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In brief

Elevations in homeostatic neuronal Ca2*
are generally associated with
neurodegeneration. McCracken et al.
demonstrate that Ca®* levels are diverse
across the retinal ganglion cell (RGC)
population and that RGCs with higher
resting Ca®* levels are more likely to
survive degeneration induced by optic
nerve crush both within and across RGC
types.
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SUMMARY

Retinal ganglion cell (RGC) degeneration drives vision loss in blinding conditions. RGC death is often trig-
gered by axon degeneration in the optic nerve. Here, we study the contributions of dynamic and homeostatic
Ca?* levels to RGC death from axon injury. We find that axonal Ca®* elevations from optic nerve injury do not
propagate over distance or reach RGC somas, and acute and chronic Ca?* dynamics do not affect RGC sur-
vival. Instead, we discover that baseline Ca®* levels vary widely between RGCs and predict their survival after
axon injury, and that lowering these levels reduces RGC survival. Further, we find that well-surviving RGC
types have higher baseline Ca?* levels than poorly surviving types. Finally, we observe considerable variation
in the baseline Ca?* levels of different RGCs of the same type, which are predictive of within-type differences

in survival.

INTRODUCTION

Retinal ganglion cells (RGCs) are projection neurons required for
vision. Damage to their axons leads to retrograde cell death and
blindness in conditions including glaucoma and diffuse white
matter injury.”™* Restoring vision in such diseases requires
RGC neuroprotection. Therefore, understanding how axonal
damage leads to RGC death is critical for formulating treatments
that preserve RGCs.

Calcium dysregulation contributes to neuronal death in diverse
neurodegenerative conditions®~’ and contributes to RGC degen-
eration in different blinding diseases, including glaucoma, neuro-
myelitis optica, and optic nerve trauma. For example, RGC light-
driven Ca®* dynamics are disrupted in mouse glaucoma models.®
Restricting Ca?* influx through voltage-gated Ca2* channels or
AMPA channels protects RGCs from degeneration.”' In
contrast, increasing RGC neural activity, and presumably Ca®*
signaling, protects RGCs following optic nerve crush (ONC).""~"3

Axon injury leads to Ca®* elevations that drive neurodegener-
ation.’*"'® Optic nerve ligation causes acute Ca®* elevations in
RGC axons within the optic nerve that drive Wallerian-like break-
down."” Since axon injury is considered a catalyst for RGC
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degeneration in glaucoma, determining if and how Ca®* signals
initiated in the optic nerve affect RGC survival in the retina needs
to be addressed. To investigate the role of pathological Ca2* in
RGC degeneration, we tracked Ca®* levels acutely and chroni-
cally in RGCs following ONC in mice in vivo.

RESULTS

RGCs demonstrate differential baseline Ca®* levels

To examine the role of Ca®* in RGC degeneration, we used the
fluorescence resonance energy transfer (FRET)-based Ca®* bio-
sensor Twitch2b.'® To express Twitch2b specifically in RGCs,
we delivered adeno-associated virus serotype 2 (AAV2) carrying
a Cre-dependent Twitch2b expression cassette into VGlut2-Cre
transgenic mice, which restricts transgene expression to RGCs
and horizontal cells'®; the latter were spatially excluded from
analysis.'® To examine RGC soma and axon Ca®* levels, light-
adapted mice were imaged by transpupillary 2-photon micro-
scopy as previously described.'® Intriguingly, we observed that
RGCs displayed different Ca%* levels during in vivo 2-photon im-
aging in the unperturbed state, which we will refer to as baseline
throughout this report (Twitch2b ratio: 1.41 + 0.50, mean + SD,
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1,051 RGCs from 19 retinas; Figures 1A and 1B). Axon fascicles
demonstrated a lower and more uniform Ca®* level distribution
(Twitch2b ratio: 0.92 + 0.13, 41 fascicles from 6 retinas). Repeat
imaging the same retinal fields at 5-7 day intervals showed that
RGC Ca?* levels are stable (n = 225 RGCs from 4 retinas; R =
0.76; Figures 1C and 1D). Thus, RGCs demonstrate differential
baseline Ca®* levels that are stable in most RGCs, while axons
maintain homogeneous and low Ca®" levels.

Baseline Ca?* levels are related to spontaneous
neuronal activity

To understand the source of baseline Ca®* levels in RGCs, we
performed simultaneous Twitch2b measurements by low-
laser-intensity 2-photon microscopy and cell-attached patch-
clamp recordings in dark-adapted retinal whole mounts. We re-
corded spontaneous activity in RGCs for 5 min followed by 1 min
recordings after KCI stimulation. Twitch2b ratios and firing rate
were calculated in 5-6 s bins for each RGC. Within individual
RGCs, there was a relatively strong relationship between Ca®*
level and firing rate (R = 0.57 = 0.13, n = 472 bins from 8 RGCs
from 4 retinas, example RGC R = 0.84; Figure 1E). In contrast,
across RGCs sampled, activity only accounted for a smaller
portion of the measured Ca?* levels (R = 0.32; Figure 1F).
Thus, modulations in neural activity shift RGC Ca®* levels within
individual RGCs. However, resting Ca?* levels in the absence of
electrical activity and the impact of electrical activity on Ca®*
levels are both differential across RGCs.

To determine the contribution of activity to Ca?* levels in vivo,
we recorded Twitch2b dynamics in response to intraocular deliv-
ery of tetrodotoxin (TTX) to inhibit neural circuit activity or to a
cocktail of strychnine and bicuculline (S&B) to disinhibit RGCs
and increase their electrical activity. We compared the response
to TTX or S&B to saline vehicle control injections, which caused a
reduction in RGC Ca?* levels (Twitch2b change in ratio/initial ra-
tio [AR/R] = —0.130 + 0.008, n = 257 RGCs from 6 retinas). We
found that administration of TTX strongly reduced RGC Ca®*
levels (Twitch2b AR/R = —0.301 + 0.012; Figures 1G, 1H, and
1K), and 13.2% of TTX-treated RGCs demonstrated reduced
Ca?* levels compared to vehicle using a AR/R of 2 standard de-
viations below the mean of vehicle injections. Similarly,
increasing RGC electrical activity by intravitreal S&B injection
induced Ca®* level elevations in RGCs (Twitch2b AR/R =
0.262 + 0.014, n = 170 RGCs from 5 retinas; Figures 11-1K),
and 44.7% of S&B-treated RGCs showed increased Ca®* levels
compared to vehicle. Taken together, these results suggest that
some RGCs have higher homeostatic Ca®* set points and differ-
ential levels of spontaneous activity that are both influenced by
retinal circuit activity.

While it is likely that some circuit activation is driven by our
2-photon imaging method,”® we do not believe that laser re-
sponses distorted our baseline Ca®* measurements. Previous
reports have used transpupillary 2-photon imaging with similar
or higher laser powers to track responses of RGCs to blue light
flashes in mice in vivo.”’ We have also previously shown that
most RGCs activated by the 2-photon laser respond with tran-
sient Ca2* elevations'® that persist for much shorter durations
than our image acquisition (20 s vs. 3 min). To demonstrate
that our imaging paradigm did not strongly activate RGCs,
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15 min after performing transpupillary 2-photon imaging, we
immunostained for c-Fos, which is rapidly upregulated in dark-
adapted RGCs exposed to light.?>?®* We found that RGCs
showed little c-Fos labeling in the retina as a whole following
2-photon scanning of light-adapted retinas (Figure S1A).
Furthermore, comparing c-Fos levels in RGCs in the scanned re-
gion vs. RGCs away from the scanned region showed no signif-
icant difference in c-Fos expression levels (Figures S1B and
S1C). Finally, in vivo Ca®* levels were not correlated with c-Fos
expression (Figures S1D-S1F), indicating that RGCs with high
baseline Ca?* levels are unlikely to have been driven to high ac-
tivity levels by 2-photon imaging. Taken together, spontaneous
or some 2-photon-driven RGC activity may influence, but does
not account for, differences in RGC baseline Ca®* levels that
we observe with in vivo Twitch2b measurements.

