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Abstract

e AIM: To evaluate the intrinsic excitability of retinal
ganglion cells (RGCs) in degenerated retinas.

o METHODS: The intrinsic excitability of various morphologically
defined RGC types using a combination of patch-clamp
recording and the Lucifer yellow tracer in retinal whole-
mount preparations harvested from Royal College of
Surgeons (RCS) rats, a common retinitis pigmentosa (RP)
model, in a relatively late stage of retinal degeneration
(P90) were investigated. Several parameters of RGC
morphologies and action potentials (APs) were measured
and compared to those of non-dystrophic control rats,
including dendritic stratification, dendritic field diameter,
peak amplitude, half width, resting membrane potential,
AP threshold, depolarization to threshold, and firing rates.
e RESULTS: Compared with non-dystrophic control
RGCs, more depolarizations were required to reach the
AP threshold in RCS RGCs with low spontaneous spike
rates and in RCS OFF cells (especially A20o cells), and RCS
RGCs maintained their dendritic morphologies, resting
membrane potentials and capabilities to generate APs.

e CONCLUSION: RGCs are relatively well preserved
morphologically and functionally, and some cells are
more susceptible to decreased excitability during
retinal degeneration. These findings provide valuable
considerations for optimizing RP therapeutic strategies.
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INTRODUCTION

etinal ganglion cells (RGCs) integrate visual information

from photoreceptors via parallel synaptic pathways and
encode the result as action potentials (APs) that are sent to
higher visual centres'". The AP encoding efficiency in RGCs
is largely determined by the various intrinsic physiological
properties of 15-20 different morphological types of RGCs!" . As
the only retinal projection neurons, RGCs form the biological
substrate for visually repairing various pathologies, such as
retinitis pigmentosa (RP). RP is a heterogeneous group of
inherited diseases in which photoreceptor death is usually
followed by the morphological and functional remodelling of
downstream circuitry” ™. Several vision rescue strategies for
RP use RGC population as a direct target. Light is transformed

into electric signals by either epiretinal electronic prostheses”™”

or light-sensitive proteins in RGCs via optogenetic tools™ .
The effectiveness of these electrical signals is largely
dependent on the intrinsic excitability of the RGCs. However,
the impact of photoreceptor loss on the intrinsic excitability of
RGC:s is not fully understood.

Previous studies on RGC intrinsic electrophysiological changes
in degenerated retinas have mainly focused on spontaneous

U1 or were performed on retinal

rhythmic activities in RGCs
slices in which the RGC dendrites were largely destroyed'®.
Other studies on RGC excitability levels were based on
epiretinal or subretinal extracellular electric stimulation, and
elevated stimulation thresholds in degenerated retinas were

17-21
| However, these results may have been

widely observed!
influenced by numerous factors, including the remodelled
retinal circuitry!>*”, the RGC density'**”, the relative position
of the RGC to the stimulating electrode”™ and the intrinsic
RGC excitability, and most of these experiments did not
consider an individual cell’s morphological type. Hence, we
aimed to elucidate whether decreased intrinsic excitability
exists in various types of RGCs in degenerated retinas.

In the present study, we utilized the Royal College of
Surgeons (RCS) rat model mimicking a type of human RP
disease triggered by phagocytosis defect in retinal pigmented
epithelium cells". Photoreceptors are almost completely
absent at P90 in this model™”. In this late stage of retinal
degeneration, the intrinsic physiological properties of various
morphologically defined RGC types were recorded using a
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combination of whole-cell patch-clamp recording and the
Lucifer yellow tracer in retinal whole-mount preparations.
Compared with control RGCs, more depolarizations were
required to reach the AP threshold in some RCS RGCs, while
all recorded RGCs could generate APs.

