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Purrose. Photoreceptor precursor cells (PRPs) differentiated from human embryonic
stem cells can serve as a source for cell replacement therapy aimed at vision restora-
tion in patients suffering from degenerative diseases of the outer retina, such as retinitis
pigmentosa and AMD. In this work, we studied the electrophysiologic maturation of PRPs
throughout the differentiation process.

Mernops. Human embryonic stem cells were differentiated into PRPs and whole-cell
recordings were performed for electrophysiologic characterization at days 0, 30, 60, and
90 along with quantitative PCR analysis to characterize the expression level of various
ion channels, which shape the electrophysiologic response. Finally, to characterize the
electrically induced calcium currents, we employed calcium imaging (rhod4) to visualize
intracellular calcium dynamics in response to electrical activation.

Resurrs. Our results revealed an early and steady presence (approximately 100% of
responsive cells) of the delayed potassium rectifier current. In contrast, the percent-
age of cells exhibiting voltage-gated sodium currents increased with maturation (from
0% to almost 90% of responsive cells at 90 days). Moreover, calcium imaging revealed
the presence of voltage-gated calcium currents, which play a major role in vision forma-
tion. These results were further supported by quantitative PCR analysis, which revealed
a significant and continuous (3- to 50-fold) increase in the expression of various voltage-
gated channels concomitantly with the increase in the expression of the photoreceptor
marker CRX.

Concrusions. These results can shed light on the electrophysiologic maturation of neurons
in general and PRP in particular and can form the basis for devising and optimizing cell
replacement-based vision restoration strategies.

Keywords: photoreceptor precursors, stem cells, cell replacement therapy, voltage sensi-
tive ion channels

D egenerative diseases of the outer retina, such as retini-
tis pigmentosa (RP) and AMD are a leading cause of
blindness in the Western world.! They are characterized by
the loss of the sensory cells of the retina, the photorecep-
tors, whereas the inner layers relaying the signals to the
brain are left relatively intact.>> Photoreceptor transplan-
tation offers a promising strategy for vision restoration in
patients suffering from these diseases.? Differentiation of
human embryonic stem cells (hESCs) and induced pluripo-
tent stem cells into retinal cells present an expandable
and renewable source of cells for transplantation. However,
varying degrees of success have been reported of differ-
entiation toward photoreceptors and photoreceptor precur-
sors (PRPs), as well as varying degrees of survival of the
transplanted cells in animal models.”"® The development of
photoreceptors and other retinal cell types from ESC has
been extensively studied in an effort to mimic the natural
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differentiation of photoreceptors.!*~1? Some studies focused
on exploring the sequential development of the phototrans-
duction machinery, by measuring the continuously increas-
ing expression of various phototransduction-related proteins
(e.g., rhodopsin, recoverin, and phosphodiesterase).%10-13:14
Other studies focused on investigating the structural integra-
tion and synaptic formation of the transplanted cells with
the host retina,'> which is a challenge in the degenerated
retina.* Recent reports have shown that the majority of the
presumed synaptic formations are actually manifestations of
cellular material transfer.'%17

Notwithstanding the extensive research on the grad-
uval functional maturation of the differentiating photore-
ceptors and specifically light-sensitivity function maturation
and anatomic integration in the host retina, little is known
about the electrophysiologic maturation of the developing
cells throughout the maturation process. The relatively few
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available reports on the electrophysiology of stem cells
specifically differentiated to PR or PRP®'%18-20 were
performed at a relatively late stage of the differentiation
process with the aim of demonstrating the resemblance
between electrophysiologic responses observed in differen-
tiated cells and mature photoreceptors. One report studying
early developing retinal neurons?! focused on spiking retinal
ganglion cell-like cells, whereas presumptively nonspiking
cells were not studied.

The aim of the present study was to thoroughly character-
ize the electrophysiologic properties of cells differentiated
from hESC toward PRP, at various time points throughout
the differentiation process and to simultaneously investigate
the expression and functional maturation of the various ion
channels.

