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Abstract: Photoreceptors are the key functional cell types responsible for the initiation of vision
in the retina. Phototransduction involves isomerization and conversion of vitamin A compounds,
known as retinoids, and their recycling through the visual cycle. We demonstrate a functional
readout of the visual cycle in photoreceptors within stem cell-derived retinal organoids and
mouse retinal explants based on spectral and lifetime changes in autofluorescence of the visual
cycle retinoids after exposure to light or chemical stimuli. We also apply a simultaneous two- and
three-photon excitation method that provides specific signals and increases contrast between these
retinoids, allowing for reliable detection of their presence and conversion within photoreceptors.
This multiphoton imaging technique resolves the slow dynamics of visual cycle reactions and
can enable high-throughput functional screening of retinal tissues and organoid cultures with
single-cell resolution.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photoreceptors are the primary light responsive cells in the retina, and phototransduction in
photoreceptor cells is an active area of research in developmental biology, physiology, retinal
disease, and regenerative therapy [1—4]. The standard test for phototransduction in photoreceptor
cells is electrophysiology of single cells through perforated patch clamping or suction electrode
recording during light stimulus [5-7]. This direct approach is sensitive to photoreceptor
hyperpolarization in response to light stimuli and provides excellent (sub-millisecond) time
resolution, but is also labor-intensive and extremely low-throughput. New approaches with higher
throughput include indirect measurement of photoreceptor activity by mapping the downstream
neural signaling of retinal ganglion cells in response to light stimuli using a microelectrode array
[8], and direct measurement of photoreceptor outer segment length change due to photostimulation
using adaptive optics optical coherence tomography (AO-OCT) in the living human retina [9-12].

To sustain their phototransduction function, photoreceptors rely on supporting cells like retinal
pigment epithelium (RPE) and Miiller glia to regenerate their photopigments. The recycling of
the vitamin A compounds that form the light-sensitive chromophores in the eye is an integral
part of vision that is implicated in many degenerative retinal diseases (e.g., RDH12- or RPE65-
associated inherited retinal degeneration in Leber congenital amaurosis, retinitis pigmentosa)

#455783 https://doi.org/10.1364/BOE.455783
Journal © 2022 Received 8 Feb 2022; revised 25 Apr 2022; accepted 5 May 2022; published 18 May 2022


https://orcid.org/0000-0002-2566-612X
https://orcid.org/0000-0002-6320-7637
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.455783&amp;domain=pdf&amp;date_stamp=2022-05-18

Research Article Vol. 13, No. 6/1 Jun 2022/ Biomedical Optics Express 3477 |

Biomedical Optics EXPRESS P

and has been studied using imaging techniques including two-photon fluorescence microscopy
[13-17].

Here, we describe a multiphoton autofluorescence lifetime imaging assay of light stimulus
response in photoreceptor cells that is indirectly related to phototransduction through downstream
reactions involved in visual pigment regeneration. Retinal cells such as photoreceptors and retinal
pigment epithelium exhibit autofluorescence from retinoids and their condensation products (e.g.,
bisretinoids, A2E, esters, lipofuscin, etc.) [18]. Retinoids play a critical role in phototransduction,
as absorption of visible light by a photosensitive isomer of retinaldehyde (11-cis-RAL) that is
covalently bound to photoreceptor opsin and its subsequent fast [19] isomerization to all-trans
retinaldehyde (AT-RAL) leads to activation of the opsin and initiation of the signaling cascade
that registers light (Fig. 1(a)) [20]. AT-RAL is then reduced to all-trans retinol (AT-ROL)
by the photoreceptor in a reaction that is mediated by retinal dehydrogenase (RDH) enzymes
(Fig. 1(a)) [21,22]. This is the first step in a relatively slow chain of reactions, known as the visual
cycle, involving photoreceptors and RPE cells that regenerates the visual pigments (Fig. 1(a)).
11-cis-RAL and AT-RAL have virtually identical fluorescence spectra and lifetimes, making it
difficult to distinguish them via spectral fluorescence imaging or fluorescence lifetime imaging
microscopy (FLIM). However, the slow conversion of AT-RAL to AT-ROL by photoreceptors can
be detected from an increase in autofluorescence intensity [23-25]. The fluorescence lifetimes of
AT-RAL (~1 ps [26], 56 ps for RAL Schiff base in ethanol [27]) and AT-ROL (3 ns in ethanol
[28], 3.4 ns [29]) differ, and the emission spectrum of AT-ROL is slightly blue-shifted from
AT-RAL [29,30]. Therefore, we hypothesized that differences in fluorescence lifetimes between
AT-ROL and AT-RAL can be imaged to assess visual cycle function in photoreceptor cells.

