaps in our understanding of photoreceptor reflectance in
AOQO imagery.

The reliance on human patients presents obstacles to
probe the cellular contributions to photoreceptor reflec-
tance changes, as we cannot manipulate the photoreceptors
in vivo and histological studies are limited. Animal models
offer an attractive alternative, given the possibility of genet-
ic and pharmacologic manipulation and in vivo versus ex
vivo comparisons. Mice are a common animal model used
for vision research;*> however, they are not an ideal candi-
date for investigating cone photoreceptors, as they are rod
dominant.”® The northern tree shrew (Tupaia belangeri) and
the thirteen-lined ground squirrel (13-LGS, Ictidomys tride-
cemlineatus) are two emerging animal models for vision
research.** They both feature cone-dominant retinas
and are amenable to AOSLO and other conventional retinal
imaging approaches.”** Additionally, both species have
well-documented anatomical differences in their cone pho-
toreceptors compared to humans, which provides an
opportunity to test hypotheses about possible shared
origins of photoreceptor reflectance behavior. For
example, tree shrew cone inner segments contain
”megamitochondria”,29’30 which is relevant as mitochon-
dria have been proposed as a source of contrast in non-
confocal split-detection AOSLO.*' These mitochondria
may act as micro-lenses which may help to concentrate
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the light within the cones (and could thus affect the wave-
guiding and reflectance behavior of the cell). Thirteen-lined
ground squirrels are obligate hibernators who experience
reversible disruptions to their photoreceptor structure
during torpor, including narrowing and clumping of cone
outer segment discs and a reduced number of inner seg-
ment mitochondria.*? Here we sought to characterize spa-
tial and temporal cone reflectance behavior in these species
and compare our findings to those reported in humans.

Materials and methods

Animals

Two northern tree shrews (Tupaia belangeri, one male and
one female) were acquired from the Max Planck Florida
Institute for Neuroscience and were housed in accordance
with their care and housing recommendations.” The north-
ern tree shrews were imaged on 25 November 2019 from
11:30 a.m. to 12:30 p.m. (tree shrew 2) and 1 p.m. to 1:30 p.m.
(tree shrew 1). Two captive-born (from a single wild-caught
mother) thirteen-lined ground squirrels (Ictidomys tridecem-
lineatus, 13-LGS, one male and one female) were also used
in this study. The 13-LGS were weaned and housed as out-
lined in Merriman et al.** The 13-LGS used in this study
were imaged while in a euthermic state, on 4 March 2020.
13-LGS 1 was imaged from 2:30 p.m. to 3:30 p.m., while
13-LGS 2 was imaged from 9 am. to 10:15 a.m. 13-LGS
normally undergo hibernation from late October through
mid-April; however, the animals used in this study were
prevented from hibernating, and were kept in a euthermic
state, in a temperature controlled room (68-72°F) with a
lighting schedule that was modified every two weeks to
match the photoperiod of southern Wisconsin. All experi-
mental procedures performed were approved by the
Institutional Animal Care and Use Committee, in an
American Association for Accreditation of Laboratory of
Animal Care accredited facility.

For imaging, all animals were anesthetized with isoflur-
ane (1-5% for induction and maintenance with a rate of
0.2-1L/min O, for tree shrews, 5% induction and 2-3%
maintenance at 1.5L/min for the 13-LGS) in 1L/min
O, using a non-rebreathing system (VetEquip Inc,,
Livermore, CA, USA). For the tree shrews, a designated
anesthesia technician was responsible for monitoring the
respirations of the animal and adjusting the concentration
of isoflurane accordingly in order to maintain the proper
plane of anesthesia needed for imaging. After the proper
plane of anesthesia was induced, pupils were dilated and
cyclopleged with 2.5% phenylephrine and 1% tropicamide
(Akorn, Inc., Lake Forest, IL, USA). Animals were then
moved to a heated imaging cassette which was mounted
to a positioning stage that allowed translation and rotation
of the animal. Anesthesia was maintained with the use of a
nose cone, which was attached to the imaging cassette.
A pediatric ocular speculum was then placed on the eye
that was being imaged. Vaseline® (Unilever US, Inc.,
Englewood Cliffs, NJ, USA) was used to weigh down any
whiskers that were obscuring the pupil.
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AOSLO imaging

Confocal reflectance images were acquired using a previ-
ously described custom AOSLO modified for a 4.5mm
system pupil diameter.”®*° Imaging was performed using
a 790nm superluminescent diode (SLD) along with an
850 nm wavefront sensing source. The optical power mea-
sured at the pupil was 355 uW for 790nm and 48 pW for
850 nm. Measurement and correction of the wavefront aber-
rations at the eye were performed using a Shack-Hartmann
wavefront sensor and a 7.2mm diameter 97-actuator
ALPAO deformable mirror (ALPAO; Montbonnot-Saint-
Martin, France), respectively. A 40-um pinhole (~1 airy
disk diameter) was used in the confocal detection channel.

