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SUMMARY

Chronic neurodegeneration and acute injuries lead to neuron losses via diverse processes.
We compared retinal ganglion cell (RGC) responses between chronic glaucomatous
conditions and the acute injury model. Among major RGC subclasses, aRGCs and ipRGCs
preferentially survive glaucomatous conditions, similar to findings in the retina subject to
axotomy. Focusing on an aRGC intrinsic factor, Osteopontin (Spp1), we found an ectopic
neuronal expression of Osteopontin (Spp1) in other RGCs subject to glaucomatous
conditions. This contrasted with the Spp1 down-regulation subject to axotomy. aRGC-
specific Spp1 elimination led to significant aRGC loss, diminishing their resiliency. Spp1
overexpression led to robust neuroprotection of susceptible RGC subclasses under
glaucomatous conditions. In contrast, Spp1 overexpression did not significantly protect
RGCs subject to axotomy. Additionally, SPP1 marked adult human RGC subsets with large
somata, and SPP1 expression in the aqueous humor correlated with glaucoma severity. Our

study reveals Spp1's role in mediating neuronal resiliency in glaucoma.

Keywords: retinal ganglion cell; neuroprotection; glaucoma; optic nerve crush; neuronal

types; human retina; Osteopontin.
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MAIN TEXT

Irreversible neuronal loss under neurodegenerative conditions causes devastating
functional changes to the mammalian central nervous system (CNS). Interestingly,
neurodegeneration does not damage all neurons equally. At the cellular level, it has become
apparent that cell death is not uniform, biasing certain neuron types'2. In the past, resilient
and susceptible neurons were categorized based on gross anatomy or
immunohistochemistry approaches. Recent genetics and single-cell transcriptomics
advances have allowed a much higher resolution look at these different populations. These
efforts provided a comprehensive definition of neuronal types based on neuronal
morphologies, functional properties, and molecular markers3. These new technologies
provide tools to monitor the pathological progression of various neurological injuries or
degenerative conditions. Furthermore, beyond neuronal taxonomy, one can look into
intrinsic molecular profiles of each neuronal resilient type for molecular insights against

degeneration or injuries*.

The retina provides a perfect mammalian CNS model to understand how
neurodegenerative conditions impact diverse neuronal types. We focused on optic
neuropathies, the leading cause of irreversible blindness due to neurodegeneration®. Optic
neuropathies, including glaucoma, lead to the slow but relentless death of retinal ganglion
cells (RGCs), the sole conduits of visual information from the eye to the brain. In mice,
there are ~45 types of RGCs processing distinct visual features with distinct molecular
signatures®. Past studies, including ours, have utilized mouse genetics and single-cell

transcriptomics methods to define neuronal responses of individual RGC subclasses or
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subtypes to acute injury®’. These experiments used the optic nerve crush (ONC) model to
understand the mechanisms underlying acute axotomies8. We demonstrated that RGCs are
not uniformly susceptible to axotomy but rather have subclass-specific responses’. Further,
using genetically encoded RGC marking lines, we and others showed that aRGCs and the
intrinsically photosensitive-RGCs (ipRGCs) preferentially survive the ONC treatment”-%.10.
We also found that aRGCs had enriched and intrinsic Osteopontin (Secreted
phosphoprotein, Spp1) expression, with potential for neuronal repair. We and others
showed that Spp1 contributed to neuronal intrinsic axon regeneration in the retina and

other CNS parts7.11.12,

We conducted a systematic RGC-type survey using the set of genetic lines and analyzed
RGC cellular responses under chronic neurodegenerative conditions, modeling glaucoma.
Surgery-based glaucoma models were established, leading to elevated intraocular pressure
(IOP), such as the microbeads injection modell3. Past studies primarily utilized sparse
gene-gun labeling methods or a few established transgenic RGC marking lines to measure
individual RGC responses to IOP changes!415, including changes in dendritic morphologies
and synaptic function changes at the individual neuron level. However, two factors have
limited the progress of these experiments: (1) elevated I0Ps are generally hard to control
consistently over a prolonged time across many animals, and (2) these RGC marking lines
were established for developmental studies and needed long-term marking in adults!6.17.
To solve these issues, we recently established the Silicone Oil Induced Ocular Hypertension
Under-detected (SOHU) model for sustained IOP elevation, replicating the secondary

