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Cones and cone pathways remain functional in

advanced retinal degeneration
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Degenerating cones lose outer segments and synaptic
pedicles as if becoming dormant
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Our results give hope of restoring cone vision in patients with
retinal degeneration
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In brief

In retinal degeneration, rods die and
cones retract outer segments and
synaptic pedicles as if dormant. Ellis et al.
show that these cells still express opsin
and respond to light with cGMP-gated
and voltage-gated channels. The
downstream retina also shows vigorous
activity, giving new hope of restoring
vision in patients with retinal
degeneration.
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Cones and cone pathways remain
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SUMMARY

Most defects causing retinal degeneration in retinitis pigmentosa (RP) are rod-specific mutations, but the
subsequent degeneration of cones, which produces loss of daylight vision and high-acuity perception, is
the most debilitating feature of the disease. To understand better why cones degenerate and how cone vision
might be restored, we have made the first single-cell recordings of light responses from degenerating
cones and retinal interneurons after most rods have died and cones have lost their outer-segment disk mem-
branes and synaptic pedicles. We show that degenerating cones have functional cyclic-nucleotide-gated
channels and can continue to give light responses, apparently produced by opsin localized either to small
areas of organized membrane near the ciliary axoneme or distributed throughout the inner segment. Light
responses of second-order horizontal and bipolar cells are less sensitive but otherwise resemble those of
normal retina. Furthermore, retinal output as reflected in responses of ganglion cells is less sensitive but
maintains spatiotemporal receptive fields at cone-mediated light levels. Together, these findings show
that cones and their retinal pathways can remain functional even as degeneration is progressing, an encour-
aging result for future research aimed at enhancing the light sensitivity of residual cones to restore vision in

patients with genetically inherited retinal degeneration.

INTRODUCTION

Retinitis pigmentosa (RP) is a group of inherited retinal degener-
ative diseases producing progressive photoreceptor death,
vision loss, and eventual blindness." The majority of genes asso-
ciated with RP are rod-specific genes, but it is the secondary
death of cones that leads to loss of high-acuity vision and blind-
ness. Cone death has been shown to begin at about the time rod
degeneration is mostly complete.? Cones first lose their outer
segments, then axon and synaptic terminal (pedicle), and finally
most of the inner segment to form rounded cell bodies.* ™ These
cones, sometimes called “dormant,” can remain viable for a pro-
longed period of at least a year in mouse® but several years in
pig,” often sprouting telodendria throughout the remnant of the
outer nuclear layer.®

Although many possible explanations have been given for why
cones die after the death of the rods, recent work has focused on
a lack of metabolic energy.>”~"" Since the most energetically
demanding process in a photoreceptor is the maintenance of
ion gradients required to generate membrane currents,>'® we
wondered whether metabolic dysfunction would alter ion chan-
nels leading to the loss of light responses and voltage-gated
Ca?* currents responsible for synaptic transmission. At present,
little is known about changes in the cellular and synaptic physi-
ology of the retina during photoreceptor degeneration. No
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recordings have been made from cones or from retinal interneu-
rons, apart from extracellular electroretinograms and ON/OFF
responses of ganglion cells (see for example Barhou et al.,"
Chang et al.,'® Gargini et al.,"® Li et al.,"” Mazzoni et al.,'® Mur-
akami et al.,'® Pennesi et al.,”° and Phillips et al.,’ but see Sca-
labrino et al.?).

We have therefore made patch-clamp and multi-electrode-
array recordings from cells in the central region of the retina of
rd10 mice, after rods have mostly died and cones have lost their
outer segments and synaptic pedicles. We have made the sur-
prising discovery that cones continue to respond to light, and
that light responses of second-order horizontal and bipolar cells
are less sensitive but otherwise broadly resemble those in
normal retina. The signal fidelity of retinal ganglion cells (RGCs)
is substantially diminished under scotopic and mesopic condi-
tions but similar to that in healthy retinas in brighter light, with
only a moderate decrease in photopic responsiveness. Further-
more, spatiotemporal receptive fields at cone-mediated light
levels remain comparable in structure to those of healthy ret-
inas.”> We conclude that degenerating cones do not shut
down to preserve energy and are not dormant but, on the con-
trary, continue with the rest of the retina to respond to light
and remain functional for as long as possible. These results
give support to efforts to keep degenerating cones alive or to re-
activate them by enhancing their light sensitivity, in the hope of
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restoring nearly normal photopic vision in patients with degener-
ative disease.

RESULTS

To examine the function of cone-mediated vision in relatively
late-stage RP, we targeted experiments to ages at which rods
were nearly all dead and nearly all cones had undergone exten-
sive morphological changes in rd10 mice. Previous work has
shown that by 4 weeks of age, rd10 mice have many fewer
rods and cones with a deformed shape.'*'®?* By 6 weeks
post-natal, nearly all the rods have degenerated, and the outer
segments and synaptic pedicles of the cones are no longer
observable in central retina where we made our recordings, leav-
ing cones with only a small inner segment and nucleus. At
9 weeks, nearly all the rods and many cones were gone, but in
surviving cones we could often detect processes emerging
from the proximal end of the inner segment, resembling axonal
telodendria or synaptic dendrites as others have previously
observed (for example Lin et al.”).

In mice 3.5 weeks old, when the eyes were large enough to
make retinal slicing and patch-clamp recording feasible, the
membrane capacitance of rd10 cones was already significantly
decreased (Figure 1A). From data of all ages, rd10 cones had
an average membrane capacitance of 2 + 1 pF (n = 42) in com-
parison with wild-type (WT) cones of 6 + 2 pF (n = 22, p < 0.01),
reflecting the loss of the outer segment and synaptic pedicle
(Figure 1C). With linear regression, we could detect no significant
change in WT membrane capacitance with animal age from 6 to
12 weeks (WT slope = 0.05, 95% confidence interval [Cl] =
[—0.06, 0.17]); however, for rd10 cones there was a small but sta-
tistically significant increase in membrane capacitance from 3.5
t0 9.5 weeks (rd10 slope = 0.14, 95% CI = [0.03, 0.26]), probably
resulting from the growth of processes from the proximal end of
the cell (Figure 1D).