For each animal, one retinal location (spanning approx-
imately four degrees square of retinal area) was imaged at
5- to 10-min intervals for a total duration of 18-25 min. The
retinal location used for imaging was obtained by following
a blood vessel from the optic nerve head or optic disk, for
reproducibility purposes, then capturing image sequences
on either side of the blood vessel. The image sequences,
comprised of 100 frames, were captured with a 2° by 2°
field of view at a frame rate of 16.67 Hz for a total of ~6s.
The acquisition software allows for automatic rejection of
frames below a certain threshold; however, this setting was
not used in this study. A maximum of six repeated acquis-
itions were collected for each animal and some measure-
ments were excluded from analysis due to insufficient
overlap or poor image quality. Various eye drops were
used to maintain corneal hydration and refresh the natural
tear film during imaging: balanced salt solution (BSS),
Refresh Plus® (Allergan, Dublin Ireland), Systane® Ultra
(Alcon Laboratories Inc., Geneva, Switzerland), and Geri-
Care® Artificial Tears (Geri-Care Pharmaceuticals,
Brooklyn, New York). Drops were applied between
videos as needed and excess fluid wicked away from the
lower eyelid using a cellulose surgical spear (DeRoyal, Inc.,
Powell, TN, USA).

AOSLO image processing

Image sequences acquired using our AOSLO were subject
to distortion due to the sinusoidal motion of the resonant
scanner. The distortion was estimated by acquiring images
of a Ronchi ruling with 118.1 lines/mm, then corrected by
resampling retinal image sequences such that the distortion
is removed, and the pixels are equally spaced in both direc-
tions. The retinal image sequences were then inspected,
and reference frames were manually selected for registra-
tion. Strip registration was performed using previously
described custom software.*® The registered and averaged
output was inspected, and registration parameters were
changed in an iterative manner until all output images
were of acceptable quality (no over cropping, registration
artifacts, or poor signal-to-noise ratio). By default, the
custom registration software used performs min/max con-
trast stretching on the output images, which could alter the
measured reflectance values. To mitigate this, the raw .dat
files were exported from the registration software and con-
verted into a non-contrast stretched .tif using the dimread,
uint8, and imwrite functions in MATLAB (MathWorks, Inc.,

Natick, MA, USA); this image was used for subsequent
quantitative analyses. A custom python script was then
used to mitigate distortion caused by eye movements®*®
(https:/ / github.com/OCVL/Eye-Motion-Repair). This
script works by calculating the median (x,y) shift for each
row across the registered frames in an image sequence then
re-warping the sequence to cancel out the median shift
(assuming the eye movements are spatially random over
time).

At each timepoint, multiple image sequences were
acquired near the retinal location of interest in order to
maximize the overlap between different time points as
seen in panel A of Figure 1. All the registered averaged
images were manually inspected and the image from
each time point with the most apparent overlap with the
images from the other time points was selected for further
analysis. Once the best images for each time point were
selected, all the images were saved as a .tif stack and .avi
using Image].* A reference frame that would maximize the
amount of overlap between the other time points for each
animal was manually selected for registration purposes.
For the 13-LGS, the stack of selected images was then
loaded into a custom MATLAB (MathWorks, Inc., Natick,
MA, USA) scale-invariant feature transform (SIFT) algo-
rithm script for automatic alignment (Figure 1(b)). The
alignment results were then manually verified and minor
adjustments were performed in Adobe Photoshop (Adobe,
Inc. San Jose, CA, USA). The cones in the tree shrew retina
have a multimodal appearance, and as such the SIFT algo-
rithm often failed to properly align these images. Therefore,
the images for each location in the tree shrews were man-
ually aligned in Adobe Photoshop (Adobe, Inc. San Jose,
CA, USA). After the alignment process was complete for
both species, the images were cropped to a common area
across time, and then saved as an .avi and .tif stack for
further analysis (Figure 1(c)).