glaucoma conditions in humans after silicone oil blocks the pupil!8. In parallel, we
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established a new collection of RGC Cre-based marking lines suitable for adult RGC-

subclass labeling19-22,

We applied the SOHU model to these Cre lines and examined whether different RGC
subclasses exhibit preferential survival under glaucomatous conditions. We found that
ocular hypertension leads to general RGC loss with preferential survival of aRGC and
ipRGCs. Spp1, an aRGC-enriched factor, was elevated in «RGCs and ectopically in ipRGCs
subject to prolonged IOP elevation. This contrasted with the sharp decline of Spp1 under
ONC conditions. Additionally, Spp1 offers these selective RGC subclasses («¢RGCs and
ipRGCs) distinct resiliency under SOHU-treated conditions. Genetic elimination of Spp1
reversed their preferential survival suggesting that Spp1 is responsible for their resiliency.
Conversely, Spp1 overexpression in the otherwise susceptible Foxp2-positive RGC subclass
(F-RGCs) resulted in their enhanced survival under SOHU-treated conditions. Notably,
Sppl-mediated neuroprotection was absent under ONC conditions. These data suggested
Spp1’s role in chronic, but not acute, neuronal injury. Translating these findings to humans,
SPP1 is enriched in RGCs with relatively large somata in adults but not prenatal RGCs, as a
marker for adult RGC subsets. Additionally, the secreted SPP1 concentrations in the
aqueous humor of patients with glaucoma, corresponded with disease severity. Our studies
highlight how the intrinsic neuronal properties of RGCs affect their differential
neuroprotective abilities subject to optic neuropathies. Molecules, such as SPP1, may serve
as biomarkers for early diagnosis or be exploited to prevent vision loss in glaucomatous

optic neuropathy.
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RESULTS

Ocular hypertension leads to preferential survival of xRGCs and ipRGCs.

We applied the SOHU model onto multiple RGC marking lines to examine the effects of
ocular hypertension. Consistent with past work8, the injection of a silicone oil drop into
the anterior chamber of the mouse retina (Figure 1A-B) led to an elevated IOP over a
prolonged window (Figure S1A) (24 + 10 mmHg over 4 weeks of treatment, see Methods
for details). Thus, the SOHU model is highly suitable for testing the chronic effects of ocular
hypertension over a large cohort of animals. We also compared the SOHU model to another
well-established experimental glaucoma model, the microbead-induced ocular
hypertension model'3.23. We showed that injecting microbeads into the anterior chamber
resulted in a sustained increase in IOP (Figure S1A) in the range of (16 + 1 mmHg), with a
slightly lower IOP than the SOHU model. The microbead occlusion model also resulted in
~60% survival of RGCs by 4 weeks post-injection (wpi, Figure S1B-C). Collectively, our
comparative data ensured that the SOHU model recapitulates the RGC loss seen in
glaucoma due to chronic IOP changes. Compared to other experimental glaucoma models,
the SOHU model offers prolonged regulation of the level and duration of the increase in

I0P.

