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Abstract

The primate fovea is specialized for high acuity chromatic vision, with the highest density of
cone photoreceptors and a disproportionately large representation in visual cortex. The
unique visual properties conferred by the fovea are conveyed to the brain by retinal ganglion
cells, the somas of which lie at the margin of the foveal pit. Microelectrode recordings of
these centermost retinal ganglion cells have been challenging due to the fragility of the
fovea in the excised retina. Here we overcome this challenge by combining high resolution
fluorescence adaptive optics ophthalmoscopy with calcium imaging to optically record func-
tional responses of foveal retinal ganglion cells in the living eye. We use this approach to
study the chromatic responses and spatial transfer functions of retinal ganglion cells using
spatially uniform fields modulated in different directions in color space and monochromatic
drifting gratings. We recorded from over 350 cells across three Macaca fascicularis primates
over a time period of weeks to months. We find that the majority of the L vs. M cone oppo-
nent cells serving the most central foveolar cones have spatial transfer functions that peak
at high spatial frequencies (20-40 c/deg), reflecting strong surround inhibition that sacrifices
sensitivity at low spatial frequencies but preserves the transmission of fine detail in the reti-
nal image. In addition, we fit to the drifting grating data a detailed model of how ganglion cell
responses draw on the cone mosaic to derive receptive field properties of L vs. M cone
opponent cells at the very center of the foveola. The fits are consistent with the hypothesis
that foveal midget ganglion cells are specialized to preserve information at the resolution of
the cone mosaic. By characterizing the functional properties of retinal ganglion cells in vivo
through adaptive optics, we characterize the response characteristics of these cells in situ.

Introduction

In primates, the fovea is a specialized region of the retina characterized by a high density of
cones at its center and a corresponding radial displacement of retinal cells and retinal
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vasculature. These specializations, along with a correspondingly expanded representation of
the central visual field in cortex [1-3], contribute to the superiority of foveal vision relative to
peripheral vision in spatial resolution and color discrimination [1, 4-21]. To date, in excess of
20 classes of retinal ganglion cells (RGCs) have been identified in macaque retina [1, 4, 6, 7, 13,
17-20, 22-52], reflecting a complex array of retinal computations that precede additional pro-
cessing in the brain. Despite these advances, a complete understanding of these independent
circuits and their role in vision and behavior remains elusive. Even the precise role and scope
of function of the most numerous and commonly studied RGCs, the midget ganglion cells,
remains controversial, and there has been relatively little study at the very center of the
foveola.

Electrophysiological responses from primate RGCs have been studied in vivo with a micro-
electrode that penetrates the sclera [53, 54] and in vitro using a single microelectrode [6, 27] or
microelectrode arrays [55, 56]. However, the majority of the recordings in primate have been
made in peripheral retina, often 30 to 70 degrees from the fovea due to the fragility of the
fovea. The survival of an excised fovea is time limited, and the delicate structure of the foveal
pit is often strained when flattened, sometimes tearing crucial circuitry. While the anatomical
basis for foveal circuitry has been studied extensively [7, 32, 34, 38, 57, 58] and there has been
some ex vivo physiology of foveal RGCs, most individual cell classes present in the primate
fovea have not been directly studied, especially at the most central locations. Retinal processing
can also be inferred by recording from retinorecipient neurons in the LGN, but the foveal
representation of the LGN is located within a relatively thin cell layer making such recordings
challenging [59]. Moreover, it has been difficult to identify the exact foveal center in vivo and
determining the precise retinal eccentricity of single cell recordings in LGN is difficult [5, 9,
60-62]. Furthermore, RGCs project to many different targets other than LGN, so studying
these cells at the retinal level gives the best chance at providing a more complete sampling.

In this study, we use functional adaptive optics cellular imaging in the living eye (FACILE)
[12, 16, 63, 64], a technique that utilizes an adaptive optics scanning light ophthalmoscope
(AOSLO) to image fluorescence elicited from the activity of RGCs that express genetically
encoded calcium indicators, such as those described by Chen et al. [65]. Simultaneously, the
cone mosaic is imaged with infrared wavelengths to map the cone density profile at the fovea.
The cone mosaic images have a relatively high signal to noise ratio (SNR) and are also used to
track residual eye motion in the fluorescence channel which has a relatively low SNR. Knowing
the cone density profile for an individual subject allows for a more precise modeling of recep-
tive field structure and more precise motion correction. Using this technique, we can both
image and stimulate the centermost foveolar cones with spatial or chromatic stimuli and
optically record the activity of the ganglion cells that are served by those cones, characterizing
the physiology of the innermost foveal primate RGCs in vivo. Indeed, we can return repeatedly
to the same ganglion cells for weeks to months, allowing repeated functional measures of the
same cells. With this approach, we can use data from an individual animal that includes the
optics, the cone density profile, and the RGC responses to create a detailed model of the first
stages of visual processing.

Materials and methods
Animal care

The macaques (Macaca fascicularis) were housed in pairs in an AAALAC accredited facility.
They had free access to food and water, providing a complete and nutritious diet. To supple-
ment their ordinary lab chow, animals were given various treats daily such as nuts, raisins, and
a large variety of fresh fruits and vegetables. An animal behaviorist provided novel enrichment
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items once per week, including items such as grass and treat filled bags, grapevines, and forage
boxes. Daily enrichment included several pieces of manipulata: mirrors, puzzle feeders rotated
among the animals, daily movies and/or music, as well as rotating access to a large free-ranging
space with swings and elevated perches during any long periods between imaging sessions. All
macaques were cared for by the Department of Comparative Medicine veterinary staff, includ-
ing four full-time veterinarians, five veterinary technicians, and an animal care staff who mon-
itored animal health and checked for signs of discomfort at least twice daily. This study was
carried out in strict accordance with the Association for Research in Vision and Ophthalmos-
copy (ARVO) Statement for the Use of Animals and 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: D16-00188(A3292-01)).

Immune suppression

Two macaques (M2, M3) received subcutaneous Cyclosporine A prior to intravitreal injection
and imaging. Blood trough levels were collected weeKkly to titrate the dose into a therapeutic
range of 150-200 ng ml™' and then maintained at that level. M2 began immune suppression in
March 2018 with 6 mg kg™, then stepped down a month later to 4 mg kg ™' which was main-
tained until October 2019 when suppression was stopped following the completion of all
experiments used in this manuscript. M3 started immune suppression in May 2019 at 6 mg kg’
!, then stepped down to 3.4 mg kg™ which continues at time of submission. M1 did not receive
any immune suppression. Current best practice for primate imaging in our lab has all new ani-
mals receiving immune suppression for several weeks prior to injection, as we believe that cor-
responds to the best viral transfection rates.

AAV mediated gene delivery to retina

Intravitreal injections were carried out in each animal as previously described [66]. In M1,
7m8-SNCG-GCaMP6f [67] was injected into the right eye; AAV2-CAG-GCaMP6s was injected
into the left eye of M2 and into the right eye of M3. All vectors were synthesized by the Univer-
sity of Pennsylvania Vector Core. Before the injections, the eyes were sterilized with 50%
diluted Betadine, and the vector was injected into the middle of the vitreous at a location
approximately 4 mm behind the limbus using a tuberculin syringe and 30-gauge needle. Fol-
lowing injection, each eye was imaged with a conventional scanning light ophthalmoscope
(Heidelberg Spectralis) using the 488 nm autofluorescence modality to determine onset of
GCaMP expression and to periodically monitor image quality and eye health. Animal M1 was
injected in March 2017, and data from that animal in this study was taken in March 2019, two
years post-injection. Animal M2 was injected in March 2018, and data from that animal in this
study was taken in March 2019 (1 year post-injection) and July 2019 (1.3 years post-injection).
Animal M3 was injected in June 2019, and data from that animal in this study was taken in
September 2020 (1.25 years post-injection) and in January 2021 (1.5 years post-injection). Effi-
ciency of vector transmission was not explicitly examined in this study and though animal M1
had the lowest mean fluorescence of the three animals, we cannot meaningfully comment on
what percentage of that effect is due to either the lack of immune suppression, post-injection
time period, or differences due to the vector used in that animal.

Anesthesia and animal preparation

Anesthesia and animal preparation followed established lab protocols as previously reported
[e.g. 16, 68] and were performed by a veterinary technician licensed by the State of New York
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(USA). All monkeys were fasted overnight prior to anesthesia induction the morning of an
imaging session. The animal was placed prone onto a custom stereotaxic cart where it
remained for the duration of the imaging session. A Bair Hugger warming system was placed
over the animal to maintain body temperature. Monitoring devices including rectal tempera-
ture probe, blood pressure cuff, electrocardiogram leads, capnograph, and a pulse oximeter,
were used to track vital signs. Temperature, heart rate and rhythm, respirations and end tidal
CO,, blood pressure, SPO,, and reflexes were monitored consistently and recorded every fif-
teen minutes. Pupil dilation was accomplished using a combination of Tropicamide 1% and
Phenylephrine 2.5%. A full description of all medications used in anesthesia induction, pupil
dilation, intubation, and animal recovery can be found in McGregor et al. [68].

Adaptive optics imaging

Data were collected using an AOSLO system previously described in Gray et al. [63]. An
updated diagram of the system is shown in S1 Fig. An 847 nm diode laser source (QPhotonics)
was used as a beacon for a Shack-Hartmann Wavefront Sensor (SHWS) to measure optical
aberrations in each animal’s eye in real time, and a Deformable Mirror (ALPAO) was used to
correct those aberrations in a closed loop. A 796 nm superluminescent diode source (Super-
lum) was focused on the photoreceptor layer of the retina to collect reflectance images at an
approximately 2 Airy disk confocal pinhole (20 um), with the images used for both placement
of stimuli and later registration (motion correction) of fluorescence images. A 561 nm laser
(Toptica) and three LEDs (Thorlabs, center wavelengths 420 nm, 530 nm, 660 nm) were used
for visual stimulation of foveal cones. A 488 nm laser source (Qioptiq) was focused on the gan-
glion cell layer to excite GCaMP fluorescence, which was detected through a 520/35 nm emis-
sion filter at an approximately 2 Airy disk confocal pinhole (20 pm) for animals M2 and M3
and an approximately 7.5 Airy disk confocal pinhole (75 um) for animal M1, each of which
was chosen to balance the tradeoff between signal strength and axial resolution. The poorer
expression of GCaMP and consequently worse SNR in M1 motivated using the larger confocal
pinhole for imaging in that animal. The 488 nm excitation light was presented only during for-
ward scans and filled only the portion of the imaging window where ganglion cells were pres-
ent to avoid exposing foveal photoreceptors and biasing stimulation. The 488 nm excitation
light intensities on the retina were 3.4 mW cm?in M1, 3.2 mW cm™ in M2, and 1.7 mW cm™
in M3, as presented through a dilated pupil size of approximately 6.7 mm for each animal. Ret-
inal subtenses were 780 x 570 pm in M1, 765 x 560 um in M2, and 740 x 540 um or 505 x

380 um in M3. Imaging sessions using the AOSLO took place starting around 9 am and lasted
between two to four hours. Room lights were turned off during experiments so that ambient
light was minimized and the animal was only exposed to the sources used in the AOSLO. Pre-
vious light imaging history was limited to clinical fundus and SLO imaging as mentioned in
the AAV mediated gene delivery section.