Generating reflectance profiles

A composite cone image for each location was created
using Image]” by averaging pixelwise intensity value
between the aligned-cropped image stack (Image>
Stacks>>Z-Project>Average Intensity). A Gaussian blur
filter with a standard deviation of two pixels was applied
in Image]* to further aid in identification of the cone coor-
dinates, given the heterogenous reflectance profiles of
cones in individual images. This composite image was
then input into custom semi-automated cone counting soft-
ware which provides the coordinates that correspond to the
center of each cone (Mosaic Analytics; Translational
Imaging Innovations, Hickory, NC, USA). A .csv file of
the cone coordinates was saved for subsequent reflectance
analysis.

A previously described custom MATLAB (MathWorks,
Inc., Natick, MA, USA) script was used to generate
the reflectance profiles for each cone.® This script takes
the .avi containing the aligned time point images and
cone coordinate .csv file and uses an eroded Voronoi
mask (centered on each cone coordinate) to find the average
reflectance for each cone over time. This eroded mask is
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Figure 1. Reflectance time series imaging and reference frame selection. (a) Wireframe representation of four time points, where each square represents the
processed AOSLO image from each of the four image sequences collected at each time point (see Methods). These overlapping image sequences were acquired in
order to maximize overlap between time points and compensate for occasional eye drift. The processed image from each time point with the most apparent spatial
overlap with the images from the other time points was selected for further analysis (indicated by the bold squares). (b) These images were then aligned to each other
either manually (for tree shrews) or by using a SIFT algorithm (for 13-LGS). The green square represents the image used as the reference frame for the SIFT algorithm.
(c) The aligned images were then cropped to the common area and saved as a stack in chronological order.

defined by shrinking the original Voronoi mask by two
pixels (for the 13-LGS) or five pixels (for the tree shrews)
from each edge. Cones with unbounded Voronoi domains
(at the edges of the images) were excluded from this anal-
ysis. The raw cone reflectance values and a plot of each
cone’s raw reflectance over time were saved. The reflec-
tance for each cone was also normalized with respect to
the mean reflectance value of all the other cones in that
time point to account for systematic pixel intensity changes
caused by higher signal-to-noise ratio in some images. The
raw reflectance values were used for all spatial analyses,
while the normalized reflectance values were used for the
temporal analyses.

Analyzing reflectance profiles

In order to analyze the reflectance profiles of each cone
spatially and temporally, the cones for each subject were
separated into two groups, those with a reflectance profile
which varied over time versus those with an invariant
reflectance profile. To determine which cones varied over
time the coefficient of variation was calculated for each
cone. Cones with a coefficient of variation lower than 10%
were classified as invariant (8.94% of 13-LGS cones, and
22.5% of tree shrew cones), while all other cones were clas-
sified as variable over time. To assess the cell-to-cell spatial
reflectance variability, the coefficient of variation was also
calculated by assessing all the cones across each individual
time point image. To determine if the temporally invariant
cones were randomly distributed across the image, we uti-
lized a previously published statistical approach.*! For each
animal, the distances between each cell having an invariant
temporal reflectance profile and all of the other cells having

invariant temporal reflectance profiles were calculated.
From these data, a cumulative histogram of intercell dis-
tances was generated. We then computed the expected min-
imum, average, and maximum cumulative histogram of
intercell distances in 1000 randomly generated mosaics,
which each contained the same number of invariant cones
as seen in the observed case. The expected cumulative his-
tograms were then compared to the actual cumulative his-
togram for that particular image. To further distinguish if
the invariant cones were randomly distributed throughout
the mosaic, we calculated the root mean square deviation
(RMSD) between the observed cumulative histogram and
the simulated mean cumulative histograms. The RMSD
was also calculated between the simulated mean cumula-
tive histogram and each individual simulated mosaic. The
distribution of the observed mosaic was indistinguishable
from random if the predicted versus observed fraction of
cones separation line falling completely within the bounds
set by the minimum and maximum cumulative histograms
from the 1000 randomly generated mosaics and the RMSD
between the observed cumulative histogram and the sim-
ulated mean cumulative histograms all fell within the 95th
percentile of the RMSD between the mean simulated cumu-
lative histogram and all other simulated cumulative histo-
grams. All statistical analyses were performed using
MATLAB (MathWorks, Inc., Natick, MA, USA).