Light responses of rd10 cones

We were surprised to discover that many of the cones even
without normal outer segments were able to respond to light
(Figure 2A). For those cells from which we were able to make sta-
ble recordings, light responses were observed in 4 of 4 cones at
3.5 weeks old, 7 of 10 cones at 6 weeks old, and 1 of 3 cones at
9 weeks old. We are likely to be underestimating the percentage
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Figure 1. Membrane capacitance and
morphology of degenerating cones

(A) Membrane capacitance was measured for WT
cones (gray, n = 22) and rd10 cones (blue, n = 42)
and plotted as a function of animal age. Dash
lines represent fits with linear regression: WT
slope = 0.05, 95% Cl =[-0.06, 0.17] for data from
6 to 12 weeks, rd10 slope = 0.14, 95% CI = [0.03,
0.26] for data from 3.5 to 9.5 weeks. See text.
(B-D) Images of cones filled with Alexa-750 from
a WT mouse (B), and rd10 mice ages 4 weeks old
(C), and 9 weeks old (D). Note large outer segment
(asterisk) and cone pedicle (arrow) of the WT cone
and processes of 9-week rd10 cone (arrow-
heads). Scale bars, 20 um.

of responding cells especially at 9 weeks, because of the
increasing difficulty of achieving stable patch-clamp recordings
from cones as degeneration progressed.

Light responses even to our brightest stimuli were typically
small. In the representative sample of cells in Figure 2A, the ma-
jority of cells had peak responses of only a few pA, in comparison
with WT cones in Figure 2B of 27 + 9.7 pA (n = 22). We did how-
ever occasionally record from degenerating cones with re-
sponses as large as 10 pA. The waveforms in blue in Figure 2B
are the same responses as in Figure 2A, plotted on the same
ordinate as WT responses to facilitate comparison.

Cones were also less sensitive. A precise measure of sensi-
tivity could not be obtained, because of the difficulty of esti-
mating the pigment concentration in cells without outer seg-
ments, and because of our inability to provide sufficiently
bright light to investigate the full range of cell responsiveness
with our photostimulator. We nevertheless estimate that degen-
erating cones were at least two orders of magnitude less respon-
sive than WT cones.?* We were also surprised to discover that
the cones of rd10 mice maintained a normal resting membrane
potential of —50 + 9 mV (n = 40)," compared with —47 + 5 mV
(n = 18) in WT cones (p = 0.085). Additionally, linear regression
showed no significant change in resting membrane potential
with age for either WT or rd10 cones (WT slope = 0.51, 95%
Cl = [-0.46, 1.49], data from 6 to 12 weeks; rd10 slope =
—0.62, 95% Cl = [-2.16, 0.92], data from 3.5 to 9.5 weeks).

Since guanosine 3'-5' cyclic monophosphate (cGMP)-gated
channels, which are open in darkness, are largely responsible
for the depolarized membrane potential of the photoreceptor,
we were curious to know how abundant these channels are in
degenerating cones. We therefore attempted to test more gener-
ally for the presence of cGMP-gated channels by blocking them
with 500 pM L-cis diltiazem.?® Unfortunately, we were unable to
detect a consistent effect of this agent even on WT cones (not
shown).”® As an alternative approach, we attempted to activate
the channels by dialyzing the cones with 100 uM cGMP. In a WT
cone, diffusion of cGMP into the outer segment produced a large
inward current after an initial delay, presumably due to the time
required for diffusion of the nucleotide into the outer segment
(Figure 3A). This current was clearly produced by the opening
of cyclic-nucleotide-gated channels, since it could be sup-
pressed by light (Figure 3A, insert). As flashes were made
brighter, the cGMP phosphodiesterase (PDE) was activated
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Figure 2. Degenerating cones can still respond to light

(A) Representative light responses from degenerating cones in rd10 retinas for 6
cells at 6 weeks, 3 cells at 3.5 weeks and 1 cell at 9 weeks. Arrows indicate 10 ms
flashes from 405-nm light-emitting diode (LED) delivering 2.7 x 10" photons
um 2. Dashed waveforms are from two cells with exceptionally large responses.
(B) Maximal-amplitude light responses from 22 WT strain-matched control
cones (black) for flashes from 405-nm LED delivering 2.5 x 10° photons um 2.
Blue waveforms are responses of rd10 cones from (A) plotted on same
amplitude scale to facilitate comparison. Images of cones filled with Alexa-750
on right are for cells whose responses are shown to left in bold. In (A), note that
outer nuclear layer was almost entirely degenerated with only a few cone cell
bodies remaining. Outer segment and cone pedicle are absent in (A) but clearly
visible in the WT cone (asterisk and arrow in B). Scale bars, 20 um.

more strongly, and the membrane current returned to the level of
the initial value at the beginning of the experiment, set to zero pA.

When we dialyzed rd10 cones with cGMP, we saw a similar in-
crease in inward current. The cell in Figure 3B from a 9-week-old
mouse initially displayed responses to bright light of 10 pA, which
progressively declined during the course of the recording. The
cone developed a large current as cGMP dialyzed into the cell,
which rose with much less delay than for a WT cone. This is pre-
sumably because cGMP did not have to diffuse through the cone
cilium to reach the majority of the cGMP-gated channels. We
were unable to extinguish this current even with the brightest
light flash we gave (2.7 x 107 photons pm~2), perhaps because
the rate of entry of cGMP into the much smaller cell body of the
cone exceeded the ability of the cell to activate PDE.

The average change in current in an rd10 cone was about half
that in a WT cone (rd10, —55 + 21 pA, n = 9; WT, —95 + 10 pA,
n = 3; p = 0.018), but the capacitance and therefore total mem-
brane area of an rd10 cone was much smaller. The density of
cGMP-gated channels may therefore be approximately the
same or perhaps even greater in a degenerating cone than in a
WT cone.