MATERIALS AND METHODS

Animals All animal experiments were approved by the
Laboratory Animal Welfare and Ethics Committee of the
Third Military Medical University and were carried out in
accordance with the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. RCS-p" rats (dystrophic,
abbreviated as RCS, P91-P97, n=25) and RCS-rdyp" rats
(non-dystrophic, abbreviated as control or "Ctrl", P30-P97,
n=29) were employed in the experiments. All animals (both
males and females) were provided by the Experimental Animal
Department of Third Military Medical University and were
housed at a constant temperature in a 12-h light/dark cycle.
Retinal Whole-mount Preparations The rats were
dark-adapted for at least 2h, anesthetized with sodium
pentobarbital (100 mg/kg, i.p.) and then sacrificed by cervical
dislocation. Their eyes were quickly enucleated and bathed
in a carbogenated (95% 0O,/5% CO,) extracellular solution
comprising 124 mmol/L NaCl, 2.8 mmol/L KCI, 2 mmol/L
CaCl,, 2 mmol/L MgSO,, 1.25 mmol/L NaH,PO,, 26 mmol/L
NaHCO;, 10 mmol/L D-glucose, and 0.4 mmol/L sodium
ascorbate (pH 7.4). Under red light illumination, the cornea,
iris and lens were removed, the retina was gently peeled
from the eyecup, and the vitreous body was removed with
forceps. Then, each retina was typically divided into 4 pieces,
and the pieces were bathed in the carbogenated extracellular
solution in the dark. One retinal piece was transferred into
a recording chamber with ganglion cell layer (GCL) up and
fixed with a small grid. The chamber was perfused with the
carbogenated extracellular solution described above at
25°C-26°C in very dim light (about 0.1 1x). The retina could
be visualized clearly under differential interference contrast
(DIC) optics by infrared illumination using a complementary
metal-oxide semiconductor (CMOS) camera (Andor Zyla 4.2,
Andor Technology Ltd., Belfast, UK) attached to an upright
fluorescence microscope (BX51WI, Olympus Optical, Tokyo,
Japan) equipped with a 40x water immersion lens.

Whole-cell Patch-clamp Recording To obtain a whole-cell
patch-clamp recording, we first used a glass pipette pulled on
a P97 puller (Sutter Instrument, Novato, CA, USA) to tear
a small hole in the inner limiting membrane to expose the
cell bodies. Clean pipettes ranging from 3-7 MQ filled with
intracellular solution were used to patch the exposed cells that
had smooth surfaces. The intracellular solution comprised
112.5 mmol/L CsCH,;SO;, 9.7 mmol/L KCI, 1 mmol/L MgCl,,
1.5 mmol/L EGTA, 10 mmol/L HEPES, 4 mmol/L ATPMg,,

0.5 mmol/L GTPNas, and 1% Lucifer yellow (pH 7.3). All
extracellular and intracellular solution chemicals were obtained
from Sigma-Aldrich. Patch-clamp recordings were performed
with a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA). Signals were low-pass filtered at 3 kHz
and sampled at 20 kHz with a 1550A analog-to-digital
converter (Molecular Devices, Sunnyvale, CA, USA).

Physiological Data Collection After formation of a high-
resistance (>1 GQ) seal, a brief amount of negative pressure
was applied to obtain the whole-cell mode, and the recording began
after 3min. Series resistance (R,), membrane resistance (R,,) and
membrane capacitance (C,,) data from pCLAMP membrane
tests were acquired by averaging 30-50 measurements in
response to 5 mV pulses. The average R, was 25.5+0.6 MQ (range,
11-41 MQ; n=117). To elicit APs, a series of depolarizing
current steps at the 40 pA delta level were injected for 800ms.
Resting membrane potentials (RMPs) were not corrected for
liquid junction potentials. Peak amplitudes and AP half widths
were quantified using MiniAnalysis software (Synaptosoft,
Leonia, NJ, USA). Action potential thresholds (APTs) were
measured using Igor software (WaveMetrics, Lake Oswego,
OR, USA) and defined as the membrane potential when the

P Most data represent

voltage deflection exceeded 20 mV/ms
the average of 10 such measurements.

Morphological Data Collection Following whole-cell
recording for approximately 10min, Lucifer yellow should
have fully diffused to the dendrites. Fluorescence images of the
dendrites were obtained at 2 pm intervals using a 40x water
immersion lens under a 470 nm LED (M470L3, Thorlabs,
Newton, NJ, USA). The presence of an axon was used to
distinguish RGCs from displaced amacrine cells. Inner plexiform
layer (IPL) borders were defined by cell soma positions of
the inner nuclear layer (INL) and the GCL visualized under
differential interference contrast (DIC) optics”"**. Thus, RGC
dendritic stratifications relative to the proximal (0) and distal
IPL margins (100%) were measured (Figure 1A). For RGCs
with a large dendritic field, we typically spliced four images
from each quadrant into a complete dendritic image using
Adobe Photoshop (USA). To measure the dendritic field
diameter, a polygon was drawn by linking the dendritic tips
using Image J programme (NIH, Bethesda, MD, USA), and
the area was calculated and converted back to the diameter by

>l Similarly, to determine

assuming a circular dendritic field"
soma size, a freehand line was drawn around the borders of the
cell body to calculate the soma diameter.

