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Significance Statement/ Highlights

Photoreceptor inner segments express Rs1 at P5, after which RS1 protein is detected in the
inner segments by P9 and throughout the retina at later ages, with structural abnormalities
observed by optical coherence tomography at P13 in Rs1 mutant mouse models.

Aberrant glutamate-driven wavelets identified by GCaMP6f-based analyses are a novel
pathophysiological feature of RS1 deficient mice that emerge after maximal RS1 expression.
Miller glia display abnormal radial glutamate-driven coordinated and sporadic bursts of activity
in RS1-deficient mice.

These data identify a novel pathophysiological feature of RS1-deficient mice and define a

window where treatments might be most effective.
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Graphical Abstract: Retinoschisin deficiency induces persistent aberrant waves of activity affecting
neuroglial signaling in the retina
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Abstract

Genetic disorders which present during development make treatment strategies particularly challenging
because there is a need to disentangle primary pathophysiology from downstream dysfunction caused
at key developmental stages. To provide a deeper insight into this question, we studied a mouse model
of X-linked juvenile retinoschisis (XLRS), an early onset inherited condition caused by mutations in the
RS1 gene encoding retinoschisin (RS1) and characterized by cystic retinal lesions and early visual deficits.
Using an unbiased approach in expressing the fast intracellular calcium indicator GCaMP6f in neuronal,
glial, and vascular cells of the retina of mice lacking RS1, we found that initial cyst formation is paralleled
by the appearance of aberrant spontaneous neuro-glial signals as early as postnatal day 13. These
presented as glutamate-driven wavelets of neuronal activity and sporadic radial bursts of activity by
Miller glia, spanning all retinal layers and disrupting light-induced signaling. This study highlights a
critical role for RS1 in early retinal development with a potential to disrupt circuit formation to central
targets. Additionally, it confers a functional role to RS1 beyond the scope of an adhesion molecule and
identifies an early onset for dysfunction, a potential temporal target for therapeutic intervention and

diagnosis.
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Introduction

X-linked Retinoschisis (XLRS; OMIM: 312700) is a leading cause of early onset macular degeneration in
males. XLRS is characterized by a splitting of the retinal layers (R. S. Molday, Kellner, & Weber, 2012)
with cystic-appearing lesions most apparent in the central macula, although approximately 50% of
patients also develop peripheral retinoschisis (George, Yates, & Moore, 1995). Functional diagnostics
have uncovered significant losses in visual acuity and contrast sensitivity, as well as amplitude
reductions of the electroretinogram (Alexander, Barnes, & Fishman, 2005; Forsius et al., 1973; Peachey,
Fishman, Derlacki, & Brigell, 1987; Tanino, Katsumi, & Hirose, 1985). XLRS is caused by mutations in the
RS1 gene which encodes retinoschisin (RS1), an extracellular protein exclusive to the retina (Sauer et al.,
1997). However, there still exists a number of gaps in knowledge, especially at early developmental

stages.

In the mature mouse retina, RS1 is secreted primarily by photoreceptors (Liu et al., 2019). While it is
observed in inner retinal cells during development (Liu et al., 2019; Takada et al., 2004), the functional
role of this expression is unclear. The protein consists of disulfide bond stabilized homo-dimers, which
assembles intracellularly (R. S. Molday et al., 2012) in the form of octamer pairs displaying a symmetrical
cog wheel-like structure (Bush, Setiaputra, Yip, & Molday, 2016; Tolun et al., 2016). This rugged
topography, along with the anatomical features of retinal splitting in the absence of RS1, is consistent
with the proposed role for RS1 as a retinal adhesion molecule (Wu, Wong, Kast, & Molday, 2005). RS1
has further been identified as a binding partner for the a3 B2 isoform of the Na/K ATPase at the surface
of photoreceptors and may additionally be regulating intracellular pathways (L. L. Molday, Wu, &
Molday, 2007; Plossl, Royer, et al., 2017; Plossl, Weber, & Friedrich, 2017). In recent work (Liu et al.,
2019), we noted that horizontal cells (HCs) and rod bipolar cells (RBCs) extended their neurites past the
outer plexiform layer (OPL) and into the outer nuclear layer (ONL). These anatomical defects suggest a

role for RS1 in controlling glutamate release from photoreceptor terminals. This hypothesis is further

4
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82  supported by functional studies identifying both pre-synaptic and post-synaptic abnormalities at the
83  glutamatergic photoreceptor-to-ON-BC synapse of Rs17" (KO) mice (Ou et al., 2015). The link between

84  defects at the OPL, vision loss and anatomical cyst formation remains to be fully understood.

85 In our previous work (Liu et al., 2019) we noted severe disease phenotypes in mice aged postnatal day
86  (P)15inan allelic series of 3 Rs1 mutants. Inthese animals, spontaneous aberrant activity in retinal

87  ganglion cells (RGCs) was observed using patch clamp electrophysiology. While this approach provides
88 information regarding the connectivity of a single neuron, it can only examine the functional properties
89 of healthy cells that can be patched successfully, as it is near impossible to establish and maintain a giga-
90 ohm seal with an intracellular pipette on dystrophic cell membranes. Patch clamp electrophysiology is
91 thus unable to evaluate the dynamics of unhealthy retinal neurons. Multiphoton microscopy of mouse
92 lines expressing the fluorescent calcium indicator GCaMP6f avoids this shortfall and has the additional
93  feature of allowing intracellular calcium dynamics to be acquired simultaneously from cells in all retinal
94  layers. Inthe present report, we employ calcium imaging optophysiology to better understand the KO

95 phenotype.

96  Ourresults revealed aberrant neuronal signals that we termed ‘wavelets’, which persisted after eye

97  opening in KO mice and were found to originate in the OFF-portion of the inner plexiform layer (IPL).

98  Additional aberrant signals were observed in clusters of Miiller Cell (MC) glia which displayed

99  spontaneous and coordinated ripples of calcium fluorescence, which propagated radially in both control
100 and KO mice. These glial ripples were significantly larger and more frequent in KO than in control
101 retinas. Abnormal wavelets and glial aberrant signals were driven by glutamatergic neurotransmission.
102 Using in vivo spectral-domain optical coherence tomography (SD-OCT) imaging, we report that
103 retinoschisis is clearly present at P13 but was not observed at P11 in three Rs1 mutant models,

104  indicating that initial retinal development may proceed normally in the absence of wildtype RS1. This
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time course matched that when RS1 protein was encountered outside of the photoreceptor inner

segments.

Our investigations provide a blueprint for the pathophysiological mechanisms associated with mutant
RS1, define a key role for neuro-glial cells of the retina, and identify a temporal window for how the
onset of dysfunction coincides with RS1 appearance outside of photoreceptor inner segments. By
conferring a functional role to RS1, our results strengthen the hypothesis that RS1 is more than an
adhesion molecule but is instead essential for the maturation of retinal circuitry. Further, our results
suggest an intimate relationship between RS1 and normal glutamatergic synapse formation. Together,

these findings identify a set of temporal and cellular targets for novel treatments of XLRS.
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125 Results

126 1. Developmental time course of Rs1 expression and RS1 localization

127 Based on our observations that the disease phenotype is severe in Rs1 mutants as early as P15 (8), we
128  further characterized the time course for Rs1 expression and RS1 distribution using in situ hybridization
129 and IHC on retinal sections from mice aged P3, P5, P7, P9, P11 and P13. Rs1 mRNA transcription is first
130  observed at P5, with a steady increase throughout development (Figure S1A, C, E). RS1 protein is first
131 clearly detected at P9, in the photoreceptor inner segments and also in the developing OPL, with a

132 subsequent age-dependent increase in the inner segments and throughout the retina (Figure S1A, B, D).

133
134 2. Invivo experiments reveal structural and functional abnormalities that initiate at postnatal
135 day 13 for three different Rs1 mutant lines

136  We examined the developing retina with respect to a key feature of the Rs1 mutant phenotype, the

137 presence of schitic cavities on OCT imaging. Figure S2 compares representative OCT images of WT and
138 Rs1 mutant retina at P11 and P13. the time window when RS1 protein is restricted to photoreceptors
139  andthenis seen throughout the retina. At P11 (Figure S2A), the phenotype of Rs1I mutant mice is

140  indistinguishable from WT. All retinal layers are present, and there is no evidence of schisis. By P13

141 (Figure S2B), schisis is observed in each Rs1 mutant model. We previously showed that retinal schisis
142 progresses further to a more severe phenotype at P15 (Liu et al., 2019). In view of the similarity

143 between the phenotypes of the three Rs1 mutant lines, we further explored this early time window

144  using optophysiological analysis of the GCaMP reporter line crossed to the KO line. We chose the KO as a
145 representative XLRS model to provide reproducible comparison points with existing and future literature
146 as various Rs1 null mutants have been developed and analyzed by multiple laboratories (Jablonski et al.,

147 2005; Weber et al., 2002; Zeng et al., 2004).