We collected Cre knock-in lines that provide reliable adult RGC subclass labeling!®. Genetic
crosses led to Cre-dependent GFP expressions as permanent markings of RGCs throughout
their life. These contrast the first generation of RGC marking lines for developmental

studies, which largely rely on BAC-transgenic labeling methods¢17. The major RGC
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subclasses in the Cre knock-in lines include aRGCs (Kcng4-YFP, 4 individual RGC subtypes),
On-Off direction-selective ganglion cells (Cartpt-RGCs, abbreviated as 00DSGCs, 4
subtypes), W3-RGCs (TYW3-YFP, 5 subtypes), F-RGCs (Foxp2-RGCs, 4 subtypes) and
ipRGCs (Opn4-YFP, 5 subtypes), covering about half of all RGC subtypes®. Among these
subclasses, we found that the aRGCs preferentially survived at 1 wpi and 4 wpi, relative to
the 00DSGCs, W3-RGCs, F-RGCs, and the total RGC population (Rbpms-positive) (Figure 1C-
D). In addition, ipRGCs also demonstrated preferential survival at 1 wpi and 4 wpi (Figure
1C-D). These data suggest that aRGCs, and to a lesser extent ipRGCs, preferentially survive
in chronic neurodegenerative conditions. In contrast, 00DSGCs and F-RGCs are among the
susceptible RGC subclasses (Figure 1C-D). We also adapted an in vivo imaging approach to
determine the resiliency of aRGCs among RGCs in the SOHU model?425, We imaged YFP-
labeled RGC subsets using scanning laser ophthalmoscopy, which tracked aRGCs in vivo, in
comparison with a pan-RGC labeling line (Thy1-YFP-17) (Figure S1F). We observed a
significant reduction in pan-RGC labeling due to RGC loss, while the aRGCs demonstrated
relatively robust and preferentially survival (Figure S1F). Notably, OFF-Transient aRGCs
are not the RGC subtype that are resilient to SOHU, consistent with past reports?>. Our past

studies also demonstrated that aRGCs and ipRGCs were among the RGC subclasses resilient
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to ONC treatment’. Thus, our data suggested that the resilient RGC subclasses under

glaucomatous conditions are similar to those under an axotomy setting.

Resilient aRGCs and ipRGCs demonstrate elevated Spp1 expression after SOHU

treatment.

To investigate Spp1's potential role in aRGC resiliency in neurodegeneration settings, we
first examined Spp1 expression in the SOHU model. We quantified Spp1 expression levels
at 4 wpi and found that Spp1 expression increases with longer exposure to elevated IOP
(Figure 2A-B, Figure S2F). In addition, the enhanced Spp1 expression is restricted to
Rbpms-positive neurons at the ganglion cell layer (GCL) but not in the inner nuclear layer
(INL) (Figure 2E-F), suggesting that Spp1 is expressed in response to the SOHU model in
RGCs but not other retina neuron types. In addition, we did not observe detectable Spp1
expression in glial cells in naive or SOHU conditions (Figure 2D, Figure S2D-E). Notably, the
elevated IOP led to a chronic increase in Spp1 (Figure S2F), which is different from the

rapid down-regulation of Spp1 at 3 and 7 days post-crush (dpc) (Figure S2G).

Since the majority of the ectopic Spp1 expression was detected in non-aRGC subsets
(Figure 2A-C), we examined which RGC subclasses possess ectopic Spp1 expression. Spp1l
ectopic expression occurred in a large fraction of Opn4-staining positive RGCs (M1/M2
RGCs, Figure 2D-E) but not in several other RGC subclasses, such as 00DSGCs or F-RGCs
(Figure 2D, Figure S2A-C). We next examined whether the elevated and ectopic Spp1

expression was linked to the activation of the mTOR pathway for RGC neuroprotection?®.
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We measured Phospho-S6 (pS6) levels, an indicator of mTOR activation, among the Spp1-
positive RGCs. We found that an increase in the pS6-positive RGC number was coupled with
an increase in the number of Spp1-positive RGCs at 4 wpi (Figure 2F-G), drastically
different ONC conditions (Figure S2H-I). Together, these data suggest that ectopic Spp1
activates mTOR signaling to maintain neuronal resiliency of these RGC subclasses,
including both aRGCs and ipRGC subsets. However, Spp1 may play different roles in

chronic and acute injuries.

Spp1 is essential for driving aRGC resiliency in the glaucoma model.