In this study, we characterized the fluorescence spectrum and lifetime of AT-ROL and AT-RAL
in solution to provide reference measurements for photoreceptor imaging. Next, we identified a
three-photon excitation scheme to increase the contrast between AT-ROL and AT-RAL. This
approach was used to image the dynamics of fluorescence change after light exposure in a known
light-sensitive sample, i.e., freshly-excised mouse retina explants. Finally, we imaged the response
of human induced pluripotent stem cell (hiPSC)-derived retinal organoids to chemical stimuli.
This non-invasive autofluorescence imaging assay can streamline studies of the visual cycle in
model systems and screen culture methods to generate functionally mature photoreceptors from
hiPSCs.
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Fig. 1. The visual cycle includes AT-ROL and AT-RAL with overlapping fluorescence
emission spectra and distinct fluorescence lifetimes. (a) For phototransduction, photore-
ceptors rely on the fast (sub-picosecond) isomerization of 11-cis-RAL to all-trans-RAL
after light absorption. The visual cycle is responsible for clearing the resulting AT-RAL
and converting it back to the light-sensitive 11-cis-RAL through several enzymatic steps.
This is a slow process (several minutes) that starts with conversion of AT-RAL to AT-ROL
in the photoreceptors, followed by transfer of AT-ROL to the retinal pigment epithelium
where it is converted to 11-cis-RAL and transported back to photoreceptor outer segments.
Autofluorescence of these retinoids provides an endogenous signal for probing light response
in retinal photoreceptor cells. (b) Normalized fluorescence emission spectra (excited at
350nm) of AT-RAL and AT-ROL dissolved in ethanol. The emission spectra are broad and
overlapping, with AT-ROL slightly blue-shifted relative to AT-RAL. (c) Phasor representation
of fluorescence lifetime (two-photon Ex: 760 nm, Em: 550/100 nm) of pure AT-ROL or
AT-RAL in ethanol shows significant separation of AT-ROL and AT-RAL. AT-RAL has a
short lifetime of <0.1 ns while AT-ROL has a long lifetime of nearly 3 ns.
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2. Materials and Methods

2.1. Retinoid measurements in solution

Solutions of AT-RAL and AT-ROL in ethanol were prepared from crystalline solid (Cayman
Chemical). A stock 35 mM solution of each retinoid was made by dissolving 10 mg of solid
retinoid in 1 mL anhydrous ethanol under nitrogen gas. To protect AT-ROL from oxidizing to
AT-RAL, 1 mg of sodium borohydride (NaBHy, a reducing agent, Sigma) was also added to the
AT-ROL stock solution. Fluorescence spectra of AT-RAL and AT-ROL were measured on a
spectrofluorometer (Quantamaster C-60/2000, Photon Technology Instruments) after diluting
either solution to 10 uM in anhydrous ethanol. To characterize multiphoton excitation and
fluorescence lifetime of the visual cycle retinoids in solution, 1 mL aliquots of 1 mM solution
were prepared by diluting the stock solutions using 70% EtOH. 1 mM solutions of AT-RAL
and AT-ROL and their mixtures were imaged on the FLIM microscope using the multiphoton
excitation and detection scheme described below.

2.2.  Multiphoton excitation and FLIM imaging of retinoids

FLIM imaging was performed on a custom multiphoton microscope (Bruker Fluorescence
Microscopy) built around an inverted Nikon Ti-E microscope, using a Ti:Sapphire tunable
laser (Insight DS, Spectra Physics), GaAsP photomultiplier tubes (H7422PA-40, Hamamatsu),
bandpass emission filters (Semrock), and time-correlated single photon counting electronics
(SPC-150, Becker & Hickl) for lifetime measurement. Baseline two-photon excited FLIM
imaging was performed using the tunable output of the Ti:Sapphire source at a wavelength of
760 nm using 2-5 mW average laser power (80 MHz repetition rate, pulse width <120 fs). To
achieve FLIM contrast between AT-RAL and AT-ROL while exciting and collecting fluorescence
emission from both species simultaneously, near-infrared multiphoton excitation from the 1040 nm
fixed-wavelength output of the laser source was used. To avoid photothermal damage to the
sample, 1040 nm laser power (80 MHz repetition rate, pulse width <200 fs) was limited to
a maximum of 15mW at the sample. A 550/50nm filter was used for the green emission
channel and a 440/80 nm filter for the blue emission channel. The blue emission channel
exclusively transmits three-photon-excited fluorescence. The green emission channel transmits
two- and three-photon-excited fluorescence, although two-photon excitation is an intrinsically
more probable event. These filter choices also reject second and third harmonic signals from
the 1040 nm excitation. Excitation at 1040 nm with emission at 550/50 nm and 440/80 nm is
advantageous because the different multiphoton excitation spectra of AT-RAL and AT-ROL
[31,32] achieves contrast between these retinoids when mixed in solution and in photoreceptor
cells. Specifically, three-photon excitation preferentially excites AT-ROL while two-photon
excitation excites both AT-RAL and AT-ROL.

2.3. Mouse retina explant preparation

To characterize the response of functional retina and photoreceptor cells to light exposure or
chemical stimulus, dark-adapted mouse retina explants were imaged. Wild-type C57B16 mice
between 1 and 2 months old were dark-adapted overnight, sacrificed under isoflurane anesthesia
according to IACUC-approved guidelines, and the eyes were harvested. Dissection was performed
under infra-red illumination and night-vision optics. The retina was cut away from the anterior
segment of the eye and the vitreous was cleared away [33]. The eye cup was flattened with
four radial cuts. The sclera and retinal pigment epithelium (RPE) were carefully removed
from the photoreceptor layer by mechanical dissociation with fine-tip forceps and the tip of a
hypodermic needle. This process damages the outer segments of the photoreceptors that are
attached to the apical processes of the RPE. However, sufficient outer segments remain to ensure
light responsiveness, as verified by patch clamp measurements on similarly prepared explants
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[6]. The retina explant was placed in a 35 mm glass-bottom imaging dish (Mattek) with the
photoreceptors facing down on the glass and suspended in Ames’ medium [34] to prolong the
retina responsiveness. A horseshoe-shaped titanium weight with fine nylon wires bridging its
1-cm opening was placed over the retina explant to immobilize and flatten it against the glass.
The dish was placed in a dark incubator (at 37°C and 5% CO2) for 30 minutes prior to imaging.