In this study, we differentiated hESC into PRPs follow-
ing a protocol recently optimized by our group.?? We patch
clamped the cells at days 0 (hESC), 30, 60, and 90 and
performed an electrophysiologic characterization of the
cells. As an additional measure of characterizing the differ-
entiated cells, we investigated the expression level of vari-
ous voltage-gated ion channels throughout the differentia-
tion process using quantitative PCR analysis. We observed
that derived PRPs present both voltage-sensitive Na' and
K*' currents as early as 30 days and that the percentage
of cells presenting inward voltage-sensitive sodium currents
increases throughout the maturation process, in parallel with
the increase in the expression of Crx, a specific PRP marker.
The electrophysiology results were in agreement with the
dynamics of the expression level of the various ion chan-
nels. Our results shed light on the functional properties of a
developing PRP and may aid in optimizing cell replacement-
based vision restoration strategies.

METHODS
Human ESC Culture

Human ESC (US National Stem Cell Bank [WA09]) were
grown on mitomycin-C inactivated STO cells (a murine line
derived from embryonic fibroblasts)*® in NutriStem hPSC
XF Culture Medium (Biological Industries, Beit HaEmek,
Israel, 05-100-1A), supplemented with 0.5% penicillin, strep-
tomycin, and amphotericin (Biological Industries, 03-033-
1B). The medium was replaced every other day, and the cells
were passaged once a week.

PRP Differentiation Protocol

To induce PRP differentiation, we used a protocol recently
optimized by our group showing about 80% yield in
generating PRP expressing the Crx?? transcription factor.
Briefly, agarose microwells were prepared using MicroTis-
sues 3D Petri Dish micro-mold (Sigma-Aldrich, Rehovet,
Israel, Z764051) following the manufacturer’s instructions.
The hESCs were detached using 0.05% trypsin (Biological
Industries, 03-053-1B) and seeded in agarose microwells
(9000 cells per well) in a differentiation medium contain-
ing GMEM (Gibco, Grand Isle, NY, 11710035) supplemented
with 20% knockout serum replacement (Gibco, 10828028),
0.1 mM, nonessential amino acids (Biological Indus-
tries, 01-340-1B), 1 mM pyruvate (Biological Industries,

03-042-1B), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich,
M7522), and 1% penicillin-streptomycin-amphotericin B
solution. Next, 20 mM Y-27632 (TOCRIS, Bristol, UK, 1254),

IOVS | September 2020 | Vol. 61 | No. 11 | Article 44 | 2

and 3 mM IWR1le (TOCRIS, 3532) were added up to day
12 and 0.1% Matrigel (GFR, BD Biosciences, San Jose, CA,
FAL354230) was added from day 2. From day 12, 10%
fetal bovine serum (Biological Industries, 04-127-1A) was
added. From day 15 onward, 3 pM CHIR99021 (TOCRIS,
4423/10), and 100 nM SAG (TOCRIS, 4366) were added
to the medium. From day 30 onward, additional growth
factors were added to the medium to enhance differenti-
ation: retinoic acid 0.5 mM (Sigma Aldrich Israel, R2625),
Activin A 10 ng/mL (PeproTech, 120-14E-10), Triiodothyro-
nine(T3) 40 pg/mL (Sigma Aldrich Israel, T2877) and Taurine
20 mM (Sigma Aldrich, Israel, T0625).

To validate the successful generation of PRP in the
current set of experiments we performed FACS analysis to
quantify Crx expression, which verified the high yield of the
differentiation protocol (up to 95% Crx; see Supplementary
Figure 1A, B)

Quantitative PCR Analysis

To investigate the time dynamics of the expression levels
of various membranal channels throughout the matura-
tion process, RNA was extracted from PRP cells at 3 time
points during the differentiation from hESC: 30, 60, and 90
days and from undifferentiated hESC (H9) using the Gene
Elute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich,
Israel, RTN70) according to the manufacturer’s instructions.
RT-PCR was performed on RNA extracted from the cells
,which was synthesized to cDNA using MLV reverse tran-
scriptase, (Promega, Madison, WI, M1701). Quantitative PCR
analysis was then performed using PerfeCTa SYBR Green
FastMix (Quantabio, Beverly, MA, 95074-250). Here we
focused on investigating the gene expression of a number
of ion channels known to be expressed in mature photore-
ceptors, namely, NaV1.2 (SCN2A), Kv2.1 (KCNB1), Kv8.2
(KCNV2), CaV1.3 (CACNA1D), CaV1l.4 (CACNA1F) plasma
membrane Ca®>" ATPase, and hyperpolarization-activated
cyclic nucleotide-gated channel 1 (HCND).