148
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149 3. Generation and validation of a reporter system for the unbiased characterization of neuroglial
150 dynamics

151  To characterize the intracellular calcium dynamics of retinal cells in the absence and presence of RS1, we
152 generated a mouse line that expresses the fast intracellular calcium indicator GCaMP6f (T. W. Chen et
153 al., 2013) in most retinal cell types (neurons, glia and vascular cells) by crossing two commercially

154 available transgenic lines (Figure 1A). The NG2 Cre mouse (B6;FVB-Tg(Cspg4-cre) 1Akik/J, #008533,

155  Jackson Labs) expresses Cre recombinase under the control of the mouse chondroitin sulfate

156  proteoglycan 4 (Cspg4, also known as Neuro-Glia 2 (NG2)) promoter, resulting in early embryonic Cre
157  expression in CNS glial, vascular and neuronal cells (Zhu, Bergles, & Nishiyama, 2008). It should be noted
158  that the NG2 promoter is only active in contractile vascular cells during adulthood (Zhu et al., 2008). The
159 floxed GCaMP6f mouse (B6J.Cg-Gt(ROSA)26Sortm95.1(CAG-GCaMP6f) Hze/Mwarl, #028865, Jackson
160 Labs) has the GCaMP6f construct downstream of the ubiquitous CAG promoter and a stop sequence
161  flanked by loxP sequences, resulting in strong GCaMP6f expression by cells also expressing Cre

162  recombinase. The resulting offspring (NG2 GCaMP6f) express the calcium indicator in all CNS neural,
163  vascular and glial cells (including the retina). We interbred these mice until a fully homozygous line was
164  obtained (NG2 GCaMP6f).

165

166  We then crossed NG2 GCaMP6f homozygous males with homozygous KO females lacking Rs1, resulting
167  in male offspring that were heterozygous for NG2 GCaMP6f and lacked RS1 (NG2 GCaMP6f*; Rs17"). As
168 the Rs1 gene resides on the X chromosome (Sauer et al., 1997), these male mice, hereafter referred to
169 as KO, exhibited the phenotype observed in Rs1 mutants including retinal schisis which was visible in
170 our ex vivo configuration (Liu et al., 2019). To monitor calcium dynamics in age- and sex-matched

171 control animals, we crossed NG2 GCaMP6f** mice with the WT C57BL/6 line.
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172  We used live ex vivo multiphoton imaging to record simultaneously from different depths of the retina.
173 Our set-up allowed for concurrent imaging of physiological processes with GCaMP (Green) and three-
174  dimensional navigation of retinal explants via the Evan’s blue labeling of the vascular lumen with Evan’s
175 Blue (Figure 1B, red); generating a “fingerprint” of the recording zone, to match with IHC for post-hoc
176 analyses. Individual neuronal cell bodies were readily observable in the retinal nuclear layers, as can be
177 seen in the GCL of a representative retina in Figure 1C. Many of these responded to 565 nm light-

178 stimulation with ON, OFF or ON-OFF fluorescence profiles (Figure 1E, grey and blue arrowheads). Large
179 alpha-type RGCs were easily recognizable from their appearance (Figure 1C, grey arrowhead) and light
180  responses (Figure 1E, grey trace), and could be stained by IHC with SMI-32 (Figure 1D magenta).

181 Endothelial cells, pericytes and smooth muscle cells were readily identifiable around blood vessels by
182  their morphology as they displayed strong baseline fluorescence (Figure 1E, purple trace). The processes
183  of MCs and astrocytes were observable between neurons and around vascular structures yet were only
184  identifiable when they displayed strong sporadic bursts of fluorescence (characterized below). After
185  fixation, MCs and vascular structures presented a stronger fluorescence signal than did neurons or

186  astrocytes (Figure S3).
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Figure 1: Generating NG2 GCampé6f mice to characterize calcium dynamics in retinal cells. A. The NG2
Cre parent (left) expresses Cre recombinase under the Cspg4 promoter, active in all neuroglia cells at
early embryonic stages. The floxed GCaMP parent (right) expresses a floxed stop cassette upstream of
the GCaMP6f sensor construct on the Gt(ROSA)26Sor locus, downstream of the ubiquitous CAG
promoter. B. Multiphoton imaging of the calcium dynamics in neurons, vascular cells and glia via the
green channel simultaneously to mapping the local vascular system (injected with Evan’s Blue) for post-
hoc immuno-histochemical analyses via the red channel. Scale Bar is 40 um. C. Portion of retina in (B,
white box), highlighting several fluorescent retinal ganglion cells (blue and grey arrowheads) and
vascular cells (purple arrowhead). Scale Bar is 20 um. D. Retina in (B & C) stained for a sub-population of
neurons (alpha RGCs, SMI-32, magenta) and nuclei in the GCL. Elongated nuclei of vascular cells indicate
the shape of local vasculature. Scale Bar is 25 um. E. 30s fluorescent traces of cells indicated in (C) with
the neuronal traces (grey and blue) showing fast responses to light stimulation (5x 1s pulses every 5s,
green) and the vascular cell (purple) showing no response, but a higher fluorescence baseline. AC:
Amacrine Cells, AS Astrocytes, BC: Bipolar Cells, EC: Endothelial Cells, HC, Horizontal Cells, MC: Miiller
Cells, NSC: Neural Stem Cells, PC: Pericytes, PR: Photoreceptors, RGC: Retinal Ganglion Cells, SMC:
Smooth Muscle Cells.
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207 4. Abnormal neural “wavelets” appear at eye opening

208  We monitored spontaneous and light-driven calcium dynamics using multi-photon calcium imaging in ex
209  vivo retinal explants (methods) at ages that correspond to key stages of visual development: P10-11,

210  P14-15, P20-22, and P60-90.

211 Stage Il developmental waves are an important feature of retinal development, refining lateral

212 cholinergic synapses between RGCs and ACs of the GCL (Feller, Wellis, Stellwagen, Werblin, & Shatz,
213 1996). Figure 2A, B display representative Stage Il waves at P10, each occurring across an eight second
214  recording epoch and covering over 500 um. For P10 control mice, the pseudocolor scale shows

215  coordinated rightward propagation in time from 0 (blue) to 7.5 sec (white). To highlight the propagation
216 profile of coordinated waves of activity, the pseudocolor plot is broken down into 3 monochrome

217 snapshots in time within the eight seconds of activity, at time 0, 3s and 6s below the large pseudocolor
218 plot, for each age. In contrast, Panel B shows coordinated propagation in the KO mice at all ages. Panel
219 C compares normalized fluorescence in control and KO over time, for a representative ROI at each of
220  four ages. Panels D-G display summary metrics (Frequency, Distance, Duration and Velocity) for the

221  waves recorded in each explant at these ages. Spontaneous events recorded at P10 exhibited frequency,
222  velocity, duration and inter-wave-intervals typical of Stage Il retinal waves (Demas et al., 2006;

223 Maccione et al., 2014). These did not differ significantly between the control and KO mice with respect

224  to any parameter (Figure 2, D-G, Video 1-2).

225 At later ages, KO retinas exhibited a previously un-observed phenomenon which we termed ‘wavelets’,
226 due to their transient lateral propagation along the neuronal field (Video 4, Figure 2B-C). To

227 characterize this novel phenomenon, we applied metrics typically used (Demas et al., 2006; Maccione et
228  al., 2014) for the study of retinal developmental waves (Inter-wave interval distribution, duration,

229  frequency, velocity, distance travelled). We initially looked at large portions of the retina (16x

11
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230  magnification, 734 um x 834 um) to ensure that this phenomenon was not restricted to isolated
231 locations, such as cystic cavities. To maximize reproducibility, for each explant we analyzed five different
232 ROIs. Each ROl was 100x100 pixels (122.6 x 122.6 micron) and was chosen pseudo-randomly during

233 post-hoc analysis with the sole criteria that the ROl was devoid of visible vasculature.