Estimating the Precision of Dendritic Stratification For
estimating the precision of the RGC dendritic stratification
from the recorded DIC fluorescence images, some retinal
whole-mounts were fixed in 4% paraformaldehyde (PFA) and
then incubated with 4°,6-diamidino-2-phenylindole (DAPI).

Z-stack images of RGC dendrites were acquired at 0.5-0.6 pm
757
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Figure 1 Identification of RGCs A: Stacked fluorescence image of a RGC stained with Lucifer yellow (monochrome image). RGCs were

identified by the presence of an axon (arrows). The GCL and INL somas were visualized under infrared DIC optics to estimate the IPL

borders. The concatenate z-stack image shows the position of the RGC dendrites. An image of the same cell as reconstructed by confocal

microscopy. Cell nuclei stained with DAPI were used to accurately calculate the dendritic stratification. The precision of dendritic stratification

using DIC fluorescent imaging was estimated to be approximately 6% compared with that using confocal or two-photon imaging (#=8); B:

Stacked fluorescence images of several types of RGCs stained with Lucifer yellow. The numbers in parentheses indicate the average dendritic

stratifications in control rats. Note that C6 cells have been reported in only mice and not in rats in previous studies. All scale bars: 20 um.

intervals using a confocal microscope or a custom-built two-
photon imaging system. DAPI-stained nuclei defined the IPL
borders. Compared with confocal and two-photon images,
the precision of dendritic stratification according to DIC
fluorescent images was approximately 6% (n=8; Figure 1A),
which was enough for the morphological classification for
RGCs.

Light Stimuli To further determine the centre sign of RGC’s
receptive field, light stimuli were applied using a 470 nm LED,
which was controlled by an LED driver and Master-8 (A.M.P.
Instruments, Jerusalem, Israel). Stimuli were then delivered to
the retina via the microscope port. The intensity of the initial
LED light was about 230 Ix. Light stimuli were usually applied
3 times for a duration of 0.5s each at 4s intervals.

Data Sources For analyses of APs evoked by depolarizing
currents, low-quality cells, defined as cells with marked
RMP instability or cells whose AP did not exceed 0 mV,
were excluded. In addition, cells without spontaneous spikes
were also excluded from the APT, RMP, and R, analyses. All
these data were used to analyse the morphological properties
of various cell types. Because no significant differences
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were observed in any of the morphological or physiological
properties (dendritic stratification, dendritic field diameter,
AP peak amplitude, AP half width, RMP, APT, APT-RMP,
maximal firing frequency, mean firing frequency) in control
rats among various ages (P30-P34, n=12; P44-P48, n=7; and
P90-P97, n=10), therefore all control samples from P30-P97
were pooled as reference to compare the RCS groups.
Statistical Analysis Data are presented as the mean+SEM.
Statistical analyses were performed using IBM SPSS Statistics
(V.20, USA). Student’s t-tests were used for comparisons
between two groups (e.g. control versus RCS, “high-rate”
group versus “low-rate” group in control rat). One-way
ANOVAs were used to assess statistical significance among
ON, OFF and ON-OFF cells.

RESULTS

Morphological Stability of RGCs in RCS Retinas We
recorded the morphological properties of 117 rat RGCs,
including 65 control cells (P30-P97) and 52 RCS cells
(P91-P97). As previously described by Sun et al””, rat RGCs
are initially classified into groups A, B, C, D and then divided
into 16 different types based on their soma size, dendritic
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field diameter, dendritic structure and dendritic stratification.
Fourteen of 16 RGC types were encountered in this study.
Additionally, one more RGC type, C6 cell (n=3, 2 control
and 1 RCS) (Figure 1B), which has been identified in mouse
retinas but not in rat retinas, was recorded®*". C6 cell has
been defined as having all dendrites extending in one direction
and stratifying in only the outer IPL. Consistent with previous
measurements”™, type A cells had the largest dendritic field
diameter (398+10 um; n=30 Ctrl), while type B cells had the
smallest (19619 um; n=4 Ctrl).

