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SUMMARY

High-definition vision in humans and nonhuman primates is initiated by cone photoreceptors
located within a specialized region of the retina called the fovea. Foveal cone death is the ultimate
cause of central blindness in numerous retinal dystrophies, including macular degenerative
diseases. 3D retinal organoids (ROs) derived from human pluripotent stem cells (hPSCs) hold
tremendous promise to model and treat such diseases. To achieve this goal, RO cones should
elicit robust and intrinsic light-evoked electrical responses (i.e., phototransduction) akin to adult
foveal cones, which has not yet been demonstrated. Here, we show strong, graded, repetitive, and
wavelength-specific light-evoked responses from RO cones. The photoresponses and membrane
physiology of a significant fraction of these lab-generated cones are comparable with those of
intact ex-vivo primate fovea. These results greatly increase confidence in ROs as potential sources
of functional human cones for cell replacement therapies, drug testing and in vitro models of
retinal dystrophies.
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Sinha and colleagues show that human stem cell derived retinal organoids contain cone
photoreceptors that possess intrinsic light sensitivity with complex electrophysiological attributes
that approach those of adult primate foveal cones.
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INTRODUCTION

High-acuity vision in humans originates in a specialized region of the central retina called
the fovea — a small anatomical feature comprised entirely of cone photoreceptors (in

the central 1-2 degrees of visual field) and unique to diurnal primates among mammals
(Bringmann et al., 2018; Hughes, 1977; Provis et al., 2013). Cone photoreceptors mediate
daylight and color vision and are located throughout the retina, but those within the fovea
are specialized and densely packed to form an exquisite ‘high definition’ pixel array
(Curcio et al., 1990; Zhang et al., 2015). In contrast, rod photoreceptors mediate dim

light vision and are excluded from the center of the fovea (Curcio et al., 1990; Zhang et
al., 2015). Regardless of location or species, cones and rods represent specialized unipolar
neurons that possess inner and outer segments, the latter containing stacks of flattened
membrane organelles called discs that harbors all the biochemical machinery underlying
phototransduction (Ingram et al., 2016; Palczewski, 2012).
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Many conditions leading to retinal degeneration, including those that ultimately affect

the fovea (e.g., macular degenerative diseases), involve dysfunction and eventual death

of the cones, leading to blindness. No treatment options exist for most patients with

such conditions. However, the advent of human pluripotent stem cell (hPSC) technology,
along with recent advances in retinal differentiation protocols, has made it possible to
envision cone cell replacement as a therapeutic option for patients with a wide range of
retinal dystrophies (Ludwig and Gamm, 2021). In particular, hPSCs have been successfully
differentiated into 3D retinal organoids (ROs) that have a multi-layered laminar structure
with a ratio of rod and cone photoreceptors in the outer layer similar to that of the human
para- or perifovea (Capowski et al., 2019; O’Hara-Wright and Gonzalez-Cordero, 2020).
ROs not only hold promise as a renewable source for photoreceptor cell replacement, but
also for modeling human degenerative diseases that target photoreceptors, and for screening
and testing drugs and gene therapies (Bell et al., 2020; Capowski et al., 2019; Cowan et al.,
2020; Gamm et al., 2013; Kruczek and Swaroop, 2020).

During differentiation, ROs can be categorized into three distinct developmental stages
based on light microscopic appearance: stage 1, during which neural retinal progenitor cells
(NPRCs) undergo proliferation and differentiation into early retinal cell types including
photoreceptor progenitors and cones; stage 2, a period of NRPC differentiation into all
remaining retinal cell types, including photoreceptors; and stage 3, which is delineated by
the appearance of hair-like photoreceptor outer segments on the surface of ROs (Figure.
S1A,; (Capowski et al., 2019). Several reports have shown that stage 3 ROs contain highly
differentiated cones that express several components of the phototransduction cascade
(Capowski et al., 2019; Cowan et al., 2020; Kim et al., 2019; Meyer et al., 2011; Zhong

et al., 2014). At an ultrastructural level, studies have also shown the presence of disks in

RO photoreceptor outer segments, which are attached to mitochondria-rich inner segments
via connecting cilia (Capowski et al., 2019; Cowan et al., 2020; Kim et al., 2019; Parfitt et
al., 2016; Wahlin et al., 2017). Stage 3 ROs also contain distinct second-order neuron types
— bipolar cells and horizontal cells - and ultrastructural evidence further demonstrates that
photoreceptor axon terminals in mature ROs have specialized ribbon synapses (Capowski et
al., 2019; Cowan et al., 2020; Wahlin et al., 2017) characteristic of vertebrate photoreceptors
(Hoon et al., 2014). However, to date, evidence of light-evoked photoreceptor or neuronal
function in ROs is sparse and orders of magnitude weaker than light responses in the adult
primate retina (Angueyra and Rieke, 2013; Baudin et al., 2019; Cowan et al., 2020; Hallam
et al., 2018; Zhong et al., 2014). Furthermore, there has been no direct demonstration of
intrinsic light-evoked photoreceptor function in ROs, which is necessary to support future
use of ROs as in vitro models of human retinal diseases and as sources of authentic human
cones for transplantation. Lastly, prior studies of light-evoked photoreceptor function in
ROs (Cowan et al., 2020; Zhong et al., 2014) lacked a systematic comparison with the

gold standard for analyzing foveal cone function — intact primate fovea explants. Herein,
we demonstrate graded, repetitive, wavelength-specific, light-evoked electrical responses in
a significant fraction of cone photoreceptors across multiple ROs from different cell lines,
which show comparable response properties and membrane physiology to that of cones in ex
vivo primate fovea from macaque retina.
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Cones in stage 3 hPSC-derived retinal organoids exhibit light-evoked phototransduction
with similarities to cones in the adult primate retina

To assess if hPSC-derived cone photoreceptors are capable of generating physiological
electrical responses to light stimuli, we generated ROs from four hPSC lines (Table S1)
according to a previously published protocol (Capowski et al., 2019). We then matured

the ROs to stage 3 and further maintained them in culture for a total of 240-270 days