234  After eye opening, we noted that waves stopped in control retinas, as noted previously (Feller, 2009;
235 Feller et al., 1996; Maccione et al., 2014), but persisted as wavelets in KO retinas. Figure 2A displays
236 several examples of these occurring over an 8 second period. Although these events were more

237  frequent (Figure 2, D), they were shorter, slower and smaller than Stage Il waves seen at P10 (Figure 2,
238 D- E). Individual wavelet amplitude distributions indicated that the signals recorded from control retinas
239  were negligible compared to those of KO retinas (Figure S4A). The average distance, duration and

240  velocity of KO wavelets recorded per explants did not differ significantly between age groups (Figure 2,
241 E-G). The individual values for the amplitude, inter-wave interval and durations are plotted as violin

242  distributions (Figure S4A-C), demonstrating very similar profiles across age.

12


https://doi.org/10.1101/2021.08.26.457777

243

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.26.457777; this version posted August 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

100% | Control KO P20 ‘ P60

AFF e

P bty WW‘WMM«W boge o hocdin

D Frequency E F G Velocity
] : 1500 10 20¢ ns
£ : o -
=1 i T 0 o 8 c
B + £1000 8 §
£ v £ 5 6 8
g4 3 4 5 2 b/
fin] . . 2 % 500 n 4 E
¢ 2
0 - S S o
15 P20 PO P10 P15 P20 P8O P10 P15 P20 P80 P10 P15 P20 P8O
Post-natal Days Post-natal Days Post-natal Days Post-natal Days

Figure 2: Progressive divergence of spontaneous neuronal activity during retinal maturation. A.
Representative propagation profiles of P10, P15, P20 and P60 control retinas. While developmental
neural waves were observed in controls at P10, they were not seen at later ages. B. Representative
propagation profiles of P10, P15, P20 and P60 KO retinas. The developmental neural waves seen at P10
persisted at later ages. Scale bar is 100 um in large temporal projection and 400 um in small
monochrome fames. C. Representative fluorescence signal traces from r 100x100 pixels ROIs for each
genotype at each age. D. Average number of spontaneous events/min/explant, averaged over 5 ROIs. N
=11 (P15 control), 8 (P15 KO), 10 (P20 control), 11 (P20 KO), 8 (P60 control), 12 (P60 KO) from 6 mice
per condition. E-G. Average distance (E), duration (F), velocity (G) for 5 waves/ explant. Mann-Whitney
test with multiple comparisons yielded p values of 0.999 (D, Frequency), 0.7546 (E, Average Distance per
explant), 0.616 (F, Average Duration per explant), 0.842 (G, Average Velocity per explant). For
frequency, Mann-Whitney test with multiple comparisons yielded p values of 0.0002 (P15, N =11
control explants and 15 KO explants), <0.0001 (P20, N = 10 control explants and 11 KO explants),
<0.0001 (P60, N = 8 control explants and 12 KO explants). Mann Whitney tests yielded p-values of 0.357
(E, Average Distance per explant), 0.877 (F, Average Duration per explant), 0.3680 (G, Average Velocity
per explant).
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260 5. Abnormal Glial phenotype

261 At P10, control and KO retinas had very similar morphologies, consistent with the similar spontaneous
262 neural dynamics. In comparison, older KO retinas displayed many abnormalities in addition to the cystic
263 structures that develop and characterize the disease phenotype (Liu et al., 2019). Some of those

264 abnormalities were observed as fibrous structures in the plexiform layers (Figure S5A, C). These may be
265  due to reactive MCs, which upregulate GFAP in Rs1 mutant mice (Liu et al., 2019) and many other retinal
266 conditions (Gargini, Terzibasi, Mazzoni, & Strettoi, 2007; Hippert et al., 2015; Yu et al., 2004). In

267  advanced photoreceptor degenerations, MCs are known to drive outer retinal remodeling, displaying
268  hypertrophy, hyperplasia, phagocyting dead photoreceptors and colonizing the sub-retinal space (Jones
269 et al., 2012; Jones, Watt, & Marc, 2005). Using live Z-stack imaging, we characterized the fluorescence-
270  depth profile through a 150 um retinal column within a pseudo-randomly allocated surface (avoiding
271  vasculature in all layers) of 100 um? for 6 control (Figure S5B) and 6 KO (Figure S5D) retinas from distinct
272  animals. In the control retina, the profile has peaks at 20-40 um and 60-80 um, possibly corresponding
273  to coordinated activations of the plexiform layers as the descending objective initiated a laser induced
274  contrast response during acquisition. Comparatively, the KO retinas display a stunted distribution, with

275  noisolated peaks, and an overall diminished fluorescence compared to the control retinas.

276  During the same recordings we analyzed for neural data in Figure 2, we observed that clusters of MCs
277  displayed sporadic bursts of spontaneous fluorescence in the adult retina (Figure 3A, B, Video 5). These
278  events were identifiable as MC signals because they (1) occurred between neuronal cell bodies, (2) were
279  visible at different depths of the retina (Videos 7-12) in a synchronized fashion, and (3) displayed slow
280  and broad temporal dynamics (Figure 3C, E) characteristic of glial signals (Rosa et al., 2015). Additionally,
281  this pattern of activity corresponded to the expression pattern of GS (Figure S3B), which is only found in
282 MCs in the retina (Bringmann et al., 2009). Of interest, activity was propagated radially to adjacent MCs,

283 in a stereotypical “Ripple” display (Figure 3B, Video 6, P20 KO displays a particularly sustained example)

14
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284  sometimes propagating over distances of several hundred microns. Hence, we refer to them throughout
285  the rest of this study as “glial ripples”. These glial ripples were rarely seen at P10. In the 20 explants (n =
286 6 control mice and 6 KO mice, multiple explants used per animals, see methods) investigated at this age,
287 only 3 such glial ripples were observed (1 control, 2 KO). In comparison, every 11 min recording from
288 WT explants at older ages contains 3-5 ripples and those from every KO explant presented more than 5

289  ripples (Fig. 5D).

290  Glial ripples were much rarer than the neuronal waves and wavelets characterized in Figure 2 and

291 appeared at completely different spatial locations. Indeed, ripples almost never occurred in the same
292 location, activating completely different sets of cells each time. As such, we could not rely on an

293 automatic and pseudo-random detection method, so ripples were identified manually (by an observer
294 blinded to genotype and age), and up to 5 ripples per explant were used to calculate average distance,
295  duration and velocity. WT explants displayed frequencies of 0.12 (P15), 0.14 (P20) and 0.16 (P60) ripples
296  per minute, which did not change across age (Figure 3D). At each, the ripple frequency observed in KO
297  explants (0.32 (P15), 1.15 (P20), 0.48 (P60) ripples per minute) was significantly higher than in WT, with
298  the highest rate seen at P20 (Figure 3D). Other measures of glial ripples (duration, velocity, distance)
299  were more variable and did not always reach statistical significance (Figure 3D, E, F). KO ripples tended
300 to propagate over further distances than age-matched controls (Figure 3E), and also tended to last for

301 longer durations (Figure 3F).
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Figure 3: RS1-deficient retinas display aberrant spontaneous glial signals after P15. A-B. Spontaneous
glial ripple at GCL of control (A) and KO (B) retinal explants, for each age examined. The three panels at
the bottom display still images at key temporal points of the glial ripple. C. Example fluorescence traces
for both genotypes at key developmental stage. D. Frequency of spontaneous glial ripple per explant. E-
G. Statistical metrics for glial events including velocity (E), duration (E) and distance (F) for maximum 5
events per explant. N = 11 (P15 control), 8 (P15 KO), 10 (P20 control), 11 (P20 KO), 8 (P60 control), 12
(P60 KO) from 6 mice per condition. D. After eye opening, using Mann-Whitney test with multiple
comparisons, the p-values at each age when comparing genotypes were 0.028 (P15, N = 11 wt explants
and 15 KO explants), <0.0001 (P20, N = 10 control explants and 11 KO explants) and 0.0014 (P60, N = 8
control explants and 12 KO explants). Mann Whitney tests yielded p-values of 0.005 ((E, Distance, P15),
0.058 (E, Distance, P20), 0.1944 (E, Distance, P60), 0.646 (F, Duration, P15), 0.0151 (F, Duration, P20),
0.710 (F, Duration, P60), 0.332 (G, Velocity, P15), 0.024 (G, Velocity, P20), 0.537 (G, Velocity, P60).
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316 6. Aberrant neuro-glial dynamics are driven by dysfunctional glutamatergic signaling

317  We next sought to characterize the functional and chemical origin of the aberrant neuronal wavelets
318 observed in KO retinas. To locate their origin, we performed four-dimensional simultaneous (FastZ, cf
319 methods) imaging of all retinal layers. We used a simple full-field light stimulus (5 pulses, 1s ON, 4s OFF)
320 to identify the ON and OFF portions of the IPL. Spontaneous (non-light- or drug-driven) recordings 9
321 minutes long allowed us to image the activity in 6 different layers at an effective sampling frequency of
322 1.975 frames per second. Representative examples of such recordings for both KO and control P60

323 retinas under standard (vehicle) perfusion conditions are shown in the left portions of Figure 4A-B. In
324  control explants taken at P60, very little wavelet activity was seen in the INL, IPL or GCL (Figure 4A).
325  Consistent with prior results, KO wavelet activity was elevated, especially throughout the IPL and GCL,
326  with less difference seen in the INL (Figure 4B, C).