To evaluate the effects of photoreceptor death on RGC
morphological characteristics, the dendritic field diameter and
stratification were measured and compared in RCS and control
retinas of the major types of RGCs in this study, including A2
outer (A20), C2 outer (C20), C2 inner (C2i), and D2 (D2 i
and D2 o indicate the inner and outer dendritic arbors,
respectively; Figure 1B). The dendritic stratifications across
all these RGC types were not significantly different between RCS
and control retinas (Figure 2A; A20: P=0.320, 20 Ctrl, 9 RCS;
C20: P=0.568, 7 Ctrl, 10 RCS; C2i: P=0.476, 4 Ctrl, 6
RCS; D2 o: P=0.103, 8 Ctrl, 9 RCS; D2 i: P=0.071, 8 Ctrl, 9
RCS); their dendritic field diameters were also not significantly
different (Figure 2B; P=0.079, 0.128, 0.890, 0.065, and 0.567
for A2o, C20, C2i, D2 o, and D2 i, respectively). These
results suggest that the dendritic morphologies of RGCs remain
relatively stable in the P90 stage in RCS retinas. No significant
differences in dendritic stratification or dendritic field diameter
in any RGC type were observed between control and RCS rats.
The sample sizes for this figure and all subsequent figures are
indicated at the bottom of each bar unless otherwise specified.
The whiskers in Figure 2A indicate minimal and maximal
values. The error bars in Figure 2B and in all subsequent
figures indicate SEM unless otherwise specified.

RCS RGCs Retain the Capability to Generate Spikes
APs are the basic unit of visual information transmission in
RGCs!". We next wanted to address whether some RGCs lose
their capability to generate APs during retinal degeneration.
In the present study, 98.1% of the control RGCs and 94.7%
of the RCS RGCs fired spikes spontaneously, and all the
other cells could generate APs resulting from 40 to 160 pA
depolarizing currents (Figure 3A, 3B). Notably, all of the low-
quality cells could also generate APs (see Methods part). These
data demonstrate that the spiking capability in RCS RGCs of a
relatively late retinal degeneration stage (P90) is largely preserved.
To further assess the capabilities of RGCs to generate APs, the
intrinsic excitability properties of each RGC, including their
peak amplitude, AP half width, RMP, APT, and APT-RMP
value, were measured. The average values were 67.2+1.1 mV,
3.9+0.3ms, -50.6+£0.3 mV, -42.0+0.6 mV, and 8.6+0.5 mV,
respectively, for control cells (#=51) and 64.5+1.7 mV, 3.240.3ms,
-50.240.6 mV, -40.5+0.6 mV, 9.7+0.5 mV, respectively, for
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Figure 2 RGC dendritic stratifications and field diameters in control
and RCS retinas Comparisons of RGC dendritic stratifications (A)
and dendritic field diameters (B) between control and RCS rats.
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Figure 3 Retaining the capability to generate spikes in RCS RGCs
at P90 and combined intrinsic property data A: Representative
recording traces in response to depolarizing current injections; B:
All RGCs in both control and RCS rats were capable of spiking
spontaneously or in response to the injection of depolarizing currents
at 40 to 160 pA. The sample sizes are indicated at the top of each bar;
C: Representative recording traces of spontaneous APs; D-F: The
peak amplitude, AP half width, RMP, APT and the APT-RMP value
were not significantly different between control and RCS rats.

759



Intrinsic excitability of RGCs in RCS rats

RCS cells (n=36). Further analyses revealed no significant
differences between control and RCS cells for all these
parameters (Figure 3C-3F; P=0.175, 0.149, 0.520, 0.095, 0.157
for peak amplitude, half width, RMP, APT, and APT -RMP
value, respectively). However, altered trends were observed
for the half width and APT values. The sample sizes for Figure
3D-3F are indicated at the bottom of each bar in Figure 3E.
Note that the sample sizes here are less than those in Figure 3B
because RGCs without spontaneous spikes were rejected.
Decreased Intrinsic Excitability of Some RCS RGCs
To carefully analyse the intrinsic excitability properties,
we categorized these data by spontanecous spike rates and
morphological characteristics, since the spike rate is closely
related to cellular excitability”" and different morphologically
identified RGC types have distinct patterns of intrinsic
physiological properties™”. In the present study, cells with
spontaneous AP (sAP) frequencies greater than 10 Hz were
classified as “high-rate” cells (Ctrl, n=10; RCS, n=12), while
the remaining cells were classified as “low-rate” cells (Ctrl,
n=42; RCS, n=24). Additionally, we categorized each RGC
type as ON, OFF, or ON-OFF based mainly on their dendritic
stratification and partially on their light responsiveness because
light responses were abolished or very weak in some RCS
RGCs. Consistent with previous reports”> ), dendrites in most
ON cells stratified in the inner IPL (0-60% depth), while those
in OFF cells stratified in the outer IPL (60%-100% depth), and
those in ON-OFF cells stratified in both sublaminae (Figure 2A).
Comparisons of peak amplitudes and AP half widths between
control and RCS RGCs in the rate and morphological
groups are shown in Figure 4. Note that data from the three
morphological groups were from only low-rate cells (Ctrl:
n=16, 19, 6; RCS: n=8, 9, 7 for ON, OFF and ON-OFF cells,
respectively); and due to the number of high-rate cells was
small, statistical analysis did not involve three morphological
groups with high firing frequency. Significant differences
in peak amplitude were observed between only the two
rate groups in the control cells (P=0.014), as no significant
differences were found in RCS cells between the two rate
groups (P=0.163) nor in the other groups between control
and RCS rats (low rate: P=0.316; high rate: P=0.883; ON:
P=0.255; OFF: P=0.357; ON-OFF: P=0.858). No significant
differences in peak amplitude among ON, OFF and ON-OFF
cells were observed in control or RCS retinas (Ctrl: P=0.297,
RCS: P=0.313).