These observations, though indirect, suggest that the depolar-
ized membrane potential of an rd10 cone may be produced
largely by open cGMP-gated channels as in a WT cone. We
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Figure 3. Degenerating cones maintain expression of cGMP-gated
channels

(A) Change in current (V,, = —40 mV) with whole-cell dialysis of 100-uM cGMP
into WT cone. Insert, light responses recorded from same cell 204 s after
beginning of experiment (24 s after the end of the main panel), to 10-ms flashes
from a 405-nm LED (arrowheads) of successively increasing intensities of
6.0 x 102, 7.5 x 10%, 8.0 x 10%, and 2.5 x 10° photons pm—2.

(B) cGMP dialysis in 9-week-old rd10 retina. Cone was periodically stimulated
with flashes delivering 2.7 x 107 photons um~2 (arrows).

were unable to substantiate the contribution of other channels
with channel-blocking agents: the only effect we saw was
a slow depolarization of the membrane potential probably
caused by gradual deterioration of the recording. For example,
blocking hyperpolarization-activated, cyclic-nucleotide-gated
(HCN) channels with 5-mM external Cs* solution®’*® slowly
decreased the resting potential from —52 + 7 to —45 + 7
(n = 5). Similar effects were observed with 25-mM external tet-
raethylammonium (TEA) to block sustained voltage-gated K*
channels® (=52 + 19 to —40 + 17, n = 4) and 250-uM
niflumic acid to block Ca®*-activated Cl~ channels®® (—45 + 6
to —39 + 8, n = 3). None of these changes was statistically
significant.

Structure and opsin localization of rd10 cones

In the WT retina, the photoreceptor connecting cilia and elon-
gated cone outer segments are arranged in an orderly manner
across the retina (Figure 4A). Microscopy of retinas from 6- to
9-week-old rd10 mice showed a disorganized pattern of cilia,
and localization of cone opsin differed markedly from that in
WT retinas. The extent of these perturbations was greatest in
the central retina and least in the far periphery. An image taken
approximately midway between the center and far periphery is
shown in Figure 4B.

We obtained higher resolution images of this region, using
super-resolution (SIM) immunofluorescence and electron mi-
croscopy. We identified degenerating cone photoreceptors
with two main types of morphology. One type included a clearly
evident cilium, with rudimentary membrane amplification. From
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these cells we could detect cone opsin (with a combination of
blue and red/green cone opsin antibodies) in both the cilium
and the inner segment (Figures 4C and 4E). These cones
were localized mostly in the periphery of the retina remote
from the region where we made our recordings. The other
type of cell lacked a cilium, but cone opsin was nevertheless
detected throughout the inner segment (Figures 4D and 4F).
Cells with this morphology were more common in the central
area of the retina.

Even though cones with either morphology lacked an elabo-
rated outer segment, they still expressed opsin, which was
distributed throughout the inner segment and, when present,
the cilium. With extensive searching of the periphery of the retina
in the electron microscope, a small number of cones could be
observed with a stack of well-organized disk-like membranes,
providing an outer segment up to half the length of a WT mouse
cone outer segment. Cones of this morphology were only
observed at more than 1.5 mm away from the center of the
eye. These observations are consistent with previous reports
showing that degeneration in rd10 retinas is faster in the center
than the periphery'*'®?® and that a minority of cones can remain
intact in the far periphery of degenerating retina for a consider-
able duration.®

CaZ?* channels and other voltage-dependent currents

The greatest contributor to turnover of ATP in cones is the energy
required to pump out Ca2* entering through voltage-gated Ca2*
channels at the synaptic terminal.’” Degenerating cones lack
synaptic pedicles, and we had expected that they would also
have much smaller, if any voltage-gated Ca2* currents. We
were therefore surprised to discover that cones in rd10 retinas
had a robust Ca®* current (Figure 5A) with an average peak value
of —29 + 10 pA (n = 19), not significantly different from WT cones

1516 Current Biology 33, 1513-1522, April 24, 2023
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Figure 4. Morphology of cone photorecep-
tors and distribution of cone opsin in 6- to
9-week-old rd10 mice

(A and B) Confocal microscopy images of retinal
flatmounts taken approximately midway between
the center and the far periphery of retinas. (A) WT
retina labeled with acetylated tubulin antibodies
(cyan) to indicate the photoreceptor cilia, and cone
opsin antibodies (red) to indicate the cone outer
segments. An organized pattern of photoreceptor
cilia and normal cone outer segments is evident.
(B) Retina of rd10 mouse labeled in the same way
shows a disorganized pattern of cilia and a cone-
opsin distribution that differs markedly from that in
WT retina.

(C and D) SIM images of retinal flatmounts showing
two types of rd10 cone, one with an identifiable
cilium (C) and one lacking a cilium (D). The cilium
(arrow in C) is immunolabeled with acetylated
tubulin (cyan). The inner segment (arrowhead in
C and D) as well as the cilium is labeled with cone
opsin antibodies (red).

(E and F) Electron micrographs of single cone
photoreceptors (colorized). (E) Ciliated cone
photoreceptor with residual membrane amplifica-
tions (arrow). (F) Cone photoreceptor with inner
segment (arrowhead) but lacking cilium. Scale
bars: 10 um in (A) and (B) and 1 um in (C)—(F).

(—23 +9pA, n=9, p =0.13). Additionally, there was no significant
difference in the voltage sensitivity of the channel, with peak cur-
rent in rd10 cones seen at an average membrane voltage of
—40 £ 5 mV (n = 19) comparted with WT cones at —36 +
10 mV (n = 9, p = 0.28). When the peak current of rd10 cones
was plotted as a function of age, linear regression showed no
significant change with time (slope = —1.15, 95% CI [-3.51,
1.21]). We were also unable to detect differences in the ampli-
tude or voltage dependence of the HCN current between WT
and rd10 cones (Figure 5B). At a voltage of —105 mV, for
example, mean values for WT were —56 + 20 pA (n = 8), and
forrd10 —74 + 34 pA (n =23, p =0.12). Linear regression showed
no significant change in the HCN current with age for either WT or
rd10 cones (WT slope = —2.17, 95% CI = [-6.00, 1.66]; rd10
slope = -2.12, 95% Cl = [-10.51, 6.11]).