327

328  Glutamate is the main excitatory neurotransmitter in the retina, with very clear anatomical and

329 functional distinctions in receptor subtypes. We studied the P60 retina using well-defined

330 pharmacological agents to block each of the main glutamate receptor subtypes. CNQX (6-cyano-7-

331 nitroquinoxaline-2,3-dione) is a competitive AMPA/kainate receptor antagonist capable of blocking all
332 ionotropic glutamate receptors, including those on OFF bipolar cells (Diamond & Copenhagen, 1993),
333  which are responsible for the propagation of OFF responses from the OPL to the OFF-portion of the IPL.
334  L-AP4 (L-2-amino-4-phosphonobutyric acid) is a selective agonist for group Il metabotropic glutamate
335 receptors, and used in the retina for blocking mGIuR6 receptors on ON-bipolar cells, which are

336  responsible for the propagation of ON responses from the OPL to the ON-portion of the IPL (Nakajima et
337  al., 1993). D-AP5 ((2R)-amino-5-phosphonovaleric acid) is a selective antagonist for NMDA glutamate
338 receptors, expressed in the inner retina, on RGCs and ACs (Kalloniatis, Sun, Foster, Haverkamp, &

339  Wassle, 2004). Only CNQX significantly eradicated the aberrant wavelets (Figure 4D). The frequency of
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recorded neural wavelets in the OFF portion of the IPL was significantly smaller in the presence of 10 uM
CNQX (Mann Whitney test, p = 0.0043, N = 5 animals). While AP5 (50 uM) and AP4 (25 uM) had
potentiating effects on the frequencies of recorded waves, the changes were more variable and not
statistically significant (Mann Whitney test, p = 0.5556 for L-AP4 and p = 0.8571 for D-AP5, N=8
animals). We also used TBOA (DL-threo-beta-benzyloxyaspartate), to block excitatory amino acid
transporters (EAAT1) located on MCs (Derouiche & Rauen, 1995) which are responsible for the first step
in the recycling cascade of glutamate. While TBOA induced wavelet-like events, these were present in all

retinal layers (Figure 4B), thus greatly exceeding the pattern seen in the KO retina.
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Figure 4: Neural wavelets originate in the OFF-IPL and are driven by glutamate in the mature retina. A-
B. Example traces from 9 minute recordings of spontaneous activity using FastZ imaging in 6 retinal
layers simultaneously in mature control (A) and KO (B) explants. The ionotropic glutamate receptor
blocker CNQX abolished spontaneous wavelets in the off IPL of KO retinal explants (B) but the glutamate
transport blocker TBOA induced spontaneous signals in control retinas (A). C. Wavelet frequency was
highest in the OFF-IPL layer of KO retinas, and completely absent from control retinas. N = 5 for each
genotype. Mann Whitney test, N = 10 animals, 5 per genotype, p = 0.0025 for IPL OFF. (D) Wavelet
frequency in the off IPL of CONTROL retinas was increased by application of TBOA. Wavelet frequency in
the off IPL of KO retinas was reduced by application of CNQX, but not AP4 or AP5. Friedman Test with
repeated measures, N = 7 (CONTROL + TBOA, p =0.0458), N =5 (CONTROL + CNQX, p =0.0005 & RS +
CNQX, p = 0.0043), N = 4 (CONTROL + AP4, p = 0.0041; KO + AP4, p = 0.5556), N = 4 (control + AP5, p =
0.0036, KO + APS5, p = 8571).
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365 Unlike neuronal wavelets, glial ripples propagated radially throughout all layers of the retina (Figure 5A)
366  with the peak fluorescence intensity for each layer phase-locked throughout the retina (Figure 5D). This
367  trans-retinal coordination is consistent with a MC origin of the signals. Throughout the retina, the

368 frequency of glial ripples in KO retinas was significantly higher than in control retinas under standard
369 (vehicle) perfusion with aCSF (Figure 5B). The addition of the glutamate receptor blockers CNQX, AP5
370 and AP4 to the perfusion did not alter the frequency of glial ripples in either control or KO retinas. In
371  control retinas, perfusion of GLAST blocker TBOA did not alter the frequency of ripples throughout the
372 retinal layers. Surprisingly, glutamatergic blockers significantly altered the surface area covered by glial
373 ripples in both control and KO retinas, with mixed effects depending on the blocked glutamate receptor.
374  This was also the case for TBOA, confirming a link between glutamatergic signaling and the kinetics of
375  glial ripples (Figure 5C).

376  We were able to induce high frequency ripples throughout retinal layers in the control retina by applying
377 ouabain, an antagonist for the Na*/K* ATPase. Increased intracellular sodium reduces the activity of

378  the sodium-calcium exchanger (NCX), which pumps one calcium ion out of the cell and three sodium
379 ionsinto the cell down their concentration gradient. This leads to an increase in intracellular calcium,
380  and eventual death of the cell/tissue, in a very repeatable and sequential manner, ending with high-

381 frequency glial ripples (Figure 5B, D-E, Videos 13-18).
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Figure 5: Spontaneous glial events occurred throughout the retina and can be modulated
pharmacologically in the mature retina. A. Example spontaneous (Control, KO) and induced (Ouabain)
glial events within all layers of the retina (P60), projected over 40s. B. Throughout retinal layers, the
frequency of glial ripples in KO retinas was significantly higher than in control retinas (Mann-Whitney
test, p =0.0052, N = 16 control and 11 KO explant, aCSF KO vs Control). Glutamate blockers did not
modulate the frequency of glial ripples in either control (Kruskall Wallis test, p =0.1830, N = 6 explants
per retina per condition) or KO retinas (Kruskall Wallis, p = 0.8989, N = 5 explants per each of retina per
condition). Ouabain was a potent inducer of glial ripples (Mann-Whitney test, p <0.0001, N =5 explants
for each of 5 retinas per condition, Control Ouabain vs aCSF). C. Throughout retinal layers, the size of
glial ripples in KO retinas was significantly smaller than in control retinas (Mann-Whitney test, p
<0.0001, N = 16 explants for 6 control retinas and 11 explants for 5 KO retinas). Glutamatergic blockers
significantly altered the surface area covered by glial ripples in both control and KO retinas (Kruskall
Wallis with multiple comparisons against aCSF: for CNQX, p = 0.0028; for AP4, p = 0.0595; for AP5 p =
0.0216 ; for TBOA, p >0.9999, N =5 explants for each of 5 mice per condition). D-E. Example fluorescent
traces throughout the layers for ROIs displayed in (A) for a representative KO (E) and a control (D)
explant treated with ouabain.
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399 Discussion

400 1. Schisis, Neuronal Wavelets, Glial Ripples, Glutamate-dependency

401 Following our prior observation that Rs1 expression is initiated between postnatal days 7 and 14 (Liu et
402  al., 2019), we sought to investigate markers of dysfunction associated with the lack of the RS1 protein at
403  these early stages. We first confirmed Rs1 expression and detectable RS1 protein in photoreceptor inner
404  segments at P5 and P9, respectively. We then identified both structural and physiological phenotypes in
405 Rs1 mutant mice from postnatal day 13, indicating a four-day lag in the role for the protein in retinal
406  function and structure. These phenotypes presented in the forms of cystic lesions observable by OCT in
407 vivo, and the appearance of aberrant wavelets of neural activity. Interestingly, all three Rs1 mutant

408 mouse models (KO; C59S; R141C) displayed a similar temporal appearance of schisis, consistent with
409 these specific point mutations as well as null mutations being linked to human disease ((R. S. Molday et
410  al., 2012) — review of human mutations). Our further investigations into the mechanisms underlying the
411 novel phenotype of aberrant wavelets in the KO revealed a link to glutamate signaling, a key

412 neurotransmitter in retinal development and function.