Acute pathological Ca?* elevations are not observed in
the retina after optic nerve injury

Previous studies have used Twitch2b and its predecessors to
demonstrate how pathological Ca?* elevations drive axon
degeneration across clinically relevant trauma and disease
models."'®'%?* Indeed, using a 2-photon laser spot injury within
the retina, we induced axonal and somatic Ca* elevations
near the laser spot that persisted for at least 60 min (Figure S2).
Laser injury induced strong Ca?* elevations in axons within the
area of eventual degeneration, but these elevations only propa-
gated over the first 100 um of axons proximal to the lesion edge
(Figures S2A and S2B). A similar result was observed for RGC
somas where strong elevations were only observed within the
degenerative field; however, smaller Ca®* elevations were
observed in RGCs up to 200 pm away from the edge of the lesion
(Figures S2A and S2C). Thus, our in vivo imaging system can
detect degeneration-associated changes in Ca®* levels within
both RGC axons and cell bodies.

To observe the possible spread of pathological Ca?* after
ONC, baseline Ca®* images were acquired, and mice received
an ONC and were imaged within 2-5 min of injury. Subsequent
images were acquired every 5 min for 2-3 h (Figure 2A). Following
ONC, Ca®* levels in RGC axon fascicles showed no significant el-
evations relative to sham controls either directly after (Twitch 2b
AR/R ONC —0.033 + 0.019 vs. sham 0.050 + 0.012, n = 31 axon
bundles from 3 retinas for crush, 13 axon bundles from 3 retinas
for sham, 95% confidence interval of the difference between
means [CID] = —0.27 to —0.15) or 2 h after ONC (Twitch 2b AR/
R ONC —0.033 + 0.019 vs. sham 0.050 + 0.012, 95% CID =
—0.20 to 0.08; Figures 2A and 2B). Similarly, RGC somatic Ca*
levels, while somewhat variable, did not increase relative to base-
line and did not significantly differ from sham controls (Twitch 2b
AR/R ONC 0.084 + 0.024 vs. sham 0.082 + 0.015, n =202 RGCs
from 3 retinas ONC, 133 RGCs from 3 retinas sham, 95% CID =
—0.61 to 0.65; Figures 2A and 2C-2E). Since some Ca®* dy-
namics were observed in RGC soma following ONC, we exam-
ined if acute Ca®* dynamics were related to RGC survival by
performing chronic imaging for 2 weeks following ONC with acute
time-lapse imaging (Figure 2F). We found that acute Ca?*
dynamics were not different between RGCs that died or survived
ONC either at the immediate time point following injury (Twitch2b
AR/R surviving —0.01 + 0.05 vs. dying 0.03 + 0.03, 95%
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Figure 1. RGCs demonstrate differential Ca®*
levels

(A) In vivo 2-photon maximum intensity projection (mip)
Twitch2b. cpVenus and mCerulean3 are pseuodocol-
ored magenta and green, respectively, throughout.

(B) Swarm plot of baseline Twitch2b ratios. Bars
represent mean throughout.

(C) In vivo 2-photon mip of Twitch2b and imaged again
5 days later.

(D) Scatterplot of Twitch2b at baseline vs. 5-7 days later
(R=0.76).

(E) Twitch2b ratio vs. firing rate in an example RGC re-
corded from a dark adapted retinal whole mount. Each
point represents an individual 6 s bin. Lines represent
best fit (solid) + 2 standard deviations from the mean
(dashed) throughout.

(F) Twitch2b ratio vs. firing rate across multiple RGCs
(uniquely colored).

(G) In vivo 2-photon mip of Twitch2b at baseline and
following TTX.

(H) Line plots of individual RGCs at baseline and
following TTX. Each line represents a single RGC. Green
lines are significantly reduced compared to vehicle
control. Heavy line shows mean and SEM throughout
(paired Student’s t test).

(I) In vivo 2-photon mip of Twitch2b at baseline and
following S&B.

(H) Individual RGCs at baseline and immediately
following S&B. Magenta lines are significantly increased
compared to vehicle control (paired Student’s t test).
(K) ACa?* following indicated treatment. Magenta and
green shaded areas are 2 SD above and below the
vehicle injected mean, respectively (n = 202 RGCs from
5 retinas reposition, 260 RGCs from 5 retinas vehicle,
p < 0.0001 for all group comparisons, one-way ANOVA
multiple group comparisons with Bonferroni correction).
Scale bars: 50 um.

See also Figure S1.
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Figure 2. Acute Ca?* levels are unaltered following ONC

(A) In vivo 2-photon mips of Twitch2b following ONC. Time in minutes.
(B) Sample mean of axon fields acute imaged in ONC (black) and sham (red) retinas. Error bars represent SEM throughout.
(C) Sample mean of RGCs following ONC and sham.
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CID = —0.22 t0 0.02, n = 160 RGCs from 3 retinas; Figure 2G) or
overall across the 2 h time lapse (mean Twitch2b AR/R surviving
—0.04 £ 0.08 vs. dying —0.05 + 0.03, 95% CID = —0.06 to 0.07;
Figure 2H). Therefore, our data suggest that acute Ca®>* backpro-
pagation is not arelevant injury signal in RGCs following ONC and
is unlikely to influence RGC survival.

Baseline Ca?* levels correlate with RGC survival

To examine the relationship between baseline Ca®* and degenera-
tion, we tracked RGC survival following ONC after first measuring
baseline Ca®* levels (Figure 3A). In contrast to Ca®* serving as a
degenerative stimulus, we observed that surviving RGCs had
higher baseline CaZ* levels than dying RGCs (Twitch2b ratio surviv-
ing 1.61 + 0.05 vs. dying 1.36 = 0.02, n =499 RGCs from 10 retinas;
95% CID = 0.23-0.44; Figures 3A and 3B). To determine when sur-
vival differences manifest in RGCs with different Ca* levels, we se-
parated RGCs into “high” and “low” Ca2* groups using 2 standard
deviations above the TTX-treated mean as a threshold (Figures 1G,
1H, and 1K). Survival rates were relatively similar between high and
low Ca®* RGCs through 8 days after ONC but were significantly
different from 10 days onward (n = 5 retinas including 260 RGCs;
Figure 3C). By 14 days after ONC, high Ca®* RGCs were 3.51 +
0.66 times more likely to survive than their low Ca®* counterparts
(survival rates for high Ca®* RGCs 37% =+ 6.8% vs. low Ca®*
RGCs 11.7% + 2.4%, 95% CID = 8.9%-41.6%; Figure 3C). To di-
rectly compare homeostatic Ca2* levels with resilience, we group-
ed RGCs by day of death and compared their baseline Ca®* levels.
While all post-injury time point populations were lower than surviv-
ing RGCs, similar to the survival curve results, we found that RGCs
that died on days 10 and 12 had significantly lower baseline Ca**
levels than RGCs that survived to 14 days post crush (dpc;
Twitch2b ratio 95% confidence interval [CI] surviving 1.56-1.85
[61 RGCs] vs. dying 4 dpc 0.12-1.92 [2 RGCs] vs. 6 dpc 1.33-
1.68 [32 RGCs] vs. 8 dpc 1.38-1.63 [41 RGCs] vs. 10 dpc 1.21-
1.38 [89 RGCs] vs. 12 dpc 1.17-1.52 [22 RGCs] vs. 14 dpc 1.33-
1.97 [15 RGCs], n = 5 retinas). Thus, high baseline Ca®* levels
predict a higher likelihood of survival following ONC that does not
manifest in the early stages of degeneration.