In many of the rd10 cones (but none of the WT cones), we
observed spontaneous oscillations of membrane potential or
even action potentials. When for cells showing small oscillations
we perfused the retinal slice with 25 mM TEA, all the rd10 cones
began to show larger action potentials like those previously
observed for amphibian rods in TEA.°%*' Although the ion
dependence of these action potentials was not investigated, it
is likely that they were produced by voltage-gated Ca®* chan-
nels. The effect of TEA indicates that rd10 cones have a sus-
tained voltage-gated K* conductance like that in WT cones
which stabilizes the membrane potential in darkness,?® though
we made no attempt to measure its amplitude.

Light responses of second-order cells

We wondered whether light responses in rd10 cones were able
to drive changes in membrane potential or current in second-or-
der horizontal and bipolar cells. We focused on retinas of 8- to
9-week-old mice, whose outer nuclear layer in most of the retina
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Figure 5. Membrane currents in degenerating cones

(A) Voltage-gated Ca®* current recorded with ramp protocol and Cs-TEA in-
ternal solution to block voltage-gated K* channels (see STAR Methods).
Average current is plotted as a function of membrane voltage for WT cones
(gray, n = 9) and rd10 cones (blue, n = 19). Shaded area is SD. Points are
average peak current with SD.

(B) HCN-channel current (in) recorded from holding potential of —50 mV with
300-ms steps” to voltages of —55 to —125 mV in increments of 10 mV; re-
sponses are mean currents during the last 50 ms of the voltage pulse, plotted
versus membrane potential for WT (gray, n = 8) and rd10 (blue, n = 23) cones;
bars are SD.

had almost entirely degenerated and whose cones—when pre-
sent—lacked outer segments and synaptic pedicles but often
had small processes extending from the proximal end of the
photoreceptor. The recordings in Figure 6 are representative of
10 ON bipolar cells from 4 mice (A), 5 OFF bipolar cells from 2
mice (B), and 3 horizontal cells from 3 mice (C), with mean
maximum response amplitudes from all of the cells of —22 pA
(A), 85 pA (B), and 97 pA (C). Responses were quite variable,
with ranges of —3 to —52 pA for ON bipolar cells, 12-284 pA
for OFF bipolar cells, and 34-240 pA for horizontal cells. The
morphologies of the recorded cells filled with Alexa-750 are
shown below the recordings. The bipolar cells extended den-
dritic processes up toward the degenerated outer nuclear layer.
Their axonal processes could be seen reaching down into the in-
ner plexiform layer. The horizontal cell in Figure 6C was sitting on
the outer edge of the degenerated retina, with long dendritic ar-
bors extending laterally.

In Figures 6D-6F, we show representative responses of
mouse WT bipolar and horizontal cells such as those we and
others have previously published (see for example, Trimpler
et al.,** Arman and Sampath,*® Pang et al.,>* Feigenspan and
Babai,* and Sarria et al.*®), recorded with the same methods
as those used for the cells from rd10 retinas shown in
Figures 6A-6C. Responses of WT cells were similar in waveform
to those of rd10 cells though a factor of about 10° more sensitive.
Response ranges of our recordings were 17-93 pA for ON cone
bipolar cells (n = 9), 24-78 pA for OFF cone bipolar cells (n = 4),
and 22-310 pA for horizontal cells (n = 5).

¢ CellP’ress

Retinal output is robust despite deteriorating cone
morphology

Finally, we examined how the degeneration of photoreceptors
of 8-week-old rd10 mice impacts the signals sent from the
retina to the rest of the brain. We began by measuring the fidel-
ity of visual signaling by recording RGC responses with a large-
scale multi-electrode array®” while presenting a natural movie.
Specifically, we measured the mutual information between
the stimulus and the responses.®® Under scotopic (~1 Rh*/
rod/s) and mesopic (~100 Rh*/rod/s) conditions, the RGC spike
trains conveyed substantially less information about the natural
movie (Figures 7A-7D), presumably because of the massive
decrease in the number of rods in 8-week-old animals. Surpris-
ingly, under photopic (~10,000 Rh*/rod/s) conditions, despite
extensive changes in cone morphology and in the amplitude
of their light responses, information rates among RGCs were
remarkably similar to those in healthy retinas (Figures 7E
and 7F).

These measurements capture the fidelity of visual signaling
(the extent of reproducibility from one trial to the next) but
do not indicate what is being signaled. Though information
rates remain high under photopic conditions, the RGCs could
conceivably exhibit substantial changes in receptive field struc-
ture, indicating a change in their feature selectivity. To test for
this possibility, we focused on the photopic condition and used
checkerboard noise to estimate the spatial and temporal recep-
tive fields of RGCs.®"*° Spatial receptive fields were systemati-
cally smaller in rd10 mice 8 weeks of age (Figures 7G and 7H) but
only by about 7% (p = 0.02). The mean duration of temporal inte-
gration was not significantly different between WT and 8-week-
old rd10 retinas (Figures 71 and 7J). Finally, we analyzed
contrast-response functions (see STAR Methods) of WT and
rd10 RGCs (Figures 7K and 7L). The contrast-response function
identifies the mean spike rate produced for a given similarity be-
tween a stimulus and the spatiotemporal receptive field. This
similarity is frequently referred to as the generator signal, which
is computed as the convolution between the stimulus and the
spatiotemporal receptive field. RGCs with higher gain will pro-
duce more spikes in response to stimuli with a given similarity
between the receptive field and the stimulus. WT RGCs as a pop-
ulation exhibited higher gain than rd10 RGCs (Figures 7K and
7L). For example, for WT RGCs the output produced by a gener-
ator signal of one was 30.5 + 4.2 spike/s, while for rd10 RGCs the
output was 18.6 + 1.4 spikes/s (mean = SE, p = 0.0001). Thus, the
most significant change in RGC signaling under photopic condi-
tions between WT and 8-week-old rd10 mice was a 39%
decrease in response gain accompanied by a 7% decrease in
receptive-field size, while temporal integration and information
rates were indistinguishable.