(see Methods; Figure S1LA-B), a point at which they uniformly exhibit an advanced state
of photoreceptor morphology and organization, including formation of inner and outer
segments with expression and proper localization of key phototransduction proteins (Figure
1A; Figure S1B). Rods and cones can be easily distinguished in stage 3 ROs based on

their distinct morphology, which mimics that found in primate retina (Figure S1C). The
outer segments of RO cone photoreceptors (Figure 1B—C; Figure S1A) correctly localized
key proteins involved in the cone phototransduction cascade, such as medium and long
wavelength-sensitive photopigments (M/L opsin, Figure 1Ai), cyclic nucleotide gated ion
channels (CNGB3, Figure 1Aii), and cone arrestin 3 (ARR3, Figure 1Aiii), consistent with
previous studies (Capowski et al., 2019; Cowan et al., 2020; Wahlin et al., 2017; Zhong et
al., 2014). For patch-clamp electrophysiological recordings, we specifically targeted cones,
as determined by the distinct appearance of their inner segments which were significantly
larger than those of rods (Figure S1C). The ratio of rods to cones in these ROs is
approximately 4:1 (Figure S1D; Table S1), (Capowski et al., 2019; Kallman et al., 2020),
similar to that found in the primate parafovea (Curcio et al., 1990; Wells-Gray et al.,
2016), a region targeted in the pathogenesis of age-related macular degeneration (Schmitz-
Valckenberg et al., 2016; Wilde et al., 2017). We next performed transmission electron
microscopy (TEM) to look at the ultrastructural morphology of RO photoreceptors (Figure.
S1E). The electron micrographs show evidence of partially stacked discs in photoreceptor
outer segments, proper inner segment morphology as well as presence of ribbon synapses
at photoreceptor axon terminals in the ROs (Figure. SLE-G), similar to previous reports
(Capowski et al., 2019; Cowan et al., 2020; Wahlin et al., 2017). Based on these findings,
we sought to compare cone sensitivities in mature ROs to those in the intact adult macaque
fovea.

All electrophysiology experiments in ROs were performed without the addition of external
chromophore (9-cis retinal), unlike previous studies (Cowan et al., 2020; Zhong et al.,
2014). Thus, the light responses we observed in cones were generated by endogenous
chromophore synthesized in ROs during differentiation using vitamin A continuously
provided by B27 supplement in the culture medium (Brewer et al., 1993). At the start

of each cone recording, we sequentially presented bright light flashes using LEDs with
distinct peak wavelengths such that they preferentially excite one of the three cone opsin
photopigments (see Methods). This cone typing light flash allowed us to identify the cone
spectral type, with most recorded cones displaying a medium wavelength sensitivity (i.e.,
green cones) (Figure 1B) and a few cones possessing short (blue cones) or long-wavelength
(red cones) sensitivity (Figure S2). We recorded from over 100 cones across multiple stage 3
ROs differentiated from four hPSC lines (Table S1), and ~35% of the cones exhibited robust
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light-evoked voltage responses (Figure 1D). We also recorded from rod photoreceptors in
stage 3 ROs but there were no measurable intrinsic light-evoked responses (Figure S3A).
Unlike cones in ROs, rods exhibited very small voltage-dependent ionic currents (Figure.
S3B). This may explain the general lack of evidence for rod function in ROs, although one
study reported weak light sensitivity from a small percentage of RO rods in the presence of
external chromophore (Zhong et al., 2014). The voltage responses to the typing light flashes
in the RO cones replicated key features of a typical light-evoked response measured from
cones in macaque fovea (within 1 mm from the foveal pit; Figure 1C), and more generally
to light responses measured from cones in other vertebrate species (Baudin et al., 2019;
Burkhardt, 1994; Howlett et al., 2017; Ingram et al., 2019; Matthews et al., 1990; Rieke and
Baylor, 2000; Schneeweis and Schnapf, 1995). We observed light-induced hyperpolarization
of the cone membrane voltage followed by repolarization to the baseline resting membrane
potential, indicating that the phototransduction cascade was activated upon light onset and
inactivated after cessation of the light stimulus (Figure 1B). This finding further shows
that RO cones possess the necessary G-protein-mediated signaling cascade downstream

of receptor activation necessary to ultimately lead to closure of cGMP-gated (CNG) ion
channels, followed by inactivation of the cascade and recovery of the CNG channels from
a closed to an open state upon light offset. We next measured light responses from cones

in ROs across varying intensities of light flashes (Figure 1G—-H). The amplitude of the
light responses for individual cones (two are shown in Figure 1Gi and 1Gii) increased
proportionately with the intensity of the light flash, and the amplitude vs. intensity plot
was well-described by a log-linear relationship (Figure 1H) typical of vertebrate cones
(Ingram et al., 2019). The temporal shape of the RO cone light responses mimicked that

of vertebrate cones, albeit with a slower time course. To determine how comparable the
light responses of cones in ROs are to those of cones in adult primate retina, we performed
patch-clamp recordings of light-evoked responses from cones in intact macaque fovea as
previously described (Figure 1C) (Baudin et al., 2019; Sinha et al., 2017). Surprisingly, the
light responses of some RO cones were comparable in amplitude and kinetics to that of
cones in macaque fovea (Figure 1E, F), although on average the amplitude and kinetics of
the RO cone light responses was smaller and slower, respectively, than those of macaque
foveal cones (Figure 1E, F). Overall, our results reveal the closest resemblance of light
responses between RO cones and primate foveal cones (Table S2).