The increase in the expression level of the gene of inter-
est was compared to glyceraldehyde 3-phosphate dehydro-
genase and normalized to the expression level of undifferen-
tiated cells (hECs). The corresponding primers of the genes
of interest are listed in the Table.

Electrophysiologic Recording

Undifferentiated hESC and 30-, 60-, and 90-day-old PRP were
seeded on matrigel-coated coverslips. The coverslips were
incubated at 37°C and were allowed a recovery period of
at least 2 days before being transferred to the recording
chamber of an upright microscope (Slicescope 6000 Scien-
tifica, Uckfield, UK) for patch clamp recording. The cham-
ber contained an extracellular solution consisting of: NaCl
(119 mM); KCl (2.5 mM); MgCI2 (2 mM); HEPES (25 mM);
CaCl2, (2 mM); and D-glucose (30 mM). A glass capillary
(WPI 1.2 mm outer diameter/0.9 mm inner diameter), into
which a silver wire (A-M-Systems Bare silver wire 0.010”)
was inserted, was pulled (PC-10, Narishige, Tokyo, Japan) to
an impedance range of 4 to 8 MQ2 and filled with an intracel-
lular solution consisting of: K gluconate (125 mM); KCl (20
mM); HEPES (10 mM); MgATP (4 mM); phosphocreatine (10
mM); EGTA (0.5 mM); and GTP (0.3 mM). The whole cell
configuration of the patch-clamp technique was employed
to investigate the various current components, with this
work focusing on voltage-sensitive sodium and potassium
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TaBLe. Primers used in Quantitative PCR Analysis of PRP Differentiation from hESC

Gene Forward Primer Reverse Primer
GAPDH CACATGGCCTCCAAGGAGTAA TGAGGGTCTCTCTCTTCCTCTTGT
KCNV2 CTACCAGCTGGACTACTGCG CACCCCGGACAGGTAGAAAT
KCNB1 ATAAGGTTGAGCCACCTGCC GTTGCTGCGCGAATACTCTG
SCN2A TCCCAGCAGCATGACTATCAC ACCAAGAGCAGAAGATGGCTA
HCN1 CACCAGATTGCTGGGTGTCT ACTGGATTAAAGCGGTGGCA
CACNAIF CTTCCGCAACCATATTCTGGG ACCACCAGCAGATCCAACAT
CACNAID CAGCGAAGCAGACCCAACT ATACGGGAGCGCCTGAAAG
TMEM16B CGCTGGCTATCGTCTCCAAT TGCTTTGATCTCGTACATCTCT
PMCA TCAGCCTCCAGAAGGGGATAA ATGACCTGACCACCCCTGAT
CRX AGAGGGCAGGGAGCCAAATC GCCAGTGTGTGGGGAAGAGG

GADPH, glyceraldehyde 3-phosphate dehydrogenase; pMCA, plasma membrane Ca?t ATPase.

currents. The cell was held at -60 mV and voltage steps rang-
ing from -120 mV to 70 mV with a step size of 10 mV and
200 msec width were applied. To ensure the validity of the
results, the cells were randomly chosen, with the following
features in common: a soma which encompasses a volume
(rendering the cell easily patched) and a morphology resem-
bling that of a differentiated cell (with a soma and presumed
neural processes, similar to those reported for PRPs in the
study of Meyer et al'* 2011).

The observed electrophysiologic signals were amplified
(x1) and low pass filtered (Bessel 10 kHz) (multiclamp
700 b AXON), sampled at 10 kHz and saved (Digidata, Axon).

To isolate the contribution of the voltage-gated potas-
sium channels, tetraethylammonium (TEA), a potent blocker
of delayed rectifier potassium currents, was added to the
recording chamber at a final concentration of 30 mM. To
isolate the contribution of the voltage-gated sodium chan-
nels, tetrodotoxin (TTX), an antagonist of the voltage-gated
sodium channel, was added to the recoding chamber at a
final concentration of 4 pM.