Light safety. The total retinal exposure to all light sources was calculated for each pro-
posed retinal location before each imaging session after measuring the optical power of each
source at the pupil plane (sources measured as total optical power across the entire ~6.7 mm
pupil: nominally 488 nm at 7-15 pW, 561 nm at 5 yW, 796 nm at 250 uW, 847 nm at 30 uW,
and combined 5 pW from the LEDs at 420 nm, 530 nm, and 660 nm). For all animals, the total
exposure was kept below the maximum permissible exposure for human retina according to
the 2014 American National Standards Institute [69-71]. Most exposures were also kept below
areduced ANSI limit that was further scaled by the squared ratio of the numerical aperture of
the human eye to the primate eye (~0.78) [72], though imaging sessions in M3 at the smaller
FOV exceeded this reduced limit. Imaging sessions were at least five days apart, so
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accumulated exposure was not taken account into the calculations. According to the ANSI
standard, the maximum permissible exposure limit is expressed as a sum of ratios of source
powers such that the limit value is unity. In this study, exposures ranged from values of 0.6-
0.98 corresponding to 60%-98% of the exposure limit.

Methods to maximize optical quality and signal across experiments. The best axial res-
olution that can be achieved with the confocal AOSLO required for our experiments is 25-30
microns, approximately the diameter of 2-3 RGC somas [27], which means that in areas
where the RGC layer is thick, such as the fovea [26, 46], there may be some optical crosstalk
from multiple cells contributing to the recorded fluorescence signal. Therefore, as part of the
validation of our method and to be certain in describing the physiology of individual cells, we
operate in two distinct modalities. The first modality is a wide imaging field of view (FOV) of
3.70 x 2.70 deg where we can image hundreds of RGCs across a breadth of soma locations (in
M1, M2 and M3), but not be certain that each cell is free of crosstalk. The second modality
(only used in M3) is a smaller imaging FOV of 2.54 x 1.92 deg that is centered and focused on
the innermost foveal slope, where the RGCs are in a monolayer—in this modality we can only
image tens of cells at a time, but we are certain that the signal is not contaminated by optical
crosstalk. We present wide field data from all three animals to show cell populations and gen-
eral physiology, while we present data from the smaller field only from animal M3 to draw
conclusions about the physiology of individual cells—the very innermost foveolar RGCs
driven by the centermost cones. To ensure the desired imaging FOVs were used in each exper-
iment, the AOSLO system was calibrated using Ronchi gratings of known spacing (80 lp/mm)
to translate scanner control voltages into FOV measurements in degrees of visual angle.

To correct for longitudinal chromatic aberration between the cone reflectance source (796
nm), visual stimulus laser (561 nm), and GCaMP excitation laser (488 nm), the axial source
and detector positions of the visible channels were optimized by initial calculation using chro-
matic dispersion data in humans [73] scaled for the macaque eye. Lateral detector positions
were optimized first in a model eye and then further optimized empirically in vivo using algo-
rithms such as simplex [74] to iterate over lateral pinhole positions and find the location with
maximum detector mean pixel value. For the data in M3 at the inner edge of the foveal slope,
an additional experiment optimized the responses of 37 RGCs to 28 c/deg drifting gratings at 6
Hz to find the best axial source position of the 488 nm excitation laser, to account for RGCs on
the foveal slope differing in axial position. Transverse chromatic aberration was not critical to
stimulus placement in these experiments, but lateral positions of confocal detection pinholes
were also optimized using similar algorithms [75].

Perhaps as a side effect of the in vivo viewing eye being held open for long periods of time
during imaging sessions, optical quality tended to degrade over the course of the experiment,
slowly at first, but more quickly after the first hour of imaging. To mitigate this, all grating sti-
muli were presented at the beginning of a session when optical quality was the highest, and
only for the first 30 minutes, to minimize degradation of high spatial frequency responses.

Lastly, the isoplanatic patch size of our system is approximately 1-1.5 deg, which is smaller
than both of the imaging fields (3.70 x 2.70 deg and 2.54 x 1.92 deg) used in this study. This
degrades quality across the entire image and produces field aberrations towards the edges of
the images where some ganglion cells were imaged or cones were stimulated. This anisoplanat-
ism, coupled with the fact that the wavefront correction is at a different wavelength than stimu-
lation, means that there could be defocus (see Modeling section) or higher order residual
aberrations that preferentially blur high spatial frequency gratings. Care was taken to mitigate
or optimize these sources of residual blur, but they cannot completely be eliminated with our
current instrument. Therefore, the spatial frequency responses we measured represent a lower
bound for the cell responses in situ when all sources of residual blur are removed.
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Chromatic stimuli. To drive the chromatic responses of RGCs connected to foveal photo-
receptors, we presented a 1.3 deg diameter spatially uniform, circular LED stimulus (Thorlabs,
center wavelengths and full-widths-at-half-maximums 420+7 nm, 530+17 nm, 660+10 nm)
through a Maxwellian view system [76] (S1 Fig). The stimulus was sinusoidally modulated in
time. Mean intensities on the retina and temporal frequencies were 6.8 mW cm > at 0.2 Hz in
M1, 7.0 mW cm ™ at 0.2 Hz in M2, and 7.6 mW cm > at 0.15 Hz in M3. The slow temporal fre-
quencies were chosen to accommodate the slow temporal response of the GCaMP6 calcium
indicator [65] and were adjusted by 0.05 Hz in M3 to avoid potential confound with the respi-
ration rate in that animal. The LED primary wavelengths were chosen to maximize excitation
of the L, M, and S cone photopigments [77] while minimizing significant confound by macular
pigment absorption [78, 79], the spatial distribution of which was not measured in this study.
Each stimulus presentation was 90 s long, following a 30 s adaptation period in which the
mean luminance white point and excitation laser were on. The cone fundamentals were con-
structed using the Govardovskii standard template [80, 81] and the wavelengths of peak
absorption for macaque primates [82]. The transmissivity of the eye (including cornea, aque-
ous, lens, and vitreous) was modeled using measured data from the rhesus macaque [83]. To
generate the luminous efficiency function, an equal weighting of the L and M cone fundamen-
tals was used, as the ratio of L and M cones in macaques is close to unity on average [84]. The
LEDs were calibrated using a spectrometer (Ocean Optics) validated by a NIST traceable
blackbody source. Five silent substitution [85] stimuli were presented at the foveal center while
GCaMP responses were recorded. The Psychophysics Toolbox [86] for MATLAB was used to
calculate the appropriate power modulations needed: a nominally isoluminant stimulus target-
ing both L and M cones in counterphase (L modulation 15%, M modulation 17%), an L cone
isolating stimulus (24% modulation), an M cone isolating stimulus (33% modulation), an S
cone isolating stimulus (92% modulation), and an achromatic luminance stimulus (100%
modulation, all cone classes). There was also a control stimulus where the adaptation period
was followed by continued presentation of the mean luminance white point. Within one imag-
ing session, each of the stimuli used in that session was presented three times and responses
were averaged within the experiment. In M1, only one experiment was performed. In M2 and
M3, two experiments across the entire width of soma locations (large imaging FOV) were per-
formed and responses across sessions were averaged. In M3, three separate experiments at the
innermost foveal RGCs (small imaging FOV) were performed and averaged.

Grating stimuli. To probe the spatial configuration of foveal RGC receptive fields, we pre-
sented monochromatic (561 nm) horizontally-oriented sinusoidal drifting gratings at 6 Hz
and 100% contrast. The grating stimuli were presented within the scanned imaging FOV and
occupied a square subregion that was either 1.9 deg (large imaging FOV) or 1.3 deg (small
imaging FOV) in extent. Mean light intensities on the retina were 1.72 mW cm > in M2 (large
imaging FOV), 1.8 mW c¢m™ in M3 (large imaging FOV), and 3.2 mW c¢m™ in M3 (small
imaging FOV) imaging only the innermost RGCs closest to the center of the foveola. No data
from drifting gratings is shown for animal M1, as the signal was too weak and noisy to produce
reliable data from these stimuli. The temporal frequency of these gratings was too fast to allow
GCaMP6 to track modulation, so cellular responses were characterized by quantifying the
increase in steady fluorescence during stimulation, as opposed to using fluorescence modula-
tion as was done for the slower chromatic stimuli. Grating stimuli were 45 s in duration and
were preceded by 15 s adaptation to both the mean luminance of the 561 nm stimulus laser
and the 488 nm imaging laser.

In the small imaging FOV used with M3, the increased resolution meant that the spatial fre-
quency range was 4 c/deg to 49 c/deg. A control (spatially uniform mean luminance) and 14
gratings of different spatial frequency were presented twice each within a session and

PLOS ONE | https://doi.org/10.1371/journal.pone.0278261 November 29, 2022 6/39


https://doi.org/10.1371/journal.pone.0278261

PLOS ONE

In vivo chromatic and spatial tuning of foveolar retinal ganglion cells in Macaca fascicularis

responses were averaged. Gratings were presented in decreasing order of spatial frequency, to
minimize reduction in high spatial frequency response related to decreasing optical quality
over the course of the experiment. There were three sessions at the small FOV in M3, and the
variability and averages are shown in the results. We note that as gratings were only presented
in one orientation, the responses of some cells might be modified by orientation selective
effects [87].

In M2 and M3 at the large imaging FOV, a control and 14 gratings varying in spatial fre-
quency from 2 c/deg to 34 c/deg were presented. Each grating was presented twice within a
session and responses were averaged for one session in M2 and across two sessions in M3.
These data are not presented in the results because they did not include high enough spatial
frequency responses that permit the modeling used in this work (S5 Fig).

Data analysis

To remove blurring and other effects of residual eye movements present in the raw recordings,
each video frame of the fluorescence recording was co-registered using corresponding frames
from a high signal-to-noise reflectance video of the photoreceptor layer at the same retinal
location. During imaging, a reference frame was taken in the reflectance channel to allow for
real-time stabilization; this reference frame was also used as the reference for the frame-to-
frame cross-correlation method image registration [88] of all videos taken at that location.
One registered video, typically one of the videos corresponding to the peak spatial frequency
response (usually 10-30 cycles/deg), was temporally summed to create a high SNR fluores-
cence image of the ganglion cell layer, and individual ganglion cells were segmented using the
open-source software GIMP. Typically, all identifiable cells in the focal plane were segmented,
though cells were excluded if the boundaries between two or more adjacent cells were unclear.
The segmentation mask from GIMP was exported to MATLAB, where it was applied to all reg-
istered videos at that location to isolate data from individual RGCs. For every frame, the mean
of the signal within each cell mask was computed to produce an average signal time course for
each cell. When the same stimuli were repeated within a session, the signal time courses for
each cell were averaged across all repeated trials.

For the chromatic data, the temporal speed of the flicker (0.15-0.20 Hz) was well within the
temporal resolution of the GCaMP6, thus cells responding to the stimulus exhibited a quasi-
sinusoidal modulation in fluorescence level where the amplitude and phase depended on the
receptive field properties of the cell and the frequency of the response depended on the stimu-
lus frequency. Each cell’s time course was filtered using a Hann windowing function before
being Fourier transformed into the frequency domain. The Fourier amplitudes were normal-
ized by subtracting the mean noise at higher frequencies (0.32 Hz—1.08 Hz) and then dividing
by the standard deviation of the noise to produce a response metric equivalent to the sensitivity
index d’. The metric was computed for each stimulus for every cell, so that the cells could be
plotted in two different configurations from the literature [e.g. 60]. In animals M1 and M2,
where an L-M nominally isoluminant stimulus, an S-isolating stimulus, and an achromatic/
luminance stimulus were used, no further analysis was needed, and the data was simply plotted
along S vs. L-M axes. In animal M3, since single cone isolating stimuli were used for L, M, and
S cones, it was possible to reproduce cone weighting plots such as those in Derrington et al.
[60]. As in that paper, we calculated the cone weights by dividing the response metric by the
cone modulation from the stimuli and normalized them all such that the sum of all cone
weights added to unity.