DISCUSSION

We have discovered that degenerating cones, even lacking
outer segments and synaptic pedicles, still respond to light
and mediate surprisingly robust processing of visual signals.
Although most cones will eventually die'*'® and the animals
become blind, our results indicate that for a period of many
weeks in the mouse retina while degeneration is occurring,
cones and the retina can still respond to light.” These results
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Figure 6. Light-evoked responses in second-order retinal neurons from 8- to 9-week-old rd10 retinas and WT retinas

(A-C) (A) ON bipolar cell; (B) OFF bipolar cell; (C), horizontal cell. Representative responses from rd10 retinas to 10-ms flashes at 405 nm (arrows); flash intensities
were 6.1 x 10", 2.4 x 10%, 2.6 x 10% and 1.5 x 107 photons pm~2in (A); 2.4 x 10%, 2.6 x 10% 2.6 x 10° and 5.4 x 107 photons um~2in (B); and 2.6 x 10°,
8.7 x 10°,9.1 x 10°,and 3.0 x 107 photons um~2in (C). Below: cells of (A)-(C) filled with Alexa-750; note that outer nuclear layer has almost entirely degenerated

in all three images. Scale bars, 20 um.

(D-F) (D) ON bipolar cell; (E) OFF bipolar cell; and (F) horizontal cell. Representative responses from strain-matched and age-matched WT retinas to 16 ms flashes
at 405 nm (arrow); flash intensities were 1.4, 17, 180, and 850 photons um~2 in (D) and (E); and 12, 40, 78, 150, and 300 photons pm~2 in (F).

indicate that efforts to revive degenerating cones—provided
they are undertaken sufficiently early—have the potential to
restore substantial visual function.

Our discovery that cones maintain a depolarized resting mem-
brane potential confirms previous observations” and is consistent
with the continued presence of cyclic-nucleotide-gated channels
in the degenerating cells (Figure 3). We cannot be sure that all of
these channels are functional, since cone inner segments are
known to have cGMP-gated channels“° not all of which partici-
pate in phototransduction.”' We have no information about the
resting concentration of cGMP, and inner-segment channels
may be positioned too far away from the transducing membrane
of the inner segment to produce a light response. We have never-
theless shown that degenerating cones can respond to light (Fig-
ures 2 and 3) and that, at 8-9 weeks of age, light responses can be
recorded from second-order bipolar and horizontal cells in retinal
slices (Figure 6) and from ganglion cells in a retinal whole mount
with a multi-electrode array (Figure 7).

1518 Current Biology 33, 1513-1522, April 24, 2023

Light responses in both ON and OFF retinal neurons (Fig-
ure 6) could only be generated if cones were sufficiently depo-
larized to have open voltage-gated Ca®* channels in darkness
producing sustained release of glutamate. This depolarization
could conceivably be produced by leak across the cone mem-
brane due to injury during degeneration or recording, but the
global mean value of the input resistance we measured from
rd10 cones during our experiments (1,770 + 318 MQ, n = 42)
is about a factor of 2 greater than that of normal cones
(890 + 190 MQ, n = 22). This difference probably reflects the
decrease in membrane area and resting conductance resulting
from loss of the outer segment. We have no indication that the
degenerating cones in our recordings were leaky or otherwise
impaired. The simplest explanation of our results is that degen-
erating cones are behaving similarly to normal cones with
some open cyclic-nucleotide-gated channels in darkness,
despite the marked change in their morphology and reduced
light sensitivity.
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Figure 7. Retinal ganglion-cell (RGC) re-
sponses at photopic light level are similar
to wild type in 2-month rd10 retinas

(A) Spike times from two example RGCs to 5 trials
of a natural movie at a scotopic light level (1 R*/
rod/s) RGC 1 (blue) is rd10, RGC 2 (black) is WT.
(B) Top: cumulative distributions of information
rates across RGCs, each line is a different retina.
Blue is rd10, black is WT. Stars indicate the
location of example RGCs 1 and 2 in (A). Example
RGCs are near the 75™ percentile information
rate. Bottom: mean + 2 SEM information rates
between rd10 and WT retinas at the scotopic light
level (large points are means across retinas, small
points are individual retinas).

(C and E) Same as (A) but measured at mesopic
(100 Rh*/rod/s) and photopic (10,000 Rh*/rod/s)
light levels, respectively.

(D and F) Same as (B) but measured at mesopic
and photopic light levels.

(G) Example spatial receptive fields from two
RGCs at the photopic light level. RGC 7 (blue) is
rd10, RGC 8 (black) is WT. Example cells lie near
the 75" percentile of receptive field area.
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(H) Top: cumulative distribution of receptive field
areas over RGCs for each retina. Blue is rd10, and
black is WT. Bottom: mean + 2 SEM of receptive
field areas (large points are means across retinas,
and small points are individual retinas).
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(K) Example contrast response functions from
two RGCs near the 75™ percentile for gain.
Dashed lines indicate spike rate at a generator
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response gain.
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Even though most cones have undergone extensive changes
in morphology and no longer have a recognizable outer
segment (Figure 4), their signals still propagate to second-order
cells (Figure 6) as well to ganglion cells (Figure 7). The visual
signals of the ganglion cells are surprisingly robust, exhibiting
small decreases in receptive field size (Figures 7G and 7H)
and sensitivity (Figures 7K and 7L) but relatively normal tempo-
ral integration (Figures 71 and 7J) and information rates
(Figures 7E and 7F). Though ganglion-cell responses in rd10
mice eventually degrade and disappear,*? our results indicate
that most of the mechanisms of visual integration in the outer
and inner plexiform layers are intact and continue to function
for a prolonged period, providing the mouse—at least under
photopic conditions—with substantial visual function.

The ganglion cell results in rd10 mice are similar to recent mea-
surements in a different model of RP, the Cngb 17°°/"®° mouse.*®

10 15 20 25

firing rate (Hz)

30 In this channelopathy, rods degenerate
but much more slowly and are not lost
until about 6 months of age. Retinal gan-
glion cells in Cngb1™°/™° also retain surprisingly normal recep-
tive field structure and information rates at cone-mediated light
levels despite extensive changes in cone morphology and the
loss of outer segments.?? We think it significant that this model
of RP, which has a very different time course of degeneration
and a distinct genetic mutation from rd10, nevertheless shows
a similar robustness in ganglion-cell responses. Thus, the pres-
ervation of cone-mediated signaling pathways may be a general
feature in RP, which spans different underlying causes of rod
death and different rates of degeneration.