Light-evoked cone responses in retinal organoids at different background luminance

The aforementioned light responses from RO cones (Figure. 1) are a combination of the
intrinsic light response from the individually recorded cone as well as any light-evoked
signals coming from neighboring cones or rods via gap-junctional coupling, which is known
to occur in primate retina (Hornstein et al., 2005; O’Brien et al., 2012). Since it is unknown
if gap-junctional coupling exists between photoreceptors in ROs, we wanted to test its
possible contribution towards light-evoked responses measured in cones. As rods in ROs
lack any measurable light-evoked signals (Figure. S3A), they most likely don’t contribute or
shape the light responses recorded in RO cones. Thus, cone-cone gap junctional coupling is
the only potential major source of electrical coupling between cones in ROs. To investigate
this phenomenon, we performed recordings from RO cones after omitting ATP and GTP
from the intracellular pipette solution. Deletion of ATP and GTP suppresses the intrinsic
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phototransduction cascade, causing the cGMP-gated channels to close in the recorded cone
while retaining contributions from any neighboring gap-junctionally coupled photoreceptors.
This manipulation strongly suppressed light responses in the RO cones, similar to that
previously observed for primate cones (Angueyra and Rieke, 2013; Sinha et al., 2017),
suggesting minimal contribution of gap junctions between cone photoreceptors in ROs
(Figure. S4A and B).

The light-evoked cone responses presented thus far were elicited from dark-adapted ROs.
We next wanted to measure light responses from RO cones at brighter light levels when
cone-mediated signaling is more prevalent. We presented a constant background light before
eliciting brief flashes of light of varying intensity above the mean background light to
produce a contrast increment. RO cones exhibited robust responses to these brief contrast
increments that showed a marked resemblance in shape to responses recorded from ex vivo
macaque fovea. Consistent with the above results from dark adapted RO cones, the average
contrast response of RO cones in constant light was slower than similarly treated macaque
foveal cones (Figure 2C-E). This difference in kinetics of the light response between RO
and macaque foveal cones is reflected both in the response activation (estimated from the
time taken for the response to reach peak amplitude) as well as in the inactivation of the
response (estimated from the time taken for the response to reach baseline and the full width
of the response at half maximal amplitude) (Figure. 2C-E). After normalizing the time to
peak of the average responses in Figure. 2J the responses of RO cones and foveal cones
superimposed more closely than the unnormalized responses throughout both the response
onset and much of the recovery (Figure. 2K and Table S2).

Given that we observed light-evoked function from a sizeable fraction of RO cones, we

next sought to probe RO cone function in further detail. Vertebrate (including macaque)
cones are known to efficiently signal over a broad range of mean luminance by decreasing
their gain (response amplitude per unit light intensity) proportionately with background
luminance (Angueyra and Rieke, 2013; Baudin et al., 2019; Burkhardt, 1994; Cangiano et
al., 2012; Matthews et al., 1990). In addition, it is known that vertebrate cones accelerate
their response kinetics with increasing mean luminance (Angueyra and Rieke, 2013; Baudin
et al., 2019; Cangiano et al., 2012; Dunn et al., 2007; Rieke and Baylor, 2000). This
adaptation of vertebrate cone signals to mean luminance relies on well-studied negative
feedback mechanisms within the phototransduction cascade that are mediated by calcium
(Krizaj and Copenhagen, 2002; Nakatani and Yau, 1988). To test if RO cones were capable
of luminance adaptation, we measured responses to brief light flashes across a range of
background luminance (Figure 2A, B). Indeed, we observed that the response gain of RO
cones decreased by ~50% between the dimmest and brightest background luminance (Figure
2F, H). The time to peak of the light responses also showed a significant decrease between
the lowest and highest background luminance for RO cones (Figure 21), which suggests that
the RO cone signals became faster, similar to what is observed in macaque cones (Figure
2B) (Baudin et al., 2019). These results provide the first evidence that RO cones are capable
of light adaptation, and most likely possess the calcium feedback mechanisms required for
mediating light adaptation.
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Presence of ion channels in retinal organoid cones and comparison of their membrane
physiology with those of primate foveal cones

After demonstrating that light responses resulted in coupling of cGMP-gated ion channels
to the phototransduction cascade in RO cones, we next wanted to assess the membrane
physiology to determine if other cone ion channels are functional in RO cones. To

do so, we measured the current-voltage relationship and passive membrane properties

such as membrane capacitance, input resistance, membrane time constant, and resting
membrane potential in RO cones and compared them to measurements in ex vivo macaque
foveal cones. RO cones had large inward currents at hyperpolarized voltage steps under
voltage clamp configuration, quite similar to that measured in primate foveal cones

(Figure 3A-C). Previous studies attributed these large voltage dependent inward currents to
hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channels that are commonly
present in vertebrate cones and are important for shaping the gain and kinetics of cone
photovoltages (Barrow and Wu, 2009; Howlett et al., 2017). To confirm the presence of
HCN channels and their functional role in RO cones, we measured the current-voltage
relation in conjunction with pharmacological manipulation (Figure 3D-G). Bath application
of 1 mM CsCl, a non-specific blocker of HCN channels, reduced the amplitude of the RO
cone inward currents at hyperpolarized membrane potentials (Figure 3E, G). Importantly,
this decrease in HCN currents due to CsCl could be reversed following wash out (Figure 3F,
G). We repeated this experiment with a saturating concentration of a specific HCN channel
blocker, ZD7288, which nearly abolished RO cone inward currents at hyperpolarized
membrane potentials, confirming an HCN channel contribution to the currents (Figure.
S4C). These results indicate robust contributions of HCN channels to RO cones consistent
with previous studies in ROs (Kim et al., 2019; Li et al., 2021). To determine the role of
HCN channels in shaping the photovoltages of RO cones, we measured light-evoked voltage
responses before and after application of ZD7288. Interestingly, blocking HCN channels
reduced the amplitude and slowed the decay time of voltage responses of RO cones without
affecting the activation (Figure. S4D). This is consistent with the previously characterized
role of HCN channels in regulating the light response of vertebrate cones (Barrow and Wu,
2009; Howlett et al., 2017).