Investigation of Calcium Currents

To investigate the maturation of the calcium currents, we
used the red-shifted calcium indicator Rhod4 (ab112157
Abcam, Cambridge, UK) to avoid overlap with the GFP
already expressed in our cells. Toward this end, the dye was
prepared following the manufacturer’s instructions and the
cells were then incubated in 125 pL of the prepared dye
in a 0.5 mL medium for 35 minutes. To stimulate the cells,
biphasic 1-msec pulses of either 5 pA or 10 pA (Isolated
Pulse Stimulator Model 2100-, A-M Systems, Carlsborg, WA)
were applied using an external pipette (filled with the intra-
cellular solution described elsewhere in this article) brought
to the vicinity of the cell.

The fluorescence signals were visualized using the above-
described microscope equipped with a CCD camera (EXI-
Blue, QImaging, Moravskoslezsky, Czech Republic) at 10 Hz.
The change in the fluorescence signal from baseline (as an
indicator of the change in calcium) was calculated using a
customized written software (see details in Supplementary
Materials).

In addition to the externally injected currents, calcium
dynamics were also investigated throughout the matura-
tion process under the voltage clamp configuration and by
intracellularly applying depolarizing steps, where the cell
was held at -60 mV with voltage steps in 10 mV intervals
starting at 0 mV

Experimental Design and Statistical Analyses

All offline analyses were performed using MATLAB R2016a
(MathWorks, Natick, MA) and Bio-Rad CFX Manager 3.1.
Each patch clamp recording group consisted of either 14 to
22 cells or at least 4 cells without and with blockers respec-
tively. Quantitative PCR analysis consisted of three repeti-
tions for each gene of interest.

Calcium signal changes were calculated by subtracting
the value of each pixel in each acquired image frame from
an average frame in which no stimulus was present and then
dividing by this average frame (on a pixel-by-pixel basis).
The average change in fluorescence signal for a cell of inter-
est is then calculated by averaging over the corresponding
pixels.

Statistical significance was determined using either
paired two-tailed #-test or multivariate ANOVA analysis
provided by the MATLAB statistics toolbox.

RESULTS

Quantitative PCR Investigation of Ion Channel
Expression Dynamics

In this study, we focused on a number of ion channels
and pumps, which are known to be expressed in mature
photoreceptors, namely, the voltage-gated sodium channel
NaV1.2 (SCN2A); two subunits of the voltage-gated potas-
sium channel—Kv2.1 (KCNB1) and Kv8.2 (KCNV2); subunits
of the voltage-gated calcium channels CaV1.3 (CACNA1D)
and CaV1.4 (CACNAI1F); the plasma membrane Ca’* ATPase;
and the HCN1. In addition to the various ion channels, which
shape the electrophysiologic response, we evaluated the
expression of the cone-rod homeobox protein (Crx), which
is a marker of developing photoreceptors precursors, to vali-
date the cell type of the obtained differentiated cells.

Our results reveal a stable and significant increase in the
expression of the Crx marker, up to 30-fold when compar-
ing day 90 differentiated cells to undifferentiated hESCs
throughout the maturation process (Multivariate ANOVA
P < .005) (Fig. 1a). The results verify the differentiation of
hESC into PRPs, similarly to our previous report,?> where
around 80% of the cells differentiated into PRP by day 24.

A similar significant increase (multivariate ANOVA
P < .005) was observed in the expression level of the
voltage-gated sodium channel (SCN2A), which reached a 60-
fold increase at day 90 (Fig. 1b). Similarly, a mild but statis-
tically significant increase (multivariate ANOVA P < .05) in
the expression level of the voltage-gated potassium subunit
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Kv2.1 (KCNB1) was found (Fig. 1¢), whereas a steady expres-
sion of the subunit Kv8.2 (KCNV2), which is known to inhibit
the potassium channel Kv2,242° was observed throughout
the differentiation process (Fig. 1d).

A significant 11-fold elevation (multivariate ANOVA,
P < .05) was also observed in the expression level of
the voltage-gated calcium channel (CACNA1D) (Fig. le),
which plays an important role in the synaptic signaling of
the mature photoreceptor, and a steady expression in the
subunit CACNAI1F (Fig. 1f) was observed. An elevation in
the expression level of the plasma membrane Ca*"ATPase
calcium pump (Fig. 1g), which is responsible for calcium
extrusion in photoreceptors, was also found (multivariate
ANOVA P < .005). Finally, the expression of HCN1 was
relatively constant throughout the differentiation process
(Fig. 1h).

