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Introduction

Glaucoma has a complex origin, comprising many

Purpose: Human retinal ganglion cells (RRGC) derived from human pluripotent stem
cells are promising candidates to model, protect, and replace degenerating RGCs. Here,
we examined intrinsic morphologic and physiologic development of hRGCs.

Methods: We used CRISPR-Cas9 to selectively express tdTomato under the RGC-specific
promoter, BRN3B. Human pluripotent stem cells were chemically differentiated into
hRGCs and cultured up to 7 weeks. We measured soma area, neurite complexity, synaptic
protein, axon-related messenger RNA and protein, and voltage-dependent responses.

Results: Soma area, neurite complexity, and postsynaptic density protein 95 increased
over time. Soma area and neurite complexity increased proportionally week to week,
and this relationship was dynamic, strengthening between 2 and 3 weeks and diminish-
ing by 4 weeks. Postsynaptic density 95 localization was dependent on culture duration.
After 1 to 2 weeks, postsynaptic density 95 localized within somas but redistributed
along neurites after 3 to 4 weeks. Axon initial segment scaffolding protein, Ankyrin G,
expression also increased over time, and by 7 weeks, Ankyrin G often localized within
putative axons. Voltage-gated inward currents progressively developed, but outward
currents matured by 4 weeks. Current-induced spike generation increased over time but
limited by depolarization block.

Conclusions: Human RGCs develop up to 7 weeks after culture. Thus, the state of
hRGC maturation should be accounted for in designing models and treatments for optic
neuropathies.

Translational Relevance: We characterized hRGC morphologic and physiologic devel-
opment towards identifying key time points when hRGCs express mechanisms that may
be harnessed to enhance the efficacy of neuroprotective and cell replacement therapies.

optic nerve head.!"> Glaucoma is a neurodegenerative
disease clinically treated by decreasing the intraocu-
lar pressure. Despite hypotensive treatment efforts, as
many as 50% of those with glaucoma will progressively

different forms. Across its various forms, the disease
selectively targets retinal ganglion cells (RGC) and their
axons that comprise the optic nerve. A critical risk
factor for glaucoma is stress caused by sensitivity to
intraocular pressure conveyed to RGC axons at the
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lose vision.? For these patients, glaucoma continues to
degrade the optic projection because additional treat-
ments are not available. In these cases, neuroprotective
and cell replacement therapies are appealing strategies
to preserve or reestablish vision.* 3
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Cell replacement therapy requires a composition
analogous to innate cells to assume the function of
dying cells or to serve as a vehicle to deliver neuro-
protective factors to native RGCs undergoing degen-
eration.””! Human pluripotent stem cells, including
human embryonic stem cells (hESCs) and human
induced pluripotent stem cells, are promising candi-
dates for cell replacement and neuroprotective thera-
pies. Human pluripotent stem cells can be engineered
using CRISPR-Cas9 technology to selectively express
a fluorescent reporter (e.g., tdTomato) under a RGC-
specific endogenous promoter such as BRN3B, which
is an early and enduring transcription factor relatively
restricted to RGCs.!'"13 After selection, engineered
human pluripotent stem cells can be chemically differ-
entiated into human RGCs (hRGCs) and successfully
transplanted into recipient retinas.!!-12.14

Human RGCs may also be used to screen
compounds for the treatment of optic neuropathies.’
Because most optic neuropathies occur after matura-
tion, it is important to understand the developmental
progression of hRGC to define maturity. In culture,
hRGC:s intrinsically recapitulate development patterns
of native RGCs, expressing similar genetic markers
corresponding with maturation milestones.'! These
cells express proteins common to many innate RGCs,
yet also display genetic heterogeneity, indicating
multiple RGC types similar to the diversity noted
in mammalian retinas.'"'>"!° During development
in culture, hRGC neurites increase in number and
length, and neurites can be guided to form axon-like
processes.'!-?>-2l Human RGCs produce excitatory
responses to glutamatergic agonists, and GABA
receptors intrinsically switch from excitatory to
inhibitory, which is important for synaptic devel-
opment.'!-14:16.22.23 Finally, hRGCs generate voltage-
gated Na® (NaV) and K (Kv)-dependent action
potentials in response to direct current stimula-
tion,'7>* and these responses increase over culture
duration.!!-2:26