To further compare the function of RO cones to macaque foveal cones, we quantified their
membrane capacitance, input resistance, and the membrane time constant from the voltage
ramp recordings and compared them to data derived from ex vivo macaque foveal cones.
The membrane capacitance (Figure 3H) and input resistance (Figure 3J) were comparable
to those of primate foveal cones (Table S3), but the membrane time constant was slightly
higher for RO cones (Figure 3I; Table S3) and the resting membrane potential of RO cones
was relatively more depolarized compared to macaque foveal cones (Figure 3K; Table S2),
which could explain the differences in light response properties observed in our earlier
experiments (Figures 1 and 2). Taken together, our data show that RO cones not only

can demonstrate robust light-evoked function but can also mimic several features of the
photo-response and membrane physiology of primate foveal cones (Table S2, 3).
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Developmental timeline of cone function in retinal organoids

All of our cone physiology experiments to this point were performed using late stage 3

ROs (day 240-270 in vitro). To gain insight into the functional maturation of cones in

stage 3 ROs, we measured light-evoked responses and membrane physiology of cones
across six different timepoints of RO maturation from ~d170 in vitro to d310 days in vitro
in a common hESC line WAQ9 (Figure 4). This comparison revealed several interesting
features regarding functional maturation of phototransduction and biophysical properties in
RO cones. First, cones begin to display intrinsic light-evoked electrical responses in early
stage 3 organoids (i.e., d200-210 in vitro), soon after the appearance of photoreceptor

outer segments in ROs (Figure 4A). As RO cones mature further, the fraction that exhibits
measurable, intrinsic light-evoked responses also steadily increases, with the highest fraction
of responders occurring between d250-260 /7 vitro, followed by a decline at our latest
timepoint of d300-310 /n vitro (Figure 4A). In addition to the fraction of light-sensitive
cones, the overall sensitivity of cone light responses was highest between d250-260 /n vitro
(Figure 4B). However, the time course of the cone light responses did not differ across the
various RO ages (Figure 4C). We next compared the current voltage relationship of both
cone responders and non-responders at each of the different timepoints (Figure 4D). The
magnitude of currents activated at hyperpolarizing membrane voltages in RO cones were
larger for later time points (>d230 in vitro) than earlier time points (Figure 4E). There was
no significant difference in the current-voltage relationship between RO cone responders

vs non-responders at any of the time points. Next, we measured the resting membrane
potential of RO cones in darkness at each of the timepoints and found small differences
associated with RO maturation (Figure 4F). Noticeably, the RO cones at d230-240 in vitro
were more hyperpolarized than cones at the other time points (Figure 4F). Moreover, the
cone responders in d250-260 ROs were sitting at more hyperpolarized resting membrane
potentials than their non-responding counterparts, with no such differences observed at

any of the other time points (Figure 4F). Overall, this longitudinal comparison reveals a
developmental timeline of RO cone phototransduction and identifies a time window of peak
light sensitivity in RO cones.

DISCUSSION

An ideal in vitro 3D hPSC-based model of the human retina must be able to carry out light-
evoked phototransduction, a defining tissue function that occurs exclusively in photoreceptor
cells for image forming vision. Thus far, only two studies have provided evidence of weak
light-evoked responses in a small fraction of photoreceptors in hPSC-derived ROs that

were bathed with the external chromophore 9-cis-retinal to facilitate regeneration of the
photopigment (Cowan et al., 2020; Zhong et al., 2014). Here, we report evidence of graded,
wavelength-specific, physiological light-evoked responses from a sizeable population of
cones (~35%) in mature, stage 3 ROs without external chromophore addition, as well as

a systematic, direct comparison of RO cone and macaque foveal cone photoresponses and
membrane physiology.

In our study, photoresponses and membrane physiology of RO cone photoreceptors
replicated several fundamental features of cone function in the macaque fovea that
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individually and/or collectively have not been demonstrated previously. First, light stimuli
resulted in membrane hyperpolarization of RO cones, which shows that the complex,
stepwise activation phase of the G-protein coupled receptor phototransduction signaling
cascade is fully present and functional. This pathway begins with photopigment stimulation,
which is followed by sequential activation of the G-protein (transducin), the effector enzyme
(cGMP phosphodiesterase), and ultimately the cyclic-nucleotide gated channels (CNG).
Second, the RO cone membrane potential repolarized to the resting membrane potential
soon after the cessation of the light stimuli, which indicates that the biochemical machinery
involved in the inactivation of the phototransduction cascade is also intact. In addition to

the CNG channels that are coupled to the phototransduction cascade, our results provided
evidence that HCN channels, which play a key role in photoreceptor signaling (Barrow and
Wu, 2009; Bryman et al., 2020; Howlett et al., 2017), are present and functional in RO
cones. Our results further show that the amplitude and time course of RO cone photovoltages
are regulated by HCN channels, as found in bona fide macaque and vertebrate cones.
Interestingly, the slower time course of the light responses in RO cones compared to the
macaque foveal cones could potentially be caused by differences in expression of HCN
channels, in addition to several other possible factors including morphological differences as
mentioned below.

RO cones also possessed many dynamic electrophysiological features characteristic of
primate cones. For example, RO cones demonstrated adaptation of gain, and to some extent,
in vivo-like adaptation of kinetics in response to increase in luminance — a key feature of
macaque and vertebrate cones — suggesting that the RO cone phototransduction cascade

is regulated by calcium-mediated feedback mechanisms. Observed differences in light
responses between lab-grown RO cones and intact primate foveal cones were surprisingly
small. However, such differences could be due to the relative disorganization of outer
segment disks in RO cones (Capowski et al., 2019; Cowan et al., 2020; Wahlin et al., 2017;
Zhong et al., 2014), which is more typical of late fetal-stage human photoreceptors than

the fully formed stacked disks of adult human photoreceptors. ROs also lack an RPE layer
adjacent to the photoreceptor layer, which may also limit development of outer segments.
Since the phototransduction cascade is membrane delimited, the stacked arrangement of disc
membranes contributes to the high sensitivity and kinetics of photoreceptor signaling. Thus,
lack of proper disc organization might explain the lower sensitivity and slower kinetics of
cone light responses in ROs. The absence of adjacent RPE also points toward a major role
for Muller glia as an alternative pathway for cone opsin regeneration in ROs, as has been
shown previously in mammalian retina (Morshedian et al., 2019). Notably, stage 3 ROs
contain a large population of Miller glia whose radially oriented processes extend outward
through the photoreceptor layer to form the outer limiting membrane, which surrounds

the base of rod and cone outer segments (Capowski et al., 2019). In fact, the lack of a
well-defined RPE layer may explain the dearth of rod function in ROs which, unlike cones,
rely solely on RPE for pigment regeneration (Wang and Kefalov, 2011). Furthermore, rods
mature later than the cones (Hoon et al., 2014), so it is possible that the expression and/or
function of key components of the rod phototransduction machinery, including the cyclic
nucleotide channels, have not reached the threshold for light detection. Lastly, variability

in RO cone outer segment size and shape could also contribute to the observed differences

Cell Stem Cell. Author manuscript; available in PMC 2023 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saha et al.