413

414 2. Calcium imaging for dissecting retinal function and dysfunction

415 Most functional studies of Rs1 mutant mouse lines have focused on whole animal measures (OCT

416  imaging, electroretinography) that provide links to key phenotypic features of XLRS patients (D. Chen et
417 al., 2017; Jablonski et al., 2005; Weber et al., 2002; Zeng et al., 2004). We previously reported the first
418  evidence of aberrant spontaneous activity in RGCs using single-cell patch clamp electrophysiology (Liu
419  etal., 2019). The present comprehensive optophysiological dataset allows us to investigate the

420 intricacies of physiological activity upstream of these hyperactive RGCs, and concurrently in neuro-glial
421 cell populations. Imaging of intracellular calcium dynamics has been essential for exposing and

422 dissecting spontaneous developmental waves (Meister, Wong, Baylor, & Shatz, 1991). The advent of
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423 multiphoton imaging has expanded our ability to characterize RGC and bipolar cell function (Baden et
424 al., 2016; Baden, Euler, & Berens, 2020; Franke et al., 2017). In parallel, an explosion in the availability of
425  selective promoters and transgenic mouse lines has enabled the targeting of distinct cell populations.
426 Recent examples include the imaging of retinal MCs during development (Rosa et al., 2015) and vascular
427 signaling in the retina, leading to a 3D mapping of the pericyte connectome (Alarcon-Martinez et al.,
428 2020; Kovacs-Oller, Ivanova, Bianchimano, & Sagdullaev, 2020). To better understand the KO phenotype
429  we developed a new Rs1-deficient mouse line with ubiquitous expression of a fast intracellular-calcium
430 signaling sensor. Of note, we documented the coordinated activation profile of connected columns of
431 MCs in both the healthy control and KO retinas (glial ripples). The further characterization of these

432  events and their underlying physiological relevance in these and other models should help elucidate
433  some of the mysteries underlying functional hyperemia by the neuro-glial-vascular unit. Additionally, we
434  identified spontaneous bursting in vascular cells during development, that was inversely correlated to
435  spontaneous developmental GCL waves (Video 1, Figure 6). We are currently working to develop this

436  novel and intriguing line of inquiry.

437

438
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Figure 6: Spontaneous activity in in vascular cells is anti-correlated to spontaneous waves of neuronal
activity at P10. A. Example spontaneous wave of neuronal activity in the ganglion cell layer intercalated
by waves of vascular activity. Scale Bar is 200 um. B. Trace of vascular and neural signal in adjacent
regions of interests in (A). C. Example correlation coefficient matrices of 5 vascular and 5 neuronal
regions of interest for WT and KO at key stages of visual development. For WT and at P10, the vascular
(v) activity is highly auto-correlated between regions. D. Average correlation coefficients from 5 ROls in
KO and WT retinas at key developmental ages (WT Ns=8, 8, 7, 5; KO Ns =6, 6, 4, 6 for P10, P15, P20 and
P60, respectively). Neuro-vascular correlations are significantly different between WT and KO at P20 and
P60 (2-way ANOVA with Sidak’s multiple comparisons, P = 0.032 for P20 and P = 0.011 for P60).

3. Role of RS1 in development
It is well established that Rs1 is almost exclusively expressed in photoreceptors and that the RS1 protein
is localized throughout the retina (Takada et al., 2004). Here we examined the developmental time
course over which these features develop, towards clarifying the cellular events that accompany the
earliest functional and structural defects. Our dataset supports the premise that RS1 is more than just
an extracellular adhesion protein maintaining retinal integrity. Previous studies identified the $2 subunit
of the retina-specific Na/K-ATPase as an interacting partner for retinoschisin (L. L. Molday et al., 2007),
essential for anchoring it to the plasma membranes (Friedrich et al., 2011) of photoreceptors. More

recent work has demonstrated that RS1 acted as an anti-apoptotic regulator of mitogen-activated
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459 protein kinase (MAPK) signaling in the retina (Plossl, Weber, et al., 2017), via its interactions with Na/K-
460 ATPase (Plossl, Royer, et al., 2017). Our data provide a multi-cellular and developmental context to

461  these molecular findings. Specifically, that RS1 plays a key role in the highly coordinated appearance of
462 distinct anatomical and physiological phenotypes with the maturation of glutamatergic synapses at the
463 IPL and OPL (Figure 8). Further, they identify an early age range in which RS1 may have additional

464 important protein interactions.

465

466 In mice, P11 marks the end of rod, BC and MC differentiation (Young, 1985) as well as the onset of the
467  maturation stage for the photoreceptor-to-BC synapses (Stage Il waves) which flood the retina with
468  glutamate (Bansal et al., 2000) and prime the visual system for visual perception at eye opening (P15).
469  Our data suggest that this process is disrupted in the absence of RS1, building on previous work that
470  highlighted anatomical (Liu et al., 2019) and physiological (Ou et al., 2015) disruptions at the OPL. For
471  example, Ou et al. (2015) found pre- and post-synaptic defects at the photoreceptor-to-BC synapse in
472 mice models of XLRS. And our recent study noted ectopic neurites from bipolar and horizontal cells (Liu
473 et al., 2019).

474
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475
476  Figure 7: Lack of RS1 protein drives excess glutamate and aberrant wavelets. Coincidence of mutant

477  Rs1 phenotypes with maturation of glutamatergic synapses. Some of the phenotypes observed in
478  models of XLRS have been linked to glutamatergic signaling. These bars are all based on available data.

479
480
481
482
483
484
485
486
487
488
489
490

491

26


https://doi.org/10.1101/2021.08.26.457777

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.26.457777; this version posted August 28, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

492 4. Implications for Development and Repair Strategies

493 For future pre-clinical studies, our findings provide a robust functional assay independent of macular
494  cysts, whose temporary reversal with the use of carbonic anhydrase inhibitors in XLRS patients has not
495 yielded sustainable clinical improvements in perception. (Ambrosio et al., 2021; Pennesi et al., 2018;
496  Testa et al., 2019; Thobani & Fishman, 2011). For example, drug discovery efforts may focus on the
497 normalization of wavelets or glial ripples without affecting retinal processing in the mature GCaMP*";

498  Rs1¥ retina.

499 Disruption of the spontaneous waves that guide normal visual development leads to a disruption of RGC
500 projections to central targets. Indeed, waves are essential in the wiring of RGC receptive fields,

501 begetting the maturation of their (Stage 1) electrical synapses, (Stage Il) cholinergic synapses and (Stage
502 1) glutamatergic synapses (Feller, 2009; Feller et al., 1996; Maccione et al., 2014). Our findings that

503  glutamatergic transmission is disrupted in concordance with stage Il waves strongly suggest a potential
504  for desegregated inputs to central targets and potentially irreversible connectivity issues. Gene

505 replacement therapy has shown encouraging normalization of outer retinal function and structure in
506 Rs1 KO mouse models (Dalkara et al., 2013; L. L. Molday et al., 2006; Ou et al., 2015; Takada et al.,

507  2008), leading to a retinal AAV8-RS1 gene therapy phase I/lla clinical trial (Cukras et al., 2018).