In this study, we investigated the intrinsic morpho-
logic and physiologic development of hRGCs over
an extended period. We examined hRGC soma and
neurite maturation, axon initial segment (AIS) devel-
opment, and voltage-gated channel responses from
1 up to 7 weeks. We found soma size and neurite
complexity linearly increased from 1 to 4 weeks in
culture. Although soma size and neurite complexity
increased proportionally week to week, this relation-
ship is dynamic, increasing in strength between 2
and 3 weeks in culture and decreasing after 4 weeks.
Like the dynamic relationship between soma size and
neurite complexity, expression patterns of postsynap-
tic density protein 95 (PSD-95) changes over culture
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duration. After 1 week in culture, we found PSD-95
concentrated in somatic cytoplasm with sparse local-
1zation within neurites. After 4 weeks, somatic PSD-
95 localization decreased, whereas PSD-95 increased
along neurites. We also probed for the AIS scaffolding
protein, Ankyrin G (AnkG), which is a key regulator
of neuron polarity.””-?® After 1 week in culture, AnkG
expression is minimal. After extending the culture
period to 7 weeks, we observed that AnkG accumu-
lated in somas and along putative axons. As the axon-
like neurite developed, so too did NaV and Kv channel
responses and spike activity.

Human RGC Recovery and Culture

BRN3B-H9 reporter hESCs were generated by Dr
Donald Zack’s laboratory at Johns Hopkins Univer-
sity.!"12 BRN3B-H9 cells were shipped frozen to
Vanderbilt University Medical Center, and we quickly
thawed and plated hRGCs on glass coverslips at the
density of 60,000 cells/cm?. Before plating, coverslips
were coated with 0.1 mg/mL poly-D-lysine (Sigma,
St. Louis, MO) dissolved in 100 mM sodium borate
buffer (VWR International, Radnor, PA) for 2 hours
at room temperature followed by 5 ug/mL mouse
laminin (Sigma) dissolved in DMEM/F12 (Thermo
Fischer Scientific, Waltham, MA) media overnight
at 37°C. The hRGCs were plated and maintained
in iNS media composed of 1:1 mix of Neurobasal
and DMEM/F12 media, 1 x GlutaMAX Supplement,
1 x antibiotic-antimycotic,1% N2 Supplement, and
2% B27 Supplement (Thermo Fischer Scientific). We
completely replaced the media 24 hours after plating
and refreshed one-half of the media twice a week until
each experimental end point.

Human RGC Messenger RNA Expression
Measurement

The messenger RNA expression values were
obtained from the RNA sequencing performed on the
hESC-RGC.'? Briefly, the BRN3B-H9 reporter hESCs
were differentiated to RGCs for 40 days on neural
induction media.'> On day 40 of differentiation, two
independent batches of BRN3B-tdTomato+ RGCs
were purified using magnetic activated cell sorting.!?
RNA was extracted from the purified RGC population
using RNAeasy plus kit (Qiagen, Hilden, Germany).
Complementary DNA synthesis was performed using
SuperScript 11T Synthesis SuperMix (Thermo Fischer
Scientific), and a complementary library was prepared
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using the Nextera DNA Library Preparation Kit
(INlumina, San Diego, CA). Libraries were then multi-
plexed and sequenced on an Illumina MiSeq with 76 bp
paired end reads to an average depth of approximately
8 million paired end reads per sample. Reads were
aligned to Gencode Release 24 (GRCh38.p5) using
HISAT2 (v2.0.1-beta).”’ Cuffquant and Cuffnorm
(Cufflinks v2.2.1) were used to quantify expression
levels and to calculate normalized fragments per
kilobase million values.*