RGCs that maintain high Ca®* levels are resilient to ONC

To determine how long-term Ca®* dynamics might influence
RGC survival, we tracked Ca®* levels throughout our 14 day
time lapse (Figure 3D). To examine if Ca2* dynamics precede
cell death, we calculated the frequency of transitions between
high and low Ca®* states (defined above) in the time points just
prior to cell death and all other observations that did not precede
RGC death. We found similar odds of Ca2* elevations (low to
high transitions) in the time point just before RGC death
(9.9% + 2.3%) as in all other time points of the chronic time lapse
(9% + 2.5%, n = 3 retinas including 616 transitions from 204
RGCs, 95% CID = —8.9 to 10.6). Furthermore, transitions from
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high to low Ca®* levels were observed with probabilities similar
to transitions from low to high Ca®* levels at the time point pre-
ceding RGC death (high to low 12.9% + 6.7% vs. low to high
9.9% + 2.3%, n = 3 retinas including 616 transitions from 204
RGCs, 95% CID = —22.8 to 16.8). Calculating the population
mean of Ca®* levels in pre-death and non-pre-death time points,
we found that Ca?* levels decreased slightly at the time point just
before RGC death (Twitch2b ratio AR/R —0.05 + 0.03), and these
dynamics were similar to Ca®* changes seen in all other time
points from the chronic time lapse (Twitch2b ratio AR/R 0.00 +
0.01 non-dying, n = 616 transitions from 204 RGCs from 3
retinas; 95% CID = —0.11 to 0.01; Figure 3E). Taken together,
Ca?* dynamics in the days prior to RGC death are not related
to survival following ONC.

We next examined if long-term increases in Ca* set point might
protect initially low Ca2* RGCs from degeneration or if Ca®* decre-
ments might remove protection from RGCs with high baseline
Ca?* levels. We found that RGCs with Ca®* dynamics (either tran-
sitioning from high to low or low to high Ca?* levels) were similarly
likely to die as RGCs that always maintained low Ca®* levels (sur-
vival rates high to low 19.2% + 14.9%, low to high 19.3% + 6.6%,
and alwayslow 13.4% + 6%, n = 3 retinas including 204 RGCs; Fig-
ure 3F). In contrast, RGCs that maintained high Ca?* levels after
ONC were highly resilient with a 63.8% + 13.9% survival rate (Fig-
ure 3F). Thus, the only condition that strongly correlated with sur-
vival was persistently high Ca* levels, which were more likely to
survive than other Ca®* phenotypes in RGCs.

Chelating Ca®* reduces RGC survival

To examine a causative link for our observed relationship between
high baseline Ca?* levels and increased RGC survival after ONC,
we injected the cell-permeable Ca®* chelator ethyleneglycol-bis
(B-aminoethyl)-N,N,N',N'-tetraacetoxymethyl ester (EGTA-AM,
1 uL 30 pM) intravitreally to reduce Ca?* levels in the retina.
EGTA-AM injection led to a strong reduction of Ca®* levels in all
RGCs (Twitch2b AR/R = —0.397 £ 0.018, 114 RGCs from 3 retinas;
Figures 3G and 3H). Further, we observed that compared to TTX
injections, EGTA-AM reduced Ca®* levels to a greater extent
(95% CID = —0.140 to —0.054). EGTA-AM reductions persisted
for 85.2 + 12.3 min (n = 3 retinas), as measured by the population
mean returning to 90% of baseline Twitch2b ratios. Thus, EGTA-
AM led to strong and lasting Ca®* reductions in all RGCs.

To determine the importance of Ca?* for RGC survival, we
measured baseline Twitch2b ratios, performed ONC, and in-
jected EGTA-AM intravitreally immediately after ONC and every
3 days thereafter while tracking RGC survival with in vivo
2-photon imaging (Figure 3l). This frequency of intermittent
RGC Ca®* manipulation is similar to previous experiments that
increased RGC activity to promote RGC survival.'® Importantly,
injection of EGTA-AM without ONC did not cause RGC degener-
ation (Figure S3). Intermittent Ca®* chelation with EGTA-AM led

D) Twitch2b at baseline and first acute time point after ONC and sham (R = 0.48 ONC, R = 0.87 sham).
E) Twitch2b at baseline and 2 h after surgery in ONC and sham (R = 0.73 ONC, R = 0.63 sham).

G) ACa?* between baseline and first acute time point in RGCs that survived (green) and died (red; Student’s t test). Bars represent mean throughout.
H) Mean ACa®* between baseline and all acute time points (as graphed in C) in RGCs that survived and died. Scale bars: 50 um.

(
(
(F) In vivo 2-photon mips of Twitch2b following ONC. Same sample as in (A).
(
(

See also Figure S2.
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Figure 3. High Ca®* levels are correlated with
RGC survival

(A) In vivo 2-photon mips of Twitch2b at indicated
days following ONC. Arrows indicate surviving high
Ca?* RGCs.

(B) Baseline Twitch2b in RGCs that survived (green)
and died (red; Student’s t test). Bars represent mean
throughout.

(C) Survival curves of RGCs with high (magenta) or
low (green) baseline Ca®* (Mann Whitney U test).
Error bars represent SEM throughout.

(D) In vivo 2-photon mips of Twitch2b at indicated
days following ONC. Arrows indicate dying RGCs
with Ca2* levels that change.

(E) ACa?* just prior to RGC death (red) and all other
time points (gray; Student’s t test).

(F) Percentage of surviving RGCs with indicated
chronic Ca2* dynamics. Bars represent mean and
points indicate individual retinas (one-way ANOVA
with Bonferroni correction).

(G) In vivo 2-photon mips of Twitch2b at baseline
and after EGTA-AM.

(H) Individual RGCs at baseline and following EGTA-
AM. Each line represents a single RGC, heavy line
represents mean and SEM (paired Student’s t test).
(I) Timeline of EGTA-AM experiments.

(J) Percentage of surviving RGCs classed by base-
line Ca®* levels compared between vehicle and
EGTA-AM treatments (one-way ANOVA with Bon-
ferroni correction). Points represent individual
retinae, bars represent mean. Scale bars: 50 pm.
See also Figure S3.

Ca®* chelation on RGC survival across
high or low Ca®* RGCs showed that high
Ca®* RGC survival was more strongly
reduced by EGTA-AM treatment than low
Ca?* RGC survival (high Ca®* EGTA-AM
22.9% + 4.8% vs. vehicle 39% =+ 5.4%,
95% CID = —23.5% to —8.6%, n = 5retinas
including 218 RGCs and 5 retinas including
208 RGCs, respectively; low Ca?* EGTA-
AM 10.7% + 3.5% vs. vehicle 15.6% =+
5.5%, 95% CID = —11.9% to 2%, n = 329
RGCs from 5 retinas and 399 RGCs from
5 retinas, respectively; Figure 3J). Taken
together, these experiments suggest that
the maintenance of high Ca?* levels is an
important feature for the survival of natively
resilient RGCs, especially those that
demonstrate high baseline Ca®* levels.

Well-surviving RGC types have high
baseline Ca®* levels

The mouse retina contains about 45 different
types of RGCs that can be differentiated by
gene expression, electrophysiological re-

to a significant reduction in RGC survival (EGTA-AM 15.6% =+
3.8% vs. vehicle 24.3% + 1.6%, 95% CID = —13.3% to
—4.1%, n =5 retinas including 547 RGCs and 5 retinas including
607 RGCs, respectively; Figure 3J). Examining the effects of
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sponses to light, dendritic morphology, and brain projections.?>2”
Importantly, these RGC types differ in their vulnerability to ONC
and other forms of degeneration.?’°? Thus, high baseline Ca®*
levels could be a specific feature of resilient RGC types, and/or
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Figure 4. Well-surviving RGC types have higher baseline Ca?* levels that predict survival

(A and B) In vivo 2-photon mip of Twitch2b in (A) ipPRGCs (OPN4-Cre) and (B) «aRGCs (KCNG4-Cre).