2.4. Mouse retinal explant stimulation and FLIM imaging

The imaging dish with the retinal explant was placed in a stage-top incubator (Tokai Hit) at 37°C
and 5% CO2, and the inverted objective lens was focused on the photoreceptor layer using dim
red light for bright-field view finding. A baseline FLIM image was acquired while the sample
was dark-adapted, using the multiphoton excitation and detection scheme described above for
retinoids. A long-working-distance 20x /1.0 NA water-immersion objective lens (Zeiss) was
used, and the 500 um x 500 um field of view was imaged with a resolution of 512 x 512 pixels
with a pixel dwell time of 4.7 ps and a total integration time of 90 seconds per image. Next,
the sample was exposed to intense white light from the microscope condenser 100W tungsten
halogen lamp at maximum brightness for one minute. The lamp produces a luminous flux of 3600
Im of broad-spectrum light, resulting in an estimated irradiance of 100 mW/cm? for the entire
visible spectrum (350-700 nm) at the sample plane. This light exposure bleaches most of the
rhodopsin photopigments in the photoreceptor cells and results in isomerization of 11-cis-RAL
to all-trans-RAL and its release from the outer segment membranes into the cytosol [20,23].
Following light exposure, FLIM images were acquired immediately and every few minutes
thereafter for ~1 hour. Next, additional exogenous AT-RAL from a 1 mM aliquot in Ames’
medium + 1% bovine serum albumin (Sigma) was added to the medium in the imaging dish for a
final concentration of 50 uM. FLIM imaging was continued thereafter for an additional hour.

2.5. iPSC-derived retinal organoid stimulation and FLIM imaging

Human iPSC-derived retinal organoids were differentiated as described previously [35] and grown
for over 200 days in culture until they presented photoreceptors with mature stage 3 morphology,
including an outer nuclear layer and inner and outer segments. Individual retinal organoids were
suspended in standard retinal differentiation medium (RDM) in 35 mm glass-bottom imaging
dishes and dark-adapted in the incubator for 48 hours. Individual dishes were placed in the
stage-top incubator (at 37°C and 5% CO2) and a baseline FLIM image was acquired using a long-
working-distance 20x /1.0 NA water-immersion objective lens (Zeiss). The 500 um x 500 pm
field of view was imaged with a resolution of 512 x 512 pixels with a pixel dwell time of 4.7 us
and a total integration time of 90 seconds per image. Next, each organoid was exposed to one
minute of white light from the 100W tungsten halogen lamp at maximum brightness, followed
by FLIM imaging at 8-minute intervals for one hour. Next, exogenous AT-RAL from a 1 mM
aliquot in RDM medium was added to the imaging dish for a final concentration of 50 uM. FLIM
imaging was continued thereafter for an additional hour with 8-minute intervals.

2.6. Phasor analysis of fluorescence lifetimes

Fit-free phasor analysis [36] of FLIM images was performed in MATLAB (MathWorks). First,
neighboring pixels were binned to improve signal to noise ratio. The two-photon-excited
green channel was binned by a factor of 3 or 4 (i.e., 7X7 or 9x9 pixel windows), and the
lower-intensity three-photon-excited blue channel was binned by a factor of 10 (i.e., 21 X 21 pixel
window). Cosine and sine transform of the resulting decays were calculated at the laser pulse
repetition frequency (i.e., PRF = 80 MHz, period T = 12.5 ns), after normalizing each decay by

its intensity, to yield raw phasor coordinates, G = fOT I(t) - cos(2n - PRF - t)dt/ fOT I(t) dt and
S = /OT I(¢) - sin(27 - PRF - t)dt/ fOT I(t) dt. The microscope instrument response function (IRF)
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was measured from the instantaneous second harmonic generation (SHG) of urea crystals in
either emission channel. A correction transformation (scale and rotation) based on the phasor
representation of the IRF in either channel was applied to the raw phasor coordinates of the
image pixels in that channel, and the resulting corrected pixel phasor coordinates were used
to generate phasor plots. Contour maps were overlaid on the phasor representation of each
image to better visualize the concentration of pixels in different regions of the phasor plot. For
supplementary time-lapse videos, a false colormap was applied to intensity images based on
the phasor representation of the lifetimes in the images. Color assignment was performed by
projecting the phasor representation of each image pixel onto a false color axis that spans the line
connecting the phasor locations of pure retinoid species, as measured in solution.