Human RGC Electrophysiology

After culture, we transferred hRGCs and culture
media into a physiologic chamber attached to an
upright microscope stage (Olympus BXS50). We
adhered hRGC coverslips to the physiologic chamber
using vacuum grease. We gradually replaced culture
media with bicarbonate-buffered Ames’ media supple-
mented with 20 mM glucose and progressively heated
to approximately 32°C (Model TC-344C, Warner
Instruments, Hamden, CT). For whole cell recordings,
we used borosilicate glass patch pipettes filled with
(in mM): 100 KMeSO4, 5 KCI, 5 NaCl, 10 HEPES,
4 EGTA, 10 Na-Phosphocreatine, 4 Mg-ATP, 0.4
Na-ATP, and 0.1 Lucifer yellow. Intracellular solution
osmolarity was 280 Osm with a pH of 7.3. Patch
pipette resistance ranged from 3.5 to 6.5 MQ. Electri-
cal signals were recorded (Multiclamp 700B, Molecular
Devices, San Jose, CA) and digitized at a sampling rate
of 10 kHz or greater (Digidata 1550A, Molecular
Devices). Patch pipette potential was held at —60 mV
during formation of a 1 GQ or higher seal, and the cell
membrane was perforated by manually applying brief
negative pressure pulses. The whole cell configuration
was determined by a change in access resistance and
verified by transmission of Lucifer Yellow into the cell
by exciting the dye with 405 nm (pE-4000, CoolLED,
Andover, UK). After attaining whole-cell configu-
ration, we measured resting membrane potential in
current-clamp mode (0 pA) within the first 2 minutes.
Human RGC resting membrane potential remained
depolarized compared with typical RGCs from acutely
dissected whole retinas.! 3* Thus, we often hyperpo-
larized cells to —60 mV by current injection to measure
spontaneous and current-driven spiking. We measured
current-evoked spiking by injecting 1 s hyperpolarizing
and depolarizing currents from a holding potential
of —60 mV. We assessed activation of voltage-gated
Na'™ (NaV) and K* (Kv) channels by depolarizing the
membrane potential from —80 to +30 mV in 10-mV
increments (50 ms duration) from a holding potential
of —80 mV. We determine NaV channel availability
by inactivating channels with conditioning potentials
from —100 to —20 mV (in 10-mV increments, 500 ms
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duration) from a holding potential of —80 mV, and
we determined channel availability by injecting a brief
(40 ms) —10 mV test potential. Ionic currents were
isolated by subtracting capacitive and leak currents
evoked by six hyperpolarizing potentials after each test
potential. We analyzed electrophysiologic data using
Clampfit 11.1 (Molecular Devices).

Human RGC Immunocytochemistry and
Neuritic Morphology Analysis

After electrophysiologic recordings, hRGCs were
fixed with 4% paraformaldehyde overnight at 4°C and
immunolabeled with the following primary antibod-
ies: RNA-binding protein with multiple splicing
(RBPMS, GTX118619,1:200, Genetex, Irvine, CA)
postsynaptic density 95 (PSD-95, APZ-009, 1:400,
Alomone Labs, Jerusalem, Israel), and AnkG (338800,
1:250, Invitrogen, Carlsbad, CA). Human RGCs were
then incubated with appropriate secondary antibod-
ies for 2 hours at room temperature (1:200; Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA)
and cover slipped with Fluoromount G (Southern
Biotech, Birmingham, AL). We imaged hRGCs with
an Olympus FV-1000 inverted confocal microscope.
Images were analyzed using Fiji ImageJ Version 1.53c.
We manually counted the number of primary and
secondary neurites. We measured PSD-95 and AnkG
immunolabeling in somas and neurites using freechand
selection and segmented line tools in Imagel.

Statistical Analysis

We quantified data using Graphpad Version 8.3
(Graphpad Software LLC., San Diego, CA). We first
determined if datasets formed a normal distribution
using Shapiro-Wilk tests. If datasets were normally
distributed, we performed parametric statistics; other-
wise, we performed non-parametric statistics. We
defined statistical significance as a P value of 0.05 or
less.

Dynamic Relationship Between Soma and
Neurites During Development

We confirmed putative tdTomato-positive hRGCs
by immunolabeling against RBPMS (Fig. 1A).3
RBPMS labeling intensity proved variable, but
we found 96.5 + 1.5% of tdTomato-positive cells
co-expressed RBPMS. Similar to an earlier report,’®
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hRGC confirmation and somatoneuritic development. (A) Example BRN3B-positive hRGCs expressing tdTomato (red) immuno-

labeled against RBPMS (green) after 4 weeks in culture. Scale bar = 50 um. We found 96.5% of tdTomato-positive cells co-expressed RBPMS.
We included 167 cells from 10 samples. (B) Representative tdTomato-positive (grayscale) hRGCs after 1 to 4 weeks in culture. Arrowheads
indicate putative filopodia. Scale bars = 50 um. (C) Soma size (P < 0.012) and (D) number of neurites (P < 0.007) significantly increase over
culture duration. (E) The positive relationship (P < 0.03) between soma size and neurite number dynamically changes over culture duration
(1Wk R? = 0.14, 2Wk R? = 0.52, 3Wk R? = 0.54, 4Wk R? = 0.16). Statistic: Kruskal-Wallis, Dunn’s post hoc test (C, D). *Significantly different
versus 1-week cells, #significantly different compared with 2-week cells, Linear regression (E), test of slopes (E). Data are mean =+ standard

error of the mean.