Electrophysiologic Characterization of
Differentiating PRP

Outward Voltage Current Curve. As described in
the Methods section, voltage-clamp recordings were used
to investigate the contribution of the main voltage-gated
ion channels to the membranal current. Representative
current curves for the various differentiation time groups
are presented in Figs. 2a—d.

The outward positive current, taken as the plateau of the
measured current for the specific voltage step, was plot-
ted as a function of the membrane voltage step, revealing
a steady increase in the current amplitude with an activa-
tion threshold of approximately —20 mV (Fig. 2e). Moreover,
the maximal current increased throughout the differentia-
tion process, with the current at 60 mV being approximately
2.5-fold higher at 90 days differentiated cells, compared

with the hESC (P < .001). Multivariate ANOVA revealed that
the obtained overall outward currents significantly increased
throughout the maturation process (F = 30.96, P < .001).

Delayed Rectifier Potassium Currents. To obtain
the delayed rectifier potassium currents, a major compo-
nent of the voltage-gated ion currents in the photorecep-
tor,?’ the differentiated PRPs were patched and the currents
for the previously described voltage steps were recorded
(Fig. 3a, upper trace). The channel antagonist TEA was then
added to the bath to a final concentration of 30 mM, lead-
ing to a complete abolition of the delayed rectifier potas-
sium current (Fig. 3a, lower trace). In these sets of exper-
iments, the voltage-sensitive sodium channel blocker, TTX
at a final concentration of 4 uM, was also added to fully
isolate the contribution of the specific potassium currents.
The contribution of this specific channel was then calcu-
lated by subtracting the obtained current without the block-
ers from that with the blocker. The voltage—current curve of
the delayed rectifier potassium currents (Fig. 3¢) showed an
activation potential of —20 mV, which is followed by a linear
increase in the current. Although almost all cells, including
the nondifferentiated hESCs (Fig. 3b), showed this charac-
teristic potassium current I-V curve (Fig. 3¢c), the current
amplitude gradually increased with the differentiation age
(Fig. 3d) (multivariable ANOVA, F = 31.34, P < .001). These
results are in agreement with the gradual elevation in the
expression level of the voltage-gated potassium channel
KCNB1 (Kv2.1) and the stable expression of the inhibiting
subunit KCNV2 (Kv8.2) (Figs. 1c, d).

Voltage-Sensitive Inward Current. The second
current of interest was the inward current flowing through
the voltage-gated sodium channels. This current was eval-
uated by obtaining the amplitude of the most nega-
tive peak in the voltage current trace. To validate that
these inward currents are indeed flowing through the
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70 mV). (a) hESC. (b) Thirty days, (c) 60 days, and (d) 90 days. Horizontal scale bar: 100 msec, vertical scale bar 500 pA for (A and B) and
1000 pA for (C and D), insert bright field image of a characteristic clamped cell, x40 (scale bar = 50 pm). (d) The voltage-current (V-1)
curve for a cell held at —60 mV with 20 voltage steps starting at —120 mV in increments of 10 mV at the various investigated time points.
Error bars represent SE. (e) The V-I curve, for the voltage clamp protocol described in the previous section, at the various investigated time
points throughout the maturation process. Number of cells used in these experiments are as follows: hESC n = 14; 30 days, n = 13; 60 days,

n = 22; and 90 days, n = 16.

voltage-gated sodium channels, the relevant channel antag-
onist TTX was added to a final concentration of 4 pM,
which completely abolished these currents (a representative
trace is presented in Fig. 4a). The results revealed that these
currents were not present in undifferentiated hESC but grad-
ually appeared at a relatively early stage of the maturation
process with about 50% of cells showing inward current at
day 30 and almost 100% of the cells showing the current
at day 90 (Fig. 4b). Interestingly, once inward currents are
present in cells, the maximal current amplitude was rela-
tively stable across all investigated differentiation age groups
(Fig. 4¢). The maximal obtained sodium current throughout
the maturation process is presented in Fig. 4d, demonstrat-
ing that the current amplitude increases, albeit minimally,
throughout the maturation process. This change, however,
was not statistically significant (F = 0.6, P = .55 multivari-
ate ANOVA). The gradual increase in cells presenting an
inward current is in agreement with our finding of a grad-
ual increase in the expression (Fig. 1b) of SCN2A (Na,«1.2),
the alpha subunit 2 of the voltage-sensitive sodium gate
(Na,1.2), which is found in the outer retina.?$%’