Many approaches are presently being tested that use gene
therapy to ameliorate genetically inherited eye disease (see, for
example, Botto et al.*¥). The efficacy of these approaches has
been questioned because synaptic connections of photorecep-
tors and other retinal neurons have been shown to undergo
considerable remodeling during degeneration (see, for example,
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Jones et al.*®). This remodeling could conceivably prevent re-
covery of normal vision even after restoration of photoreceptor
function. Our results show, in contrast, that the retina has a sur-
prising ability to continue to detect and process the visual scene
even as degeneration is occurring, in spite of (or perhaps
because of) synapse remodeling. It may not be necessary to
boost the responses of degenerating cones with optogenetics”
or other factors,*® though these agents could be helpful; it may
only be necessary to keep the cones from dying. Our observa-
tions give new hope that strategies to recover cone photore-
ceptor function may be able to provide substantial improvement
in visual function, as long as some photoreceptors are still alive
and can be preserved.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-blue opsin antibody Millipore Signa AB5407; RRID: AB_177457
rabbit anti-red/green opsin antibody Millipore Signa AB5405; RRID: AB_177456

YF594-conjugated acetylated tubulin antibody

Proteintech

YF594-66200

anti-rabbit Alexa Fluor 488 antibody ThermoFisher A32723

Chemicals

Donkey serum Sigma-Aldrich D9663-10ML

Fluoro-Gel Electron Microscopy Sciences (EMS) 17985-10

Formaldehyde EMS CAS #50-00-0
Glutaraldehyde EMS CAS #111-30-8

Cacodylate buffer EMS CAS #75-60-5

Osmium tetroxide EMS CAS #20816-12-0
propylene oxide EMS CAS #75-56-9

Araldite 502 resin EMS 13900

Ames’ medium Sigma-Aldrich A1420

HEPES buffer Sigma-Aldrich H-4034, CAS#7365-45-9
Isradipine Sigma-Aldrich 1-6658 CAS#75695-93-1
Niflumic acid Sigma-Aldrich N-0630 CAS#4394-00-7
Tetraethylammonium chloride (TEA) Sigma-Aldrich T-2265 CAS#56-34-8
Cesium chloride (CsCl) Sigma-Aldrich 289329 CAS#7647-17-8
L-cis-diltiazem Enzo Life Sciences BML-CA207-0005 CAS# 42399-54-2
Guanosine 3’-5’ cyclic monophosphate (cGMP) Sigma Aldrich G-6129 CAS#40732-48-7
Cesium methylsulfonate (CsCH303S) Sigma Aldrich 368903 CAS#2550-61-0
N-methyl-D-glucamine Sigma Aldrich M-2004 CAS#6284-40-8
HEDTA buffer Sigma Aldrich H-8126 CAS#150-39-0
Guanosine 5’-triphosphate (GTP) Sigma Aldrich G-8877 CAS#36051-31-7
NADPH Sigma Aldrich NADPH-RO CAS#2646-71-1
NADH Sigma Aldrich 10128023001 CAS#606-68-8
QX-314 bromide Tocris 1014 CAS#24003-58-5

Experimental Models: Organisms/Strains

Mouse: wild-type C57BL/6J
Mouse: rd10 on C57BL/6J background

Jackson Laboratory
Jackson Laboratory

N/A
strain B6.CXB1-Pde6brd10/J

Software and Algorithms

softWoRx
ImageJ
MATLAB
Symphony

Applied Precision

NIH, open source

Mathworks, Natick MA
https://open-ephys.org/symphony

N/A
N/A
Version 2021b
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alapakkam

P. Sampath (asampath@jsei.ucla.edu).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available upon request from the lead contact
Alapakkam P. Sampath (asampath@jsei.ucla.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals (mice Mus musculus)

Mouse: wild-type C57BL/6J Jackson Laboratory
Mouse: rd10 on C57BL/6J background Jackson Laboratory strain B6.CXB1-Pde6brd10/J

Animal use and care statement

This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health, and the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The animal use protocol for cones and retinal cells was approved by the University of California,
Los Angeles Animal Research Committee. All procedures for ganglion-cell recordings were approved by the Duke University Insti-
tutional Animal Care and Use Committee. Male and female mice were used in approximately equal numbers.

METHOD DETAILS

Solutions

After retinal dissection, retinal tissue was kept alive in a specially formulated Ames’ medium (pH 7.4, osmolarity 284 mOsm), either
buffered with bicarbonate (Ames’-Bicarb) and bubbled with carbogen gas (95% O, 5% CO,); or, for embedding and slicing, buffered
with HEPES (Ames’-HEPES) and bubbled with 100% oxygen. For certain experiments, channel-blocking agents were added to the
Ames’-bicarb bath solution as follows: isradipine (ISR, 10 uM), to block L-type voltage-gated Ca?* channels; niflumic acid (NFA,
250 uM), to block Ca®*-activated Cl~ channels; tetraethylammonium (TEA, 25 mM), to block sustained voltage-gated K* channels;
cesium (Cs*, 5mM), to block HCN channels; and L-cis-diltiazem (DILT, 500 uM), to block cGMP-gated channels. The standard inter-
nal solution for whole-cell patchclamp recordings was a potassium aspartate solution (K-Asp) containing (in mM): 125 potassium
aspartate, 10 KCI, 10 HEPES, 5 N-methyl-D-glucamine-HEDTA, 0.5 CaCl,, 0.5 MgCl,, 0.1 ATP-Mg, 0.5 GTP-Tris, 2.5 NADPH (pH
7.3, 280 mOsm). For experiments investigating the presence of cGMP-gated channels, cGMP (50-100 uM) was added to the stan-
dard internal solution. In other experiments, a cesium-TEA (Cs-TEA) based internal solution was used to block K* conductances. The
Cs-TEA internal solution contained (in mM) 110 CsCH303S, 12 TEA-CI, 10 HEPES, 10 EGTA, 2 QX-314-Br, 11 ATP-Mg, 0.5 GTP-Tris,
0.5 MgCl,, 1 NAD* (pH 7.3, 280 mOsm). QX-314 is 2-[(2,6-dimethylphenyl) amino]- N,N,N-triethyl-2-oxoethanaminium; it is a deriv-
ative of the anesthetic lidocaine and is a blocker of voltage-gated Na* channels.