For the spatial frequency data, the temporal speed of the drifting gratings (6 Hz) exceeded
the temporal resolution of the GCaMP6s indicator [65], thus cells responding to the grating
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exhibited an overall increase in fluorescence that plateaued after approximately 10-20 s. The
background level for each cell was calculated as the mean of the first 10 s of fluorescence dur-
ing the adaptation period, while the signal was calculated as the mean of the last 10 s of fluores-
cence recorded during the presentation of the stimulus. The AF/F metric commonly used in
calcium imaging was calculated for each spatial frequency as the background response at that
frequency subtracted from the signal at that frequency, all divided by the signal at 17 c¢/deg, a
spatial frequency producing a robust response across the majority of the cells. This function of
AF/F with respect to spatial frequency is what we refer to as a spatial transfer function (STF)
for each RGC measured. An error metric was also calculated for each AF/F measurement by
using the partial differential error propagation formula using variances [89] and the measured
variances in the background response, the signal response, and the signal at 17 c/deg.

Modeling of photoreceptor mosaic and RGC response characteristics

To connect the measured spatial transfer functions (STFs) to the receptive field (RF) organiza-
tion of the underlying RGCs, we employed a computational model that simulates optical, spec-
tral, spatial, and temporal components of the AOSLO stimulation apparatus, as well as the
animal’s optics and cone mosaic structure. The model computed cone mosaic responses to
simulations of the stimuli used to measure the STF and derived an STF model fit for the RGC
under study. The model assumed that cone signals are pooled linearly and instantaneously
(ignoring temporal pooling dynamics) by center and surround mechanisms of an RGC
according to a difference of Gaussians (DoG) [90] spatial profile. The parameters of the DoG
(and therefore the cone pooling weights) were estimated by minimizing the error between the
model STF and the measured in vivo fluorescence-based STF. A model scenario where the cen-
ter mechanism’s Gaussian weighting was replaced by center weighting on just a single cone
was also considered. The modeling pipeline depicted schematically in the results, was imple-
mented within the Imaging Systems Engineering Tools for Biology (ISETBio) software frame-
work [91, 92].

The drifting monochromatic sinusoidal gratings used to measure RGC STFs via the
AOSLO apparatus were modeled as temporal sequences of ISETBio spatial-spectral radiance
scenes, where each scene models one frame of the displayed stimulus. The spectral characteris-
tics, spatial extent, and the temporal properties of the AOSLO display subsystem were taken
into account in generating the ISETBio scenes. The spectral profile of the monochromatic
beam was modeled as Gaussian shaped with a peak at 561 nm and a full-width-half-max
(FWHM) of 5 nm with a mean irradiance on the retina of 1.29 mW cm*. The power estimate
included absorption by the lens pigment. The visual stimulus as imaged on the retina had a
pixel size of 1.03 pum (0.005 deg) with spatial extent 140 x 140 pm (0.7 x 0.7 deg). All sinusoidal
gratings were modeled with a nominal contrast of 1.0, drifting at 6 Hz with a refresh rate of
25.3 Hz for a duration of 666 ms (4 cycles).

The animal’s optics during AOSLO-based stimulation were modeled as a diffraction-lim-
ited optical system with a small amount of residual defocus blur. The diffraction limit was
obtained using the 6.7 mm pupil diameter employed in the experiment, assuming a conversion
between degrees of visual angle and retinal extent of 199 um/deg (calculated using the ratio of
the axial length of M3 16.56 mm to the model human 24.2 mm multiplied by the model
human conversion of 291.2 um/deg). Residual blur in the AOSLO, which might occur due to a
slight defocus of the stimulus with respect to the plane of cone inner segments in the retina,
was modeled by adjusting the Zernike defocus coefficient used to compute the optical point
spread function. Residual blur could also be generated by any other aberrations in the system,
imperfect AO correction, or other sources, so the Zernike defocus coefficient was used as a
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proxy for all sources of residual blur. The amount of residual blur was not known a priori and
was estimated as part of model fitting as described below. The temporal sequence of ISETBio
spatial-spectral radiance scenes that model the AOSLO stimulus were passed via the simulated
optical system to generate a corresponding sequence of spatial-spectral retinal irradiance
images, which were processed by the cone mosaic model as described next.

An ISETBio model of the animal’s cone mosaic was generated from cone density maps
measured during AOSLO imaging, using an iterative algorithm described previously [91]. The
spatial extent of the modeled cone mosaic was 1.3 x 1.3 deg, with a maximal cone density of
270,200 cones mm > with relative L:M:S cone densities of 0.48:0.48:0.04 (quasi-regular S cone
packing, random L and M cone packing), and without a tritanopic (S-cone free) area at the
fovea. Cones were modeled with Gaussian entrance apertures with a characteristic radius
equal to 0.204 * v/2 D, where D is the inner segment diameter measured during AOSLO
imaging [10]. In this cone mosaic model, cone outer segment lengths and macular pigment all
varied with eccentricity [91], and the cone quantal efficiencies were based on the Stockman-
Sharpe (2000) normalized absorbance measurements [93, 94]. The modeled macular pigment
density is taken as the human values provided by Stockman et al. (1999) [93] (http://www.cvrl.
org/database/text/maclens/macss.htm), and the modeled lens pigment density is for young
human subjects (< 20 years) as reported by Pokorny et al. [95].

To compute a cone’s excitation, the spatial-spectral irradiance impinging on the retina was
first spectrally weighted by the product of macular pigment transmittance and by each cone’s
spectral quantal efficiency, subsequently integrated over wavelength, and spatially integrated
over the cone’s Gaussian aperture. This excitation response was integrated over the temporal
duration of each stimulus frame (39.5 ms), to estimate a spatial map of the expected excitation
events count F'(w,t), for the j-th cone in the mosaic, at time ¢, in response to a drifting grating
of spatial frequency w. In these simulations, we did not include Poisson noise in E/(w,t), nor
did we introduce positional jitter between the cone mosaic and the retinal stimulus due to fixa-
tional eye movements. In the measured AOSLO data, the animals were anesthetized with eye
muscles paralyzed, and digital tracking was employed for stimuli, so retinal motion relative to
stimuli was minimized.

Assuming that cones are adapted to the mean background irradiance, the spatiotemporal
excitation response F/(w,t) was converted to a spatiotemporal modulation response, R/(w,t), by
first subtracting the excitation of the cone to the background stimulus Eg/, and then dividing
by it separately for each cone j, i.e.:

Ro )= 2@ =5
E,

This operation captures in broad strokes an important effect of the photocurrent generation
process which converts cone absorption events in the inner segment into ionic currents flow-
ing through the cone outer segment, and which in effect down-regulates the stimulus-induced
cone excitation rate with respect to the background cone excitation rate.

Model ganglion cell responses RGC(w,t), were computed from the cone contrast responses
by weighting responses with corresponding center and surround cone weights, followed by
spatial pooling within the antagonistic center and surround mechanisms as follows:

RGC(w, t) = RGC_(w,t) — RGC (w, t)

= ZWi*Rj(w,t) —ZWﬁ*Rj(w, t)
j j

PLOS ONE | https://doi.org/10.1371/journal.pone.0278261 November 29, 2022 9/39


http://www.cvrl.org/database/text/maclens/macss.htm
http://www.cvrl.org/database/text/maclens/macss.htm
https://doi.org/10.1371/journal.pone.0278261

PLOS ONE In vivo chromatic and spatial tuning of foveolar retinal ganglion cells in Macaca fascicularis

where W/ and W/ are the weights with which the center and surround mechanisms respec-
tively pool the responses R'(w,t). We did not model temporal filtering or delay between center
and surround responses. Although real RGC responses may be affected by both temporal fil-
tering and a center-surround delay, measurements in this study only recorded the amplitude
of responses at one temporal frequency with no response phase information, so we could not
meaningfully estimate temporal RGC parameters.

To make computation of cone weights more tractable, we assumed that the spatial distribu-
tion of cone weights to the center and surround mechanisms had concentric, radially-symmet-
ric Gaussian profiles (multi-cone RF center scenario), or that the center drew on a single cone
with a Gaussian surround (single-cone RF center scenario):

d\*
k,_xexp [— (—’) 1 (multi — cone RF center scenario)
r

W = .

c

k, (single — cone RF center scenario)

. d\’
Wi =k, xexp|— (—’)
rs

where d; is the distance between cone-j and the spatial position of the center mechanism of the
model RGC (which is taken as the geometric centroid of the locations of the cones driving the
center mechanism). The parameters k., k, ., and r,, which represent the center and surround
peak sensitivities and characteristic radii, respectively, of the DoG RF model were determined
by minimizing the root mean squared error (RMSE) between the model-predicted STF,
STF"(w), and the measured STF, STF*"*(w), accumulated over all spatial frequencies w:

1 S Blo)
RMSE = | —
N Z: (o)

% [STF"(w) — STFM/F(w)]

where €(w) is the standard error of the mean of the STF***(w) measurement, and B(w) is a

high-spatial frequency boost factor which linearly increases with spatial frequency from 0.1 to
1.0 over the spatial frequency range 4.7 to 49 c¢/deg. This boost factor was introduced to
emphasize high spatial frequency measurements, the stimulus regime which is maximally
informative about the properties of the center mechanism.

In some cells, and for certain recording sessions, the measured STF***(w) dropped below
zero for the lowest spatial frequencies. When this occurred, it was accompanied by an apparent
overall downward shift in STF***(w) across all frequencies, so we assumed that in such cases
the background fluorescence was overestimated. To compensate for this, we fit the model to
STFA¥¥(w)-min (STF*Y¥(w)) instead of STFA¥¥(w) in cases where STFAF(w) dropped below
zero for any spatial frequency.

To reduce the chance of the minimization algorithm getting stuck at a local minimum of
the error function, we employed a multi-start minimizer which was run 512 times, keeping the
results from the starting point with the minimum RMSE.

The model-predicted STF, STF"(w), was computed by fitting a sinusoidal function to
RGC"(w, t),

A(w) * sin [2nft — 0)

where f1is set to the temporal frequency of the drifting gratings, and 6, A(w) are free
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parameters. At each spatial frequency, the amplitude of the fitted sinusoid, A(w), was taken as
STF™(w).

To interpret the measured STFs, we considered four different model scenarios: single cone
RF centers with and without residual defocus in the AOSLO apparatus, and multiple cone RF
centers with Gaussian weighting, with and without AOSLO residual defocus. For each sce-
nario, the model was fit to the STF data of an examined RGC at multiple positions within the
model cone mosaic and the final model was selected as the one with the minimum RMSE over
the examined positions. The multi-position model fitting/selection was performed to take into
account local inhomogeneities of the cone mosaic as exact RF center of each recorded RGC is
only known to reside approximately within the central 40 microns. Details of the model fitting
differences between each scenario, model training, and comparisons between the modeled
cone mosaic and the measured mosaic from M3 are provided in S7-S10 Figs. All figures in the
main body of the paper assume the single cone center with fixed residual 0.067 D defocus sce-
nario, unless otherwise noted.