2.7. Immunocytochemistry

Organoids were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) at room tempera-
ture (RT) with gentle agitation for 40 min and washed with PBS before cryopreservation in 30%
sucrose. Organoids were cryosectioned (15- or 30-p;m sections), blocked in 10% normal donkey
serum (NDS), 5% bovine serum albumin, and 0.5% Triton X-100 for 1 hour at RT, and incubated
with primary antibody at 4°C overnight. [1:100 goat anti-ARR3, Novus (NBP1-37003); 1:100
mouse anti-RHO, Millipore (MABN15); 1:100 rabbit anti-RDHS8, Aviva (ARP65373_P050)
or 1:50 rabbit anti-RDH12, Aviva (ARP52972_P050)]. Sections were incubated with species-
specific, fluorophore-conjugated secondary antibodies at 1:500 for 30 min in the dark at RT
(Alexa Fluor 488, AF546, AF594 and AF647; Thermo Fisher). Samples were imaged on a Nikon
A1R-Si laser scanning confocal microscope.

3. Results

3.1. Fluorescence lifetime separates spectrally overlapping AT-RAL and AT-ROL

Figure 1(a) diagrams the visual cycle reactions in the retinal pigment epithelium and photoreceptor
cell. After isomerization of 11-cis-RAL to AT-RAL upon absorption of visible light, AT-RAL
is converted to AT-ROL in the photoreceptor cell. AT-ROL is then transferred to the retinal
pigment epithelium where it is converted to 11-cis-RAL. Both AT-RAL and AT-ROL have
broad fluorescence emission spectra with peaks just under 500 nm that are largely overlapping,
as measured in anhydrous ethanol solutions on a spectrofluorometer using 350 nm excitation
(Fig. 1(b)). AT-ROL has only a small blue-shift in fluorescence emission spectrum compared to
AT-RAL, so spectral discrimination of AT-ROL and AT-RAL is difficult. However, FLIM of
pure retinoids in 70% EtOH solution (two-photon excitation at 760 nm, emission 500-600 nm)
reveals that AT-RAL fluorescence has a short lifetime of under 100 ps, while AT-ROL has a
long lifetime of nearly 3 ns (Fig. 1(c)). This significant lifetime difference could be used to
discriminate AT-ROL and AT-RAL to detect the presence and conversion of retinoids in cells.

3.2. Simultaneous three- and two-photon excitation improves spectral separation of
AT-ROL and AT-RAL

Multiphoton excitation at 1040 nm allows for simultaneous two- and three-photon excitation
of AT-ROL and AT-RAL in two emission channels. Thus, each emission channel transmits
fluorescence excited at a different energy level, as shown in Fig. 2(a), in contrast to excitation
at 760 nm, where emission in both channels is excited at the same two-photon energy level.
Excitation at 1040 nm is compared to two-photon excitation alone (760 nm) in Fig. 2(a) for a
100 uM solution of AT-RAL in 70% EtOH. Fluorescence intensity in two emission channels (blue:
400-480 nm, green: 525-575 nm) are plotted versus average laser power on a log-log scale to
determine the slope of a linear fit. A slope of 2 and 3 indicates two- and three-photon excitation,
respectively. Excitation at 1040 nm indicates three-photon excited fluorescence in the blue
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channel and two-photon excited fluorescence in the green channel. Excitation at 760 nm indicates
two-photon excited fluorescence in both the blue and green channels. Intensity measurements of
100 uM solutions of pure AT-RAL and AT-ROL in 70% EtOH at 1040 nm excitation show that
the blue emission channel receives disproportionately more (i.e., about 12 times) signal from
AT-ROL compared to AT-RAL (Fig. 2(b)). In the green emission channel, two-photon excitation
at either 760 nm or 1040 nm result in roughly equal contribution from AT-RAL and AT-ROL
(Fig. 2(c)). One caveat is that higher average laser powers (15 mW for 1040 nm 3P vs. 2-5mW for
760 nm 2P) are needed for 1040 nm three-photon excitation to match the fluorescence intensity
of 760 nm two-photon excitation, which requires trade-offs between signal to noise ratio and
photothermal damage to the sample [17] be taken into consideration for long imaging sessions.

To simulate the cell environment where mixtures of different retinoids are present, and to
explore the utility of the new excitation scheme, a non-homogeneous mixture of 1 mM solutions
of AT-RAL and AT-ROL in 70% EtOH was prepared by slowly pipetting each solution into
the imaging dish from opposite directions and allowing them to slowly diffuse (without any
mechanical mixing) over several minutes. FLIM was performed with simultaneous detection
of emission in the blue and green channels by alternating the excitation wavelength between
1040 nm and 760 nm in one-minute intervals. Two-channel intensity images of the mixture
(Fig. 2(d-e)) qualitatively show gradients of AT-RAL and AT-ROL within the field of view.
Therefore, different pixels emit different ratios of AT-RAL and AT-ROL fluorescence. The
phasor representation of the associated lifetimes reveals that every pixel (both 1040 nm and
760 nm excitation, in either emission channel) falls onto the linear axis connecting the phasor
locations of the pure species, indicating that the fluorescence decay is comprised of a linear
combination of AT-RAL and AT-ROL (Fig. 2(f-g)). For both excitation wavelengths, the blue
channel phasor clusters near the AT-ROL location and the green channel phasor clusters near
the AT-RAL location, reflecting the spectral separation of AT-ROL and AT-RAL emissions.
However, the 760 nm phasor spans a wide portion of the common axis, with pixels distributed
closer to the middle, indicating substantial bleed-through (Fig. 2(f)). Conversely, the 1040 nm
phasor of the two emission channels separate further. Particularly, the three-photon excited
blue channel preferentially excites the AT-ROL fraction of the mixture at each pixel location.
Therefore, the phasor representation of nearly all image pixels in the 3P-excited blue channel fall
close to the phasor location of pure AT-ROL, regardless of the mixture ratio (Fig. 2(g)).