HCN-Mediated Current (Ih). In contrast to previous
studies,'* the Ih current, mediated by the HCN channels, was
not present in any of the investigated age groups. This find-
ing was in agreement with the quantitative PCR analysis, in
which no increase in the expression of HCN1 was observed
(Fig. 1H). This outcome may arise from the fact that the cells
used in the current study (up to 90 days of differentiation)
were not mature enough to exhibit this current.

Calcium Current. The last current of interest was the
calcium current. As described in the Methods section, we
investigated the calcium currents at the various time points
of interest by utilizing either external current injections or
internal voltage steps in conjunction with calcium imag-
ing (Fig. 5a). The elicited fluorescence change following
external current injections (Fig. 5b) demonstrates the robust
calcium currents upon electrical stimulation. Intracellular
voltage steps elicited similar robust calcium currents, as is
shown in Fig. 5c. Interestingly, all investigated age groups,
including hESC, exhibited this current, with the activation
threshold decreasing with maturation (multivariate ANOVA
F = 3.36, P = .027, Fig. 5d).
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are hESC, n = 3; 30 days, n = 3; 60 days, n = 4; and 90 days, n = 4.

DISCUSSION

This work presents a thorough investigation of the func-
tional electrophysiologic maturation of PRP cells, differen-
tiated from hESC, in terms of gene expression and elec-
trophysiologic activity. The relatively few available reports
on photoreceptors’ electrophysiologic maturation focused
on mature differentiated photoreceptors (e.g.,>'), aiming
to demonstrate the resemblance between electrophysio-
logic responses observed in differentiated cells and mature
photoreceptors, rather than the monitoring of the functional
maturation. Recently, Meyer et al. reported on the electro-
physiologic responses of late-stage human induced pluripo-
tent stem cell-derived photoreceptors.'® In the current
research, we report for the first time, to the best of our
knowledge, on the functional maturation of early developing
human ESC-derived PRPs in vitro.

Using our recently optimized protocol for differentiat-
ing hESC,?> we generated PRPs expressing the Crx marker,
with a relatively high yield (up to 95%) and studied their
electrophysiologic maturation throughout the differentiation
process up to 90 days. Interestingly, our electrophysiologic
investigation revealed that the outward potassium current
is observed at an early stage, with recordings from ES cells
demonstrating clear outward K currents under the voltage-
clamp protocol used for this work. The percentage of cells

presenting this current does not increase with maturation,
with almost all investigated cells exhibiting this current. This
outward current was blocked by TEA and is thus presum-
ably mediated by delayed rectifier potassium channels, simi-
lar to Meyer et al.,'* who reported on outward currents in
photoreceptor-like cells derived from optic vesicles, with
comparable measured currents (around 400 pA to 450 pA
at 40 mV). The delayed rectifier currents play a major role
in limiting membrane excitability’® and are facilitated by
a family of potassium channels Kv2,>' which are modified
(suppressed) by the KCNV2 (also known as KV11.1 or Kv8.2
subunit).?*-2° The ratio between the expression levels of
KCNB1 (Kv2.1) and KCNV2 (Kv8.2 subunit) determines the
outward potassium current in the photoreceptors®® (with
several mutations in the KCNV2 gene®*3 being associated
with cone degenerations). Thus, the gradual increase in
KCNBI1, accompanied by the constant KCNv2 expression
observed in our developing PRPs, is in line with the gradual
increase in the measured outward current. Our findings are
further supported by Homma et al.,'® who found a gradual
increase in various subunits of the K* channel during the
postnatal retinal development.