we noticed hRGC somas and neurites increased in
size and complexity over culture duration (Fig. 1B).
This intrinsic and ongoing development is demon-
strated by filopodia extending from neurites, signifying
active synaptogenesis (Fig. 1B, arrowheads).?!*
When quantified, we found cross-sectional soma area
increased from week to week (P < 0.012), increasing by
54% between 1 (95 & 4.5 um?) and 4 (147 & 5.4 ym?)
weeks in culture (P < 0.001) (Fig. 1C). Like the soma
area, the number of primary and secondary neurites
also increased with time in culture from 4.5 + 0.27 at
1 week to 7.1 4+ 0.3 neurites at 4 weeks (P < 0.001)
(Fig. 1D).

We then quantified the relationship between
soma area and neurite complexity during culture

(Fig. 1E). After 1 week, we found a positive
(P = 0.01), albeit weak (R> = 0.14), correlation
between soma area and neurite number. After 2 to
3 weeks, the positive (P < 0.001) relationship between
the soma area and the neurite number increased in
strength (R? > 0.52), and the rate of change between
the soma area and the neurite number significantly
increased compared with cells at 1 week (P < 0.012).
By 4 weeks, the positive correlation (P = 0.03) between
soma area and neurite complexity decreased (R?
0.16), and the rate of change between soma area and
neurite number decreased below that of cells at 1 week,
indicating neurite refinement (P = 0.002).

Based on our finding that neurite complexity
increases over time (Figs. 1D, E), we anticipated
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Figure 2. PSD-95 expression pattern depends on culture duration.
(A, B) Representative tdTomato-positive hRGCs (red) cultured for 1
(A) and 4 (B) weeks and immunolabeled against PSD-95 (green).
Scale bar = 20 pm. (C) PSD-95 labeling within hRGC somas signifi-
cantly decreased after 4 weeks versus earlier time points (P < 0.033).
(D) Quantification of PSD-95 labeling within hRGC primary neurites.
PSD-95 labeling significantly increased by 3 and 4 weeks in culture
compared with 1-week cells. Significance indicators: * comparison
with 1-week cells, # comparison with 2-week cells, " comparison with
3-week cells. Statistics: one-way analysis of variance, Tukey post hoc
test (C, D). Data are mean = standard error of the mean.

synaptic proteins too would increase. To test this
notion, we labeled cells against PSD-95 and analyzed
the intensity within the hRGC somas and primary
neurites after 1 to 4 weeks. After 1 week in culture,
PSD-95 seemed to be concentrated within the hRGC
somas with sparse labeling throughout the neurites
(Fig. 2A). At 4 weeks after culture, somatic PSD-95
labeling seemed to be punctate yet increased within
neurites (Fig. 2B). When quantified, we found PSD-
95 labeling within somas significantly decreased after
4 weeks in culture compared with earlier time points
(P < 0.033) (Fig. 2C). In contrast, we found PSD-95
labeling along neurites significantly increased in 3- and
4-week hRGCs compared with 1-week cells (P < 0.035)
(Fig. 2D).
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Voltage-Gated Responses Mature Along with
AlIS Localization

The somatodendritic compartment is separated
from the axon by the axon initial segment (AIS).
As its spatial position suggest, the AIS is essential
for the maintenance of neuron polarity.®-3® The AIS
is identified by the scaffolding protein, AnkG, and
the encoding gene for AnkG, ANK3, is abundantly
expressed in hRGCs along with other AIS-related genes
(Fig 3A). Moreover, genes encoding voltage-gated ion
channels essential for AIS formation are also expressed
in hRGCs (Fig. 3B).*® To determine the expression
pattern of AnkG over culture duration, we immuno-
labeled cells against AnkG and measured the inten-
sity of AnkG labeling within the soma and putative
axon. We identified the putative axon based on AnkG-
positive immunolabeling. For cases where AnkG label-
ing was not observed, we defined the putative axon
as the longest neurite. After 1 week in culture, we
typically found only modest AnkG protein expression
in hRGCs independent of compartment (Figs. 3C, E,
F). However, after 7 weeks in culture, AnkG accumu-
lated in the cytosol and along the putative axon
(Figs. 3D, E, F). When quantified, we found AnkG
immunolabeling within the soma increased by 65%
from 1 to 7 weeks in culture (P = 0.003) (Fig. 3G).
AnkG also significantly accumulated within putative
axons over the culture duration, increasing by 53% (P
=0.039) (Fig. 3H). Although AnkG increases in somas
and putative axons over time, the ratio of AnkG label-
ing in axons and somas does not change, indicating
a progressive and equal accumulation of the protein
within each compartment (P = 0.68) (Fig. 31).