3.3. Simultaneous three- and two-photon excitation provides image and lifetime con-
trast in mouse retina explants

To further validate the new multiphoton excitation scheme and to verify in-situ presence of
the lifetime differences indicated by solution experiments, mouse retinal explants separated
from the underlying RPE were imaged. Figure 3 shows the two-channel multiphoton-excited
autofluorescence intensity image and the associated phasor plot of the photoreceptor layer of
a mouse retina explant, one hour after exposure to bright white light, using either 760 nm
(Fig. 3(a-b)) or 1040 nm (Fig. 3(c-d)) excitation.

The white-light photobleaching ensures that all the endogenous 11-cis-RAL from the pho-
topigments is isomerized to AT-RAL, and the one-hour time delay ensures that AT-RAL is
converted to AT-ROL by the photoreceptors. The phasor at 760 nm excitation (Fig. 3(b)) reveals
the long lifetime of AT-ROL as the dominant signal in both emission channels, and the intensity
image (Fig. 3(a)) does not show contrast between the green and blue emission channels. The
phasor at 1040 nm (Fig. 3(d)) shows the long lifetime of AT-ROL in the three-photon excited blue
channel, but the two-photon excited green channel includes shorter fluorescence lifetimes. The
intensity image at 1040 nm excitation (Fig. 3(c)) shows the blue AT-ROL signal originating from
the predominant rod photoreceptors and the green signal with shorter lifetime originating from
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Fig. 2. Simultaneous three- and two-photon excitation at 1040 nm increases spectral
separation of AT-ROL and AT-RAL compared to two-photon excitation at 760 nm. (a)
Comparison of multiphoton excitation at 760 nm and 1040 nm. Using 760 nm excitation,
both emission channels (blue: 400-480 nm, green: 525-575 nm) collect fluorescence from
two-photon excitation as indicated by the slope of the linear regression fit (slope~2) on the
log-log plot of fluorescence intensity vs. laser power. However, at 1040 nm excitation, the
blue channel exclusively collects three-photon excited fluorescence (slopex3), while the
green channel primarily collects two-photon excited fluorescence (slopex2). (b) Relative
intensity of AT-ROL compared to AT-RAL in the blue emission channel is significantly
increased under three-photon 1040 nm excitation (ROL/RAL~12) compared to two-photon
760 nm excitation (ROL/RAL=3). (c) Relative intensity of AT-RAL compared to AT-ROL in
the green emission channel (RAL/ROL=0.5) is not drastically different under either 1040 nm
or 760 nm excitation. Ratios are calculated from intensity images of pure 100 uM solutions in
70% EtOH. (d) Two-channel fluorescence intensity image of a non-homogeneous mixture of
1 mM AT-RAL and 1 mM AT-ROL in ethanol, excited at 760 nm. (e) Two-channel intensity
image of the same non-homogeneous mixture of AT-RAL and AT-ROL, excited at 1040 nm.
Signal gradients within the images imply that different pixels emit different ratios of AT-RAL
and AT-ROL fluorescence. (f) Phasor representation of the 760nm-excited image shows a
mixture of AT-ROL (long lifetime) and AT-RAL (short lifetime) contributing to the emission
in either channel. Phasor points fall on the axis connecting the pure retinoid locations (shown
as red pentagrams). (g) Phasor representation of the 1040nm-excited image shows improved
separation between AT-ROL and AT-RAL due to preferential three-photon excitation of
AT-ROL compared to AT-RAL in the blue channel. The phasor points fall closer to the
location of pure species. Red dots represent intensity-weighted phasor centroid in either
channel. Red pentagrams represent phasor locations of the pure species. Scale bar: 100 um.
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Fig. 3. Three- and two-photon excitation at 1040 nm in mouse retina improves image
and lifetime contrast compared to two-photon excitation at 760 nm. (a) Two-channel
autofluorescence intensity image of the photoreceptor layer of a light-exposed mouse retina
explant, excited at 760 nm. (b) Phasor representation of the 760 nm excitation image in (a)
reveals that the long lifetime species, AT-ROL, is the dominant signal in both emission
channels (blue, 400-480 nm; green, 550-600 nm). (c) Two-channel autofluorescence intensity
image of the same field of view as (a), excited at 1040 nm, provides increased image
contrast. Cone photoreceptors are prominent in the green emission channel and bleached
rod photoreceptors are prominent in the blue emission channel. (d) Phasor representation of
the 1040 nm excitation image in (c) reveals the long lifetime of AT-ROL in the blue emission
channel, and a mixture of the short lifetime of AT-RAL with longer lifetimes of AT-ROL
and metabolic fluorophores (FAD and NAD(P)H) in the green emission channel. Red dots
represent intensity-weighted phasor centroid in either channel. Red pentagrams represent
phasor locations of the pure species measured in solution. Scale bar: 100 um.
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the dispersed cone photoreceptors. Therefore, 1040 nm excitation provides improved contrast
between blue and green emission channels compared to 760 nm excitation.