(C) Twitch2b ratios in all RGCs (VGlut2-Cre; re-graphed from Figure 2B), ipRGCs, and «RGCs (Student’s t test). Bars represent mean throughout.

(D) In vivo 2-photon mip of Twitch2b «RGCs and ex vivo confocal mips of Brn3a (cyan) and calbindin (magenta) immunostaining and Twitch2b (yellow) in fixed
whole mounts. Box indicates area shown in confocal whole mount. Arrows indicate immunopositive RGCs.

(E) Twitch2b ratios in Brn3a+, calbindin+, and Brn3a—/calbindin— RGCs (ANOVA with Bonferroni correction).

(legend continued on next page)
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baseline Ca* levels could be predictive of survival independent of
and within RGC types. To investigate this relationship, we ex-
pressed Twitch2b in two transgenic mouse lines enriched for
well-surviving RGCs: KCNG4-Cre (@RGCs®') and OPN4-Cre
(intrinsically photosensitive RGCs [ipRGCs]*®). We found that
baseline Ca®* levels were higher in both of these transgenic lines
compared with all RGCs labeled in VGIut2-Cre transgenic mice
(Twitch2b ratios of KCNG4 1.86 + 0.77, mean = SD, n = 196
RGCs form 9 retinas, OPN4 2.01 + 0.63, n =282 RGCs from 11 ret-
inas vs. VGIut2 1.41 + 0.50, 1051 RGCs from 19 retinas; Fig-
ures 4A-4C). Since RGCs and ipRGCs are families that represent
multiple specific RGC types, we performed immunostaining for
more specific RGC types after in vivo Twitch2b imaging within
the KCNG4-Cre transgenic mice. We labeled ON-sustained
2RGCs (ONS«RGCs) with calbindin and OFF-sustained and
OFF-transient «RGCs with Brn3a (OFFaRGCs), while the remain-
ing unlabeled “other” aRGCs are likely to be heavily enriched for
ON-transient xRGCs.** We found that OFFzRGCs (Twitch2b ratio
1.28 + 0.38, mean + SD, 134 RGCs from 5 retinas) had significantly
lower CaZ* levels than either ONS«RGCs (2.21 + 0.68, 109 RGCs)
or presumed ONTzRGCs (1.98 + 0.76, 96 RGCs, p < 0.0001,
ANOVA with Bonferroni correction; Figures 4D and 4E).

To examine a poorly surviving RGC type, we performed in vivo
Twitch2b imaging in VGIut2-Cre transgenic mice followed by im-
munostaining for (cocaine- and amphetamine-regulated tran-
script [CART]), a marker enriched in ON-OFF-direction-selective
RGCs (00DS-RGCs®®; Figure 4F). CART-expressing RGCs ex-
hibited lower baseline Ca?* levels than their CART-negative
counterparts (Twitch2b ratios of CART+ 1.16 + 0.37, mean =
SD vs. CART— 1.42 + 0.45, n = 300 RGCs from 3 retinas, 95%
CID = 0.15-0.36; Figures 4F and 4G). Thus, high baseline Ca%*
is a feature of RGC types that are well surviving, while low base-
line Ca* levels are found in RGC types that are poorly surviving.

Ca?* levels correlate with RGC survival within restricted
RGC types

To determine if baseline Ca®* also controls survival within a
similar cohort of RGCs, we tracked the relationship between
baseline Ca®* and survival following ONC in KCNG4-Cre and
OPN4-Cre transgenic mice. In KCNG4-Cre mice, aRGCs that
survived ONC had significantly higher baseline Ca®* levels
than «RGCs that died (Twitch2b ratios of surviving 2 + 0.08
vs. dying 1.70 £ 0.09, 95% CID = 0.08-0.53, n = 196 aRGCs
from 9 retinas; Figures 4H and 4l). Additionally, high baseline
Ca®" aRGCs were 57.6% =+ 15.3% more likely to survive at
14 days than low Ca?* «RGCs (survival rates for high Ca®*
aRGCs 62.9% + 3.9% vs. low Ca?* «RGCs 35% =+ 7.4%,
95% CID = 10.2%-45.6%, n = 9 retinas including 196 RGCs;
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Figure 4J). In OPN4-Cre transgenic mice, ipRGCs that survived
ONC had significantly higher baseline Ca®* levels than ipRGCs
that died by 14 days (Twitch2b ratios surviving 2.13 + 0.05 vs.
dying 1.83 + 0.05, 95% CID = 0.15-0.45, n = 282 ipRGCs from
11 retinas; Figures 4K and 4L). And while we did find a trend for
increased survival (44.5% + 35.3%) for high Ca?* ipRGCs
compared with low Ca%* ipRGCs at 14 days after crush, this
result was statistically not significant (survival rates for high
Ca®* ipRGCs 56.7% + 5.9% vs. low Ca®* ipRGCs 41.9% =+
8.8%, mean + SEM, 95% CID = —8% to 37.6%, n = 11 retinas
including 282 ipRGCs; Figure 4M), possibly due to the low pro-
portion of low Ca®* ipRGCs in the OPN4-Cre transgenic mouse
(15.7% + 5.6%). Thus, baseline Ca®* controls survival both
across and within RGC types.

DISCUSSION

In this study, we demonstrate that in vivo biosensor imaging can
link cellular traits to degenerative outcome. We describe heteroge-
neity in baseline Ca®* levels across all RGCs and show that RGC
types differ in their population means and that even within an
RGC type, baseline Ca®* levels vary widely. Although both acute
and chronic disturbances in Ca®* homeostasis can drive neuronal
degeneration in traumatic’*"*"” and disease models,® % '¢?* the
influence of homeostatic Ca2* set points in individual neurons re-
mains unclear. We found that RGCs with high baseline Ca®*
were more likely to survive after axotomy, within and across
RGC types, and that lowering these higher baseline Ca* levels re-
duces RGC survival. This contrasts with observations in RGC
axons, where Ca?* elevation drives axonal fragmentation after op-
tic nerve ligation."” Our findings also contrast with multiple models
of disease and excitotoxicity where aberrant increases in intracel-
lular Ca®* drive neuronal death.>"*'* But the importance of high
Ca?* levels in protecting RGCs supports previous reports of
greater survival with increased RGC electrical activity.!'"®

While axonal Ca?* has been studied in relation to axonal frag-
mentation in the CNS in vivo, ®~'7+*5°" the implications of Ca*
for retrograde neuronal degeneration remain unclear. The lack
of acute Ca®" backpropagation into retinal axons following
ONC suggests that Ca®* signaling is not relevant to the RGC
response to axon injury. It is possible that a brief Ca®* elevation
evaded our imaging paradigm.’” However, local retina laser
injury led to Ca?* elevations in axon fascicles and soma for at
least tens of minutes, albeit only over about 200 um distance.
Ca®* spreading after rat optic nerve ligation was only examined
close to the lesion site (50-120 pum). Myelination can also influ-
ence Ca?* propagation in axons. Following spinal cord injury,
myelinated axons halt Ca* propagation'® and fragmentation®®

(F) In vivo 2-photon mip of Twitch2b in RGCs and ex vivo confocal mips of CART immunostaining (red) and Twitch2b (grayscale) in fixed whole mount. Arrows

indicate CART+ RGCs.
(G) Twitch2b ratios in CART+ and CART— RGCs (Student’s t test).