Next, we investigated the role of Spp1 in glaucomatous conditions. First, we crossed the
aRGC marking line (Kcng4-Cre; LSL-YFP) to an Spp1 null mutant. We found that aRGCs’
survival decreased significantly at 4wpi (Figure S3G-H) from 73 + 7 % to 44 + 4 %. Next, to
determine whether the protection was a cell-autonomous effect of Spp1 or due to the Spp1
expression in other non-aRGCs (e.g., glia)?’, we generated a selective SPP1 knockout
strategy in aRGCs. We injected a combination of AAV-Cas9 and AAV2-expressing gRNAs
targeting Spp1 together on Kcng4-Cre; Thy1-stop-YFP mice eye. This led to a marked
reduction of aRGC Spp1 levels (Figure S3A-B) without any observable change in non-aRGC
subclasses. In the SOHU model, this selective loss of Spp1 led to a marked decrease in the
viability of «aRGCs, dropping from 76 + 10 % to 32 + 6 % (Figure 3A-C), suggesting the
resiliency of aRGCs depends in part on the cell-autonomous expression of Spp1. Reversely,
we asked whether overexpression of Spp1 in otherwise susceptible non-aRGCs results in

increased survival. We manipulated F-RGCs given the pronounced loss of F-RGCs in
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response to chronically elevated IOP (Figure 1C). Foxp2-Cre, in combination with AAV-
expressing Cre-dependent-Spp1 (Figure 3D, Figure S3C-D), led to significantly increased F-
RGC survivability at 4wpi (Figure 3E-F). In adults, overexpression of Spp1 in F-RGCs does
not increase these neurons' somata sizes (Figure S3E-F). These F-RGCs are post-mitotic
cells restricted by Foxp2-Cre-dependent overexpression. Thus, the fate changes are likely
not happening. Overexpression of Spp1 in these neurons led to significant pS6 elevation.
Lastly, we also tested the role of Spp1 in neuroprotection subject to ONC at 14dpc. In
contrast to the Spp1-mediated neuroprotection in the SOHU-treated retina (Figure 3), AAV-
mediated Spp1 overexpression under ONC conditions did not lead to significant
neuroprotection (Figure S3K). These data suggest that Spp1 plays a key role in driving RGC

resiliency in the glaucoma model.

Spp1l is enriched in adult human RGCs with relatively large somata.

To investigate whether similar mechanisms are found in the human retina, we stained
SPP1. We detected adult RGC subsets expressing SPP1 (8.7 + 2.0%) in freshly preserved
human donor retina samples (Figure 4A-C), including the macular and the periphery
(Figure S4B-C). SPP1 also labeled a horizontal cell subset (Figure S4G)?8. We used RBMPS to
mark all RGCs, and TBR1 to mark a previously characterized human RGC subset?8. We found
that the SPP1-positive human RGC somata sizes are significantly larger than other RGCs,
including TBR1-positive RGCs (Figure 4B-D). We analyzed SPP1 expression in the human
prenatal retina at GW22-23 (i.e., the end of retinal neurogenesis)?° and did not detect SPP1

expression at the GCL; however, TBR1 expression in RGCs was abundant at this prenatal
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stage (Figure S4D), in contrast to the SPP1 and TBR1 in adults (Figure 4B, Figure S4B-C).
SPP1 is enriched in mature human RGC subsets. Notably, SPP1-positive RGCs belong to a
subset of SMI32-positive human RGCs (~18%), an established marker for the human RGC
subset, with relatively large somata (Figure S4A)30. SPP1 expression is not detected in

GFAP-positive human astrocytes (Figure S4E).