3.4. FLIM captures the dynamics of visual cycle reactions in mouse retina following
light exposure

Given that three-photon excitation at 1040 nm can acquire fluorescence specifically from AT-ROL,
we next characterized light response in a dark-adapted mouse retinal explant. FLIM images at
1040 nm excitation were acquired from a mouse retinal explant while dark-adapted and after
white light exposure at 8-minute intervals up to one hour (Fig. 4).
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Fig. 4. FLIM at 1040 nm excitation captures visual cycle dynamics in mouse retina
explant following white light exposure. (a) Schematic of the mouse retina explant flat
mount with RPE and sclera dissociated, and the photoreceptor layer preserved. Box shows
microscopy field of view. (b) Two-channel fluorescence intensity image of the retina sample
while dark-adapted. (c) Phasor representation of dark-adapted image reveals short lifetimes
of RAL species and the absence of long lifetime of AT-ROL in the blue emission channel.
The green channel phasor shows a mixture of RAL and metabolic fluorophores (FAD and
NAD(P)H). (d) Following exposure to bright white light for 1 minute, the intensity of
the three-photon (3P) excited fluorescence in the blue emission channel increases over 1
hour. White dot shows the median; red horizontal line shows the mean; box encompasses
25t o 75t percentile range; whiskers extend from the box to 1.5 times the interquartile
range. Change in mean intensity with time is significant according to the linear trend test
(z-statistic = 33, p =8.7e-11). (e) 60 min after white light exposure, intensity image shows
an increase in blue signal due to isomerization of 11-cis-RAL to AT-RAL and subsequent
conversion of AT-RAL to AT-ROL. (f) Phasor representation of the image at one hour after
light exposure reveals the long lifetime of AT-ROL. Red dots represent intensity-weighted
phasor centroid in either channel. Red pentagrams represent phasor locations of the pure
species measured in solution. Scale bar: 100 um.

Figure 4(a) illustrates the mouse retinal explant and the microscopy field of view. Figure 4(b)
shows the two-channel autofluorescence intensity image of the dark-adapted mouse retina.
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Figure 4(c) shows the phasor of the dark-adapted FLIM image in Fig. 4(b). The long lifetime of
AT-ROL is absent in the blue channel (Fig. 4(c)) and the fluorescence intensity in the blue channel
is low (Fig. 4(b)). However, after white light exposure, the intensity of autofluorescence in the
three-photon excited blue channel increases over the course of one hour (Fig. 4(d)). Figure 4(e)
shows the intensity image at the final timepoint (1 hour) and Fig. 4(f) shows the corresponding
phasor. The more ubiquitous rod photoreceptors have increased intensity and long lifetime of
AT-ROL in the blue channel, while the dispersed cone photoreceptors appear prominent in the
green emission channel and maintain a shorter fluorescence lifetime. This could be indicative
of the privileged access of cone cells to photopigment regeneration pathways via Miiller glia
[37-39] to maintain bright light vision.

Supplemental videos (Visualization 1 and Visualization 2) show two-photon excited two-
channel autofluorescence intensity time series of a mouse retina explant, along with phasor plots
and lifetime-based false colored images that visualize the formation of AT-ROL in photoreceptor
cells after light exposure. Visualization 3 shows that the mouse retina explant photoreceptors
can convert exogenously supplied AT-RAL to AT-ROL, resulting in an increase in fluorescence
intensity over time.

3.5. Three-photon FLIM of visual cycle function in human iPSC-derived retinal organoids
with AT-RAL treatment

3D-cultured hiPSC-derived retinal organoids older than 200 days in culture have developed
outer retina-like photoreceptors with laminar organization including inner segments (IS), outer
segments (OS), and an outer nuclear layer (ONL) [35]. Retinal organoids were dark adapted
for 48 hours in the incubator and imaged at 1040 nm excitation with FLIM before and after one
minute of white light exposure and again after treatment with 50 uM exogenous AT-RAL, similar
to the mouse retina experiments. Figure 5(a) illustrates the retinal organoid structure and the
microscopy field of view. Figure 5(b) shows the 2-channel autofluorescence intensity image of
a dark-adapted retinal organoid at day 240 in culture. The corresponding phasor is shown in
Fig. 5(c). The outer segments are prominent in the green channel with short fluorescence lifetime.
Other endogenous fluorophores (e.g., metabolic coenzymes FAD and NAD(P)H) also contribute
to the green channel which increases its lifetime to about 1 ns. The long lifetime of AT-ROL is
sparsely present in the blue channel (primarily in the inner segments) with low image intensity,
indicating low abundance.