(H) In vivo 2-photon mips of Twitch2b at indicated days following ONC in aRGCs.

() Ca®* levels in «RGCs that survived (green) and died (red) (Student’s t test).

(J) Survival curves of aRGCs with high (magenta) and low (green) Ca®* levels (Mann-Whitney U test). Error bars represent SEM throughout.
(K) In vivo 2-photon mips of Twitch2b at indicated days following ONC in ipRGCs.

(L) Ca®* levels in ipRGCs that survived and died. Bars represent mean.

(M) Survival curves of ipRGCs with high (magenta) and low (green) Ca* levels. Scale bars: 50 um.
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at nodes of Ranvier and branch points. However, thin unmyelin-
ated C-fibers show variable spatiotemporal Ca®* dynamics that
can be temporally uncoupled from dystrophic morphology,'®
similar to neuromyelitis optica.> Since RGC axons are myelin-
ated in the optic nerve, but not in the retina, this transition could
regulate Ca®* spread following axon damage in the optic nerve.

Finding that RGCs with high Ca?* are more likely to survive is
intriguing since elevated Ca®* is traditionally associated with
degeneration.®""*"'" Comparing our Twitch2b ratio distribu-
tions with previously published standard curves,'® our threshold
for high- vs. low-Ca®*-classified RGCs is likely between 100 and
200 nM Ca®*. Thus, neural activity likely contributes to baseline
Ca®* levels in many of our RGCs with higher Ca2*, especially
those with ratios near the maximum range of Twitch2b. Indeed,
well-surviving RGC types have higher spontaneous firing rates
(sustained «RGCs>?*°) or are capable of prolonged bouts of ac-
tivity (pRGCs"*") and possess higher baseline Ca®* levels. While
we observed that baseline Ca®* predicted survival across
2RGCs or ipRGCs, unfortunately, specific type marker anti-
bodies performed were not reliable after ONC to disambiguate
survival of specific RGC types.

Inthis study, we also found that altering retinal circuit activity by
inhibiting or promoting RGC firing was differentially effective at
changing Ca®* levels across the RGC population and that
reducing circuit activity could not reduce Ca2* in RGCs to the
extent of EGTA-AM. Furthermore, we show that different RGCs
can have different Ca®* levels when not spiking or when spike
rates are similar. Thus, both differential Ca®* levels, irrespective
of neural activity, or differential impact and persistence of Ca®*
from retinal circuit activity could establish baseline levels
observed in RGCs. The connection between Ca®* and RGC sur-
vival remains unclear. ONC reduces CaMKlI signaling, and signif-
icant protection of RGCs is achieved by overexpressing constitu-
tively active CaMKII.*> We examined if CaMKII signaling might
link Ca®* levels to RGC survival by observing Ca?* levels and
CaMKIl, pCaMKIl, and pCREB expression in the same RGCs.
However, we did not find any relationship between Twitch2b ra-
tios and immunofluorescence intensity for CaMKII, pCAMKII, or
pCREB in healthy or injured RGCs (Figure S4). The fact that we
observed homeostatic Ca* levels were only predictive of survival
differences at later time points after ONC and relay partial protec-
tion also suggests that increased CamKll signaling, which is high-
ly protective, ' likely represents a different mechanism than what
we describe here. Thus, we believe that other mechanisms link
higher Ca®* levels to native RGC survival. Taken together, our
data demonstrate a clear relationship between well-surviving
RGCs and baseline Ca®* levels within and across RGC types.

Limitations of the study

A major challenge of studying the retina with imaging-based tech-
niques is the inherent stimulation of retinal circuits induced by light.
While these effects are likely decreased using 2-photon micro-
scopy, itis likely that the Ca®* measurements we report are a com-
bination of differential homeostatic set points, spontaneous activ-
ity, and 2-photon-mediated stimulation. Additionally, our use of
EGTA-AM to decrease Ca®* across RGCs will certainly alter
Ca®* levels throughout the retina and eye. Future experiments
are warranted to demonstrate a direct effect of exclusively
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reducing RGC Ca®* levels and to further clarify which Ca®* sources
critically influence survival.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experimental procedures were performed in accordance with animal protocols approved by the International Animal Care and Use
Committee at Washington University in St. Louis Medical School and in compliance with the NIH Guide for the Care and Use of Laboratory
Animals. Male and female mice were used dependent on litters and separated in cohorts of 3-5 siblings. For Cre dependent expression of
virus in RGCs or subsets of RGCs, VGIut2-IRES-Cre (028863; Jackson Labs), KCNG4-Cre (029414; Jackson Labs) and Opn4-Cre
(021158; Jackson Labs) mouse lines were obtained from Jackson Laboratories. Mice were aged approximately four weeks prior to viral
injections and injuries were performed on mice at 6-8 weeks of age. VGlut2-Cre mice aged 8-12 weeks were used for non-crush exper-
iments. Mice were housed in a barrier facility in Washington University School of Medicine with 12-h light/dark cycles at 21°C.

METHOD DETAILS

Intravitreal AAV injections

To measure cytoplasmic calcium levels, we used an FRET based ratiometric biosensor, Twitch2b, which uses a mCerulean 3 and
cpVenus FRET pair with a troponin C minimal calcium binding motif (Kd = ~200nM). The Twitch2b calcium reporter sequence
was obtained from a Twitch2b pcDNA3 plasmid (Addgene plasmid # 39531, RRID: Addgene_49531 2%), and cloned into a Cre-depen-
dent AAV expression construct using traditional cloning methods. This construct was packaged into AAV2 by The Hope Center Viral
Vectors Core at Washington University in St. Louis. The titers of viral preparations ranged from 2 x 10'2t0 1.0 x 10'® GC/mL as
measured by gPCR. Virus was stored in 10 or 20uL aliquots in a —80°C freezer.

Mice were anesthetized by intraperitoneal injection of a ketamine and xylazine cocktail (KX) (10 mg/mL and 1 mg/mL respectively)
in saline at a dose of 10 pL/g body weight. A pulled-glass micropipette was inserted near the peripheral retina behind the ora serrata
and deliberately angled to avoid damage to the lens. Approximately 1 pL of vitreous humor was removed prior to viral injection. Virus
aliquots were centrifuged for at least 30s prior to injection to remove air bubbles. Between 1.5 and 2 uL of AAV was injected intra-
vitreally using a Hamilton syringe (80950, Hamilton). Any injections resulting in air within the vitreous or lens injury were not included in
the dataset. An anti-bacterial ophthalmic ointment, Terramycin (Zoetis, NADA #8-763) was applied post-operatively to protect the
cornea. All animals received subcutaneous Meloxicam (10 mg/mL) at a dose of 10 uL/g of body weight as a postoperative analgesic.

In vivo imaging of mouse retinal ganglion cells

Two-photon in vivo imaging of RGCs was carried out as recently described.”’ A Scientifica Hyperscope was used for in vivo image
acquisition. This consists of a Mai Tai HP 100 fs pulsed laser (Spectrophysics), a pockels cell to modulate laser power, and a pair of
glavo mirrors for beam steering. A 20 mm working distance objective (Mitutoyo, 20X air, 0.4 N.A., 378-824-5) was used for relay of the
mouse lens and a motorized objective mount for z-stepping. A Chromoflex light collection system paired with GaAsP photo-multiplier
tube (PMT) detectors (Scientifica) was used to acquire fluorescence emission signals. To visualize the emission signal from the
Twitch-2b sensor, we used a filter cube consisting of a 505 long pass dichroic and 480/40 and 535/30 band-pass filter pairs to sepa-
rate the cyan fluorescent protein (CFP) signal and yellow fluorescent protein (YFP) signal.