Results
In vivo functional imaging of foveal RGCs

In this study, optical stimulation of foveal cones elicits the activity of retinal ganglion cells in
the living macaque eye. Intravitreal injection of an adeno-associated virus (7m8 or AAV2)
with a promoter (ubiquitous CAG or RGC-specific) produced expression of the calcium indi-
cator GCaMP6f [65] in animal M1 and GCaMP6s [65] in animals M2 and M3. As previously
reported, injections in all three animals produced expression in a ring of RGCs surrounding
and radiating out from the foveal avascular zone where the internal limiting membrane is thin
[66, 68, 96] (Fig 1A). Stimuli were presented to the centermost foveal cones while a 488 nm
imaging laser stimulated fluorescence from GCaMP expressing RGCs in a rectangular area
placed either nasally or temporally relative to the cones. Fig 2A and 2B show the fluorescence
response of a single RGC to a simple luminance flicker stimulus in time as well as the resulting
Fourier transform, which shows the cell responding primarily at the stimulus frequency. Fig
2C shows that, under our stimulus paradigm, the imaging light did not stimulate foveal cones
and confound the recorded functional responses after a 561 nm adapting light was presented
to the foveal cones. In each animal, hundreds of RGCs were recorded simultaneously using
this paradigm, and we used the precision of the AOSLO system to return to the same cells over
multiple sessions spanning weeks to months. For examples of the raw time course responses of
cells and the variability of responses to individual stimuli across experiments, see S2 and

S3 Figs.

Reliability and precision of foveal RGC recordings

Across multiple sessions, RGC somas were recorded from over a range of soma locations
between 1.2 and 3.5 degrees from the center of the foveal avascular zone (FAZ). When averag-
ing data across multiple experiments, only cells that were visible in all experiments were used.
In M3, a follow-up experiment examining only cone density (Fig 1B) found the center of the
FAZ to be roughly 41 microns inferior and 51 microns nasal from the peak cone density which
agrees with the range of data reported from humans [14]. Based on detailed receptive field
mapping performed by McGregor et al. [16], the cones driving the receptive fields of the cells
examined in all three animals are likely to be located at eccentricities less than 36 arcmin from
the foveal center, or a retinal radius of 120 microns calculated using the primate model eye
[97] with the axial lengths of each animal (M1: 17.51 mm, M2: 17.20 mm, M3: 16.56 mm).
According to the same mapping, the receptive fields of the innermost cells we recorded from
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Fig 1. Stimulus presentation and recording paradigm. In (a) the general stimulation paradigm is shown. Background is
an image of the retina of M3 using the blue reflectance imaging modality of a Heidelberg Spectralis instrument. In false
color green are GCaMP-expressing cells from M3 imaged using the blue autofluorescence modality of the same Spectralis
instrument. When using the AOSLO instrument, videos are captured within a rectangular field of view (white dashed
line) while stimuli (white circle) such as cone-isolating flicker or drifting gratings (which were rectangular in shape and
covered approximately the same area as the white circle) are presented to and centered on the centermost foveal cone
photoreceptors. A 488 nm imaging laser in the AOSLO (blue rectangle) excites GCaMP-mediated fluorescent responses
of ganglion cells surrounding the foveal slope. (b) shows the recorded cone densities at the fovea of M3 and (c) shows the
ganglion cells segmented (green) at the innermost edge of the foveal slope in M3.

https://doi.org/10.1371/journal.pone.0278261.9001
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Fig 2. Data collection from ganglion cells in vivo. (a) shows the smoothed time course of a single RGC fluorescence
response to a 0.15 Hz luminance flicker stimulus. (b) shows the amplitude of the Fourier transform of the response
time course, recovering the response peak at the stimulus frequency of 0.15 Hz (red dashed line). (c) shows the effect of
the imaging light on cone-mediated response to stimuli in 62 foveal RGCs. The 488 nm imaging laser which excites
GCaMP fluorescence can scatter to foveal cones and confound cone stimulation. If the imaging light is turned on
without adaptation to any light, there is a quick rise and slow falloff in fluorescence due to cone responses feeding
RGCs. However, if the 561 nm stimulus laser (used for drifting gratings) or LED white point (used for chromatic
stimuli) is presented at a mean power of 2-2.5 uW during a short 30s adaptation period prior to imaging onset, then
there is no corresponding effect of the imaging light confounding the fluorescence signal. In all recordings, an
adaptation light preceded each recording to prevent this transient effect of scattered light from the imaging laser.

https://doi.org/10.1371/journal.pone.0278261.g002

in M3 (Fig 1C) are likely to be driven by cones found at eccentricities less than 6 arcmin, or a
retinal radius of 20 microns calculated using the same primate model eye and the axial length
of M3 (16.56 mm). All visual stimuli delivered to foveal cones were large enough to cover both
the FAZ center and the location of maximum cone density and were some 10-60% larger than
the cone area servicing even the furthest cells we recorded from, ensuring the best possible
chance of recording responses from the maximum number of RGCs.

Chromatic tuning of foveal RGCs

For functional classification of RGCs with receptive fields at the foveal center, chromatic tun-
ing was measured across multiple imaging sessions. Amplitude and phase responses (Fig 3A
and 3D) to spatially uniform 0.15 Hz or 0.20 Hz flicker modulations that were directed along a
combination of L, M, L-M, S, and achromatic/luminance directions in color space enabled
reliable identification of chromatic tuning of RGCs in all three animals. For each cell, the raw
fluorescence time course was measured in response to each visual stimulus, and the Fourier
transform was used to find the cell’s response amplitude at the stimulus frequency. The signal-
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Fig 3. Chromatic response properties of RGCs from three different animals. Black dots show luminance only
responding cells, red dots show L-M and M-L cone opponent cells, blue dots show S responding cells, while magenta
dots show cells that responded to both L-M and S stimuli. Dotted lines show the significance cutoff of SNR = 2
calculated based on cell responses to the control stimulus (see Methods). Cell response is captured by our signal-to-
noise metric described in the Methods. Response phases were also calculated but are not directly shown; however,
positive SNRs correspond to responses that were in phase with the stimulus (ON response), while negative SNRs
correspond to responses that were approximately 180 deg out of phase with the stimulus (OFF response). The
luminance axis is perpendicular to the plane shown and is not included for readability and because not all cells
responded to the luminance stimulus. Luminance only cells shown in black thus include both ON and OFF cells. In
(a), responses from 15 cells in M1 are shown after presentation of spatially uniform luminance, L-M isoluminant and
S-isolating stimuli at 0.2 Hz. In (b), responses from 126 cells in M2 are shown after presentation of spatially uniform
luminance, L-M isoluminant and S-isolating stimuli at 0.2 Hz. In (c), responses from 83 cells (a subset of the cells in
Fig 4A, does not contain any cells from Fig 3D) in M3 are shown after presentation of spatially uniform luminance, L-
isolating, M-isolating, and S-isolating stimuli at 0.15 Hz. In (d), responses from 22 cells (a subset of the cells in Fig 4D)
serving the very central fovea of M3 are shown after presentation of spatially uniform luminance, L-isolating, M-
isolating, and S-isolating stimuli at 0.15 Hz. These cells are closer to the foveal center than any of the cells shown in (c).
In (c-d), all stimuli were single-cone isolating, so the L-M axis is calculated from the single cone L-isolating and M-
isolating responses and their relative phase.

https://doi.org/10.1371/journal.pone.0278261.g003

to-noise (SNR) response metric was calculated as the response Fourier amplitude (signal)
minus the mean amplitudes of higher spatial frequencies (noise), all divided by the standard
deviation of the noise. This analysis revealed several functional groups including L-M and M-L
opponent cells, S-ON and S-OFF cells, ON and OFF luminance cells, and cells with mixed L
vs. M * S responses. In M3, single cone isolating stimuli were presented to the fovea and the
individual cone weights feeding RGCs were calculated as was done previously in LGN [60]
(Fig 4A and 4B). This analysis estimates the relative contribution of each cone class to the
response of a cell and revealed further diversity of functional groups, including cells with
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Fig 4. Cone weights of RGCs from M3. The horizontal axis shows L cone weight, the vertical axis the M cone weight,
and the distance from the origin shows the S cone weight where further away from the origin corresponds to less S-
cone weighting. In (a), 100 RGCs (a superset of the cells in Fig 3C, does not contain any cells from Fig 4B) were
recorded across the entire width of the GCaMP-expressing ring in M3. There were 3 cells that only showed S cone
responses, represented by overlapping circles at the origin. There were also 4 L+M and 11 -L-M luminance only cells
that are represented by asterisks in the upper right and lower left. Because these cells only responded to the luminance
stimulus but not the L-isolating or M-isolating stimulus, the response sign is known but not the exact L or M cone
weighting. In (b), 34 cells (a superset of the cells in Fig 3D) at the innermost edge of the foveal slope in M3, served by
the centermost foveal cones, were recorded from. No consistent S only responses were observed, and there were 5 L+M
and 2 -L-M luminance only cells.

https://doi.org/10.1371/journal.pone.0278261.g004

responses to only L or M cones, as well as various S cone connections to cells with either L or
M cone input that were not L vs. M opponent. In figures with individual cell labels for putative
midget ganglion cells, cells are named according to their suspected center cone (e.g. L1, L2,
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M1, etc.). The suspected center cone was chosen based on the assumption that the center
response would be the larger than the surround, and that midget ganglion cells connect to a
single L or M cone in their center; this labeling is merely a convenience and should not be
taken as a definitive measurement of the center cones.

Identification of foveolar midget RGCs using chromatic tuning

Across all three animals, cells with L-M or M-L cone opponent responses (and no response to
S-cone stimuli) were identified as putative midget RGCs. There were a large number of these
cells as can be seen in Figs 3 and 4: the proportions of these putative midget cells were 44%
(95% CI true proportion of 44+17%) of responsive RGCs closest to the fovea (1.2-1.8 deg
soma locations) in M3 (small imaging FOV), 33% (95% CI true proportion of 33+9%) of
responsive RGCs over the entire measured range in M3 (large imaging FOV), 72% (95% CI
true proportion of 72+8%) of responsive RGCs in M2 (large imaging FOV), and 47% (95% CI
true proportion of 47+25%) of responsive RGCs in M1. It is expected that midget RGCs com-
prise some 70-90% of foveal cells [20, 51, 98], and the confidence intervals in M1 and M2 con-
tain values in that range. In M3, single cone isolating stimuli were used as detailed in the
chromatic stimuli section—it is expected that these stimuli produce lower responses in the
classical cone opponent model of midget RGCs by not driving the center and surround in
counterphase as would the isoluminant L-M stimulus used in M1 and M2. There were many
cells in M3 (an additional 35% of the closest foveal RGCs, and an additional 32% over the
entire measured range) with only an L cone response or only an M cone response and no S
cone response. It is possible that some of these cells are cone opponent, but that the single
cone isolating stimuli produced too small of a response from the antagonistic surround in
those cases. Based on this uncertainty, we cannot say for sure whether the observed number of
putative midget RGCs in M3 is outside the range of expected values.

Soma size is a useful anatomical measure for distinguishing more peripheral ganglion cell
types and was examined here as a potential correlate with our putative midget RGCs. RGC
soma sizes were measured by two different observers (54 Fig) using different methods, but as
others have reported, soma sizes did not exhibit bimodalities near the fovea [46]. Soma size
also did not distinguish between functional groups identified by chromatic tuning (Wilcoxon
ranksum test, p > 0.1 for comparisons between L-M, S only, luminance only, and L-M/S cells).