Moreover, we observed robust voltage-sensitive inward
Na® currents, which were blocked by TTX. The percent-
age of cells expressing this current gradually increased
with maturation, whereas the current amplitude was
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Ficure 4. Voltage-gated sodium current maturation currents. (a) Representative signals before (upper trace) and after (lower trace) the
addition of channel blocker (bottom) for a cell held at —60 mV and 20 voltage steps starting at —120 mV in increments of 10 mV for
a 90-day-old cell. After the addition of the voltage-gated sodium channel blocker TTX (4 pM), all inward currents diminished. (b) The
percentage of cells exhibiting the voltage-gated sodium current as a function of differentiation time throughout the maturation process. (c)
The voltage-gated sodium current V-I curve for the various investigated time points. (d) The maximal amplitude of the voltage-gated sodium
current at a voltage step of 70 mV for a cell held at —60 mV, at different age groups. Error bars represent the standard error. Number of cells
used in these experiments are: hESC, n = 14; 30 days, n = 6; 60 days, n = 15; n = 6; 90 days, n = 15).

relatively stable. Although photoreceptors are usually
considered nonspiking neurons, showing only graded
potential, which is considered better for encoding sensory
information 33> several papers reported action poten-
tials elicited in PR in response to depolarizing electric
signals.?*-3® The inward Na* current observed in our PRPs
reached a maximum of about 600 pA at —20 mV, comparable
with the current characterized by Kawai et al.>’ in mature
human photoreceptors.

Our results, showing an increase in the percentage of
cells exhibiting voltage-dependent Na® current, are also
supported by our findings of increased expression of SCN2A
(Na,1.2), the alpha subunit 2 of the voltage-sensitive
sodium gate, which was reported in mature photorecep-
tors.?®?° Copenhagen® suggested that the voltage-gated
Na+ current can boost the initial graded potential. This
finding is similar to bipolar cells, where voltage-gated
sodium channels were also presumed to mediate input both
directly or through GABAergic inhibitory cells.?**° Recently,
other voltage-gated sodium channels have been reported
in the retinal layers (e.g., Nav1.9), including the photore-
ceptors, localized mainly at the cone pedicle and the rod
spherule. These currents are presumed to contribute to the

enhancement of the response to phototransduction and to
the rapid depolarization of the pedicle during light adap-
tation and to returning the potential to the voltage range
necessary for calcium-mediated glutamate release. These
slowly deactivated channels were not studied in our present
study and their contribution to the Na® current was not
recorded because they are TTX insensitive.*!

The third current of importance, the hyperpolarization-
activated current (Ih), was not observed in our developing
cells. This was further supported by the quantitative PCR
results wherein the expression of HCN1 in our developing
cells showed minimal or no increase. Our findings are in
agreement with Homma et al.,'® who found little expression
of HCN-1 mRNA in P5 mouse retinas, but with a significant
increase during maturation to adult mouse retina. The Th
currents were reported in human photoreceptors and are
believed to be activated by and oppose the light-generated
photoreceptors’ hyperpolarization in response to bright light
stimuli. This phenomenon results in an enhancement in
temporal resolution®~#> and the prevention of visual flick-
ering by inhibiting the generation of spontaneous spikes, as
suggested by Miyachi et al..?” The fact that our PRPs did
not show Th could be explained by their relatively early
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Ficure 5. The maturation of the calcium current. (a) Florescence imaging of a 90-day-old cell culture stained with the calcium indicator
Rhod4. (b) A representative trace of the induced robust calcium change. Fluorescence signal change induced by three 5 pA, 1 msec biphasic
pulses in a 90-day cell. This trace highlights the presence of the highly essential voltage-gated calcium channel in our differentiated cell.
(©) A representative trace of the induced robust change in an intracellularly activated cell (held at —60 mV, induced through voltage steps
starting from 0 V in steps of 10 mV). Red arrow indicates stimulus onset. (d) The activation threshold as a function of differentiation day.
Results highlight the mild yet statistically significant decrease in activation threshold throughout the maturation process (P < .05). Number
of cells used in these experiments are: hESC, n = 6; 30 days, n = 13; 60 days, n = 13; 90 days, n = 16.

maturation, and the lack of a clear and mature inner segment
where the HCN channels are localized.'®*> To further eval-
uate the lh current, future studies should be performed on
more mature cells (at an extended time point beyond 90
days).