Human RGCs intrinsically express genes encoding
voltage-gated Na®, KT, and Ca’* channels (Fig. 3B).
Because these channels localize within the AIS or
dendrites of native RGCs,>” % we expected voltage-
gated response would also mature with time in culture.
We tested this notion by targeting tdTomato-positive
hRGCs for whole cell recording after 1 to 7 weeks
in culture. We confirmed the whole cell configuration
based on a change in access resistance and transmis-
sion of Lucifer yellow into the cell (Fig. 4A). We
observed variability in dendritic complexity, sponta-
neous spiking, and voltage-gated responses among
hRGCs within the same culture slide and between time
points (Figs. 4B, C). Despite this variability, we noticed
hRGCs that had more complex dendritic organization
often produced spontaneous firing and larger inward
currents (Figs. 4B, C).

Next, we characterized hRGC responses to a series
of hyperpolarizing and depolarizing current injections
(20 to +100 pA in +10-pA increments) after 1 to
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Figure 3. AnkG expression increases over time. (A) Messenger RNA (mRNA) expression (fragments per kilobase million) of BRN3B- and
AlS-related genes in hRGCs. (B) mRNA expression of BRN3B and select voltage-gated ion channel genes. (C, D) Representative tdTomato-
positive (red) hRGCs after 1 and 7 weeks in culture immunolabeled against AnkG (green). Arrows indicate axon-like neurites. Putative axon was
identified by AnkG localization or as the longest neurite. Scale bars = 20 um. (E) Surface plot of AnkG intensity distribution in somas indicated
by dashed boxes above (C, D). (F) AnkG fluorescence intensity profiles along axon-like neurites indicated above (C, D). Quantification of AnkG
immunolabeling within hRGC (G) somas and (H) putative axons relative to tdTomato intensity. AnkG localization significantly increases within
somas (P = 0.003) and putative axons (P = 0.039) after 7 weeks in culture. (I) However, the ratio of AnkG labeling in putative axons and somas
(axonal divided by somatic AnkG intensity) does not change between 1 and 7 weeks (P = 0.68). Statistics: t-test (G, H), Mann-Whitney U test
(I). Data presented as mean =+ standard error of the mean.

7 weeks in culture. We clamped hRGCs at -60 mV  hRGCs typically produced single spikes that often
because the resting membrane potential was typically failed to completely repolarize in response to modest
too depolarized (—40.0 & 0.9 mV) for cells to gener- depolarizing current injections (Fig. 5A, left). By 4
ate full action potentials.>> After 1 week in culture, weeks, hRGCs generated multiple spikes in response
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Figure 4. Structure-Function Comparison of hRGCs. (A) We targeted tdTomato-positive (red) hRGCs for whole-cell recordings and dye
loading with Lucifer yellow (LY). For some experiments, we confirmed hRGCs by immunolabeling against RBPMS (cyan). Following physiol-
ogy, we recovered morphology of LY-labeled hRGCs using fluorescence microscopy, and we manually traced the somato-neurite compart-
ments. (B, C) Comparison of somato-neurite morphology and voltage-gated responses of spontaneously spiking versus non-spiking cells

after 4 (B) and 7 (C) weeks in culture. Arrows indicate stimulus onset.

to small current injections (approximately 10 pA),
but larger currents (20-100 pA) often elicited fewer
spikes followed by aborted action potentials (Fig. 5A,
middle). After 7 weeks, hRGCs produced a volley of
repetitive spikes that quickly polarized and repolar-
ized in response to small currents, but again, larger
currents evoked few full spikes at stimulus onset
followed by aborted spikes or maintained membrane
depolarization during stimulation (Fig. 5A, right).
In contrast with the weak responses of hRGCs to
depolarizing currents after 1 week in culture, responses
to the relief of hyperpolarizing currents (rebound
excitability) are more robust (Fig. 5B, left). This
finding is consistent with expression of CACNAIH
(CaV3.2) (Fig. 3B).*"42 By 7 weeks in culture, hARGC
rebound excitability seemed to strengthen (Fig. 5B,
right).