Spatial tuning of foveolar putative midget RGCs

Spatially patterned drifting gratings were used to probe the spatial frequency response of
RGCs and to augment measurements of chromatic tuning (Fig 5). In M3, at the small field of
view focused on the innermost RGCs, a control of spatially uniform mean luminance and
drifting gratings of fourteen different spatial frequencies (561 nm, 6 Hz, 4-49 c/deg) were used
to stimulate foveal cones while the 488 nm imaging light elicited fluorescence from the same
GCaMP expressing RGCs shown in Fig 4B. At this temporal frequency, GCaMP could not
track modulation, and responding cells exhibited a sustained increase in fluorescence in
response to photoreceptor stimulation. A AF/F metric was calculated for each cell as the
change in fluorescence under stimulation divided by the mean fluorescence in response to a
grating of 17 c/deg (a spatial frequency with a robust response across the majority of the cells).
Most, but not all of the putative midget RGCs at the foveal center in M3 (Fig 5), which were all
identified according to their L-M or M-L cone opponency, showed two salient features when
their spatial frequency response functions were measured: a strong low frequency cut, and a
peak in the higher spatial frequencies (20-40 c/deg).
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Fig 5. Spatial frequency responses of putative midget cells. Fifteen cells in M3 serving the central foveal cones were identified as L-M or
M-L opponent (Fig 3D). Each cell is numbered L1-11 or M1-4 based on whether the suspected center cone was an L or M cone. The red
points (circles, Week 1), blue points (triangles, Week 2), and green points (squares, Week 3) are measurements from three different
experiments each one week apart. The solid orange line in each panel is the average response for that particular cell across all three
experiments. The vertical axis is a response metric where the mean baseline fluorescence is subtracted from the fluorescence under
stimulation and divided by the fluorescence under stimulation at the peak spatial frequency (see Methods). The error bars show the
standard error at each data point, which represents the error in obtaining the signal and background needed to calculate the metric.
Additional spatial frequency responses of cells from the large imaging FOV (S5 Fig) and non-midget RGCs (S6 Fig) can be found in the
supplement.

https://doi.org/10.1371/journal.pone.0278261.9g005
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Fig 6. Schematic overview of the ISETBio modeling approach. To interpret the AOSLO-based STF measurements
(Fig 5) in terms of the spatial pooling of cone signals to the measured RGCs we model the spatial, spectral and
temporal aspects of the stimulus, the optics, the cone mosaic and the cone pooling within the center and surrounds
mechanisms of an RGC using the ISETBio toolbox. (a) A frame of the drifting monochromatic grating stimulus which
is projected through the AOSLO system to stimulate and measure the GCaMP fluorescence-based spatial transfer
function (STF) of RGCs, STF*™F(w) (b). The drifting grating is modeled as a temporal sequence of spatial spectral
radiance scenes. These scenes model the AOSLO display including a diffraction-limited optical system with a 6.7 mm
pupil (c) combined with residual defocus in the eye’s wave aberrations (d). The resulting sequence of retinal irradiance
maps are spectrally integrated and spatially averaged within the apertures of cones in a model of the animal’s cone
mosaic (e), resulting in a spatiotemporal sequence of cone excitations (f). Cone excitations are transformed to cone
modulations by first subtracting and subsequently dividing the mean cone excitation level (g). Modulation signals
from different cones are scaled by the spatial weights with which the RF center and the RF surround mechanism pool
cone signals (h). The weighted cone signals are subsequently summed (i) to compute the temporal response of the
model RGC. A sinusoid is fitted to the RGC temporal response (j) and the amplitude of the sinusoid is taken as the
STF of the model RGC at the stimulus spatial frequency, STF™(w). The RMSE between STF™(w) and STF***(w) (k) is
minimized using a multi-start solver which optimizes the center and surround peak sensitivity and radius parameters
(1) of a difference of Gaussians (DoG) RF model (m). The model yields the best-fitting cone pooling weights for the
RGC.

https://doi.org/10.1371/journal.pone.0278261.9006

Modeling of foveolar midget RGCs

Using the ISETBio-based approach described in the Methods and depicted schematically in
Fig 6, we derived estimates of the spatial RF organization from the measured STF data under
four different model scenarios involving combinations of residual instrument defocus (zero or
some residual defocus) and RF center composition (single or multiple cone inputs). Model
cone mosaics matched well in both density and cone size with the measured data in M3 along
the horizontal and vertical meridians (S7 Fig). Modeling results from one RGC are depicted in
Fig 7. Fig 7A shows results from the modeling scenario that assumes a single cone in the RF
center and zero residual defocus. Note that this scenario predicts a diffuse surround and that
the derived STF does not agree well with the measured STF, resulting in the largest RMSE
across the four examined model scenarios. The STFs derived by the remaining three modeling
scenarios match the measured STF approximately equally well even though the resulting cone
pooling weights differ. The single cone RF center with 0.067 D residual defocus (Fig 7B) results
in a more focal surround than would be true if there were no residual defocus. The multi-cone
center RF with zero residual defocus (Fig 7C) results in a diffuse RF center and a surround that
is marginally more diffuse than the center, which is not consistent with known anatomy of
foveal midget RFs. Finally, the multi-cone center 0.067 D residual defocus scenario (Fig 7D)
results in an RF center with heavy input from one cone and very weak input from nearby
cones, and a focal surround. This scenario essentially collapses to the single cone center/0.067
D residual defocus scenario. In Fig 7E and 7F, the single and multi-cone RF center scenario

PLOS ONE | https://doi.org/10.1371/journal.pone.0278261 November 29, 2022 18/39


https://doi.org/10.1371/journal.pone.0278261.g006
https://doi.org/10.1371/journal.pone.0278261

PLOS ONE In vivo chromatic and spatial tuning of foveolar retinal ganglion cells in Macaca fascicularis

AF/F
center surround RF profile STE m (w)
weights weights P STE™(w)
0.8 rmsE:0.064
e
0.6/ (e)
0.4 L4 (single cone RF center)
0.2 e 0.06
o.
| S S b 2005
-4 0 4 8 -4 0 4 8 4 0 4 8 4 8 16 32 34

rmsE:0.025

residual error
o
o
>

0.8 0.03
L4
0.6 0.02
| NN ANN N
ot 3888558
0.2 SSocococooo
ol residual defocus (D)
4 0 4 8 4 8 16 32 54
space (microns)
O'B'M rmsE:0.023
Pe 06/ (f)
0 04 L4 (multi cone RF center)
c ¥
( )-4 0.2 0.06
-8 0040, 11 91—t Eoos
12 -8 -4 0 12 -8 -4 0 4 8 16 32 54%004
space (microns) 3
. 1]
0.8 rmsE:0.023 ©0.03

L4

0.6
0.4
0.2+
-24 -20 -16 -12 -24 -20 -16 -12 24 -20-16-12 4 8 16 32 34
space (microns)  space (microns)  space (microns) spatial freq. (c/deg)

°

o

N
® 0.000
Q 0.042
& 0.057
cob.OO(:‘e
§0067
8 0.072
@ 0.077
T 0.082

Fig 7. Model interpretation of measured STF for a single RGC. a-b show single cone center receptive field models with zero and 0.067 D residual
defocus respectively. c-d show multi cone center receptive field models with zero and 0.067 D residual defocus respectively. In a-d, the first and
second columns depict cone pooling weights for the center and surround mechanism, derived by fitting the model STF to the measured STF. The
third column depicts the integrated (along the y-axis) center and surround sensitivity profiles, and the fourth column depicts the model-predicted
STF (orange lines) together with the measured STF (green disks). e-f show single and multi-cone model residual errors for this particular cell with
varying levels of residual defocus. The best residual defocus for individual cells in the single cone center receptive field modeled varies slightly, so
0.067 D was chosen as the value optimizing models across all cells measured.

https://doi.org/10.1371/journal.pone.0278261.9007

performances are depicted as a function of assumed residual defocus. Note that for the particu-
lar cell shown, the minimal error in the single cone center scenario was at 0.077 D of residual
defocus, and that the multi-cone scenario never performs better than the best single cone sce-
nario at all residual defocus values modeled. Across all cells examined, the best performance
for the single cone RF center scenario was obtained for values of residual defocus between 0 D
and 0.082 D with a mean value of 0.067 D. The comparison shown for one cell in Fig 7E and
7F is provided for all cells modeled in S9 Fig. In addition, a cross-validation analysis (S8 Fig)
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similarly suggests that across all cells, the data do not reject the single cone RF center/0.067 D
model relative to the multi-cone center models. Therefore, for the remainder of this paper, we
use the single cone RF center/0.067 D residual defocus scenario as the vehicle for interpreting
the measured STFs.

Fig 8 depicts the results of the single-cone RF center/0.067 D scenario for four cells from
the center of the fovea of M3. These cells were chosen to showcase the model’s fitting to slightly
different STF shapes and are not necessarily special in any way. Full results of the model fitting
to all 15 cells, including fits for all four scenarios examined, can be found in S10 Fig.

The ISETBio model expresses the RFs directly in terms of the weights with which they pool
signals from cones in the mosaic, and as such is appropriate for comparison with anatomical
measurements and with in vitro physiological data where the optics of the eye are not in the
stimulus light path. In order to compare our data to other in vivo data collected in macaque
[e.g. 9], where the eye’s optics form a blurred image of the visual stimulus, we predicted in vivo
STFs using the cone pooling weights obtained from the single cone RF center/0.067 D residual
defocus scenario. To do so, we swapped the AOSLO optics with the animal’s (M3) own wave-
front aberration optics as measured in vivo and assumed a pupil diameter of 2.5 mm. These
physiological optics STFs were computed for 100% contrast achromatic sinusoidal gratings,
which matched in their spatial and temporal properties the monochromatic gratings used to
measure the STFs in the AOSLO. Results of this analysis are displayed in Fig 9, with three
example cells shown in Fig 9A. Here, gray disks and black lines depict the AOSLO STF data
and corresponding fit of the model for the AOSLO measurement conditions (single cone RF
center/0.067 D residual defocus). Red disks depict the STFs computed using the model com-
bined with M3’s optics, and red lines depict a simple DoG model fit to the computed STFs, as
is typically done in analysis of in vivo data. Note that the STFs predicted under physiological
optics differ substantially from the STFs obtained under near diffraction-limited optics: their
magnitude is lower, and their shape is less bandpass. They have weaker attenuation at low fre-
quencies and peak at lower spatial frequencies. This is due to the differential effect of the opti-
cal modulation transfer function (MTF) to the STF of the center and surround mechanism, as
illustrated in Fig 9B. The left panel depicts the STFs of the center (pink) and surround (blue)
mechanism of a model RGC under diffraction-limited optics, and the gray disks represent the
corresponding overall STF of the cell. The middle panels depict MTFs for three hypothetical
physiological optical systems with increasing amounts of Gaussian blur. The physiological
STFs that would be obtained under the three MTF conditions are depicted in the right panels
of Fig 9B. Note that as the physiological optics become more blurred, the mapped STF
becomes less bandpass and its peak shifts towards lower spatial frequencies. This occurs
because the difference between center STF and surround STF decreases as the optics become
more blurred. Also note the overall decrease in the magnitude of the STF predicted under
physiological optics conditions.