Mice were anesthetized with KX cocktail as described above and placed in an imaging head holder (SGM 4, Narishige) to keep
stationary while imaging. The head of the mouse was secured with pins inserted into the ear canals and a bite bar to hold the maxillary
incisors. A solution of 1% w/v atropine and 2.5% w/v phenylephrine hydrochloride in RO water was applied with an eye dropper to
both eyes for pupil dilation, and animals were placed in the dark for 5-15 min prior to being put under the objective. Genteal-tears eye
ointment (Alcon Inc.) was applied to both eyes and the head of the mouse was angled to align the iris with the light path. A #1.5 cover-
slip was placed in a compact filter holder (Thorlabs, DH1) and the holder was fixed to the microscope stage, allowing for the coverslip
to be held perpendicular to the light path centered on the imaging area. Using LED epifluorescence light to visualize fluorescent cells,
the head holder was adjusted to “flatten” the imaging area and reduce signal noise due to eye curvature. Most adjustments were
made along the dorsal-ventral axis by rotating the mouse in the head holder. Altering the long angle or height of the head holder
was needed to adjust the nasal-temporal axis.

Laser power measured out of the objective ranged from 20 to 45 mW and was limited to a maximum of 45 mW to prevent retina or
cornea damage.’’ The Mai Tai pulsed laser was set at 850 nm to most effectively excite the Twitch-2b sensor.'” Scanimage acqui-
sition software (Vidreo Technologies) was used to obtain image stacks with an 8 um z-stepping. Images (512 pixels x 512 pixels, 1
pixel = 1um?) were collected at 0.93 Hz with a 3-frame average. Retinas were scanned from the ganglion cell layer toward the inner
nuclear layer to reduce photoreceptor activation. Other imaging settings like PMT voltage, bias voltage, and digital zoom were kept
constant across all images.

Chronic time-lapse imaging

VGlut2-Cre, KNCG4-Cre, and OPN4-Cre mice were imaged as described above prior to injury (pre-image). Optimal regions of the
retina were identified for chronic imaging, i.e., the region was relatively flat, had robust Twitch2b expression, and could be re-found
quickly using vascular landmarks. All pre-images were obtained 100-300 um away from the optic nerve head at the closest portion of
the image. Either one, two, or three pre-images were obtained per retina, usually spanning the dorsal-temporal to ventral-temporal
retina. For KCNG-Cre and OPN4-Cre chronic time lapses, three pre-images were obtained for all samples wherever possible.
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Acute time-lapse imaging

VGlut2-Cre mice were imaged as described above prior to injury. After acquiring this pre-image, an injury was performed on the same
eye that was pre-imaged. Animals were quickly put back into the head holder following injury and re-positioned to find the pre-
imaged region. Subsequent images were acquired at 5-min intervals for at least 120 min. The mice were monitored every 30 min
and occasionally an additional 0.05 mL of KX was injected intraperitonially as needed to keep the mouse asleep and still for at least
2 h. Genteal was reapplied at this time to both eyes as needed. It was important to consider laser power and potential damage to the
retina with many images in succession, so we used the maximum laser power needed to acquire well-resolved images. This was
between 20 and 30 mW for all samples and laser power was kept constant throughout the acute time-lapse. No deleterious effects
were observed during the imaging session in crush or sham control samples and neither demonstrated laser-induced damage chron-
ically. The region of interest was adjusted along with the z stack boundaries prior to each image acquisition as needed. A slight drift,
especially in the z-direction, was common over the course of 2 h. For acute sham experiments, mice received the same protocol as
described here except the final step of ‘crushing’ the optic nerve was not performed; the optic nerve was exposed and forceps were
only placed around it. After the initial acute time-lapse, 3 of 4 mice from this cohort were tracked chronically as described above,
allowing for determination of survival for RGCs that also had acute responses.

Injections and imaging

For pharmacological injection experiments (Figures 2G-2K), drugs were injected intravitreally with the same protocol as described
above while the mouse was in the imaging head-holder. Four different groups of mice received injections of the following solutions: 1)
A cocktail of inhibitory neurotransmitter receptors (3.33 mM bicuculline and 0.167 mM strychnine) in sterile saline. 2) Tetrototoxin
(TTX) (1.25 mM) in sterile saline 3) Sterile saline control 4) No Injection control. Drug solutions were centrifuged for at least 30 s prior
to injection to avoid bubbles. Animals were anesthetized with KX solution and placed in the imaging head holder for pre-injection
images (pre-image). A pre-image was obtained as described above and animals were transferred to a nearby stereo-microscope
where drug cocktail was injected in the vitreous space, all while still in the imaging head holder. Approximately 1 pL of solution
was injected after removal of 0.5-1 pL of vitreous. A post-injection image was obtained 2—-4 min after injection.

To reduce intracellular Ca®*, we intravitreally injected the cell permeable calcium chelator ethyleneglycol-bis(B-aminoethyl)-
N,N,N',N'-tetraacetoxymethyl ester (EGTA-AM, ThermoFisher, E1219). EGTA-AM was dissolved in a 1:1 solution of Dimethyl Sulf-
oxide (DMSO, Sigma Aldrich) and Phosphate Buffered Saline (PBS) at a concentration of 30 uM. Intravitreal injections were modified
for EGTA-AM experiments by removing no vitreous, and injections of ~1-1.5uL were performed over a longer time (60 s) to prevent
backflow of solution out of the eye. Control injections of vehicle only (DMSO:PBS, 1:1) were also performed. In-vivo imaging was
performed as described above to obtain acute time-lapse images for up to 2 h after EGTA-AM injection. EGTA-AM injections
were also performed during chronic longitudinal in-vivo imaging immediately after chronic survival tracking image acquisition to eval-
uate the effect of calcium removal on RGC survival.

Injury models

Bilateral optic nerve crush (ONC) injury was performed as previously described.'® In brief, mice were anesthetized with KX as above
and the optic nerve was exposed intraorbitally and crushed with fine forceps (Fine Science Tools, Carbon #5, No. 11251-10) for 10 s
approximately 500 pm behind the optic disc. Anti-bacterial eye ointment was applied post-operatively to protect the cornea, and
animals received subcutaneous Meloxicam (10 mg/mL) at a dose of 10 uL/g of body weight as a postoperative analgesic. Animal
health was monitored for the first two days after ONC and every other day throughout the 14-day experiment. For acute time-lapse
experiments, all samples took less than 3 min to re-find the region of interest, and given the few minutes required for image acqui-
sition, the timing for the first image after ONC was 4.25 + 0.48 min. For chronic time-lapse experiments, mice received a binocular
ONC two days after their pre-image was taken. When evaluating the effect of EGTA-AM on survival, intravitreal injection was first
performed immediately after ONC. Care was taken to avoid parts of the eye affected by the ONC surgery, where injections were per-
formed at the nasal or dorsal portions of the eye rather than temporally.

Laser injury was performed directly within the retina using the 2-photon laser setup described above. After a pre-image was ob-
tained, the desired injury location within the imaged region nearest to the optic head was identified. This area was navigated to while
the nerve fiber layer was focused upon. The laser wavelength was shifted to 750 nm to reduce photobleaching, the laser power was
setto 150 mW, and a 3 s point scan at 150 mW was performed for 3 s to induce a focused laser spot injury. The laser wavelength and
power were returned to the previous in vivo imaging settings and the pre-imaged region was re-centered and re-focused. Timing for
the first image after laser-burn injury was 2.25 + 0.14 min and further acute time-lapse images were obtained as described above.