Overall, we found the percent of cells produc-
ing spontancous or evoked action potentials increased
over culture duration from 29% at 1 week, 67% at
4 weeks, and 70% at 7 weeks (Fig. 5C). For hRGCs
producing one or more spike(s), we quantified the
spike rate generated for each test current. We found

7-week cells produced significantly greater rebound
excitability compared with 4-week cells (P < 0.05)
(Fig. 5D). In response to depolarizing current injec-
tions, hRGCs cultured for 4 and 7 weeks produced
greater responses than 1-week cells to larger test pulses
(P <0.03) (Fig. 5D). Finally, we determined the hRGC
spike threshold, which was defined at the inflection
point before the upstroke in response to the minimum
depolarizing current evoking at least one spike (i.c.,
rheobase).”> We found that spike threshold signifi-
cantly decreased from —37 &= 1 mV at 1 week to —42.5
+ 1.2 mV at 4 weeks (P = 0.028) and decreased further
after 7 weeks in culture to —48.3 + 1 mV (P < 0.002)
(Fig. SE).

Based on our findings that the spike rate increased
and the spike threshold decreased with culture duration
(Figs. 5D, E), we expected NaV and Kv conductance
so too would increase over time. We tested this idea
by voltage-clamping cells at —-80 mV and depolariz-
ing cell membranes with brief, 50 ms, test potentials
from —80 to 430 mV (Fig. 6A, inset). We noticed that
NaV-mediated fast inward currents and Kv outward
currents increased over culture duration (Figs. 6A-D).
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Figure 5.

hRGC excitability increases as spike threshold decreases. (A, B) Example responses from hRGCs after 1, 4, and 7 weeks in culture

to a series of depolarizing (A) and hyperpolarizing (B) current injections from a holding potential of -60 mV. (C) Percent of hRGCs generating
spontaneous or stimulus-induced spiking. (D) Quantification of spike rate for 1-, 4-, and 7-week hRGCs in response to a series of depolarizing
and hyperpolarizing current injections (A, B). Compared with 1-week cells, hRGCs cultured for 4 and 7 weeks were more likely to produce

action potentials in response to larger depolarization currents (30—

100 pA, *7Wk vs. TWk P < 0.032, **4Wk and 7Wk vs.1Wk; P < 0.05).

hRGCs cultured for 7 weeks produced more robust responses after hyperpolarizing currents compared with 4-week cells (#, P < 0.05). (E)
Spike threshold significantly decreased over culture duration: * TWk vs. 4Wk P = 0.028, * TWk vs. 7Wk p<0.001, # 4Wk vs. 7Wk P = 0.0023.
Statistics: mixed effects repeated measures analysis, Benjamini, Krieger, and Yekutieli post hoc tests (D), one-way analysis of variance, Tukey

post hoc test (E). Data are mean = standard error of the mean.

After 1 to 3 weeks, hRGC inward currents increased
in response to 40 mV (Fig. 6E), similar to their
spike threshold potential (Fig. SE). Again, similar to
our finding that spike threshold decreased over time
in culture, inward currents from 4- and 7-week cells
activated at smaller test potentials (approximately —50
mV) (Fig. 6E). We also found that the inward currents
peaked at lower test potentials in hRGCs cultured for 4
and 7 weeks (—40 mV) compared with 1- to 3- week cells
(=20 to -30 mV) (Fig. 6E). Overall, the inward current
continually grew larger with each subsequent week
in culture after 2 weeks (P < 0.038). As Kv channel
activation accumulated at more positive test poten-
tials (-30 to —40 mV), inward currents produced by

hRGC:s cultured for 1 to 4 weeks grew smaller (Fig. 6E).
However, the 7-week hRGC responses deviated from
this standard, slightly increasing in amplitude from
+10 to +30 mV (Fig. 6E).