Page 10

in sensitivity and kinetics of light responses across RO cones. Despite these structural
dissimilarities, our results provide the first comprehensive, direct evidence that the intrinsic
light-driven functionality of RO cones is physiologically close to that of primate foveal
cones.

In addition to replicating some of the key features of primate photoreceptor function that
occur in the outer and inner segments, RO cones possess specialized ribbon synapses at their
axon terminals as is typically seen in primate cones (Grunert and Martin, 2020). However,
based on our single section TEM data, we were unable to definitively identify the stereotypic
arrangement of a “triad’ synapse between a cone terminal and dendrites/processes of bipolar
and horizontal cells. A more thorough analysis using serial electron microscopy and 3D
reconstruction will be necessary to precisely determine the overall organization/arrangement
of the pre- and post-synaptic partners at the organoid cone synapse and identify the extent
of the stereotypic synaptic organization. Future investigations will compare the functional
characteristics of synaptic signaling between cones and downstream neural circuitry in ROs
with those of primate retina.

By assaying cone function across distinct stages of RO maturation, our results provide
valuable insight into the time window at which phototransduction begins in cones as well as
when it reaches peak sensitivity. Overall, the functional maturation of cones in ROs seems to
be in line with both the morphological development and the timeline of gene expression in
cones (Capowski et al., 2019; Cowan et al., 2020; Welby et al., 2017). According to recent
single cell RNA sequencing studies, the developmental timeline in ROs closely matches
that of human retina in vivo (Cowan et al., 2020). For instance, gene expression profiles
and neuronal diversity of a 38-week RO mimics that of a newborn human retina (Cowan et
al., 2020). Our evaluations of RO cone function over time suggests that the onset of cone
phototransduction occurs at late fetal stages of primate retinal development with a steady
increase in sensitivity into the early postnatal stages of retinal maturation. This timeline
could contribute to the differences in cone function we observe between ROs and adult
primate foveal retina, while the decline in RO cone sensitivity at >d300 in vitro may reflect
innate limitations in the functional longevity of the RO culture system.

In summary, RO cone photoreceptors exhibited intrinsic light sensitivity at physiological
light levels and mimicked several features of primate foveal cone light responses. This work
not only provides support for ROs as unique and important sources of functional human
cone photoreceptors for use in stem cell transplantation therapies, but also greatly extends
the value of ROs as model systems to probe cone photoreceptor dysfunction in a wide

range of retinal degenerative diseases including macular degeneration. Finally, our findings
highlight key areas of variability in cone function and maturation that can be targeted in
future studies to further improve the /n vitroand in vivo utility of ROs.

Limitations of the study

A limitation of hPSC-derived ROs is the absence of a uniform RPE layer (Capowski et
al., 2019) adjacent to the photoreceptor layer. There are often small patches of ectopic
RPE present on ROs (Figure S1B), but they are inconsistent in size and not uniform. Lack
of a well-defined RPE could contribute to the relatively disorganized cone outer segment
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morphology in ROs. Thus, further efforts to improve RO technology are needed to promote
proper outer segment disk formation and greater uniformity of cone maturation. Another
limitation is the lack of light-evoked function in RO rods, which might be dependent on the
absence of a juxtaposed RPE. Given that it is extremely difficult to obtain human foveal
tissue for physiology, and human and macaque retina bear a close resemblance, we have
utilized cone recordings from intact macaque fovea as a comparison for light responses
with those in ROs. Finally, even though the cone to rod density of our ROs mimic that of
human parafovea, RO cones lack morphological specializations found in foveal cones, such
as elongated inner segments and axons (Hoang et al., 2002; Hsu et al., 1998).

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to the Lead Contact, Raunak Sinha (raunak.sinha@wisc.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—The datasets supporting the current study are available from
the Lead Contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human pluripotent stem cell culture and generation of retinal organoids—
Retinal organoids were generated from 4 previously characterized hPSC lines (2429, 1013,
1581 and WAQ9: table S1; Capowski et al. 2019). Pluripotent stem cells were maintained

on Matrigel (WiCell) in mTeSR+ (Stem Cell Technologies) and passaged with ReLeSR
(Stem Cell Technologies). To generate retinal organoids, embryoid bodies (EB) were lifted
by incubating pluripotent stem cells with 0.7 ml ReLeSR per well at 37°C for 3-5 min on
day 0 (d0). EBs were collected in mTeSR+ and incubated overnight with ROCK inhibitor
Y-27632 (R&D systems) at a final concentration of 10 uM. From d2-d4, EBs were gradually
weaned into Neural Induction Media (NIM: DMEM: F12 1:1, 1% N2 supplement, 1x MEM
nonessential amino acids (MEM NEAA), 1x GlutaMAX and 2 pg/ml heparin (Sigma)) and
on d6, BMP4 (R&D Systems) was added to a final concentration of 1.5nM. EBs were plated
at a density of 200 EBs per well on Matrigel-coated 6 well plates on d7 followed by %2
media changes on d9, d12 and d15. On d16, NIM was replaced with Retinal Differentiation
Media (RDM: DMEM: F12 3:1, 2% B27 supplement, MEM NEAA, 1X antibiotic, anti-
mycotic and 1x GlutaMAX) and plates were fed 3X per week until d25-30 when retinal
organoids formed and could be detached from the plate and collected in 3D-RDM (RDM
with 5% FBS, 100 uM taurine (Sigma) and 1:1000 chemically defined lipid supplement
(Thermo Fisher) added) in polyHEMA (Sigma)-coated T25 flasks (50 organoids per flask).
Organoids were maintained for over 300 days with 2x per week %2 media changes with
3D-RDM. For light-evoked electrical recordings, individual organoids were transferred to a
poly-HEMA coated well of a 4 well plate which was wrapped in aluminum foil and replaced
in the incubator overnight to dark adapt. Overall, we have used 23 organoids in this study
across different timepoints of development (Table S1).
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Primate Retina—Primate tissue was obtained from Wisconsin National Primate Research
Center and all use of primate tissue was in accordance with the University of Wisconsin
Institutional Animal Care and Use Committee. Recordings were made from retinae from
adult Macaca fascicularis and Macaca mulatta of both sexes.