Results

Cell-to-cell spatial reflectance variability

We analyzed the reflectance of 2796 cones (525 from the
shrews, and 2271 from the 13-LGS) from four animals and
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observed clear cell-to-cell reflectance variability in both
species (Figure 2). Some cones appear bright (correspond-
ing to a high reflectance), while others appear dim (cor-
responding to a low reflectance) in comparison. This
phenomena can be further observed in the raw reflec-
tance distributions of the analyzed cones for each
animal (Figure 3). We present the distributions at the
time point which corresponds to the median coefficient
of variation of each cone within a single time point for
each animal. Note that even at the time points with the
minimum coefficient of variation there was still a large
amount of cell-to-cell variability in the appearance of
individual cones.

Temporal reflectance variability

Temporal variability in cone photoreceptor reflectance was
observed in both species, as has been reported for human
cones.” 913715 Moreover, not all cells change reflectance
over time in the same way. Some cells appear to change
in a linear or constant manner (either increasing or decreas-
ing), whereas others exhibit oscillatory changes. Other cells
remain invariant with no substantial changes in reflectance
over time. To quantify the temporal variability, the coeffi-
cient of variation for the normalized temporal reflectance
values of each cone was calculated. Shown in Figure 4 are
individual reflectance traces for three cones in each animal,

13-LGS 1; 36.6%

representing the cells with the minimum, median, and
maximum coefficient of variation. The heterogeneity of
the behavior of individual cells for each animal is summa-
rized in Figure 5. The extent of variation across the cones
for each animal was similar.

Distribution of invariant cones

Next, we assessed how the temporal reflectance changes
of individual cells were distributed across the image.
Shown in Figure 6 are false color overlays of the coeffi-
cient of variation over the photoreceptor composite image
for each animal. While no obvious pattern was detectable,
cumulative histogram comparison plots were used to fur-
ther determine if the invariant cones were randomly dis-
tributed across the image (Figure 7). The arrangement of
the invariant cones for all four animals was found to be
indistinguishable from random due to the predicted
versus observed fraction of cones separation line falling
completely within the bounds set by the minimum and
maximum cumulative histograms from the 1000 random-
ly generated mosaics and because the RMSD between the
observed cumulative histogram and the simulated mean
cumulative histograms all fell within the 95th percentile
of the RMSD between the mean simulated cumulative
histograms and all other simulated cumulative
histograms.

13-L6S 23:43.6%

.
.

o . TRE ghrew 2; 27.4%

Figure 2. Confocal AOSLO images for each animal, higlighting the cell-to-cell variation in cone photoreceptor reflectance at a single time point. The images shown are
from the time point which corresponded to the median cell-to-cell coefficient of variation for that animal. Similar cell-to-cell variability in reflectance was seen in the
other time points (coefficient of variation ranging from 34.1-39% for 13-LGS 1, 42.1-45.3% for 13-LGS 2, 26.5-34.2% for tree shrew 1, and 25.7-31.6% for tree shrew
2). The white box indicates the common area between other time points that was used for further analysis for that particular animal. Scale bars represent 20 um.
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Discussion

In this study, we demonstrated substantial inter-cone
reflectance variability in confocal AOSLO images from
both the 13-LGS and northern tree shrew. Such spatial var-
iability of cone reflectance can be seen in previously pub-
lished AOSLO images from these species,26 but had not
been quantified previously. Additionally, we demonstrated
that both species exhibit temporal variability in cone
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Figure 3. Box-and-whisker plots of the distribution of raw cone photoreceptor
reflectance for each animal. Shown are data from the individual time points with
the median coefficient of variation, as similar variation was shown across all time
points for each animal. The corresponding absolute coefficient of variations are
indicated above each plot. Shown is the median for each group (horizontal
dashed line), while the 25th and 75th percentiles are represented by the lower
and upper rectangle boundaries, respectively. Error bars extend to the minimum
and maximum values within each group.