To compare our data with published results on midget RGC STFs obtained in vivo from
outside the central fovea, we fit the DoG model to the synthesized STFs obtained under the
animal’s optics and we contrasted the DoG parameters derived using the procedure illustrated
in Fig 9A to those reported by Croner & Kaplan [9]. Fig 10 shows the characteristic radii of
centers and surrounds of data from M3, as predicted with physiological optics, along with data
from Croner & Kaplan. Cone characteristic radii as measured in M3 (blue circles) along with
those obtained in Macaca nemestrina from Packer et al. [99] (blue dashed line) are also shown.
Using eccentricity dependent optics derived from off-axis wavefront aberration measurements
taken by Jaeken and Artal [100] from human subjects, the anatomical cone apertures from
Packer et al. were transformed into their visual space counterparts. This transformation was
accomplished by convolving the cone aperture by the point spread function at the
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Fig 8. ISETBio model receptive field estimates for four additional RGCs. Each row shows the model fits to a different cell’s STF using the
single cone center/0.067D residual defocus model.

https://doi.org/10.1371/journal.pone.0278261.9008
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Fig 9. Effect of physiological optics on RGC STFs. a. Gray disks depict STF data measured using the AOSLO for
three RGCs, and the black lines show the STFs from the ISETBio model fit to these cells. The cone weights from the
model fits are used to predict the STF that would be measured under the animal’s own physiological optics (as
characterized by wavefront-aberration measurements taken during the experiment) with a 2.5 mm pupil. These
model-predicted STFs are depicted by the red disks. A simple DoG model is then fitted to the predicted STF data (red
line) for comparison to measurements obtained in traditional in vivo neurophysiological experiments (e.g. Croner &
Kaplan [9]). b. Demonstration of the effect of physiological optics on the STF. The left panel depicts the STFs of the
RF center and the RF surround of a model RGC as they would be measured using diffraction-limited optics (pink and
blue, respectively), whereas the composite STF is depicted by the gray disks. The middle panels depict the MTFs of
three hypothetical physiological optical systems with progressively larger Gaussian point spread functions. The
corresponding STFs that would be measured under these physiological optical systems are depicted in the right panels.
Note the difference in scale between left y-axis (for the center and surround STFs) and right y-axis (for composite
STFs).

https://doi.org/10.1371/journal.pone.0278261.g009

corresponding eccentricity, and fitting the result with a two-dimensional Gaussian to derive
the characteristic radius in visual space. The result of this computation is shown by the blue
cyan line in the right panel. The midget RGC center and surround characteristic radii from
M3 lie along a reasonable extrapolation from the Croner & Kaplan data, once eccentricity-
varying optics and cone aperture size are accounted for. This supports the hypothesis that the
midget pathway is specialized to preserve information at the level of the cone photoreceptor
mosaic, and that midget RGCs at the foveola transmit high acuity chromatic information from
retinal images.

Fig 11A depicts population data for R /R, the ratio of center to surround characteristic
radii, which typically shows a smaller center size compared to the surround in the Gaussian
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Fig 10. Comparison to extra-foveal in vivo midget RGC data. Data from M3 model fits are compared with extra-foveal data from Croner & Kaplan [9]. At left, gray
circles and squares respectively show center and surround characteristic radii from Croner & Kaplan as a function of eccentricity, while pink circles and green squares
show characteristic radii of centers and surrounds from M3 predicted using the ISETBio model with physiological optics accounted for. Light blue dashed line shows
cone characteristic radii data from Packer et al. [99], while blue dots represent cone characteristic radii measured in foveal cones of M3. At right, the cone apertures of
Packer et al. were transformed to their visual space counterparts using eccentricity dependent optics derived by off-axis wavefront measurements from human
subjects from Jaeken & Artal [100] (blue line). The center and surround characteristic radii (pink circles and green squares) from M3 are also projected into visual

space and lie along a natural projection of the Croner & Kaplan data.

https://doi.org/10.1371/journal.pone.0278261.9010

model and can vary across RGC types. The data of Croner & Kaplan [9], which were obtained
from a wide range of eccentricities, are depicted in gray, whereas data from our foveal RGCs
are shown in blue (AOSLO optics) and yellow (M3 as predicted for physiological optics). Note
that our population of foveal RGCs has a higher mean R./R; ratio (0.32 under AOSLO, 0.45
under M3 optics) than the population of Croner & Kaplan (0.15), which is not surprising since
foveal RGCs are expected to have smaller surrounds than peripheral cells [6, 8, 20].

Fig 11B depicts population data for Ki/K,, the ratio of surround to center peak sensitivity, a
measure of the surround compared to the center strength weighting, where typically it has
been found that the surrounds are much weaker than the centers when expressed in terms of
peak sensitivity [9]. Again, there is a difference between our foveal cells with mean Ky/K_ val-
ues of 0.28 under AOSLO optics and 0.11 under M3’s optics, whereas the Croner & Kaplan
data have a mean of 0.0094. To the extent that the midget RGC data from M3 and the Croner
& Kaplan study [9] are comparable, this suggests that the surround strength expressed as a
peak sensitivity ratio is stronger at the foveola than at more eccentric locations, supported by
the general trend of the K/K. ratio as a function of eccentricity in both the Croner & Kaplan
and M3 data.

Fig 11C provides the surround/center integrated sensitivity ratio, which is essentially the
ratio of the total sensitivities (in a volumetric sense) of surrounds and centers. This does not
vary with eccentricity in the Croner & Kaplan data [9], as the variation in R./R; and the
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Fig 11. Relationship between our findings in foveal midget RGCs and findings in midget RGCs from earlier
studies. Data from Croner & Kaplan [9] is shown in gray, data from M3 using the ISETBio model and physiological
optics is shown in yellow, and data from M3 using the AOSLO optics is shown in blue. a. Analysis of Rc/Rs ratio. Left
panel: relationship between the Rc/Rs ratio and retinal eccentricity. Right panel: distribution of Rc/Rs. The mean Rc/Rs
ratio in the Croner & Kaplan data is 0.15, vs. 0.45 in our foveal RGCs under physiological optics, and 0.32 in our foveal
RGCs under AOSLO optics. b. Analysis of Ks/Kc ratio. The mean Ks/Kc ratio in the Croner & Kaplan data is 9.4e-3,
vs. 1.1e-1 in our foveal RGCs under physiological optics, and 0.28 in our foveal RGCs under AOSLO optics. ¢. Analysis
of integrated surround-to-center ratio, (Ks/Kc) x (Rs/Rc)? The mean integrated surround-to-center ratio in the
Croner & Kaplan data is 0.54, vs. 0.71 in our foveal RGCs under physiological optics, and 3.37 in our foveal RGCs
under AOSLO optics.

https://doi.org/10.1371/journal.pone.0278261.9011

variation of Ky/K. counteract each other such that the integrated sensitivity ratio is relatively
constant across midget cells. Consistent with this, the integrated sensitivity ratio for M3 pre-
dicted for physiological optics conditions is similar to that found in Croner & Kaplan’s data
(means of 0.71 and 0.54 respectively). Note also the large effect that the optics have on this
value, which rises to 3.37 under the measured AOSLO conditions. Overall, this population
analysis shows that our foveal RGCs have a large degree of surround antagonism when the
receptive field is expressed directly in terms of how the center and surround draw on the cones
in the mosaic, but that this antagonism is greatly attenuated under physiological optics viewing
conditions, resulting in center/surround structure in our data that is consistent with what has
been observed in previous midget RGC studies across a wide range of eccentricities.
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Discussion

In this study, we repeatedly imaged the same RGCs serving the foveal center in vivo, in three
animals, returning to the same retinal locations each time. Spatially uniform chromatic visual
stimuli enabled the identification of L-M and M-L opponent cells which were further interro-
gated in one animal with drifting gratings of various spatial frequencies. Detailed modeling
revealed how the receptive fields of these RGCs draw on the cones of the retinal mosaic. The L
vs. M opponency and high spatial frequency responses of these cells identifies them as candi-
date midget RGCs. Our modelling is consistent with the hypothesis that these cells have single
cone center inputs and are specialized to preserve the resolution of the cone photoreceptor
mosaic in the signals they send to the visual cortex.

Measuring the precise location of cells from the foveal center

In our data, the foveal avascular zone (FAZ) was used as the ‘center’ measurement of the fovea,
as the imaging paradigm precluded using the location of maximum photoreceptor density for
all sessions. The preferred retinal locus of fixation (PRL) is also of interest but could not be
determined using our method, since the animals are anesthetized during the experiments and
cannot freely fixate. The center of the ganglion cell ring surrounding the fovea is also some-
times used to define the center of the fovea, but this measure is highly correlated with the cen-
ter of the FAZ [11, 101]. A more sophisticated measure of the ‘physiological center’ can be
identified using white noise stimuli as in McGregor et al. [16], but those stimuli were not used
in this study. Others have characterized the precise nature of the relationship between these
various measures [14], and as noted in the results, our measurements of the difference between
the center of the FAZ and the location of maximum cone density in M3 are in agreement with
that literature. In any case, the difference in identification of the ‘foveal center’ is not large
enough under our method to affect the conclusion that, using the mapping of McGregor et al.
[16], the receptive fields we examined are located near the very center of the foveola.

Comparison of methodology used in this study with traditional
electrophysiology

Functional measurements of RGCs made in the past often involved flashed stimuli and mark-
ing approximate estimates of soma location on fundus images of the retina [e.g. 9, 102], a
method that leads to uncertainty about precise locations. In contrast, our imaging method cap-
tures photoreceptors, vasculature, and RGC somas in the same field of view, allowing more
accurate measurements of receptive field eccentricity and soma position. One shortcoming of
in vivo functional imaging compared to traditional electrophysiology is that the excitation and
imaging sources can interfere with stimulation or fluorescence detection. However, unlike in
the periphery, foveal RGCs are displaced laterally from their photoreceptor inputs [1, 11, 15,
98]. Thus, our paradigm avoids this pitfall, and we can reliably image foveal RGCs without the
488 nm excitation light stimulating foveal cones (Fig 2C) or the photoreceptor stimuli interfer-
ing with the RGC GCaMP fluorescence imaging. As mentioned in the Methods, our technique
affords the advantage of being able to record from hundreds of cells simultaneously, a feat
matched by multi-electrode arrays [e.g. 35, 39, 49, 55, 103-105] but without the same spatial
control or ability to view the cells during recording. However, when imaging hundreds of cells
from a wide field of view in our technique, there is the possibility of optical crosstalk from cell
responses originating from different depths in the ganglion cell layer. Currently, the only way
to get around this in our existing system is to use smaller fields of view focused on the foveal
slope where ganglion cells are in a monolayer. In the future, methods that improve the axial
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resolution of in vivo imaging, such as combining adaptive optics with optical coherence
tomography [e.g. 46, 106-108], will be required to achieve the same level of single-cell specific-
ity that that is achievable with current electrophysiology techniques.

S-cone mediated color vision in the fovea

As shown in Figs 3 and 4, cells with either S cone input without L vs. M cone opponency
(pure) or S cone input on top of L vs. M opponency (mixed) were observed in each animal.
40% of responsive cells exhibited pure S responses and 7% mixed in M1, 9% pure and 14%
mixed in M2, 16% pure and 3% mixed in the near fovea of M3 (large imaging FOV), while no
consistent S cone responses were recorded from the centermost foveolar cells (small imaging
FOV) in M3. Other than in M1 where the sample size was only 15 cells, these numbers are con-
sistent with the expected S cone density of approximately 10% across primate fovea [109] and
the known reduction of S cone density at the very center of the primate fovea [8, 15]. Others
have reported subtypes of midget RGCs with S cone input or even that midget RGCs may
indiscriminately contact S cones along with L and M cones in the surround [4, 17, 48, 110,
111]. Our current data set has no repeatable S cone responses for RGCs at the innermost foveal
edge in M3, where RGC:s are optically well-isolated, so we cannot rule out that the mixed cells
we measure are partially or fully the product of optical crosstalk resulting from the 25-30um
axial resolution of the AOSLO instrument.