Compared with half widths in each control group (Figure
4B1-4B2), those in all the RCS groups were slightly but
not significantly shorter (low rate: P=0.177; high rate:
P=0.756; ON: P=0.353; OFF: P=0.779; ON-OFF: P=0.075).
No significant differences were observed between the two
rate groups (Ctrl: P=0.576; RCS: P=0.868). No significant
differences in half width among the ON, OFF and ON-OFF
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Figure 4 Peak amplitudes and AP half widths in control and
RCS RGCs A1-A2: Comparable peak amplitudes between control
and RCS rats in two rate groups and three morphological groups.
Differences were significant between only the two rate groups of
control RGCs ("P<0.05). Low rate: sAP<10 Hz; high rate: SAP>10 Hz;
B1-B2: No significant differences in half width between control and

RCS cells were observed in any of the five groups.

cells were observed in control or RCS retinas (Ctrl: P=0.692;
RCS: P=0.932).

To evaluate which group of RCS RGCs required more
depolarizations to reach the APT compared to the control,
statistical analyses were performed on RMP, APT and APT-
RMP values (Figure 5). Compared with the RMPs in control
cells, RMPs in RCS cells were relatively constant in all five
groups (low rate: P=0.755; high rate: P=0.342; ON: P=0.908;
OFF: P=0.321; ON-OFF: P=0.779). RCS cells with high spike
rates were significantly more depolarized than those with low
spike rates (P=0.022), while no significant differences were
found in control cells between the two rate groups (P=0.119).
No significant differences in RMP among the ON, OFF and
ON-OFF cells were observed in control or RCS retinas (Ctrl:
P=0.329; RCS: P=0.394).

Regarding APT values (Figure 5B1, 5B2), no significant
differences were observed between control and RCS cells in
any of the five groups (low rate: P=0.137; high rate: P=0.501;
ON: P=0.284; OFF: P=0.173; ON-OFF: P=0.406); however,
except for the ON-OFF group, the absolute RCS APT values
in all of the other groups were weakly decreased by 1.1-2.8 mV. No
significant differences in APT value were observed between
the two rate groups (Ctrl: P=0.865; RCS: P=0.870) or among
the ON, OFF and ON-OFF cells (Ctrl: P=0.351; RCS: P=0.694).
The APT-RMP values in low-rate RCS cells were not only
higher than those in low-rate control cells (by 1.9 mV;
P=0.042) but also higher than those in high-rate RCS cells (by
2.9 mV; P=0.004), and a significant increase was also observed
in the RCS OFF cell group compared to the control OFF cell
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Figure 5 Larger depolarizations were required to reach APTs in
some RCS RGCs compared to control RGCs A1-A2: Comparable
range of RMPs between control and RCS rats in two rate groups
and three morphological groups. The RMPs were significantly more
depolarized in RCS cells with high spike rates compared to those
with low spike rates (“P<0.05); B1-B2: No significant differences in
APT between control and RCS cells were observed in any of the five
groups; C1-C2: The APT-RMP values of low-rate RCS cells were not
only significantly higher than those of low-rate control cells but was
also higher than those of high-rate RCS cells, and the APT-RMP values
of RCS OFF cells were significantly higher than those of control OFF
cells (*P<0.05, *P<0.01).

group (by 3.8 mV; P=0.047). No significant differences were
observed in the other groups between control and RCS rats
(high rate: P=0.989; ON: P=0.136; ON-OFF: P=0.168) or
in control rats between the two rate groups (P=0.443). No
significant differences among the ON, OFF and ON-OFF cells
were observed (Ctrl: P=0.207; RCS: P=0.262).