508 Unfortunately, this clinical trial appears to have failed to replicate the observations made in mouse

509 models and has additionally documented that the therapeutic vector induces a considerable

510 inflammatory response (Mishra et al., 2021). With an age range of 23 to 72 years across 9 participants,
511 the results of this clinical trial may instead highlight the need for RS1 in development to generate fully
512 functional visual systems. Future work in whole animal studies might include characterization of the role

513 played by RS1 in support of RGC mapping to central targets (Demas et al., 2006). Investigations in
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human patients’ central visual pathways may shed some light onto this issue, and identify image forming

disparities due to aberrant wiring.
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533 Methods

534  Animals

535 During all experimental procedures, animals were treated in compliance with protocols approved by the
536 Institutional Animal Care and Use Committees (IACUCs) of Weill Cornell Medicine (WCM), Cleveland
537 Clinic (CC), or Regeneron Pharmaceuticals (RP). All animal studies were conducted in accordance with
538 the National Institutes of Health Guide for the Care and Use of Laboratory Animals. For in vivo imaging
539  conducted at CC, we examined three Rs1 mutant lines: a KO with inserted lacZ reporter gene (Rs17"; Rs”"
540 ), a C59S point mutant substitution (Rs1¢°%"; Rs1¢°9%/¢5%; hereafter C59S), and an R141C point mutant
541  substitution (Rs1Rf#%Y; Rs1R141C/R14IC, hareafter R141C) (Liu et al., 2019). Controls were an F1 hybrid (F1
542 hybrid 129S6SvEvTac/C57BL6NTac). For the developmental analysis of Rs1 expression and RS1

543 localization conducted at RP, we worked with KO and C57BL/6 mice obtained from Jackson Laboratories
544  and Taconic Biosciences. For optophysiology and immunohistochemistry (IHC) studies conducted at

545  WCM, we crossed KO females with males from our NG2-GCaMP6f line generated by crossing a floxed
546  GCaMP6f line with NG2 Cre transgenic mice (Kovacs-Oller et al., 2020). Control animals were a cross
547  between C57BL/6J females and male NG2 GCaMP6f. Only male offspring (either KO or wildtype) who

548  carried the NG2 Cre and floxed GCaMP6f alleles were used for optophysiological experiments.

549

550 RS1 expression, tissue collection

551 Following sacrifice, a corneal burn at the superior 12 o’clock position was made to mark orientation.
552 Enucleated eyes were fixed in 4% PFA for 24 hours at 4°C, and a cut was made in the central cornea to
553 allow the fixative to enter the posterior chamber. Following fixation, eyes were washed three times for
554 15 minutes in 1X PBS. The anterior chamber (cornea and iris) of each eye was dissected and removed,

555 and a small cut was made superiorly at the corneal burn to keep track of orientation. Posterior eyecups
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556  were then incubated in 15% sucrose, then 30% sucrose solutions, each overnight at 4°C. Cryoprotected
557  eyecups were embedded in a cryomold containing a 2:1 solution of Tissue-Tek O.C.T. compound (Sakura
558 Finetek) and 30% sucrose, and flash frozen in 2-methylbutane cooled by dry ice. During embedding, the
559 orientation of the eyecup in the mold was kept consistent, with the posterior pole at the bottom of the
560 mold and the optic nerve facing away from the label. Frozen tissue blocks were stored at -80°C until

561 cryosectioning. Ten um thick serial sections at the level of the optic nerve were collected with a cryostat
562 (Leica CM3050S) onto charged slides (Superfrost Plus Micro Slides, Cat: 48311-703, VWR). The tissue
563 block was oriented so that sagittal sections through the nasal-temporal plane were collected. Collected

564  sections were allowed to dry for 1 hour at room temperature, and then stored at -80°C until used.

565

566 RS1 expression, immunohistochemistry

567  To prevent non-specific signal from blood vessels by the anti-mouse secondary antibody, 100 ug of the
568  primary antibody against RS1 protein (Abnova, Cat: H0O0006247-B01P) was directly conjugated to Alexa
569  Fluor 647 (hereafter RS1-AF647) using a site-specific antibody labelling kit (SiteClick™ Antibody Azido
570 Modification Kit, Cat: S0026; SiteClick™ Alexa Fluor™ 647 sDIBO Alkyne, Cat: S10906, ThermoFisher

571  Scientific). Following the final wash step in the protein concentrator, the final volume was concentrated
572  to 100 pl, to achieve an approximate antibody concentration of 1 pg/ul. Sections were blocked in a

573 blocking buffer containing 5% goat serum (Cat: 16210-064, Gibco), 1% bovine serum albumin (Cat:

574  A4503, Sigma) and 0.5% Triton-X (Cat: 93443, Sigma) for 1 hour at room temperature. Sections were
575  thenincubated with the RS1-AF647 antibody in blocking buffer (1:100 dilution) overnight at 4 °C.

576 Following incubation, slides were washed three times for 5 minutes with 1X PBS containing 0.1% Tween-
577 20 (Cat: P9416, Sigma), and two times for 5 minutes with 1X PBS. Excess PBS was carefully removed, and

578  sections were mounted with an anti-fade mounting medium with DAPI counterstain (ProLong™ Gold
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579 antifade mountant with DAPI, Cat: P36931, ThermoFisher Scientific) with no. 1.5 glass coverslips (Cat:
580 106004-340, VWR).

581

582  RS1 expression, in situ hybridization

583  Slides were washed in distilled water, dipped in 100% ethanol, and allowed to dry overnight at room
584  temperature. Sections were then pretreated with H,0; (Cat: 322330, A.C.D) for 10 minutes at room

585 temperature, boiled in antigen retrieval buffer (10X diluted in dH20, Cat: 322001, A.C.D) for 15 minutes
586 in a steamer (Oster Steamer Model 5709, IHC World), and treated with Protease Plus (Cat: 322330,

587  A.C.D) for 30 minutes at room temperature. At this stage, an additional DNAse treatment step was

588 included to reduce potential background from the probe binding to chromosomal DNA. A solution of
589 DNAse | (50u/ml in 1X DNAse buffer, AM224, Ambion) was added to the sections and incubated at 40°C
590 for 30 minutes. Sections were washed in distilled water 3 times and hybridized with an RNAScope®

591 probe recognize mouse RS1 mRNA (Cat: 456821, A.C.D). The remainder of the protocol was

592 implemented according to the manufacturer’s protocol (RNAScope® 2.5 HD Detection Reagent RED, Cat:
593 322360, Advanced Cell Diagnostics). Following the final wash step, slides were counterstained with DAPI
594  (1:250in 1X PBS, 10 mins at RT, Cat: 564907, BD Pharmingen) and mounted with Prolong™ Glass anti-
595  fade mounting medium (Cat: P36980, ThermoFisher Scientific) using no. 1.5 glass coverslips (Cat:

596 106004-340, VWR). Slides were allowed to dry at room temperature overnight prior to imaging.

597

598 RS1 expression, imaging
599 Confocal images were acquired with a Zeiss LSM710 line scanning confocal microscope using a Zeiss Plan
600  Apo 20X/0.8 objection and Multi-Alkali Photomultipliers, acquired at 16 bit with a spatial resolution of

601  3340x3440 pixels. Quantification of RS1 protein and mRNA signal was obtained using Fili (NIH) following
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602 importation of native .czi files. For RS1 mRNA sections, which were acquired at multiple z-planes, an
603  average intensity z-projection was applied to produce a single image from which signal was quantified.
604  In immunohistochemistry images, signal was quantified directly from the raw, single z-plane image.

605

606 Regions of interest (ROIs) were drawn at various retinal locations: ganglion cell layer (GCL; ~7660 um?),
607 inner plexiform layer (IPL; ~960 um?), inner nuclear layer (INL; ~7,223 um?), outer plexiform layer (IPL;
608  ~114 um?2), outer nuclear layer (ONL; 7480 um?), and inner/outer segments (IS/0S, 113 um?). At earlier
609  timepoints (P3 and P5), there is a single retinal layer termed the neuroblastic layer (NBL), and outer and
610 inner nuclear layers have not yet formed two distinct cell layers within the retina. However, even at
611  these early timepoints, cells fated for the inner nuclear layer seem to localize to the anterior (closer to
612  the vitreous) portion of the NBL (Takada et al., 2004). As such, at these early timepoints, the INL was
613  sampled as the anterior portion of the NBL, while the ONL was sampled as the most posterior portion of
614  the NBL. The OPL does not form until P7. For immunohistochemistry images, the OPL was sampled from
615 P7 onwards, and for RS1 mRNA images, from P9 onwards. Mean pixel grey values within the ROls were
616  obtained and recorded. An additional large ROI (7,024 um?) was drawn spanning the entire retina and a
617  plot of distance versus mean grey value was recorded to obtain a profile of RS1 protein or mRNA

618  expression throughout the entire retina.