Putative parasol cells at the fovea

As shown in Figs 3 and 4, cells with no chromatic responses but only a L+M or -L-M lumi-
nance response were recorded from each of the three animals: 7% of responsive cells in M1,
4% in M2, 15% in the entirety of M3 and 20% of the centermost foveal cells in M3, consistent
with expected proportions of parasol ganglion cells, which are known to mediate achromatic
vision [20]. Simple modeling based on hexagonal packing of cones and random wiring of 6
cones to midget surrounds suggests that approximately 9% of midget RGCs could be domi-
nated by a single cone type and appear achromatic (S11 Fig). It is probable then that some of
these achromatic cells are midget RGCs but that most of them are candidate parasol cells,
though at this time we cannot make that distinction for an individual cell. The spatial fre-
quency response properties of these cells were even more varied than the chromatic opponent
cells (S6 Fig), suggesting that they might be responsible for a wide range of achromatic or even
temporal vision properties that complement the midget system. As noted in the results, we
have not found significant differences between soma sizes of putative foveal parasol and
midget RGCs, so additional anatomical information such as histological studies may be
required in the future to confirm functional designations.

The role of midget RGCs in foveal vision

Among the putative midget RGCs from M3 (Figs 5 and 7-9), there was some variability
among the responses to spatial frequencies in that a subset of cells possessed lower spatial fre-
quency response peaks (0-20 c/deg) compared to the peak spatial frequencies of the majority
of the cells (20-40 c/deg), though both of these groups of cells were well fit by the single-cone
RF center/0.067 D residual defocus model scenario, suggesting that the change in their peak
spatial frequency is related to the surround size and/or ratio of center and surround strengths,
as opposed to the spatial extent of the center. Previous studies examining parvocellular neu-
rons in the lateral geniculate nucleus (LGN) serving the central five degrees of retina found an
average of 4.57+2.75 c/deg as the peak spatial frequency response [62], and other studies in the
retina found parvocellular cells in the central five degrees to have a peak spatial frequency
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response around 3 c¢/deg [9]. However, these previous studies relied on presenting stimuli
through the animals’ optics, whereas the adaptive optics method we use approaches near dif-
fraction-limited stimulus presentation with some possible residual defocus. Indeed, as shown
in Figs 9 and 10, when the animal’s optics are added back into a simulation of our data from
M3, we recover the classically measured bandpass shape and lower spatial frequency peaks that
are expected of parvocellular neurons (midget RGCs). We thus measure putative midget RGCs
not only closer to the foveal center and with greater precision than previously achievable, but
also with diminished optical blur in the in vivo retina compared to previous studies, with the
exception of studies that used interferometric stimuli to bypass the optics altogether [e.g. 10].
We thus posit that the parameters of spatial DoG models fit to data collected through the optics
do not directly represent the in situ characteristics of RGCs, and that future in vivo measure-
ments and models need to take into account the effects of diffractive and optical blurring on
the measured spatial transfer functions.

In all 15 L-M and M-L cone opponent RGCs serving the central foveola, we could not reject
the hypothesis that the receptive fields were best described by a single cone center with some
residual instrumental defocus (0.067 D). There were some cells where the single cone center/
0.067 D scenario was clearly the best fit, but for many cells several of the scenarios performed
similarly in terms of RMSE—full details for all scenarios can be found in S10 Fig. We posit that
since the fovea is specialized for high acuity vision, it must be capable of extracting high spatial
frequency information from natural scenes which are known to follow a 1/f* law [112] and are
dominated by low frequency information. Our modeling that adds the optics of M3 back into
the predictions (Fig 9) suggests that natural ocular aberrations reduce the peak spatial fre-
quency obtained under AOSLO conditions by a factor of three or more, which means that
high spatial frequency information is greatly reduced by ocular transmission. Thus, to extract
meaningful high spatial frequency information from natural scenes through the eye’s native
optics, detectors that preserve information at the resolution of the cone photoreceptor mosaic
are required. It seems highly probable that the putative midget RGCs shown in Figs 5 and 8 are
responsible for this resolution, as they have responses consistent with single cone receptive
field centers and most have spatial transfer functions that peak well into the 20-40 c/deg range
when measured with respect to a retinal image under AOSLO conditions. McMahon et al. [10]
measured the spatial frequency responses of parvocellular LGN cell centers near the foveola
using interference fringes, which are not subject to blur by diffraction. They found that cells
still had detectable responses to spatial frequencies above 100 c/deg, with some responses that
were complex and inconsistent with a simple difference of Gaussians model. Because the AO-
corrected stimuli used in the present study were subject to blur by diffraction, we were unable
to explore responses at the high spatial frequencies where such effects were observed.

Putative midget RGCs with the lowest spatial frequency peaks comprised only 2/15 cells
(cells L2 and M3) compared to ones with higher spatial frequency peaks (13/15 cells). The two
cells with lowest spatial frequency peaks had stronger surround weighting compared to the
centers (higher K/K_ ratio) coupled with surrounds that were almost spatially coexistent with
the centers. These two cells are inconsistent with previous data finding the center responses of
midget RGCs to be some 10x-1000x stronger than those of the surround and finding centers to
be much smaller in spatial extent than surrounds [9]. The cells with higher spatial frequency
peaks had center and surround strength ratios closer to previous data, though all 15 cells had
higher surround/center integrated sensitivity ratios than previous results such as those
reported by Croner & Kaplan [9]. These differences, however, are explainable by the blurring
effect of the optics as presented in Figs 9-11. Further study of low-frequency L-M and M-L
cone opponent cells will confirm if they exhibit any other physiological differences or if they
belong to one or more of several midget subtypes as others have postulated to exist [48, 110].
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There is also evidence that parasol ganglion cells can respond weakly to L vs. M modulation
[113], but they are not expected to have single cone centers from anatomy [6, 20, 27, 114], so it
is unlikely that any of the 15 cells studied here are parasols.

Modeling foveolar RGCs

In our modeling, we could not reject the hypothesis that the 15 cells studied from the center of
the fovea in M3 had single cone centers with some residual optical blur, beyond diffraction,
present in the measurements. We think it likely that there was some residual optical blur, and
certainly cannot reject this idea. However, we note that model scenarios that did not restrict to
a single-cone center also describe the data, and that if no residual blur is assumed then the sin-
gle-cone center model can be rejected for some cells. There are two reasons it is difficult to dif-
ferentiate between single and multi-cone scenarios from our data. First, due to limitations
imposed by the pixel density of the raster scan, our measurements did not extend to high spa-
tial frequencies (>50 c/deg) where the different scenarios would make more clearly different
predictions. Second, there was inter-session variability in the measured STFs (Fig 5), which
decreases the power of the data. In future experiments, we plan to (i) extend the range of spa-
tial frequencies examined and (ii) test multiple grating orientations. Despite these limitations,
as noted in S10 Fig, the multi-cone RF scenario with residual defocus often produces a RF
strikingly similar to the single-cone RF scenario with residual defocus, with only a minimal
amount of cone coupling, and the classical understanding of midget RGCs that postulates sin-
gle-cone centers is consistent with our data.

A notable observation of the STFs in our population of foveal RGCs (Fig 8) is the large
amount of low-spatial frequency attenuation. Such observations are not typical of midget gan-
glion cells reported in other in vivo studies [9]. The question then arises as to whether these
most central foveal cells have distinctively different RF organization from the less-foveal cells
reported in other studies, or whether the underlying RF organization is similar, but the mea-
sured data differ between the two types of studies simply because of differences in the optical
systems involved. When the animal’s optics are added back in (Figs 9-11), the STFs have a
clear shift of peak sensitivity towards lower spatial frequencies, approaching those of previous
in vivo studies but not exactly replicating them, suggesting that the optics account for most of
the observed differences with the possibility of modest foveal specialization or instrument dif-
ferences accounting for the rest.

The modeling used in this study has the capability to add a subject’s optical point spread
function (here through the measured wavefront aberrations from M3) to predict responses to
stimuli presented through the natural (non-AO-corrected) optics. The robust nature of the
entire simulation allows for any cone density profile or PSF to be substituted in the model so
that the simulation can be generalized to population data or be tailored to individual subjects,
as it has been here for M3.

Conclusions

In this study, measurements of chromatic and spatial properties were repeated for hundreds of
foveal retinal ganglion cells across three macaque animals. Cells with S cone responses were
found in proportions consistent with known S cone density at the fovea, as were achromatic
cells found in proportions consistent with known parasol RGC densities. Putative midget
RGCs at the center of the foveola were identified by their unique L vs. M cone opponency and
had spatial responses consistent with single cone centers. Two out of fifteen RGCs with L vs.

M opponency were identified as being inconsistent with the established view of midget cells, in
that although their responses were consistent with single cone centers, they have extremely
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strong surround opponency that is almost spatially coextensive with the centers. In general,
the putative midget cells were consistent with measured responses from outside the fovea
when the blurring effect of diffraction and the animals’ optics was taken into account. Spatial
frequency response measurements made using adaptive optics are closer to the in situ proper-
ties of RGCs than other in vivo methods as shown by our modeling, and future models of reti-
nal neurons will need to take into account the effect of optical blurring on spatial transfer
functions to connect the in situ properties to the cell’s function for natural viewing.

Supporting information

S1 Fig. AOSLO system diagram. The adaptive optics scanning light ophthalmoscope used in
this study consists of three main arms or subsystems. First, the Source arm, contains the 488
nm laser used to excite GCaMP fluorescence, the 561 nm laser used as visual stimulation as in
the drifting gratings, the 796 superluminescent diode used to image the cone photoreceptors,
and the 843 nm laser diode used for wavefront sensing and correction. Each source is co-
aligned and combined with dichroic mirrors so that at the output of the arm they exit coaxial
with each other along the same beam path into the system. 90% of the source power is lost at a
90/10 beamsplitter such that 10% of the source power enters the Sample arm of the system—
this is done so that on the back-pass, 90% of the signal is transmitted to the detectors while
only 10% of the signal is lost. The Sample arm is composed of various optical telescopes
(whose function is to translate the beam axially and change the magnification to match the
pupil sizes of the various active elements) and four important planes conjugate to the pupil.
The first two conjugate planes are the vertical (VS) and horizontal (HS) scanners which raster
scan the beam across a rectangular field of view. The third conjugate plane is the deformable
mirror (DM) which changes shape to correct the measured wavefront aberrations of the ani-
mal’s eye to provide near-diffraction limited imaging of the retina. The fourth conjugate plane
is the pupil of the animal’s eye, where all source light enters and from which all detected light
emanates. In the Detection arm, two photomultiplier tubes (PMT) detect visible fluorescence
(VIS) from the emitted GCaMP signal and infrared (REF) reflected light from the cone photo-
receptors. A Shack-Hartmann wavefront sensor (SHWS) collectes infrared light from the 843
nm source and measures the wavefront aberrations of the animal’s eye, sending that informa-
tion to the deformable mirror in a closed loop. Finally, a Maxwellian View subsystem is used
to inject the LED stimulation lights into the system near the pupil plane (bypassing both scan-
ners and the deformable mirror). The subsystem contains LEDs at 420 nm, 470 nm, 530 nm,
and 660 nm, although the 470 nm LED was not used in this study. Just as in the Source arm,
the LEDs are co-aligned and combined using dichroic mirrors so they follow the same beam
path. The LEDs pass through a spatial filter which removes any spatial inhomogeneities and
then through a field stop which restricts the beam sizes on the retina to a circular subsection of
the fovea about 1.3 degrees in diameter. The LEDs are reflected into the system via a pellicle
beamsplitter which has 88% transmission (throws away 88% of the LED source power, but
allows 88% of the signal to pass on the way to the detectors).