The amount of current required to reach the APT is not only
determined by voltage but also by the R,,. Because the R,
values of different RGC types vary extensively, we further
analysed these values in the major cells, including the A2o,
C20, C2i and D2 types (Figure 6; Ctrl: n=16, 5, 3, and 8; RCS:
n=7,5, 4, and 8, for A20, C20, C2i, and D2 cells respectively).
Consistent with previous reports’”, A20 cells had the lowest
R,, (7714 MQ for control cells). No significant differences in
RMP between the RCS and control groups were observed in
these RGC types (P=0.646, 0.626, 0.724, and 0.589 for A2o,
C2o0, C2i, and D2, respectively). Significant differences in
APT (P=0.015, 0.595, 0.738, and 0.813 for A20, C20, C2i, and
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Figure 6 Some OFF cells required more currents to reach the
APTs in RCS retinas than in control retinas A: No significant
differences between control and RCS RMPs were observed in any
of the four types of RGCs; B: A significant difference in APT was
observed between only control and RCS A2o0 cells (*P<0.05); C: A
significant difference in the APT-RMP value was observed between
only control and RCS A20 cells ("P<0.01); D: A significant difference
in R, was observed between only control and RCS C2o cells
(°P<0.001); E: A significant difference in the (APT-RMP)/R,, value
was observed between only control and RCS A2o0 cells (*P<0.05).

D2, respectively) and the APT-RMP value (P=0.004, 0.815,
0.962, 0.273 for A20, C20, C2i and D2, respectively) were
observed in only A2o cells. The R, values were significantly
decreased in RCS C2o0 cells compared to control C20 cells
(P=0.315, <0.001, 0.629, and 0.949 for A20, C20, C2i, and
D2, respectively). We next calculated the current required to
reach the APT by Ohm’s law: I=(APT-RMP)/R,,. A20 cells in
RCS rats required more current to generate an AP than control
cells (P=0.012), and another type of OFF cells (C20) showed
a similar but non-significant tendency (P=0.134); C2i and D2
cells were stable between control and RCS rats (C2i: P=0.972;
D2: P=0.543).

Decreased Maximal Firing Frequency in RCS RGCs with
Low Spontaneous Spike Rates To further verify the decreased
intrinsic excitability in RCS RGCs with low spontaneous spike
rates compared to the control, AP firing frequencies elicited by
depolarizing currents (0 pA, 40 pA and 80 pA) were measured
and categorized into “high-rate” (sAP>10 Hz) and “low-rate”
(sAP<10 Hz) groups. In addition, only cells with sustained
firing patterns at 80 pA were included. According to previous
reports, firing patterns include single, phasic (or transient),
adapting, sustained and irregular patterns”*****! In this
study, most RGCs in both control and RCS rats exhibited the
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sustained pattern; while 2 of 42 control cells and 3 of 26 RCS
cells exhibited the adapting pattern, and 4 of 42 control cells
and 2 of 26 RCS cells exhibited the irregular pattern.

In Figure 7, “mean frequency” represents number of spikes
per second during an 800-ms pulse. “Maximal frequency”
represents the maximal value of the mean frequency and
the inverse of the time between the first two APs during a
depolarizing pulse. The maximal instantaneous frequency
determines the synaptic transmission fidelity and the dynamic
signalling range"™®.

Comparable spontancous mean frequencies (0 pA group)
between control and RCS cells were observed in both the low-
and high-rate groups (low rate: P=0.359; high rate: P=0.893).
Although no significant differences in the mean frequencies at
40 pA and 80 pA between control and RCS cells were observed
in either group (low rate: P=0.054 for 40 pA, P=0.462 for 80 pA;
high rate: P=0.288 for 40 pA, P=0.157 for 80 pA), the RCS
curve was below the control curve in the low-rate group, while
the RCS curve was above the control curve in the high-rate
group (Figure 7A1-7A2). The maximal frequencies in RCS
cells were significantly lower than those in control cells in the
low-rate group (40 pA: P=0.009; 80 pA: P=0.005), while no
significant differences were observed in the high-rate group
(40 pA: P=0.327; 80 pA: P=0.272), which could be explained
by elevated depolarization of the RMP toward the APT in RCS
cells of the low-rate group, as mentioned above (Figure 5C1).
The ratios of mean to maximal firing frequency between
control and RCS cells were not significantly different between
the two groups (low rate: P=0.456 for 40 pA, P=0.179 for 80 pA;
high rate: P=0.540 for 40 pA, P=0.822 for 80 pA), while
this ratio in the low-rate group was significantly lower than
that in the high-rate group for control cells at 80 pA (Ctrl:
P=0.093 for 40 pA, P=0.015 for 80 pA; RCS: P=0.540 for 40 pA,
P=0.153 for 80 pA), which could be explained by the fact that
RGCs with low spontaneous spike rates were more likely to
produce a higher first instantaneous frequency (Figure 7B1,
7B2; P=0.003 for Ctrl 80 pA). Similar analyses of the mean
frequencies, maximal frequencies and ratios of the mean to
maximal frequencies were performed in ON, OFF and ON-
OFF cells, revealing no significant differences in any of the
groups between control and RCS rats (data not shown).
DISCUSSION