In vivo imaging analysis

Measuring ROIs: Intensity, variance, and normalization

Two-photon image analysis was performed using Imaged software. Raw images were processed and made into two-channel (cpVe-
nus (YFP), pseudo-colored magenta and mCerulean3 (CFP), pseudo-colored green) image stacks. Cell bodies were identified and
manually labeled as individual elliptical regions of interest (ROlIs) in their brightest and best resolved z section. Mean pixel values
within each ROI for both CFP and YFP channels was measured in Imaged and ratios were recorded and interpreted as physiological
intracellular Ca®* levels (R = YFP/CFP).
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We further analyzed the measurements of each ROI by obtaining the variance of the YFP, CFP, and R values within each individual
ROI. Using a custom MATLAB script, we obtained the average pixel intensity and standard deviation of the pixel intensity values for
both the YFP and CFP channels as well as the total number of pixels within each ROI. We then calculated a standard error of the
intensity in both channels for each ROI by dividing the standard deviation by the square root of the total pixel number. With this stan-
dard error, we obtained a high (TOP) and low (BOT) value at the 95% CI for both the YFP and CFP channels. We took the mean pixel
intensity and added the standard deviation multiplied by a z-value of 1.645 (for 95% ClI) to get the ‘TOP’ value and subtracted it to get
the ‘BOT’ value. This allowed us to obtain a ‘High Error’ and ‘Low Error’ value by comparing the TOP and BOT 95% ClI values for each
channel with the following equations.

ngh Error = (TOP)YFP/(BOT)CFP
Low Error = (BOT)ygp/(TOP)crp

These equations effectively gave us a 95% confidence interval for our ratio measurements which integrated the variance of pixel in-
tensities for both the YFP and CFP channels. Tofilter cells using this error value, we calculated the ‘Total Error’ as ‘High Error’ minus ‘Low
Error’ and normalized this value to each cells individual R values. This gave us a value we called the ‘Percent Error’. We excluded highly
variant RGCs with a ‘Percent Error’ higher than 60% and dim RGCs with a raw pixel intensity value (YFP + CFP) lower than 100, which
primarily overlapped. For the survive vs. die and survival curve data (Figures 3B and 3C, respectively) no RGCs in the VGIut2-Cre samples
were filtered out, <1% (1/197) of cells were filtered out of the KCNG-Cre samples (Figures 4B and 4C), and 19% (63/344) of cells originally
quantified in the OPN4-Cre data were filtered out (Figures 4E and 4F). For the VGIut2 dynamic data (Figures 3E and 3F), 971 total ROIs
were drawn on trackable cells throughout the chronic time-lapses. Out of these, 9% of cells (85/971) had higher than 60% percent error,
while 15% of cells (146/971) were flagged qualitatively as non-reliable measurements. This included ROls that appeared to have a high
signal to noise or those that were not reliably tracked from one image to the next due to image quality or neurodegenerative changes in
RGC topography. Out of the 85 total cells with high percent error, 95% of these cells (81/85) were also flagged qualitatively. Thus, cells
that were neither flagged nor had higher than 60% error (85% of all ROIs, 825/971 cells) were included in the dynamic data.

Raw Twitch2b ratios were normalized across imaging setups by comparing two cohorts of VGlut2-cre experiments. All intensity values
from the YFP and CFP channels were ranked in both cohorts and the 5" and 95" percentile values were identified and used to getarange
for each channel, ‘RangeYFP’ and 'RangeCFP’. The ratio of RangeYFP in cohort 1 and 2 was used as a normalization factor for each
channel, where (RangeYFP[/RangeYFP);) was multiplied by all YFP intensity values in cohort 2 and the same was done with
RangeCFPq; ;o with intensity values from the CFP channel. Cohort 1 was used as baseline and the distribution of all ratios from this cohort
has a mean of 1.3526 and average YFP and CFP intensities of 985au and 588au, respectively (n = 22 retinas, cells = 1426). Prior to normal-
ization, cohort 2 had a meanratio of 1.029 and average YFP and CFP intensities of 482 a.u. and 485 a.u. (=23 retinas, RGCs = 1272), but
after normalization the valuesin cohort 2 had a mean of 1.361 and an average YFP and CFP intensity of 1052 a.u. and 851 a.u. Normalized
ratios from cohort 2 were used in acute ONC experiments (Figures 1B and 1C, n = 4 experimental, 3 sham), imaging and immunostaining
experiments (Figure S1,n=3; Figure 4E, n=4.; Figure S2, n = 10) and control chronic time-lapse experiments (n = 4)). All other datais from
cohort 1.

Chronic and acute time-lapse analysis

For both chronic and acute analysis, image stacks were processed by maximally projecting processed images to a single plane,
combining the time series of max-projections into a t-stack multi-tiff, and aligning these images with the Linear Stack Alignment
with SIFT plugin in Imaged. ROIls were selected based on cells that could be tracked for all or most of the time-lapses. The mean
number of trackable cells from a single retina was the following for each mouse line: VGIut2-Cre mice = 54 + 5.8 cells, KCNG4-
Cre mice = 15 + 3.0 cells, and OPN4-Cre mice = 20 + 3.0 cells (Mean + SEM).

Laser injury experiments were analyzed depending on distance from the laser-burn location. The ‘degeneration area’ surrounding
the laser-injury location was determined by evaluating which cells nearest the injury location did not atrophy over the first 20 min of
imaging, which was different for each sample. This led to a concentric region 200-300 um away from the laser injury location that
marked the boundary for the degeneration area (Figure S2). Axon bundles and cells included in analysis all had axons that were
directly on or adjacent (within 50 um) to the laser injury location.

Chronic ONC image time-lapses varied in signal to noise due to a lesser dilation of the pupil, slight corneal opacity, and neurode-
generation throughout the ganglion cell layer causing increased axonal signal and decreased somatic signal. Additionally, not all cells
were consistently within the image frame and were thus non-trackable at certain time points. Samples included in the ‘Survival Curve’
(Figure 3C) were time-lapses that were trackable in at least 6 out of 7 total images within the time-lapse, thus 5 out of 9 total samples
included in the ‘Survive vs. Die’ (Figure 3B) analysis were used for ‘Survival Curve’ analysis (Figure 3C). Additionally, 3 out of 9 sam-
ples were suitable for ‘Dynamic’ analysis (Figures 3D-3F), which was more rigorous as cells needed to be both trackable and with
enough signal to noise to obtain reliable Ca2+ measurements. The lack of a ROl expressing fluorescence at any imaging time point
indicated cell death and was recorded as dead on the day of ROI loss. RGCs out of the imaging frame at one time point and found
dead in the next observable time point were excluded from survival curve analyses.

Injection and imaging analysis
Image processing was performed as described above and pre-vs. post-injection images were aligned manually by eye. ROls were
selected based on if cells were both in-focus and in-frame in pre- and post-images. After that initial determination ROls were drawn
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on the pre-image blind to ratios in the post-image. The change in ratio from pre-image to post-image was quantified as the delta R/R,,
which was obtained by comparing the ratio of an ROl in the post-image, Ryost, to the ROIs of the same cell in the pre image, Rgre
(Rpre = Ro) with the following equation: AR/R, = (Rpost ~Rpre)/Rpre-

With the assumption that the TTX injection causes a significant Ca®* decrease in most RGCs with the capacity to decrease Ca®",
we used the distribution of the post TTX injection experiments (Figure 2H) to define ‘low’ vs. ‘high’ Ca®* levels. We quantified the
mean and standard deviation of all cells after their eyes had been injected with TTX. Then, we calculated a threshold two standard
deviations above this mean to differentiate between High Ca®* and Low Ca%* RGCs in the survival curves and survival dynamics an-
alyses. It should also be noted that this threshold for high and low split the cells included in the VGlut2 survival curve (Figure 3C)
approximately in half (124 high Ca®*, 136 low Ca®"*.