Unlike the mouse retina, white light exposure did not induce a consistent signal intensity and
lifetime increase in retinal organoids. This may reflect a lack of photoreceptor outer segment
maturity and/or the absence of any prior association with an organized RPE layer that would
allow sufficient intrinsic production of 11-cis-RAL for signal detection. However, when the
retinal organoid was treated with exogenous AT-RAL, which simulates the photobleaching of
photopigments and isomerization of 11-cis-RAL to AT-RAL, the fluorescence intensity of the
three-photon excited blue emission channel increases over the course of an hour (Fig. 5(d)). The
time series of intensity images can be seen in supplementary Visualization 4. The fluorescence
intensity image at the end of the time series is shown in Fig. 5(e) and the corresponding phasor
is given in Fig. 5(f). The long lifetime of AT-ROL is prominent in the blue channel, with the
highest fluorescence intensity in the photoreceptor IS and ONL layers, respectively. The better
formed OS includes some AT-ROL signal, but the concentration is low, such that the abundant
exogenous AT-RAL fluorescence dominates the AT-ROL signal, resulting in only a small lifetime
increase for the OS in the blue channel. Supplementary Fig. S1 shows that organoid layers can
be masked based on the pixel locations in the phasor plot. A time series of phasor-based false
colored intensity images (supplementary Visualization 5) visualizes the absorption of AT-RAL
with short lifetime, followed by its conversion to AT-ROL with long lifetime in the organoid
photoreceptors. In a control experiment (Fig. S2), the conversion of AT-RAL to AT-ROL was
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Fig. 5. FLIM at 1040 nm excitation captures visual cycle dynamics in a stem cell-
derived retinal organoid. (a) Schematic of the 3D-cultured stem cell-derived retinal
organoid. Box shows microscopy field of view. OPL: outer plexiform layer, INL: inner
nuclear layer, MG: Miiller Glia. (b) Two-channel autofluorescence intensity image of a dark-
adapted retinal organoid at day 240 in culture (blue: 400-480 nm, green: 525-575 nm). (c)
Phasor representation of dark-adapted image in (b) shows short fluorescence lifetimes of the
media surrounding the organoid as well as intermediate lifetimes of metabolic fluorophores
(FAD, NAD(P)H) from the organoid in the green channel and sparse long lifetime of AT-ROL
in the blue channel. (d) The organoid was treated with exogenous 50 uM AT-RAL, which
simulates photobleaching of visual pigments, and the intensity of the three-photon excited
fluorescence in the blue emission channel increases over 1 hour at a rate similar to the mouse
retina. White dot shows the median; red horizontal line shows the mean; box encompasses
25t (o 75t percentile range; whiskers extend from the box to 1.5 times the interquartile
range. Change in mean intensity with time is significant according to the linear trend test
(t-statistic =27, p = 1.9e-11). (e) Two-channel fluorescence intensity image of the retinal
organoid 90 min after treatment with AT-RAL shows an increase in the blue channel signal,
due to conversion of AT-RAL to AT-ROL, in the photoreceptor cells, particularly in the
inner segments (IS), outer nuclear layer (ONL) and the outer segments (OS). (f) Phasor
representation of the treated organoid image in (e) reveals abundant long lifetime of AT-ROL
in the blue channel, while the exogenous AT-RAL in the media (i.e., background seen at
the upper left corner of the intensity image) appears with its characteristic short lifetime in
the green channel of the phasor plot. Red dots represent intensity-weighted phasor centroid
of the organoid in either channel. Red pentagrams represent phasor locations of the pure
species measured in solution. Scale bar: 100 um.
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inhibited [21,23] by pre-treatment of a dark-adapted organoid with 100 uM all-trans retinoic
acid (ATRA) for 30 minutes. Subsequent treatment with 50 uM AT-RAL resulted in a minimal
increase in AT-ROL as seen in the intensity and lifetime changes in the three-photon excited blue
emission channel (Fig. S2 d-f).

These results suggest that photoreceptors within hiPSC-derived retinal organoids demonstrate
visual cycle function, and that this function can be noninvasively monitored by FLIM at 1040 nm
excitation. Note that while the lifetime data is aggregated at the image level in the presented
results, the analysis can be done at the single cell or subcellular level (OS, IS, ONL) as presented
in supplementary Fig. S1.

3.6. Immunocytochemistry (ICC) of retinal organoid photoreceptor cell expression of
RDH enzymes involved in the visual cycle

The data presented in Fig. 5 suggests that human retinal organoid derived photoreceptors have a
functional visual cycle. To further investigate this finding, we looked for the presence of RDH

Fig. 6. Immunocytochemistry (ICC) of fixed retinal organoids reveals expression of
retinal dehydrogenase (RDH) enzyme in photoreceptor cells. (a) Bright field image of a
retinal organoid after 260 days in culture. (b) ICC indicates presence of outer segment (OS)-
localized RDH8 enzyme [see b3] in photoreceptor outer segments as well as its expression
in ectopic photoreceptor cells deeper inside the organoid. (c) ICC indicates presence of
inner segment (IS)-localized RDH12 [see c3] in photoreceptor inner segments (IS) and the
outer nuclear layer (ONL). The location of the RDH expression in fixed organoids coincides
with the location of the three-photon excited AT-ROL fluorescence signal in the blue channel
of live retinal organoids. RHO: the rod photopigment rhodopsin; RDHS: OS-localized
retinal dehydrogenase; RDH12: IS- and ONL-localized retinal dehydrogenase; ARR3: cone
arrestin; DAPI: nuclei. OS: outer segments; IS: inner segments; ONL: outer nuclear layer.
Scale bar: 50 um.
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enzymes in retinal organoid inner and outer segments by ICC. Figure 6 presents ICC images
of mature hiPSC-derived retinal organoids (260 days in culture) showing the photoreceptor
organization, including expression of rhodopsin (RHO) in the rod outer segments, expression of
ARR3 in cone photoreceptors, and the presence of a stratified outer nuclear layer. Importantly, the
retinal dehydrogenase enzyme RDHS is expressed in the photoreceptor outer segments and the
RDHI12 enzyme is expressed in the inner segments and outer nuclear layer of the photoreceptor
cells and some Miiller glia. These enzymes catalyze the reduction reaction that converts AT-RAL
to AT-ROL. The location of RDH expression in ICC images of fixed organoids coincides with
the location of the three-photon excited AT-ROL signal in the FLIM images of live organoids.