Our results showed that all recorded RGCs retain their ability
to elicit APs, that RCS RGCs in the late stages of retinal
degeneration exhibit relatively stable dendritic morphologies,
and that the levels of intrinsic excitability decrease in some
RCS RGCs, including cells with low spontaneous spike rates
and OFF cells. These findings represent detailed intrinsic
excitability measurements from identified RGC types and

provide implications for vision rescue strategies.
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Figure 7 Decreased maximal firing frequency in RCS cells with
low spontaneous spike rates Al1-A2: Curves between the injected
currents and mean frequencies of evoked spikes in the low- and high-
rate groups. No significant differences between control and RCS
cells at any injection current were observed in either group. B1-B2:
The maximal frequencies of RCS cells were significantly decreased
compared to those of control cells in the low-rate group at both the 40 pA
and 80 pA depolarization steps ("P<0.01). C1-C2: No significant
differences in the ratio of mean to maximal firing frequency were

observed between control and RCS RGC:s in either rate group.

Sun et al**”". reported that the morphological classifications
of mouse and rat RGCs were nearly identical, except for the
C5 and C6 types, which were found in only mouse retinas. To
our knowledge, these data have not been reported in other rat
studies. Fortunately, we encountered C6 cells in rat retinas,
which could be explained by the high degree of homology
between mice and rats. C6 RGCs are easily identifiable
because all their dendrites extend in one direction and stratify
in the outer OPL. Further studies in mice demonstrated that
C6 cells express the marker junctional adhesion molecule B
(JAM-B) and respond to upward motion"”.

RGCs are the only output neurons of the retina, and multiple
therapeutic approaches for RP rely on the preservation
of their morphology and function. Regarding dendritic
morphology, several recent studies have shown that RGCs
survive and maintain stable dendritic morphology during late
stages of degeneration at 6-11 months of age in rd1 or rd10
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%4 These two RP models carry mutations in the gene

mice
encoding rod-specific phosphodiesterase*"*. However, RGC
morphological research is rare in RCS rats, a classical animal
model of debris-initiated retinal degeneration triggered by a
phagocytosis defect in retinal pigmented epithelium cells™".
Photoreceptor degeneration becomes evident at P20; at P90,
only a few residual cone pedicles are evident, and the scotopic
b-wave is undetectable. Correspondingly, second-order neurons
in RCS retinas are rapidly remodelled, especially the atrophy
and sprouting of bipolar and horizontal cell dendrites™.
Previous studies on the numbers of RGCs have found no
difference between control and RCS retinas at P180*. In
our study, RGC dendrites were stained with Lucifer yellow
during electrical activity recordings. Morphological analyses
revealed that the four major types of RGCs encountered (A2o,
C2o0, C2i, and D2) maintained their dendritic stratifications
and dendritic field sizes at P90. We did not investigate older
rats due to difficulties with removing a very thin retina and
maintaining sufficient vitality for patch-clamp recordings.
Together, our results support the previous conclusion that RGC
morphologies are resistant to photoreceptor loss during retinal
degeneration.

The level of RGC intrinsic excitability plays a crucial role
in the effectiveness of transmitting electrical signals. Hence,
assessing the RGC functional status in the degenerated retina
is important. We first wanted to assess whether RGCs still
generated APs. Using patch-clamp recording in RCS rats, our
data revealed that all recorded RGCs retained their spiking
ability until at least P90. Similarly, the spiking ability of
RGCs with large somas were maintained in rd1 retinas'". A
previous study on population activity using multielectrode
arrays in P23H rats also supports our results, as a similar RGC
stimulation success rate in these rats was observed compared
with that in wild-type animals”. In contrast, a previous study
in RCS rats showed that two-thirds of RGCs could not generate
APs by a depolarizing pulse at P90"°. The reason for this
result was probably that these experiments were performed on
retinal slices in which the retinal circuits and RGCs dendrites
were largely damaged.