Preparation of retinal slices

Prior to each experiment, animals were dark adapted overnight. The retinal dissection and preparation of retinal slices were per-
formed under infrared illumination. Animals were euthanized by cervical dislocation. The dorsal aspect of each eye was marked prior
to enucleation. After enucleation, the globes were moved to an Ames’-bicarb bath. The anterior segment was carefully removed,
including cornea and lens. The posterior eye cup was bisected into dorsal and ventral halves. From one half, a rectangular section
of retina was cut from the central region of the retina and then carefully separated from the retinal pigment epithelium. The isolated
section of retina was embedded in 3% low-temperature-gelling agar dissolved in Ames’-HEPES solution. The retina was sliced in
cold Ames’-HEPES with a vibratome to obtain 200 um-thick slices of retina. Slices were made perpendicular to the retina to obtain
a cross-section of retinal tissue with intact retinal circuitry. The retinal slice selected for recording was mounted on a recording dish;
the slice was held in place by a custom-made anchor and moved to the microscope. The remaining retinal tissue and retinal slices
were stored in a light-tight container with Ames’-bicarb solution and kept at 32°C. The tissue under the microscope was perfused with
Ames’-bicarb solution and kept at 35°C.

Identifying cones

In WT tissue, cones in slices can be distinguished from rods by their characteristic morphological and somatic features.?* Identifying
cones in the degenerated tissue was more challenging, since many of the rod somata are swollen and have disrupted nuclear archi-
tecture. Additionally, it was difficult to remove cell layers from the ONL of the degenerating tissue with a vacuum pipette, as is nor-
mally done in WT tissue to expose healthy cell bodies deeper in the retinal slice. Cones could however be found in the degenerating
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tissue along the top edge of the outer nuclear layer and generally had a small though easily recognized inner segment. Targeting the
inner segment was the most reliable way to make patch-clamp recordings from these cells.

Whole-cell patch-clamp recordings

Whole-cell patch-clamp recordings were performed with borosilicate glass micropipettes (15-19 MOhm) filled with a K-Asp internal
solution. Different internal solutions were used for specific experiments, as noted below. Cells were recorded in the voltage-clamp
mode and initially held at -50mV. After breaking into the cell, recordings could be made in voltage-clamp or switched to current-
clamp mode. Series resistance was compensated at 75-80%. Light stimuli (10-20ms) were delivered from a monochromatic
405nm LED, at a wavelength that is approximately the isosbestic point of the S and M mouse cone opsins and stimulates both opsins
with nearly equal efficiency. Light intensities are given in photons pm™ rather than in light-activated cone visual pigment molecules
(P*). Conversion to P* requires knowledge of the cone outer-segment collecting area, and degenerating cones lack an outer segment.
For most experiments, recording pipettes included a fluorescent dye, either Alexa-750 or Alexa-647, so that cellular morphology
could be imaged after electrophysiological recordings were completed. Electrophysiology data were filtered at 500 Hz, sampled
at 10kHz, and acquired with Symphony (https://open-ephys.org/symphony/), an open-source MATLAB-based data-acquisition
system.

To record the voltage-gated Ca?* current, we used a Cs-TEA internal solution to block K* currents including i, and one of two ramp
protocols. In both protocols, cells were initially held at -50mV and were then either stepped to -70mV and held there for 200 - 500 ms,
to allow all the Ca®* channels to close before ramping the voltage to +20 mV; or were stepped to -100mV and immediately ramped
to +30 mV. Ramp rate was 80 mV/sec. Leak was subtracted from a section of the trace prior to the opening of the Ca®* channels,
where the change in current was linear and proportional to the leak voltage. Data from the two protocols were similar and were com-
bined for population analysis.To characterize the HCN channel conductance, recordings were made with the K-Asp pipette solution
and in Ames’ medium, without the addition of any blockers. Currents were evoked with 300 ms hyperpolarizing voltage steps from a
holding potential of -50 mV, and the value of the current response was estimated from the mean during the last 50 ms of the voltage
pulse. All reported membrane voltages hae been corrected for the liquid-junction potential, which was approximately 10 mV for the
solutions used in these experiments.

Immunostaining and structured-illumination microscopy imaging

After euthanasia, retinas were removed and fixed with 4% formaldehyde in PBS (pH 7.4) for 30 minutes at 4 °C. They were then
washed with PBS, blocked with 5% donkey serum in PBS-0.2%TritonX100 (v/v) for 1h at room temperature (RT), and incubated
with a mixture of 1:1000 rabbit anti-blue opsin antibody (AB5407, Millipore Sigma), 1:1000 rabbit anti-red/green opsin antibody
(AB5405, Millipore Sigma), YF594-conjugated acetylated tubulin antibody (YF594-66200, Proteintech), and 2% donkey serum in
PBS-0.2%TritonX100 (v/v) overnight at 4 °C. After three washes of 10 minutes each at room temperature with PBS-0.2%TritonX100
(v/v), retinas were incubated with 1:750 anti-rabbit Alexa Fluor 488 antibody (ThermoFisher Scientific) and 2% donkey serum in
PBS-0.2%TritonX100 (v/v) for 1h at room temperature, and washed again in PBS-0.2%TritonX100 (v/v). Whole retinas were mounted
on a slide with Fluoro-Gel (17985-10, EMS), and we imaged cone photoreceptors in a Zeiss LSM 880 Confocal Laser Scanning Mi-
croscope or in a GE OMX SR microscope with a Blaze three-dimensional structured illumination microscopy (SIM) module, 60x 1.42
NA objective lens and pco.edge sCMOS cameras. For confocal microscopy images, 6 Z-planes were obtained 400 nm apart and the
maximum projection obtained with ImageJ software. For SIM images, Z-planes were obtained 125 nm apart; we collected 15 raw
images per plane (three angles and five phases). Reconstructions were performed with a Wiener filter setting of 0.001, along with
channel-specific optical transfer functions in the softWoRx software package (Applied Precision) and the maximum projection of
several Z-planes obtained with ImagedJ software. Minor contrast and brightness adjustments were applied evenly to entire images
with Adobe Photoshop software.