METHOD DETAILS

Organoid immunocytochemistry—For immunocytochemistry, organoids were fixed in
4% paraformaldehyde (Electron Microscopy Sciences) for 40 min at room temperature,
washed with PBS, cryopreserved in 30% sucrose, and sectioned on a cryostat. 15 um
sections were collected on Superfrost Plus slides (Electron Microscopy services), blocked
for 1 hr at RT in 10% normal donkey serum, 5% BSA, and 0.5% Triton, then incubated
overnight at 4°C with primary antibodies diluted in block. Primary antibodies, sources

and dilutions are listed in key resources table. Slides were incubated with species-specific
fluorophore-conjugated secondary antibodies diluted 1:500 in block, for 30 minutes in the
dark at RT (donkey anti-mouse Alexa Fluor 488, donkey anti-rabbit AF546 and donkey

anti goat-AF633: Thermo Fisher) and mounted with Prolong Gold antifade + DAPI to
counterstain nuclei (Thermo Fisher). Sections were imaged on a Nikon A1R-HD laser
scanning confocal microscope. For cone and rod counts, sections of the outer nuclear
layer-like region of at least 4 individual organoids per line were immunostained with NR2E3
and cone ARR3, imaged, and rods and cones from at least 6 images were counted using
Nikon Elements Analysis D software (Capowski et al., 2019; Kallman et al., 2020).

Electron microscopy—Whole organoids were fixed in 3% glutaraldehyde/1%
paraformaldehyde in 0.08M sodium cacodylate buffer overnight at 4°C with gentle rocking,
washed in 0.1M cacodylate and post fixed for 2 hrs at RT in 1% osmium tetroxide in 0.1M
sodium cacodylate. The samples were subsequently dehydrated in a graded ethanol series
followed by dehydration in propylene oxide, then embedded in Epon epoxy resin. Ultra-thin
sections were cut with a Leica EM UC6 Ultramicrotome and collected on pioloform-coated
1 hole slot grids (Ted Pella Inc, cat # 19244). Sections were contrasted with Reynolds

lead citrate and 8% uranyl acetate in 50% EtOH. Ultrathin sections were visualized with a
Philips CM120 electron microscope and images were captured with an AMT BioSprint side
mounted digital camera using AMT Capture Engine software.

Tissue Preparation and Electrophysiology—Single-cell electrical recordings were
performed in the primate fovea (<1 mm from foveal center) according to previously
described methods (Baudin et al., 2019; Sinha et al., 2017). For all recordings, the retina
was dark adapted for at least one hour in warm oxygenated Ames medium (~32-34°C).
Then, a piece of retina containing the foveal pit was isolated from the choroid and pigment
epithelium and mounted flat, photoreceptor side up on a poly-lysine-coated coverslip in a
recording chamber. The retina was constantly perfused with warmed and oxygenated (5%
CO, 1 95% O,) Ames solution. After identifying the foveal pit in the retina, recordings were
made from the inner segments of cones that were within Imm of the pit. For some cone
recordings, the tissue was treated with DNase (concentration, 2 mins) to make the cone inner
segments more accessible. Electrical recordings from RO cones were made following the
same approach as macaque foveal cones. For all recordings, the ROs were dark adapted
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overnight and then transferred to warm (~32°C), oxygenated Ames solution for an hour
before mounting on a poly-lysine-coated coverslip in a recording chamber. The RO was
constantly perfused with warmed (~32°C) and oxygenated Ames solution. Recordings were
made from cones that had an outer segment.

Photoreceptors were visualized for patch-clamp recordings using infrared light (>900 nm;
Figure S1C). Woltage-clamp recordings from cones were made with glass pipettes (~10—

15 MQ) filled with an intracellular solution containing (in mM) 133 potassium aspartate,

10 KCI, 10 HEPES, 1 MgCl,, 4 ATP, 0.5 GTP, pH ~7.3, ~280 mOsm (Baudin et al.,

2019; Sinha et al., 2017). Data was low pass filtered at 3 kHz, digitized at 10 kHz and
acquired using a Multiclamp 700B software with Symphony Data Acquisition software,

an open source, MATLAB based electrophysiology software. To isolate the HCN-mediated
current, ImM CsClI (Sigma-Aldrich) diluted in oxygenated Ames solution was applied in the
perfusion for 1.5-2 minutes. For recovery, cells were washed with Ames solution for at least
3—-4 minutes before making measurements. The HCN-channel specific blocker, ZD7288
(Sigma-Aldrich), was applied at a concentration of 0.1 mM. Voltage-clamp recordings were
performed to measure the passive membrane properties (Figure 3). Cells were presented
voltage steps from —80 to —10 mV, in increasing steps of 10 mV from a holding membrane
potential of —60 mV. Membrane potentials reported in this study have not been corrected for
the liquid junction potential.