Secondly, we wanted to assess whether the level of RGC
excitability decreases in degenerated retinas. Previous studies
on stimulation thresholds in degenerated retinas were mainly
performed using the extracellular stimulation method. Elevated
stimulation thresholds were observed in numerous experiments
using epiretinal or subretinal electrodes"’”". Among these
experiments, epiretinal electrodes stimulate RGCs directly,
and the stimulation threshold values are less affected by the
remodelled circuitry in degenerated retinas' >, However,
they still are influenced by the position of the RGC relative to
the electrode™’ and by the RGC density"®*!, among others.
In a previous study, using a combination of whole-cell patch-

clamp recording and extracellular stimulation in rd10 mice"”,

distance variation between an external electrode and targeted
RGC soma were avoided, and elevated extracellular stimulation
thresholds were still observed compared to those in wild-type
animals. Moreover, these phenomena were more pronounced
in the low spontaneous spike rates group. In the present study,
we observed a similar result from the perspective of intrinsic
excitability, as RGCs with low spontaneous spike rates in
RCS rats required more depolarizations to reach the APT than
control rats. Furthermore, we identified the morphological
types of RGCs, revealing that OFF RGCs, especially A20
cells, in RCS retinas require significantly higher currents to
elicit an AP compared to these cells in control retinas.

In our study, the fact that more depolarizations were required
to reach the APT in some RCS RGCs was mainly attributed
to elevated ATPs, since RMPs in RCS RGCs were relatively
stable compared with those in control RGCs. Sodium and
potassium channels are known to be the two most important
factors regulating RGC APs™”. Because the initial rising phase
from the RMP to the APT was mainly attributed to increased
sodium conductance, the elevated APT values in RCS RGCs
were most likely due to changes in sodium channels, including
decreased channel density, alteration of their location along
the membrane, and changes in their kinetic properties. In
addition to the initial rising phase, other AP components were
mainly attributed to sodium and potassium conductance.
Since some potassium channel effects were removed by Cs’
in our intracellular solution, the AP half width in our RGCs
was wider than that achieved using an intracellular solution
dominated by K'****, Compared with control cells, RCS cells
showed narrower APs; thus, we speculate that the kinetic
properties of sodium and/or some potassium channels are
altered in the RGCs of degenerated retinas. Quantifying and
elucidating the kinetic properties of ion channels during the
late stages of retinal degeneration are other areas requiring
further investigation.

In addition to depolarization of the RMP toward the APT,
the R,, can also determine the amount of current required to
generate an AP. In our study, R,, values in C2o0 cells were
significantly reduced, and R, values in other types of RGCs
were slightly reduced in RCS rats. The R, is related to
dendritic size, leak conductance and spontaneous synaptic
input'”’, Since dendritic sizes remain stable in RCS RGCs, and
since the steadiness of RMPs suggests that leak conductance
are also stable in these cells, the decreases in R,, were most
likely due to stronger spontaneous synaptic inputs into RGCs
in degenerated retinas, which has been reported in numerous
studies. Specifically, inner retinal network oscillations have
become a remarkable feature of retinal degeneration'"'"”. For
the P90 RCS RGCs in our study, we also observed obvious
oscillating activity in approximately 2/3 of the recorded cells,
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and the C20 RCS: control ratio of the sum of the amplitudes
of spontaneous EPSCs and IPSCs per second were 2.8 and 2.6
(data not shown).

Our results have several implications for RP therapeutic strategies,
especially regarding electronic prostheses and optogenetics.
First, the retention of dendritic morphologies in RGCs and
their capability of generating APs during the late stages of
retinal degeneration indicate that RGC population represent an
attractive target for RP treatment. Second, intrinsic excitability
was considerably decreased in some RGCs during the late
stages of retinal degeneration; thus, degenerated retinas require

57 and

higher stimulus intensities by electronic prostheses
higher transgenic expression levels of light-sensitive cation
channels, including Channerhodopsin2 (ChR2), melanopsin,
and light-gated ionotropic glutamate receptor (LiGIuR), into
RGCs than normal retinas™'”. Furthermore, when optogenetic
tools are applied to particular types of RGCs, the heterogeneity
of the intrinsic excitability of various RGC types in the
degenerated retina should also be considered.
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