619

620  Spectral-domain optical coherence tomography

621 Imaging procedures have been described in detail (Bell et al., 2015; Bell, Kaul, & Hollyfield, 2014). Mice
622  were anesthetized (sodium pentobarbital, 68 mg/kg) and pupils dilated with 1 ul eyedrops comprised of
623 0.5% tropicamide and 0.5% phenylephrine HCI. The corneal surface was anesthetized with a single

624  application of ~10 pl of 0.5% proparacaine. SD-OCT (Envisu R2210 UHR Leica Microsystems Inc.). images

625 of the retina were collected along the horizontal and vertical meridians centered on the optic disk. Each
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626  volumetric scan consisted of five B-scans (1000 A-scans per B-scan by 30 frames) which were co-

627 registered and averaged using InVvoVue software (Leica Microsystems Inc.). Each B-scan was ~1.8 mm in
628  width and had an axial resolution of 1.4 um.

629

630 Optophysiology, tissue preparation

631 20 minutes prior to euthanasia by CO,, mice were injected intra-peritoneally with a solution of Evans
632 Blue (Sigma Aldrich); 50 pl (33 pg/ul) for animals aged P10-22 and 150 pl (66 pg/ul) for ages >P60. This
633 compound adheres to the vascular lumen and fluoresces in response to a broad excitation spectrum
634  with red-shifted emissions, allowing us to image blood vessels in a different channel to the green-

635  emitting calcium dynamics of GCaMP. For all experiments, dissections were performed in a dark room
636  and the tissue submerged in oxygenized HEPES-buffered extracellular Ringer’s solution, containing the
637  following (in mM): NaCl (137), KCI (2.5), CaCl, (2.5), MgCl (1.0), Na-HEPES (10), glucose (28), pH 7.4.

638 During imaging, retinal explants were superfused with carboxygenated Ames solution (Sigma Aldrich).

639 Following enucleation, left eyeballs were immersed in buffered HEPES, pierced with a 3/8 inch 26 gauge
640 intradermal needle (Precision Guide, USA) at the interface between sclera and cornea, then sheared
641  with Vannas scissors along this interface, just below the ora serrata. Retinas were teased from the

642  eyecups by pulling on the vitreous with Dumont #5 forceps, then sheared in three or four equitable

643 “slices”, with Vannas scissors. The remaining vitreous humour was removed from the surface of the
644  retina without ever touching the neural tissue. Individual explants were mounted GCL-up onto filter
645 holders (as described previously (lvanova et al 2013)), then incubated for 2 to 3 h, shallowly submerged

646 in buffered-HEPES, in a humidified chamber.

647

648 Optophysiology, acquisition
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649  GCaMP fluorescence fluctuations were imaged in an upright Thorlabs Bergamo Il two-photon

650  microscope (Thorlabs), with a 16x physiological objective (Nikon) and multiphoton excitation set at 920
651 nm. The light-path allowed a separation of red and green fluorescence at two concurrent photo-

652 multiplier tubes (PMT), or green fluorescence with concurrent retinal photoreceptor stimulation with a
653 lime LED (Thorlabs M565L3, 550-575, Amax 565 nm). During imaging, the retina was superfused with
654 bicarbonate-buffered Ames solution that was constantly equilibrated with 95% O, and 5% CO, and

655  temperature controlled at 32°C with an in-line heater (TC-334, Warner Instrument Corporation, USA)
656 controlled by a Thermocontroller (TC-344B, Warner Instrument Corporation, USA). Each explant was
657  imaged at the medio-lateral region, to promote consistency by avoiding the optic nerve head as well as

658  the retinal periphery.

659

660 Optophysiology, live z-Stack imaging

661 Image acquisitions were performed with Thorlmage 3.2 (Thorlabs, USA) and saved as Bio-Format TIFF
662  folders (Open Microscopy Environment). The piezo-driven microscope stage enabled acquisition at 1 pm
663  spatial resolution in Z at a spatial resolution of 1024x1024 pixels, with unidirectional scanning and 5x
664  frame averaging. Data were imported and processed in FlJI (NIH) before exporting as csv files for further
665 processing using custom Matlab scripts.

666

667 Optophysiology, dynamic signal acquisition

668 Image acquisitions were performed with Thorlmage 3.2 (Thorlabs, USA) and saved as 16-bit unsigned
669  TIFF-stacks. Single plane acquisition (spontaneous signals) was performed at a spatial resolution of

670 1024x1024, magnification of 16x, spatial resolution of 0.815 um/pixel and a temporal resolution of 1.53
671  frames/s (7.65 fps with 5x frame averaging). Multi-plane acquisition (Fast-Z) was performed with a

672  galvo-resonant scanner (8 kHz), with 5 to 7 planes spaced 20 um from each other, at a spatial resolution
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673  of 512x512 pixels and magnifications of either 32x (1.63 pixels/um) or 64x (3.26 pixels/um) at a final
674  temporal resolution of 1.975 frames per second.

675

676  Optophysiology, light stimulation

677 Light-stimulation was controlled by ThorSync 3.2, which mediated illumination and extinction of the
678  stimulation LED by means of TTL signals at a sampling frequency of 30 kHz. Three main light stimulation
679 protocols were employed: five repeats of 1s ON/4 seconds OFF; 20 repeats of 500 ms ON/500 ms OFF;
680 and five repeats of 10s ON/ 120s OFF. Light stimulation was initiated after a 30 second period of

681 adaptation to the illumination provided by the multiphoton calcium imaging system. Irradiance at the
682 retinal sample was measured with an ILT950 spectroradiometer (Information Light Technologies LLC),
683 and derived using Govadorwskii nomograms (Allen et al., 2014; Govardovskii, Calvert, & Arshavsky,
684  2000). Isomerizations estimates for the stimulating LED were 6.16x 10'? (m-cone opsin), 7.27 10%° (s-

685  cone opsin), 4.31 10*? (rod opsin), 1.7x 10*? (melanopsin) photons/cm?/s.

686

687  Optophysiology, pharmacology

688  The pharmacological compounds (with final concentration and vendor) used in this study were AP4 (20
689 MM, Tocris Bioscience), AP5 (50 uM, Tocris Bioscience), CNQX (10 uM, Tocris Bioscience), Ouabain (10
690  uM, Sigma Aldrich) and TBOA (25 uM, Tocris Bioscience). These were diluted in bicarbonate-buffered
691 Ames solution, constantly equilibrated with 95% O, and 5% CO,. When studying glutamatergic blockade,
692 each explant investigated on was subjected to all three blockers (CNQX, AP5 and AP4), but these were
693 applied in a different order for each experiment. Pharmacological investigations consisted of the last
694  step in optophysiological imaging for an explant, and the entire perfusion system was thoroughly

695 cleaned with 70% ethanol and distilled water between explants.
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696

697  Exclusion criteria

698 For optophysiology, each retina yielded at least two explants, each of which underwent the entire
699  acquisition protocol listed above. The data from some recordings were unusable due to recording
700 artefacts, including too much mechanical drift, perfusion pump failure, microscope failure or light
701  stimulation errors. The protocol was repeated if the failure was observed online. In the cases where it
702 wasn’t, that particular recording was excluded, but other recordings from the same explant would be
703 kept. As such, each experiment used a minimum N of 5 animals, although the number of explants is
704  variable.

705

706 Image processing for quantitative analyses of spontaneous calcium dynamics

707  Spontaneous calcium dynamics were studied on 11-minute duration recordings at a magnification of
708 16x, recorded in a single plane and sampled at 1.53 fps, with online averaging of 5 frames. Neural and
709  vascular structures were readily identifiable from observations of every single frame, as in all ages and
710 phenotypes they displayed strong resting fluorescence. Glial structures had to be searched for manually
711 by observing every single frame in a recording, as they only appeared in bright, sporadic bursts. Five
712 neural and vascular ROls were chosen in random positions of the visual field and corresponded to

713 100x100 pixel squares or an ellipse with perimeter < 100 pixels, respectively. The raw fluorescence

714  signal for each ROl was extracted in Fiji (NIH), then exported to Matlab as CSV files and processed with

715  custom scripts. Fluorescent signals (F) were normalized (AF/F) by the following formula:

F —uF
oF

716 AFJF =

717  with pF and oF corresponding to the mean and standard deviation of the fluorescence over each pixel

718  within an ROl and over the entire time series for each recording.
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719  Waves and wavelets were thresholded with 4x standard deviations over a sliding average. Wavelet
720  metrics (peak-to-trough amplitude, inter-wave-interval, wave duration) were exported and plotted as

721 distributions or averaged by wave, ROI, explant, animal, for each condition using the formula below:

ROI .

i 1 Animals 1 TEXp Ypey  metric

722  AvgMetric = ———Y™ — Sk
g nAnimals <=1 TExp Z]=1 WROI

723 With nAnimals corresponding to the number of animals per condition, rExp corresponding to the
724 number of ROIs per explant (5, for neuronal and vascular signals) and w corresponding to the number of
725 waves detected in each ROI. Propagation distance and velocity were calculated manually in FiJi (NIH) for

726 5 events per explant per animal.