Also of interest to the current study was the evaluation
of calcium currents. Our results showed a robust increase in
the expression of the CACNA1D gene, encoding the calcium
Cavl.3 subunit.*® The Cavl.3 channels are found in the
photoreceptor’s inner segment and other photoreceptor sites
as well as in other cells of the retina. More important, Shi et
al.¥’ showed that deletion of Cav1.3 in mutant mice caused
a reduction in the density of ribbon synapses in the OPL,
suggesting that this protein is critical for the maintenance of
the ribbon synapse.

In contrast with the robust increase in Cavl.3
(CACNA1D), we observed a stable expression of CaVl.4
(CACNA1F), which codes to the alpha-1 subunit of the
voltage-gated calcium channel CaV1.4, widely found in the
human photoreceptor synaptic terminals.’->° Mutation in
this gene can cause severe loss of photoreceptor function
in various diseases, such as X-lined congenital stationary
night blindness®'~>* and cone-rod dystrophy,>® and can
affect synaptic maturation during retinal development.56->°
This channel is also important for generating the ribbon
synapse during maturation of the retina. The lack of
increased expression in this channel is in line with the fact
that the PRPs used in the current study were not mature
and obviously have not yet created a synapse. In contrast,
Homma et al.'® reported an increase in the expression
level of various voltage-sensitive Ca*" channels in naturally
developing mouse retina. Calcium response to glutamate
or depolarization by Kt solution was reported in several
publications.®'® In our study, we investigated the calcium

response using either externally applied currents or inter-
nally applied voltage steps, revealing robust calcium changes
in response to an increasing current presenting an additional
aspect of the functional maturation of the differentiated
cells.

Our results are also in agreement with studies reporting
the electrophysiologic maturation of other neurons differen-
tiated from human pluripotent cells. For example, Johnson
et al.*®° reported on neurons differentiated from hESC, which
exhibited an increase in Na* inward current and sponta-
neous activity with maturation. In contrast, similar to our
findings, the transient K* current increased, whereas the
sustained K current density decreased. Yet another report
showed that K* current increased with maturation®® where
Pré et al.%? reported that the Na* current density increase
was accompanied with a stable K™ current density through-
out maturation. Furthermore, our results are also in agree-
ment with Lepski et al.,> who reported potassium currents
recorded as early as 2 weeks in differentiation, with a grad-
ual increase in the current density throughout the neural
maturation. It is worth noting that, notwithstanding the
undifferentiated cells that may have been included in our
analysis, the high efficiency of the differentiation protocol
indicates that the clear observed correlation between the
channels gene expression dynamics and the electrophys-
iologic results could have been even more profound had
the population been purified further validating our results.
A more reliable, free of undifferentiated analysis can be
obtained using reporter-labeled hESC line in which the
GFP expression is controlled by CRX (e.g.®®). Future studies
should also estimate the dynamics of ionic channels devel-
opment using immunochemistry staining. Thus, our find-
ings, with the additional characterization of the various ionic
channel expression dynamic over the differentiation process
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can also serve as an important basis for understanding the
functional differentiation of human neurons.

Finally, notwithstanding the applicability of our findings,
it should be noted that the in vitro differentiation of hESC
into PRP is significantly slower compared with the develop-
ment of the retina during embryogenesis, where partial strat-
ification of the retina is evident at 8 weeks after conception
with photoreceptors and inner cells synapses with the outer
plexiform layer already observed.®>% Although it is known
that the fetal eye can respond to light®” at week 26, there is
lack of information regarding the functionality at the earlier
stages.

CONCLUSIONS

This study presents a thorough investigation of the biophys-
ical maturation of PRPs and sheds light on their elec-
trophysiology. In contrast with quantitative PCR, which
is a population-based characterization of cells, electro-
physiologic investigations are a single cell procedure. The
syngenetic combination of these two complementary charac-
terization modalities of developing cells leads to a better and
more complete understanding of the differentiation process.
Electrophysiologic development is known to affect cell fate®®
as well as regulating synaptic formation in developing reti-
nal neurons,” and thus may affect the integration of trans-
planted cells with a host tissue. Further understanding of
the electrophysiologic maturation, as a complimentary to the
widely used characterization by vision cycle related markers
(e.g., opsins), may thus aid in understanding processes that
are involved with photoreceptor integration within the host
retina, which is currently a major hurdle in retinal replace-
ment therapy strategies.
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