Perfusions and Tissue preparation

All animals were given an intraperitoneal overdose injection of Tribromoethanol (Avertin, 500 mg/kg) (Sigma, T48402) and transcar-
diacally perfused with ice-cold Phosphate-Buffered Saline (PBS) followed by 100mL of 4% paraformaldehyde (Sigma) in PBS. Eyes
were removed within 24-48 h of perfusion and retinas were dissected and preserved in PBS at 4°C.

Retinal wholemount immunostaining

After perfusion, whole retinas were kept in PBS at 4°C. Retinas sunk overnight in 30% sucrose in PBS at 4°C and freeze-thawed 3
times using dry ice and a glass slide. Samples were washed with PBS 3 times for 10 min and put in blocking solution (10% normal
horse serum (Sigma, 158127) and 0.5% Triton X-100 (Sigma, 11332481001) in PBS) for 1-3 h at room temperature. Samples were
placed in a solution of primary antibodies diluted in blocking solution on a shaker at 4°C for 5-7 days. Primary antibodies used
were the following: Guinea pig anti-Rbpms (1:2000, Raygene A008712), Rabbit anti-c-Fos (1:500, Cell Signaling, 2250), Rabbit
anti-pCamKIl (1:100, Abcam, ab32678), Rabbit anti pan-CamKiIl (1:100, Abcam, ab52476) Rabbit anti-pCREB (1:100, Abcam,
ab32678), and Rabbit anti-CART (1:1500, Phoenix Pharmaceuticals, H-003-62), Rabbit anti-Calbindin (1:2500, Swant,
AB_2792808), and Guinea pig anti-Brn3a (1:500, AB_2800538). Retinas were washed with PBS 3 times for 10 min at room tem-
perature. Secondary antibodies (Jackson ImmunoResearch) were diluted in blocking solution for 2-3 d at 4°C. Secondaries were
raised in donkey against the primary antibodies host species, cross absorbed and conjugated to Alexa Fluor 568 or 647, and used
at 1:500 dilution. After washing three times in PBS, whole retinas were mounted onto glass slides with Vectashield Antifade
Mounting Medium (Vector Labs, H-1000-10).

For experiments stained with Rabbit anti-c-Fos, we first performed in vivo imaging of Twitch2b as described above for both eyes
with two imaged regions per retina. Mice were then euthanized and enucleated 15 min after the last pre-image was acquired and
retinas were drop-fixed in 4% paraformaldehyde in PBS for 1 h at room temperature. After staining with both cFos and Rbpms,
confocal images were obtained. The same region of the retina used for in vivo imaging was identified in the retinal wholemounts.
We quantified the intensity of cFos staining for RGCs that were also imaged in vivo by drawing ROIs around the Twitch2b confocal
signal and measuring cFos channel intensity. This allowed for comparison of in vivo Twitch2b ratios to cFos levels post hoc. All
Twitch2b positive cells were Rbpms positive. We then went to a nearby region on the wholemount completely outside of the in vivo
imaged region to analyze the cFos intensity of non-imaged RGCs and drew ROIs around Twitch2b + Rbpms positive cells.

We used a similar protocol for experiments testing four other antibodies, Rabbit anti-pCamKIl, Rabbit anti pan-CamKIl, Rabbit
anti-pCREB, and Rabbit anti-CART. We in vivo imaged both eyes with two image regions per retina. For the CART experiments,
mice were immediately perfused after in vivo imaging. For the others, one group of mice was left as control and another received
an optic nerve crush two days after the initial pre-image. Six days after the optic nerve crush we obtained a ‘6 day post crush’ image
(or 8 day post pre-image for control) of the same two imaged regions. Animals were then immediately perfused and retinas processed
using the staining protocol described above.

RGC subtyping and immunostaining experiments were performed with KCNG-Cre mice to express Twitch2b in alpha RGCs spe-
cifically. In-vivo images were obtained as described above, retinas were dissected, mounted, and then stained for Brn3a and calbin-
din. The same region of the retina that was in-vivo imaged was identified to compare staining to in-vivo imaging results.

Confocal microscopy

Aninverted laser scanning confocal microscope (Zeiss, Model 710) equipped with a 20 air objective (Zeiss ‘Plan Apochromat’, 0.8 NA,
No10098) was used to acquire image stacks ata 2.0 um z-spacing. A montage of a 4 X 4 tiled field of the retina surrounding the optic nerve
head was obtained, the total region being 2100 pm x 2100 um, and images were automatically stitched with the Zeiss Blue software.
Using vascular and cellular landmarks, the in vivo imaged region was identified on the wholemount retina. No obvious signs of damage
or degeneration were observed in the imaged region relative to the rest of the retina in both crushed and healthy samples for any of the
experimental paradigms. Immunostained retinas were imaged for their respective antibodies as well as native Twitch2b fluorescence.
For semiquantitative immunostaining, microscope settings were maintained consistent across samples. After image acquisition and
identification of the in vivo imaged region, cells were confirmed as RGCs with Rbpms or Twitch2b and ROIs were drawn around the
soma using this signal. The raw signal intensity was measured from the channel containing antibodies within these ROls and normalized
to the average intensity of each retina.
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Electrophysiology

Mice were dark adapted for at least 2 h prior to euthanization with CO,, decapitation, and enucleation. Retinas were then isolated
under infrared illumination (>900 nM) in oxygenated mACSF containing (in mM) 125 NaCl, 2.5 KCI, 1 MgCl,, 1.25 NaH,PO,, 2
CaCl,, 20 glucose, 26 NaHCO3; and 0.5 L-glutamine equilibrated with 95% O,/5% CO, and flat mounted on a membrane disc (Ano-
disc, Whatman). Twitch2b positive RGCs were targeted at random under 2-photon microscopy (FV-1000 MPE, Olympus; Mai-Tai
HP, SpectraPhysics) for cell-attached patch-clamp recordings while constantly superfused with warm (30°C-35°C) mACSF. Pipettes
were filled with 160 mM NaCl, and voltage-clamped signals were amplified with a Multiclamp 700B amplifier (Molecular Devices) and
filtered at 3 kHz (eightpole Bessel low-pass). Voltage signals were directly digitized via analog inputs on the 2-photon at the scan rate
of the microscope (500 kHz) simultaneous to the Twitch2b FRET signal, which was excited at 850 nM and visualized using an emis-
sion filter set consisting of a 505 long pass dichroic mirror and 480/40 and 540/40 band pass filters to compute the YFP/CFP ratio.
Dual electrophysiology and Twitch2b recordings were performed under resting (spontaneous) conditions. In some cases, solution
containing 140 mM KCI was briefly puffed (Picospritzerll, Parker Hannifin) onto neuronal somata to induce periods of higher firing
rates so as to obtain recordings across a wide dynamic range of firing rates and Twitch2b signal.

Electrophysiology analysis

For each recorded cell, electrophysiological traces were thresholded to spikes, and the RGC somata were segmented to compute
the YFP/CFP Twitch2b FRET signal. An empirically measured “lag-time” of 750 ms between electrophysiological and imaging data
was adjusted for by calculating the cross-correlation of their time vectors. Adjusting this lag-time between 0 and 5 s did not affect
results. Firing rate and YFP/CFP signal were averaged into 5 s bins for each trace, and firing rate was then plotted as a function
of YFP/CFP. Linear fits of this relationship were calculated for both individual cells and for the population of recorded cells. All anal-
ysis was done using custom MATLAB (Mathworks) scripts.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed in Graphpad Prism 9. Details of statistical analyses including number of samples, what sample
numbers represent, statistical tests used and value representations can be found in the Figure Legends and Results text. Unless

otherwise indicated values are mean + S.E.M. Significance was defined as a non-overlapping 95% confidence interval of samples
means where calculated, or as a p value equal to or less than 0.05 for paired Student’s T test, rank sum tests or ANOVA.
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