727  The correlation coefficient matrix for 5 neuronal and 5 vascular ROIs (Figure S4, C) was calculated in
728 Matlab, before removing the diagonal auto-cross-correlation coefficients and averaging the neuro-
729 neuro, neuro-vascular and vascular-vascular cross-correlation coefficients of those 5 ROIs for each

730  explant (Figure S4, D).
731

732 Image processing for pharmacological experiments

733 All pharmacological experiments were performed with 6-plane multilayered imaging, and two fly-back
734  frames. For neuronal signals, an ROl of 100x100 was applied manually to an area within a neural field
735  where wavelets were clearly observed. The raw fluorescence signal was extracted in Fiji (NIH), then
736  exported to Matlab as CSV files and processed with custom scripts which detected wavelets using

737  unbiased thresholding (sliding average + 4x sliding STD), then evaluated their frequency and amplitude
738 in each retinal layer and under different pharmacological conditions. Glial events were evaluated in a
739 similar manner, with the exception that a new ROI was generated manually for each glial event, and

740 metrics included the surface of glial propagation.
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741

742  Image processing of multiphoton data for publication format

743 For videos, files were imported into Fiji (NIH), and then averaged in groups of 4 images along the

744  temporal axis. Brightness and contrast were balanced manually to enhance calcium signals. Videos were
745  saved as Jpeg-compressed FLV files, with a frame rate of 8 fps. This resulted in an effective frame rate of
746 24 fps, corresponding to an accelerated display speed of approximately 16x. For temporally projected
747 still images, stacks were processed in Fiji (subtracted background, Gaussian blur) before manual

748  thresholding. Further binary processing was necessary to highlight waves or wavelets before projection

749 of the temporal hyperstack using Fiji’s “Fire” lookup table.

750

751 Wholemount IHC

752 Labelling of glutamine synthetase (GS) in the retina highlights Muller glia, whilst glial fibrillary acidic

753 protein (GFAP) highlights astrocytes and immune-responsive muller cells; a subset of RGCs express SMI-
754  32.The primary antibodies used in this study were goat anti-mouse albumin (Bethyl, A90-234A, 1:800,
755 RRID:AB_67122); mouse anti-GS (Millipore MAB302, 1:2000); chicken anti-GFAP (Chemicon, AB5541,
756 1:3000, RRID:AB_177521), mouse anti-SMI-32 (Covance, SMI-32R, 1:2000) and Hoechst 33342 (Sigma
757  Aldrich, 1:300) for nuclear labeling. The secondary antibodies were conjugated to Alexa 488 (1:1000;
758  green fluorescence, Molecular Probes), Cy3 (1:500 red fluorescence, Jackson ImmunoResearch) and Cy5
759 (1:500; far red fluorescence, Jackson ImmunoResearch). Following optophysiological experiments,

760  explants were fixed in a solution of 4% Paraformaldehyde (PFA) in PBS for 15 minutes. After fixation,
761 explants were washed three times for 15 minutes in PBS, then blocked for 10 h in CTA, a PBS solution
762 containing 5% chemiblocker (membrane-blocking agent, Chemicon), 0.5% Triton X-100 and 0.05%

763  sodium azide (Sigma).
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764  Primary antibodies were diluted in CTA and incubated for 72 h, followed by incubation for 48 h in the
765  appropriate secondary antibody and nuclear stain. After staining, explants were flat-mounted on a slide,
766  GCL up, and coverslipped using Vectashield mounting medium (H- 1000, Vector Laboratories). The

767 coverslip was sealed in place with transparent nail varnish. To avoid compression of retinal explants,
768 small pieces of broken glass coverslips (Imm thick) were placed in the space between the slide and the
769 coverslip, on either side of each explant. All steps were completed at room temperature, except for

770 incubation of the GS primary antibody, which required a 37° C incubation while being gently shaken.
771 Slides were imaged in an upright Leica SP8 or inverted Nikon A1R HD25 confocal microscope. Data were

772 imported and processed in FlJI (NIH).

773

774  Statistics

775 Statistical analyses and graph generation were performed in Prism (GraphPad) version 8.2 and version
776  9.1.0 for RS1 expression analyses. Mann-Whitney test was used for comparing non-parametric datasets
777  ingroups of 2. The Kruskall-Wallis test with Dunn’s multiple comparisons was used to compare groups of
778 3 or more non-parametric datasets. Quantifications of neuro-vascular correlations analyses were

779  analyzed using two-way ANOVA with Sidak’s multiple comparisons test. Rs1 expression analyses were

780  analyzed using one-way ANOVA for each retinal layer with Dunnett’s multiple comparisons test.

781

782

783

784

785
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987  Figure S1: RS1 is expressed throughout the retina during development. A. Retinal sections stained for
988 nuclei (DAPI, blue), Rs1 RNA (red, top) and RS1 protein (red, bottom). Scale bar is 100 um. B-C.

989 Fluorescence intensity in the red channel for Rs1 RNA (B) and RS1 protein (C) in different layers of the
990 retina. One-way ANOVA with multiple comparisons for each retinal layer compared to P3, N = 3 mice per
991 condition. For (B) p = 0.0023, 0.0024 & <0.0001 (INL at P9, P11 and P13, respectively); p = 0.0195 at P7,
992  &<0.0001 at P9, P11 and P13 (ONL); p = 0.0002, < 0.0001 & =0.0003 (IS at P9, P11 and P13,

993 respectively). For (C) p = 0.003 (IPL); 0.0011 & <0.0001 (INL at P11 and P13, respectively); p = 0.0008,
994  0.0008 & <0.0001 (ONL at P9, P11 and P13, respectively); p = 0.0052, 0.0011 & <0.0001 (IS at P9, P11
995  and P13, respectively). D-E Normalized mean fluorescence (+SEM) intensity profile through retinal cross
996  sections from the edge of photoreceptor inner segments in the red channel for Rs1 RNA (D) and RS1
997 protein (E). Distance scale diagrammed in (A). 16 bit images with max grey value of 65,535. GCL:

998 Ganglion Cell Layer; IPL: Inner Plexiform Layer; INL: Inner Nuclear Layer; OPL: Outer Plexiform Layer;
999 ONL: Outer Nuclear Layer; IS: Inner Segments.
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Figure S2: Schisis appears at P13 in 3 mouse models of XLRS. A-B. OCT imaging of mouse models at P
11 (A) and 13 (B). A. At P11, the XLRS models are indistinguishable from the control retina. B. At P13, all
three XLRS models display schisis (yellow arrowheads). C-D. Zoom of half portion of R141C retina at P11
(C) and P13 (D). Images are representative of 5-6 mice for each genotype and age.
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Figure S3: GCaMP6f is expressed in neurons, glia and vascular cells in the NG2 GCAMP mouse line. A.
Live mature retinal tissue compared to stain for neurons (SMI-32) vascular cells (Albumin) and nuclear
DNA (Hoechst). B. Live retinal tissue compared to stain for glia. Glutamine synthetase (GS) is specific to
Miller glia, but glial fibrillary acidic protein (GFAP) is expressed in both Miiller glia and astrocytes. C. 3D
projected retinal section, with interpolation, displaying how GCaMP is highly expressed in Muller cells.
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Figure S4: Metrics for each individually thresholded neuronal events. Violin-plot distributions of neural
wavelet Amplitude (A), Inter-wave-interval (B), Duration (C), displaying individual values for each
wavelet detected.
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Figure S5: Disrupted landscape of RS1-deficient retina A. Live control retina displays typical lamination
profile, with blood vessels marking GCL, INL and OPL. B. The Z-profile of GCaMP6f fluorescence from 6
control retinas displays a bimodal distribution, with peaks in the synaptic layers. C. KO retinas display
fibrous appearance in non-neuronal layers. (D) The Z-profile of GCaMP6f fluorescence from 6 KO retinas
displays a stunted distribution, with no clear peaks. The grey legend between B and D provides a rough
guide to retinal layers according to depth from GCL surface.
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