Light stimulation—Computer driven LEDs with peak wavelengths of 410 nm, 505 nm
and 650 nm were used to deliver full-field light spot of 500 pm in diameter and focused on
the photoreceptor layer through the optics of the microscope. All stimulus protocols were
generated using custom written MATLAB-based extensions of Symphony Data Acquisition
Software and delivered at 10 kHz. Photon densities were calibrated using estimations of
primate opsin photoisomerizations (R*) per photoreceptor from measured LED spectra, cone
opsin spectra (Baylor et al., 1987) and a cone collecting area of 0.37 pm?2. (Schnapf et al.,
1990). At the beginning of each cone recording (Figure 1 B—F), brief light flashes from
each of the three LEDs were presented sequentially to determine the cone spectral type.
The recordings were made in current clamp configuration to measure membrane voltages
to a range of light stimuli from complete darkness and/or with background luminance as
mentioned in Figures. 1-2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell selection criteria—For primate cone recordings, cells for data collection were
chosen based on the amplitude of their typing flash responses. For current clamp recordings,
cones having a typing flash response >6 mV were selected. These assumptions were based
on criteria discussed and used in previous studies (Baudin et al., 2019; Sinha et al., 2017).
These criteria help us streamline cells whose responses represent primate foveal cone
responses in vivo. We also restricted our recording time to 5 mins post breaking into the

cell to prevent washout of intracellular components, which affects quality of responses.
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Analysis—All data were analyzed with custom-written MATLAB and Igor Pro analysis
routines. In Figure 1H, voltage responses to flashes of different strengths of individual and
average across all hPSC cones were fit with a straight line (R > 0.9).

We used the unpaired t-test for all the statistical analysis. Error bars indicate SEM. The
significance threshold was placed at a. = 0.05 (n.s., p > 0.05; *, p < 0.05; **, p < 0.01; ***, p
<0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. Cone photoreceptors in stage 3 human ROs exhibit robust light-evoked
responses
. Light responses of RO and foveal cones share similarities in sensitivity and
kinetics
. Cones in ROs exhibit complex electrical properties akin to that in adult
primate fovea
. Stage 3 RO cones are most light-sensitive at the latest time points of

maturation
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Figure 1: Comparison of light responses from RO cones and primate foveal cones
(A) RO cones labeled for components of the phototransduction machinery. Red, M/L opsin

(i); green, CNGBS3 (ii); violet, ARRS3 (iii); merged (iv). Scale bars: 10 um.

(B) Exemplar traces showing responses to a 10-ms typing flash stimulus. (i—iv). Henceforth,
for all figures, the time point of the light stimulus is denoted by the vertical line above the
response traces.

(C) Exemplar response to typing flash stimuli of a macaque foveal cone (M-cone).

(D) Bar plot showing the number of cones that responded to the typing light flash
(responders; n = 36) versus those that did not (nonresponders; n = 71).

(E) Comparison of peak amplitude of cone voltage responses to typing flash stimulus in RO
cones (black) and macaque foveal cones (magenta) (fovea: 9.37 + 0.56 mV, n = 14; RO: 2.51
+0.45mV, n = 27; p value = 2.4 x 10711),
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(F) Voltage responses to the typing flash were slower for RO cones than for macaque foveal
cones (foveal cones: 62.2 + 2.77 ms, n = 14; RO cones: 127.57 £ 9.69 ms, n = 27; p value =
0.00002).

(Gi and Gii) Examples of voltage responses of dark-adapted RO cones to 10-ms flashes of
increasing light intensities eliciting 200, 1,000, and 2,500 cone opsin photoisomerizations
(R*)/cone/flash.

(H) Exemplar voltage responses of a dark-adapted macaque foveal cone to 10 ms flashes of
light intensities of 25, 75, and 150 R*/cone/flash.

(I) RO cone responses did not saturate for flash intensities tested. Response amplitude
increased linearly over three orders of magnitude of light flash intensities (black, average
response across multiple RO cones; colored traces, response for individual cones). Values in
all figures represent mean + SEM.
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Figure 2: RO cones respond over a wide range of mean luminance.
(A, B) Exemplar voltage responses to 10 ms 200% contrast flashes at varying background

luminance. (A) Exemplar voltage responses by a RO cone to a 10 ms 200% contrast flash at
10000, 20000 or 40000 R*/cone/s background light-levels (B). Exemplar voltage responses
by a primate foveal cone to a 10 ms 200% contrast flash at 1000, 5000 or 10000 R*/cone/s
background light-levels. (C-E) Characterization of the average response of multiple foveal
and RO cones to a 10 ms 200% contrast flash at a background of 5000 R*/cone/s. (C)

Time to peak for primate foveal cones (34.8 + 1.73 ms, n=7) and RO cones (203.8 £ 21.1
ms, n=15). Response decay time as in (C) for foveal cones (20.7 £ 1 ms, n=7) and RO
cones (88.5 £ 8.4 ms, n=15). (E) Full width at half maxima as in (C) for foveal cones

(47.7 £ 1.8 ms, n=7) and RO cones (229.5 £ 20.5 ms, n=15). (F) Gain decreases with

Cell Stem Cell. Author manuscript; available in PMC 2023 March 03.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saha et al.

Page 22

increase in background luminance in individual RO cones (colored lines). Bar graph shows
the average gain and the distribution of gain values at a given background luminance across
RO cones. (G) Time to peak decreases for individual RO cones over increasing background
luminance (colored lines). Bar graph represents the average time to peak and the distribution
of times to peak at a given background luminance across RO cones. (H) Gain at the brightest
background was normalized by gain at the lowest background luminance for each cell

and showed a 50% reduction. (1) Time to peak of the cone light response at the brightest
background was normalized by time to peak at the lowest background luminance for each
cell and showed a significant increase. (J) Normalized average responses across five RO
(black) and foveal (magenta) cones to a 10ms 300% contrast light flash at a background
luminance of 5000R*/cone/sec. (K) Average responses shown in panel J superimposed with
the time to peak normalized to one.
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Figure 3: Comparison of passive membrane properties of RO cones and primate foveal cones.
(A, B) Voltage steps (top) and resulting exemplar current responses (bottom) for RO cones