Inward current conductance seems to continually
develop, whereas the mechanisms driving the outward
current mature by 4 weeks in culture (Fig. 6F). For
cells cultured 4 to 7 weeks, we did not observe a differ-
ence in the outward current peak response regardless
of test potential (P > 0.27). Even by 3 weeks in culture,
hRGC:s typically produced significantly larger outward
currents in response to larger (-20 to +30 mV) test
potentials compared with 1- or 2-week cells (P < 0.02).
After 4 to 7 weeks in culture, hRGC outward current
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Figure 6. Voltage-gated responses increase over time. (A-D)
Example voltage-gated responses of hRGCs cultured for 1, 3,4,and 7
weeks to depolarizing potentials (50 ms duration) of -80 to +30 mV
in 10-mV increments from a holding potential of —-80 mV. (E) Inward
and (F) outward currents of hRGCs significantly increase over culture
duration. (E) Inward current significance indicators: * vs. TWk P <
0.038; #, s. 2Wk P < 0.025; " vs. 3Wk P < 0.016; and + vs. 4Wk P <
0.015. (F) Outward current significance indicators: * vs. 1Wk P < 0.041
and # vs. 2Wk P < 0.042. Number of cells per group: 1Wk: n = 13,
2Wk: n = 31, 3Wk: n = 19, 4Wk: n = 16, 7Wk: n = 6. Statistics: Two-
way repeated measures analysis of variance, Benjamini, Krieger, and
Yekutieli post hoc tests (E, F). Data presented as mean + standard
error of the mean.

peaks grew significantly larger than 1- or 2-week cells
beginning at —10 mV and extending to +30 mV (P <
0.042) (Fig. 6F).

As noted elsewhere in this article, hRGCs tend
to produce few repetitive spikes in response to
modest levels of direct current stimulation and
membrane potential remains depolarized (Fig. 5A).
This type of response, termed depolarization block,
has been suggested to be cause by inactivation of NaV
channels.”! To test this idea, we voltage-clamped cells
at —80 mV, gradually inactivated NaV channels with
conditioning voltage steps from —100 to —20 mV for
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500 ms, and then injected a brief (40 ms) depolariz-
ing test potential (—10 mV) to determine the remain-
ing fraction of NaV channels available (Fig. 7A).*
As expected, hRGCs cultured longer produced larger
inward currents in response to the test potential follow-
ing conditioning potentials, ranging from —100 to —
50 mV (P < 0.043) (Fig. 7B). However, after normal-
ization, we found the number of channels available
decreased at a lower conditioning potential (—50 mV)
for 7-week cells compared with cells cultured for 1 to 4
weeks (P < 0.047) (Fig. 7C).

Human RGC Soma and Neurite Development

We find that 96.5% of tdTomato-positive hRGCs
co-express the RGC-specific marker, RBPMS
(Fig. 1A). Our result confirms and extends the notion
that hRGCs are akin to innate RGCs.”+'>!74> Human
RGC somatic and neuritic compartments rapidly
develop in culture.’® A recent report noted that, at 1
day after differentiation, hRGC soma area is about 45
um?, and 75 um? after 7 days.’® Our results indicate
that hRGCs are slightly larger after 1 week in culture
(95 um?), but similar to other reports,”® hRGC somas
grow increasingly larger over culture duration (Fig. 1B,
C). Human RGC primary and secondary neurites also
increased in number during culture from an average of
4.5 at 1 week to 7.0 at 4 weeks (Fig. 1D). Others have
found hRGCs are intrinsically more complex after 7
days in culture (about seven primary and secondary
neurites), but similar to our results, neuritic complexity
also increases with time.?®

Soma size and dendritic complexity of native RGCs
are positively correlated,*® a finding we confirm for
hRGCs (Fig. 1E). We also find the strength of the
relationship between soma area and neurite density
changes during development. After 2 to 3 weeks, we
found soma area and neurite number are moderately
correlated (Fig. 1E). After 4 weeks, the strength of
this relationship is significantly diminished (Fig. 1E).
Based on this broad measurement, hRGCs seem to
undergo active dendritic refinement like that observe in
the developing retina.?!3>-47