Electron microscopy

After euthanasia, enucleated eyes were fixed with 2% formaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for
24h at 4 °C. They were then postfixed with 1% OsO, (w/v) and 1 % potassium ferricyanide (w/v) for 1h. After a wash with distilled
water, the samples were exposed to a graded ethanol series for dehydration, then propylene oxide, followed by resin infiltration.
Samples were embedded in Araldite 502 resin (Electron Microscopy Sciences), and ultrathin sections (70 nm) were stained with ura-
nyl acetate and lead citrate. Micrographs were acquired with a JEM-1400 Plus (JEOL) electron microscope, equipped with an Orius
SC1000A (Gatan) camera and Gatan Microscopy Suite Software. Minor contrast and brightness adjustments were applied evenly to
entire images with Adobe Photoshop software.

Multi-electrode-Array Ganglion-cell recordings

Mice in their home cages were placed in a light shielded container fitted with an air pump to dark adapt overnight. Dissections took
place under infrared illumination with infrared converters. Mice were decapitated, and enucleated eyes were placed in oxygenated
room-temperature Ames’ media. Eyes were hemisected and the vitreous was removed as described previously.*” Following the vit-
rectomy, the retina was isolated from the retinal pigment epithelium, and a dorsal sample of retina (~1.25mm x 1.25mm in area and
centered ~1.5 mm from the optic nerve) was placed RGC side down on an electrode array consisting of 519 electrodes with a 30 pum
pitch.*®*° Bicarbonate-buffered Ames’ was heated to 32°C, and the retina was perfused at a rate of 6-8 mL/min.
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Spike Sorting

Spike sorting was performed on the raw voltage traces collected from the multi-electrode array with custom software, then manual
curation.’®®" Events that crossed a threshold of 4-standard deviations from the mean voltage were identified as spike events. These
events were accumulated by taking the electrical signal 0.5 ms preceding and 1.5 ms following the time of threshold crossing. Prin-
cipal component analysis was used to reduce the dimensionality of the spike waveforms from 40 samples to five. This procedure was
followed by a water-filling algorithm and expectation maximization to initialize and fit a mixture of Guassian model for clustering
spikes by their shape.*? We retained potential cells that had a spike rate of >0.1Hz and <10% contamination, as estimated from re-
fractory period violations.

Visual Stimuli

Visual stimuli were presented as previously described.?? Briefly, A gamma-calibrated OLED (Emagin, SVGA + XL Rev3) was used to
focus an image onto photoreceptors with a 4x objective (Nikon, CFI Super Fluor) attached to an inverted microscope (Nikon, Ti-E).
Visual stimuli were presented at three light levels, with a 5-min adaptation period between light levels of ~10 Rh*/rod/s (scotopic),
~1,000 Rh*/rod/s (mesopic), and ~10,000 Rh*/rod/s (photopic). At each light level, checkerboard stimuli were presented for 30 mi-
nutes to calculate spatiotemporal receptive fields and contrast response functions. For scotopic and mesopic stimuli, each square of
the checkerboard stimulus was 150x150 pm and refreshed at 15 Hz. For photopic stimuli, each square was 75x75 um and refreshed
at 60 Hz. Additionally, ten-second clips of natural movies adapted from Betsch et al.>” were repeated one hundred times each at all
light levels to calculate mutual information.

Receptive Field Measurements

The spike-triggered average was used to estimate the linear receptive fields for RGCs in response to checkerboard noise.*? As
described previously,”” RGCs with space-time separable receptive fields were selected for this analysis, because a unique spatial
and temporal filter could be identified for each cell. Space-time separable receptive fields were defined as those in which >60% of the
variance in the spike-triggered average was explained by a rank-one factorization with singular value decomposition. Across three
control retinas, 75% percent of RGCs met this criterion; across six 2-month-old rd10 retinas, 55% of RGCs met this criterion. To es-
timate the time-to-zero crossing in the temporal receptive fields, cells with biphasic filters were used, because they exhibited a well-
defined zero crossing time. 70% of space-time separable spike-triggered averages met this criterion. The contrast response function
for each RGC was given by the static nonlinearity from a linear-nonlinear model fit to each RGC response.®? Response gain was esti-
mated as the spike rate produced for a stimulus that produced a ‘generator signal’ equal to one. The generator signal was calculated
as the convolution between the spatiotemporal receptive field and the checkerboard noise across all frames of the stimulus. To
equate receptive fields and the effectiveness of the stimulus across cells, the spatiotemporal temporal receptive field estimated
from the spike-triggered average was normalized to have a vector length equal to one.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cones

Cone data were analyzed with custom scripts written in MATLAB. All averages are reported as mean + standard deviation. Compar-
isons between means of WT control data and rd10 data were performed with the Wilcoxon Rank Sum test, a non-parametric com-
parison that does not assume equal variance. A p-value of less than 0.05 was considered significant. To analyze changes in param-
eters over time, data were fit with linear regression without fixing the y-intercept, with 95% confidence intervals (Cl) reported for the
regression coefficients. Fits in which the 95% Cl for the slope included zero were considered to indicate that there was no significant
change of the parameter over time.

Information Analysis for Ganglion Cells
To measure the reliability with which RGCs responded to natural movies, we estimated the mutual information between the spiking
responses and the stimulus with the ‘direct method’ described previously.”>>® Spike trains were binned according to entropy esti-
mates that achieved the Ma Upper Bound®* and ranged from bins of 4-6 milliseconds and formed patterns of 3-6 bins. Mutual infor-
mation was thus computed as:

I(S;R) = H(R) - H(R;S) where H(R) is the entropy in the response, and H(R;S) is the entropy of the response conditioned on the
stimulus.
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