4. Discussion and conclusions

High-throughput and noninvasive functional measurements of phototransduction and visual cycle
are needed to screen treatments in vitro for retinal disease (e.g., biologics, gene therapy, genome
editors [40—42]) and to optimize iPSC-derived retinal cells in vitro for regenerative cell transfer
therapy. Here, we developed autofluorescence methods to monitor a critical step in retinoid
recycling in photoreceptor cells based on retinoid fluorescence intensity, spectral, and lifetime
changes in the slow reactions of the visual cycle. We used a new multiphoton excitation scheme
that leverages spectral differences in AT-RAL and AT-ROL at two- and three-photon excitation
with 1040 nm, combined with fluorescence lifetime differences between AT-RAL and AT-ROL
to resolve the dynamics of the visual cycle with cellular resolution.

Simultaneous two- and three-photon excitation of retinoids increased spectral contrast between
the emission channels (Fig. 2-3) due to higher specificity of 3P excitation for AT-ROL. However,
the 2P-excited channel is not specific for AT-RAL and collects a combination of fluorescence
signals from AT-ROL, AT-RAL, and other endogenous fluorophores such as metabolic coenzymes
FAD and NAD(P)H. In mouse retina samples, this contrast appears to highlight a difference
between rod and cone photoreceptors (Fig. 3—4). This observation is supported by the different
function, morphology, and organization of cones relative to rods in mouse retina [43]. Cones
are responsible for photopic vision and can regenerate photopigments at a faster rate than rods
by using a second visual cycle involving Miiller glia [37]. This could explain the absence of a
detectable concentration of AT-ROL in cones following light exposure. Cones comprise 3%
of total photoreceptors and have larger inner segments with more mitochondria, which could
explain the higher intensity for cones in the green channel of the 1040 nm excited images (Fig. 4).
Additionally, cone somas are confined to the outer edge of the ONL adjacent to the IS layer,
while rod somas exclusively form the deeper ONL [43]. This description is consistent with our
depth-resolved imaging of the mouse retina explants (see supplementary Fig. S3). However,
further investigation of this contrast with direct comparison to immunofluorescence labeled
histology is needed.

While 3P excitation results in higher specificity for AT-ROL, it also provides lower fluorescence
intensity and, therefore, lower signal to noise ratio (SNR) compared to 2P excitation. This is due
to the lower 3P action cross section (¢03) of AT-ROL by a ratio factor of 10733[cm? s/photon]
compared to its 2P action cross section (0»), assuming similar quantum efficiency at the two
wavelengths, as estimated in [44]. Given that the ratio of 3P- and 2P-excited fluorescence is
proportional to (073 - I3) /(07 - I?) = o3 - I/ 0, and provided a typical excitation laser intensity (1)
on the order of 10°°[photon/cm? s] at the sample plane for a few mW of femtosecond-pulsed
laser power, it is expected that the 1040 nm 3P-excited fluorescence intensity may be up to 3 orders
of magnitude smaller than the 760 nm 2P-excited fluorescence for the same average laser power.
This is consistent with the results in Fig. 2(a). The SNR trade-off was justified in our experiments
for the increased specificity and contrast that 3P excitation provided for identifying the visual
cycle fluorophores. Although 3P-excited fluorescence SNR increases with the third power of the
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excitation intensity, we limited the 1040 nm laser power to 15 mW to avoid photothermal damage
to the sample.

The lifetime measurements in solution established the short and long fluorescence lifetime of
AT-RAL and AT-ROL, respectively. However, in live cell images, AT-ROL presents with slightly
longer fluorescence lifetime than was measured in solution. This is because AT-ROL in solution
degrades within minutes under atmospheric oxygen conditions, due to oxidation reactions that
form AT-RAL. As such, it is conceivable that the AT-ROL signal measured in cells is purer than
the one measured in solution.

Regarding sensitivity of the FLIM technique to small light stimuli, it must be noted that the
fluorescent signal intensity is proportional to fluorophore concentrations. Therefore, we used
intense white light photobleaching to maximize the release of retinoids and thus the fluorescent
signal available for identification of these fluorophores. However, milder light exposures such
as the multiphoton excitation light itself can also result in detectable changes in fluorescence
intensity and lifetime (see supplementary Fig. S4), thereby supporting the sensitivity of this
technique.

Finally, while the presented imaging approach does not directly measure hyperpolarization
and neural signaling of photoreceptors in response to small light stimuli, it can be used to assay
visual cycle function, which is affected in diseases like Leber congenital amaurosis and retinitis
pigmentosa [45], or used to determine presence of endogenous photopigments in lab-grown
photoreceptors and whole retina explants to optimize their culture. Overall, multiphoton FLIM
of photoresponse allows for noninvasive imaging of thick mouse retinal explants and whole
live organoids with minimal handling at multiple timepoints in a higher-throughput format
than traditional photoactivation (e.g., patch clamp) or analytical chemistry measurements (e.g.,
high-performance liquid chromatography, mass spectrometry).
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