Human RGCs demonstrate neurite refinement
(Fig. 1E) and increased synaptic protein expression
as observed in postnatal brain development.’®*® PSD-
95 is a synaptic scaffolding protein that recruits and
anchors glutamate and ion channels, which is essen-
tial during synaptic plasticity.*>>>* Because hRGCs
produce excitatory inward currents in response to
glutamate and kainite,'""'® we anticipated PSD-95
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Development of inactivation in hRGCs. (A) hRGCs were voltage clamped at -80 mV, held at conditioning voltage steps (from -100

to -20 mV, in 10-mV increments) for 500 ms, and then depolarized by a brief (40 ms) test potential (-10 mV) to determine the fraction of
available channels after each conditioning potential. (B) Averaged responses produced by the test potential after each conditioning poten-
tial. hRGCs cultured 7 weeks consistently produced significantly larger responses to the test potential after -100 to -70 mV conditioning
potentials compared with hRGCs cultured for 1 and 2 weeks (*P < 0.05). (C) For each cell, responses to the test potential were normal-

ized by dividing by the maximum response. After 7 weeks in culture,

inactivation significantly accumulated after the -50 mV conditioning

potential compared with 1-, 3-, and, 4-week cells (P < 0.047). Statistics: two-way repeated measures analysis of variance, Tukey post hoc test

(B, C). Data presented as mean =+ standard error of the mean.

localization along neurites. Here, we found PSD-95 is
more abundant in somas relative to neurites during
the first 2 weeks, but between 3 and 4 weeks, PSD-95
increasingly accumulates along hRGC neurites (Fig. 2).
Similarly, other synaptic proteins, including synapsin-
1, vGlut2, SNAP25, and neurexin-1, increase along
hRGC neurites with time in culture.?® Thus, hRGCs
seem to possess the basic hardware to drive synaptic
plasticity, including PSD-95 and glutamatergic recep-
tors, suggesting that these mechanisms may be intrin-
sically pliable or exogenously controlled to achieve
synaptic integration into recipient retinas.

Human RGC Physiologic Development

Our key physiologic finding is that hRGC voltage-
gated responses increase and spike thresholds decrease
over culture duration (Figs. 5, 6). This result is impor-
tant for defining the physiologic maturity of hRGCs
for testing the efficacy of potential therapeutics for
optic neuropathies that modulate excitability. However,
throughout the developmental time course studied
here, hRGCs often produced few full spikes in response
to depolarizing currents relative to mature native RGCs
from whole retinas.’'->! Instead, prolonged current
stimulation often evoked a few full spikes followed by
aborted action potentials and maintained depolariza-
tion (Fig. 5A). This response is typical of depolariza-
tion block?"-32-3 that has previously been reported in
hRGCs.?! Depolarization block is generally thought to
protect neurons from excessive excitability>® and may
be dependent on presynaptic inputs driving postsynap-
tic membrane potential and intrinsic factors, includ-

ing intracellular adenosine triphosphate (ATP) levels,
NaV channel activity, and AIS length and NaV channel
localization.?!-3%:34.33

Considering our experimental conditions and the
intrinsic properties of hRGCs, we attempt to explain
the cause for the low threshold for depolarization
block. In our physiologic experiments hRGCs received
a continuous supply of ATP through the intracel-
lular pipette solution (4 mM Mg-ATP). Therefore,
ATP depletion is not likely the cause for depolar-
ization block. Second, pre-synaptic inputs are not
likely to lower the threshold for depolarization block.
Although neurites from multiple hRGCs seem to inter-
sect (Fig. 1B), hRGC:s intrinsically generate few excita-
tory postsynaptic currents.’®-> Third, the inactivation
of NaV channels may cause depolarization block.?!->3
We tested this idea directly by injecting a series of
conditioning potentials to inactivate NaV channels
followed by a test potential to determine the remain-
ing available channels (Fig. 7A). We found the fraction
of available channels is similar for most conditioning
potentials with the exception that 7-week cells have
more inactivated channels at =50 mV (Fig. 7C). These
data indicate that NaV inactivation is not the sole cause
for depolarization block.

Instead, we propose that the depolarization block
occurs because hRGCs possess few NaV channels,
specifically NaV1.6 channels, to support repetitive
spiking.** This idea is reinforced by low mRNA
expression of SCN8A, which encodes NaV1.6 protein
(Fig. 3B). Depolarization block occurs at relatively
modest currents also in dopaminergic neurons of
the substantia nigra, which have small somatic NaV
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conductance.’’->® Finally, although we find the AIS
scaffolding protein, AnkG, clusters along putative
axons late in culture, the AIS does not seem to be well-
formed (Fig. 3D). Therefore, we predict that voltage-
gated channels recruited to the AIS, such as NaV1.6,
are also unorganized, impairing normal action poten-
tial firing.>
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