(black, A) or macaque foveal cones (magenta, B). (C) Current voltage curve at plateau
amplitude for RO cones (black, n=15) or primate foveal cones (magenta, n=9). (D-F) Whole
cell voltage clamp recording from an individual RO cone, showing leak-subtracted HCN
currents (bottom traces) in response to four hyperpolarization steps (top traces) from a
holding potential of =50 mV (10 mV increase per step). (D) response before drug treatment
(E) after application of 1 mM CsCI. (F) Response after wash-out of 1 mM CsCI. (G) Current
voltage curve at plateau amplitude for (D-F). (H) Average measured membrane capacitance
of RO cones (37.9 + 4.6 pF, n=15) or macaque foveal cones (38.1 + 3.8 pF, n=7). (I) Average
measured membrane time constant for RO cones (1.62 + 0.1 s, n=14) or primate foveal
cones (1.1 £ 0.1 s, n=8). (J) Measured average input resistance for RO cones (35.1 £ 2.1
MQ, n=10) or primate foveal cones (30.9 £ 2 MQ, n=8). (K) Average measured resting
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membrane potential for RO cones (—34 + 2.8 mV, n=19) or primate foveal cones (-51.5 +
2.7 mV, n=9).
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Figure 4: Comparison of light evoked responses and passive membrane properties of RO cones

across different developmental timepoints.

(A) Fraction of responders versus nonresponders in stage 3 RO cones from WAQ9 organoids

cultured for increasing amounts of time.

(B) Comparison of peak amplitude of RO cone voltage responses to a brief flash of light
(~500,000 R*/cone/s) across time points (d200-d210: 3.02 + 0.69 mV, n = 10; d220-d230:
2.13 +0.33 mV, n = 6; d230-d240: 1.95 + 0.45 mV, n = 12; d250-d260: 5.97 + 1.20 mV,

n = 10; d300-d310: 0.42 £ 0.17 mV, n = 3). RO cones at d250-d260 had the maximum

sensitivity to the light flash.

(C) Time to peak is consistent for RO cone voltage responses to a brief flash of light
(~500,000 R*/cone/s) across developmental time points (d200-d210: 112.35 + 8.69 ms, n
=10; d220-d230: 144.58 + 7.68 ms, n = 6; d230-d240: 133.79 £ 12.09 ms, n = 12; d250-
d260: 139.33 + 12.96 ms, n = 10; d300-d310: 116.30 + 24.21 ms, n = 3).
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(D) Comparison of current-voltage (I-V) curves for responder and nonresponder RO cones
at different developmental time points. RO cones at later stages of development (>d230) had
greater hyperpolarization-activated currents.

(E) RO cones at d230-d260 of development had maximal ion conductance at
hyperpolarizing membrane potentials (=100 mV, liquid junction potential corrected) (d170:
2.83 +£0.39 nS, n = 4; d200-d210: 2.89 £ 0.05 nS, n = 19; d220-d230: 2.04 £ 0.18 nS, n =
15; d230-d260: 2.81 + 0.18 nS, n = 20; d300-d310: 2.90 £+ 0.25 nS, n = 10) (d170 vs d230-
260, p value = 0.015; d200-210 vs d230-260, p value = 0.045; d220-230 vs d230-260, p
value = 0.007; d300-310 vs d230-260, p value = 0.079).

(F) Resting membrane potential of responder versus nonresponder RO cones at different
time points of development. Apart from d250-d260 time point of development, there was
no significant difference between responders and nonresponders at any other time points.
Responder RO cones at d230-d240 were also significantly depolarized compared with their
counterparts at other time points (d200-210, p value = 0.69; d220-230, p value = 0.07;
d230-240, p value = 0.15; d250-260, p value = 0.0015; d300-310, p value = 0.89).
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Key resources table:

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

ARR3 Novus RRID:AB_2060085
CNGB3 Santa Cruz RRID: AB_2895311
ML Opsin Millipore RRID: AB_177456
NR2E3 Abcam RRID: AB_776860
Normal Donkey Serum Millipore $30-100

Bovine Serum Albumin Sigma-Aldrich A7906-100G

Triton Sigma-Aldrich X100-100
Anti-Mouse Alexa Fluor 488 ThermoFisher Scientific A21202
Anti-Rabbit Alexa Fluor 546 ThermoFisher Scientific 2128963

Anti-Goat Alexa Fluor 633 ThermoFisher Scientific A21082

Prolong Gold antifade + DAPI ThermoFisher Scientific P36931

Biological samples

Macaque retina Wisconsin National Primate Center

Chemicals, peptides, and recombinant proteins

Ames Sigma 1420
Deoxyribonuclease A Sigma D4527

ZD7288 hydrate Sigma Aldrich z3777

CsCl Sigma Aldrich C4036
Glutaraldehyde 8% Electron Microscopy Sciences 16019
Paraformaldehyde Electron Microscopy Sciences 15710

Sodium Cacodylate Electron Microscopy Sciences 11650

rhBMP-4 R&D Systems 314-BP

Chemically Defined Lipid Supplement ThermoFisher Scientific 11905031
Poly(2-hydroxyethyl methacrylate): PolyHEMA | Sigma-Aldrich P3932-25G
ReLeSR Stem Cell Technologies 05872

ROCK inhibitor Y-27632 R&D Systems 1254

Pioloform powder Ted Pella Inc. 19244
Experimental models: Cell lines

WA09 WiCell RRID:CVCL_9773
1581 Capowski et al. 2019 RRID:CVCL_B3UV
1013 Capowski et al. 2019 RRID:CVCL_B3UR
2429 RRID:CVCL_2769

Software and algorithms

IGOR Pro

WaveMetrics

https://www.wavemetrics.com/
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REAGENT or RESOURCE SOURCE IDENTIFIER
MATLAB Mathworks https://ch.mathworks.com/products/matlab
Symphony Symphony-DAS https://github.com/symphony-das
ImageJ NIH https://imagej.nih.gov/ij/
Other

Superfrost Plus Slides

Electron Microscopy Sciences

12-550-15
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