(PDF)

S2 Fig. Examples of raw fluorescence time courses of putative midget cells to various sti-
mulli. Six of the putative midget cells identified from the foveola of animal M3 are shown in
detail. For each cell, the fluorescence time course is shown for that cell for six different stimuli:
the L-isolating 0.15 Hz flicker, the M-isolating 0.15 Hz flicker, the S-isolating 0.15 Hz flicker,
the 9.2 cyc/deg 6 Hz drifting grating, the 28.3 cyc/deg 6 Hz drifting grating, and the 49.1 cyc/
deg 6 Hz drifting grating. For each stimulus, there are three fluorescence traces corresponding
to experiment one (blue), experiment two (orange), and experiment three (yellow), which all
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occurred approximately a week apart. There is a fourth fluorescence trace (black) that is the
average over the three experiments shown. Each fluorescence time course was normalized to
the peak response for that cell, and a moving window (MATLAB movmean()) was used to
smooth each fluorescence time course with a width of three seconds for the L/M/S isolating sti-
muli and a width of 5 seconds for the drifting grating stimuli. Note that as described in the
manuscript, the L and M isolating stimuli are characterized by a modulation of the fluores-
cence near the stimulus frequency of 0.15 Hz. As these six cells were all putative midgets, note
that the S isolating responses do not have the same modulation frequency, and are mainly
affected by the respiration rate of the animal which causes small residual motion of the eye
(approximately 0.28 Hz in M3). Note that as described in the manuscript, the drifting grating
responses are characterized by a sustained increase in the mean fluorescence as opposed to a
modulation, since the drifting speed exceeded the GCaMP6 temporal sensitivity.

(PDF)

S3 Fig. Variability of responses to chromatic and achromatic flicker. Plots for the small
FOV from M3 show the response variability to the L isolating, M isolating, S isolating, and
Luminance stimuli. Note that these are boxplots showing the median, 25-75% interquartile
range, and lowest and highest values, but there were only three measurements. Thus, the
median value and the two ends of the boxplots represent the three measured values for each
cell. For the large FOV from M3 and M2, there are many more cells, so the standard error
divided by the mean SNR is plotted as a histogram for all cells that were responsive to each
individual stimulus. No standard error can be plotted for M1, as there was only one experi-
ment in that animal.

(PDF)

$4 Fig. Soma sizes of RGCs for animals M2 and M3 across chromatic functional groups.
Observer 1 used the open source software GIMP to segment RGCs in fluorescence images
from M2 (large FOV), M3 (large FOV) and M3 (small FOV). The ellipse tool was used to seg-
ment the rough boundary of individual RGCs. Observer 2 used the open source software Ima-
geJ to segment the same RGCs in fluorescence images from M2 and M3 using a hand tracing
tool to trace the observable edges of each cell’s fluorescence. Under both methods, the area for
each cell was computed in terms of pixels” and then converted to um? using the following for-

al length i . \
mula; 22 = 201.2 L% 4 S8R FOV width \where 291.2 um/deg is the human model eye visual
pixel deg 24.2 mm 496 pixels

angle to retinal extent conversion, 24.2 mm is the human model eye axial length, 496 pixels is
the width of the imaging PMT used in the AOSLO system, axial length is the animal’s axial
length in mm, and FOV width is the width in degrees of the FOV used. The axial length of ani-
mal M2 is 17.2 mm, and the FOV width used was 3.64 deg. The axial length of animal M3 is
16.56 mm, and the FOV widths used were 3.69 deg (large FOV) and 2.54 deg (small FOV).
Cells were compared across functional groups identified as L-M/M-L chromatic opponent
(L-M), S only responding (S), Luminance only or achromatic (LUM), and mixed L-M/S
responses (L-M/S). In (a), the soma areas in pmz for the four functional groups in M2 are listed
as the mean and standard deviation of each group across both observers. In (b), the same com-
parisons are made for the four functional groups in M3 at the large FOV. In (c), comparisons
for the two functional groups found in M3 at the inner edge of the foveal slope (small FOV)
are made across both observers. In, (d), summary tables show the p-scores from a Mann-Whit-
ney U test (MATLAB function ranksum(x,y)) comparing the distributions of soma areas
across functional groups as measured by both observers separately. All p-values were greater
than 0.1, except for Observer 2’s comparison of the L-M group to the S only group in M2
which had p = 0.0118. Based on these results, we cannot reject the hypothesis that the
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distributions of soma sizes for these functional groups are roughly the same across the two ani-
mals measured at the range of eccentricities at which we imaged cell somas.
(PDF)

S5 Fig. Spatial response of RGCs from M3 in the large FOV condition. Some example
responses of L-M/M-L chromatic opponent RGCs from M3 at the large FOV, where each plot
is the response of a different cell to drifting gratings (6 Hz) of spatial frequencies from 2-34 ¢/
deg. These cells were chosen to showcase different cell responses and are not necessarily special
or representative of the population. Purple and Orange curves show two separate experiments
that were averaged together (Gray curve). The Blue curves are simple difference of Gaussians
fits (not the full ISETBio modeling, for reasons explained below) to each average. Each plot
title includes the cell’s unique label “cN”, and five parameters—the center strength K, the cen-
ter radius r,, the surround strength Kj, the surround radius r, and a goodness of fit value for
the difference of Gaussians. As can be easily seen, many of the cells do not exhibit high spatial
frequency falloff at the range of spatial frequencies measured, and so the difference of Gaus-
sians either fits poorly or produces fit parameters that are highly irregular or suspect such as
center sizes much smaller than the size of a single cone. For this reason, these data were not
incorporated into the modelling in the main body, as higher spatial frequency responses were
needed to properly fit many of these cell responses. There were 48 such L-M/M-L chromatic
opponent cells in the large FOV in M3 out of 145 measured cells. In M2, there was only one
experiment measuring response to spatial frequency and it suffered from the same lack of high
spatial frequency measurements as the data shown here. Full data from both animals can be
shared upon request.

(PDF)

S6 Fig. Spatial response of achromatic RGCs from M3 at the center of the foveola. Each
graph represents a single cell identified as responding only to achromatic stimuli from the cen-
ter of the foveola of M3. The measured responses were to drifting gratings (6 Hz) of spatial fre-
quencies from 4-49 c/deg. Purple, Orange, and Green lines represent the cell’s response in
three different experiments. The Gray line is the average of the three experiments for each cell,
and the Blue line is a simple difference of Gaussians fit to the average (not the full ISETBio
model, see S5 Fig). Each plot title includes the cell’s unique label “cN”, and five parameters—
the center strength K, the center radius r., the surround strength Kj, the surround radius r,
and a goodness of fit value for the difference of Gaussians. Compared to the 15 L-M and M-L
cone opponent cells from this same location, these 7 achromatic cells were had noisier
responses across experiments and more varied response characteristics. Though most of these
cells are likely to be parasol RGCs, some could be achromatic midget RGCs or other rarer ach-
romatic RGC types. Due to this uncertainty, these data were not included in the modelling for
putative midget RGCs presented in the main manuscript. There were also achromatic cells
identified in M2 and in M3 at the large FOV condition, but those data suffer from decreased
resolution and a decreased range of spatial frequencies presented to the cells. Full data from all
animals can be shared upon request.

(PDF)

S7 Fig. Cone mosaic modelling fits compared to data from M3. Images showing the perfor-
mance of the ISETBio cone mosaic generator compared to the actual data from M3. At top,
the model trichromatic photoreceptor mosaic generated by ISETBio (left) and the correspond-
ing model cone density (right) (compare to Fig 1B). At bottom left, a comparison of the
median diameter of cones are compared between the model and the M3 data. At bottom mid-
dle and bottom right, the cone diameters of the model and measured data from M3 are
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compared across the horizontal and vertical meridians respectively.
(PDF)

S8 Fig. Model cross-validation. RMS errors for the 4 modeling scenarios we considered are
depicted for 12 cells. Yellow and blue bars indicate insample and out-of-sample performance,
respectively. During in-sample performance assessment the model is trained and evaluated
using data from the same recording session. During out-of-sample performance assessment,
the model is trained in one session and evaluated using data from another session. The data do
not have enough power to reveal a model with best generalizing (out-of-sample) performance.
In a few cells, the 1-cone/0.00D residual defocus model can be ruled out as its performance is
significantly worse than the remaining 3. A two sample t-test with unequal variance was used
to test against the hypothesis that there is a significant difference in the mean RMS fit errors
between 2 modeling scenarios.

(PDF)

S9 Fig. Optimization of residual defocus for different RGCs. For each cell the optimal resid-
ual defocus value for the single cone center and multi-cone center model scenarios was calcu-
lated to gauge variability from the chosen 0.067 D reported in the main text. For each cell, the
RMSE is shown for various residual defocus values for both model scarios. Cells are labeled
L1-11 or M1-4 according to whether we believed they were likely to contain an L cone or M
cone at their center.

(PDF)

$10 Fig. All four model scenario fits for the 15 L-M and M-L cone opponent RGCs from
the center of the fovea of M3. Four model scenarios were considered for all 15 cells: single
cone centers with 0 D residual defocus, single cone centers with 0.067 D residual defocus,
multi-cone centers with 0 D residual defocus, and multi-cone centers with 0.067 D residual
defocus. As can be seen from the fits, the single cone center with 0.067 D defocus performs
well for all 15 cells and produces center-surround structures that are consistent with what has
been measured from physiology. Cells are labeled L1-11 or M1-4 according to whether we
believed they were likely to contain an L cone or M cone at their center.

(PDF)

S11 Fig. Simple center-surround model estimating percentage of achromatic midget
RGCs. A simple model cone mosaic using hexagonal packing was created in MATLAB for the
centermost 2400 cones (radius of 25 cones from the foveal center). Each cone was randomly
assigned to be an L cone (48%), M cone (48%), or S cone (4%). For this simple model, a midget
RGC was assumed to connect to one cone at its receptive field center and 6 cones at its sur-
round (immediately adjacent to the center cone). For each model midget RGC, the proportion
of cones that were the same type as the center cone was calculated. RGCs with all 6 surround
cones of the same type as the center were classified as ‘true achromatic’ (orange histogram),
and RGCs with at least 5 surround cones of the same type as the center were classified as ‘thre-
sholded achromatic’ (blue histogram). The entire model simulation was then repeated 10,000
times, with a different randomly assigned cone mosaic each time. The histograms above show
the number of simulations for which each percentage of midget RGCs that were either true
achromatic or thresholded achromatic occurred. Based on this simple model, truly achromatic
midget RGCs might make up approximately 1.5% of total midget RGCs at the foveal center,
while thresholded achromatic midget RGCs might make up approximately 9% of total midget
RGC:s at the foveal center.
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