reflectance and that the temporal reflectance pattern of
neighboring cells was indistinguishable from random, as
has been reported in the human retina.® This suggests at
least partial overlap of the physiological mechanisms
underlying photoreceptor reflectance across these species.
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Figure 5. Box-and-whisker plots of the coefficient of variation for the temporal
reflectance of all analyzed cones for each animal. Shown is the median for each
animal (horizontal dashed line), while the 25th and 75th percentiles are repre-

sented by the lower and upper rectangle boundaries, respectively. Error bars

extend to the minimum and maximum values within each group (individual cones
ranged in coefficient of variation from 2.31 to 45.9% for 13-LGS 1, 2.96 t0 69.4%
for 13-LGS 2, 1.07 to 36.9% for tree shrew 1, and 2.52 to 46.3% for tree shrew 2).
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Figure 4. Temporal cone reflectance traces for each animal depicting the cone with the minimum (blue), median (cyan), and a maximum (yellow) coefficient of variation
across time points. The coefficient of variation expressed in percentage can be seen in the legend in the upper left corner of each plot. Individual cone behavior varied
for each animal and variable cone traces showed diverse levels of oscillation and overall slope changes.
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Figure 6. False color overlay depicting the coefficient of variation over time for each analyzed cone. Colorbar represents the coefficient of variation expressed in
percentage. For visualization purposes, outliers (defined as the 1.5% of cones with the highest coefficient of variation across all animals) are shown in white. The
threshold that defines invariant cones can be seen as the white line on the colorbar. No distinct spatial patterns were seen within any animal; however, the cones in
13-LGS 2 had a wider overall range of variation (2.96-69.4%) when compared to the other animals.

Previous studies have suggested that the mitochondria
within the cone inner segment act as lenses which help to
concentrate light and enhance the coupling between the
inner and outer segments of cones.”’ Tree shrew cone
inner segments feature large circular megamitochondria
in addition to the smaller elongated mitochondria,®”
while the 13-LGS cone inner segments contain tightly
packed elongated mitochondria similar to that of
humans.*>* Our findings suggest that despite the different
types and orientation of mitochondria present in the tree
shrew, the temporal and spatial reflectance behavior
remains similar to that of the 13-LGS (and humans).
Mitochondria have also been proposed as a source of con-
trast in non-confocal split-detection AOSLO (which pro-
vides a method to visualize the cone inner segments
independent of the waveguided reflection from the outer
segment),®’ as well as a source of reflectance on optical
coherence tomography (OCT) imaging.**** Future studies
may look to alter cone mitochondria structure in these
animal models and explore changes in confocal and split-
detection AOSLO as well as OCT.

There were a number of limitations in this study. First,
our current anesthesia protocol limits the total duration and
possible time intervals in which AOSLO images can be
acquired. It is also challenging to maintain the proper
plane of anesthesia needed for imaging in the tree shrews
using our current protocol which can lead to issues with
eye drift (leading to challenges finding the same retinal
location from previous time points). Thus, there is a need
to explore alternative anesthesia protocols in these species
which will allow future studies to investigate this behavior
over a longer time period (hours, days, etc.). Secondly, the
coarse sampling between time points could lead to tempo-
ral reflectance aliasing, to mitigate this future studies
should investigate the temporal reflectance behavior at
closer time intervals. Additionally, results were based on
a total of only four eyes. While there is no reason to expect
that these results would be qualitatively different for other
eyes, there could be quantitative differences due to factors
like age or sex that will require larger studies to elucidate.
Finally, the analysis methods are somewhat time consum-
ing and have multiple manual steps, more routine
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predicted cone separations.

assessment of cone reflectance will require further automa-
tion of the analysis pipeline. Advances in automated proc-
essing of AOSLO imaging,*® combined with automated
algorithms for cone identification and segmentation,*’~*’
should be beneficial in these efforts.

The cones in the 13-LGS undergo significant anatomical
changes during torpor, such as narrowing and clumping of
cone outer segment disks and the reduction of inner seg-
ment mitochondria.®* While this results in an overall
decrease in AOSLO image quality,* it is not clear whether
cones exhibit similar temporal reflectance variability
during torpor. As these changes are naturally reversible,”
comparing the behavior of individual cones during differ-
ent phases of the hibernation cycle could provide important
insight into the anatomical factors underlying cone reflec-
tivity on AOSLO imagery. The cones in both species exhibit
human-like cone reflectance behavior which motivates
application of more advanced methods that directly
probe cone function.'®!® This is especially powerful as
one could use pharmacological approaches to alter specific
aspects of cone structure or function. Thus, these species
serve as valuable models on which to test specific hypoth-
eses about stimulus-evoked cone reflectance changes.

Beyond informing models of cone photoreceptor reflec-
tance, such studies will serve to advance both species as
models for vision research.
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