SPP1 expression correlates with the severity of glaucomatous neuropathy in human

patients

Elevated Spp1 expression in the mouse glaucomatous retina led us to explore whether this
is also true in the human retina, especially during disease etiology. Due to limited access to
the retinal tissue of patients with glaucoma, we took advantage of the fact that SPP1is a
secreted protein that can be detected in aqueous humor (AH). We acquired AH samples
from individuals undergoing cataract surgery—patients without a history of glaucoma
served as controls, while individuals with mild or severe primary open-angle glaucoma
(POAG) as the glaucomatous samples. We measured the SPP1 level in AH using ELISA. The
patients in these three groups were similar in age, gender, race, and lens status (Table S1).
Those with severe disease had a higher mean IOP than the mild POAG and control groups.
Patients with mild POAG and controls had a similar SPP1 level, while patients with severe
POAG had significantly elevated SPP1 concentration (Figure 4E). These human data indicate
a consistent correlation between SPP1 and glaucomatous optic neuropathy. Furthermore,
these data illustrated SPP1 may serve as an adult biomarker for disease progression in

patients with glaucoma.
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DISCUSSION

Our study revealed Spp1 as a critical molecular player driving «RGC-specific
neuroprotection in glaucomatous optic neuropathy. Spp1 protein levels increase during
prolonged IOP elevation in mice. Furthermore, loss-of-function and gain-of-function studies
in genetically distinct RGC subsets suggested that Spp1 drives neuronal resiliency in SOHU
but not ONC conditions. These data point to a model whereby increased Spp1 expression in
aRGCs under chronic glaucomatous insult results in aRGC resiliency (Figure 4F). Analysis
of AH from patients with glaucoma showed that SPP1 expression is also relevant to humans

with glaucomatous neuropathy.

Mechanistically, Spp1 is characterized as a member of the matricellular protein family, an
important regulator of extracellular matrix mineralization, and has proven to be a strong
marker of calcification and vascular diseases31-34. How the downstream signaling cascade
of Spp1 in retinal neurons, especially in both aRGCs and ipRGCs with neuronal resiliency,
remains to be explored. Notably, a recent study explored a non-neuronal expression of
Spp1 in astrocytes under various optic neuropathies and natural aging conditions?7.
However, we did not detect glial-derived Spp1 expression in naive or SOHU conditions but
highly regulated RGC-specific neuronal Spp1 (Fig. S2D-E). The observation stays the same
in humans, where SPP1 expression is dominant in human retinal neurons, including RGCs,
but not astrocytes (Figure S4E). The neuroprotection strategy utilized in this study (Figure
3) and (Li and Jakobs)?” were known to target RGCs but not astrocytes via AAV Serotype 2.
Spp1 receptors include CD44 and several specific integrins 3536, CD44 is expressed in

retinal muller glia but not neurons (Figure S2J). The other well-characterized receptor for



Spp1 was ItgaV [but not identical to Itga5, an integrin member characterized by (Li and
Jakobs, 2022) but not known as an Spp1 receptor]37:38. [tgaV is expressed in RGCs,
including aRGCs, but not astrocytes (Figure S2ZK-M). The expression patterns of CD44 and
ItgaV offered potential targets to explore neuronal Spp1-mediated neuroprotection.
220
Our study offers several insights: first, our studies' differences between ONC and SOHU
models suggested Spp1’s role in promoting RGC resiliency in mouse models of
glaucomatous neuropathy but not axotomy (Figure 4F). This difference may reflect the
eyes' attempt to promote neuroprotection, with subtypes of RGCs possessing elevated Spp1
225  expression and increased resilience potentially driving this impact amidst chronic
neurodegeneration. Second, immunostaining identified a subset of SPP1-expressing,
SMI32-positive RGCs with relatively large somata in the adult but not prenatal human
retina. This correlates with mouse Spp1 expression in adult aRGCs, but not developing
retinas’. The timing of expression during development also indicates a potential role for
230  SPP1 in neuronal maturation and somatic size regulation. The aRGC subclass, particularly
the aRGC transient subtype, are physiologically similar to Y-RGCs in primates due to their
nonlinear receptive fields3949, suggesting evolutionarily conserved roles for the RGC
subclass. Permitted by human rapid pathology samples to preserve RGC function and
transcriptomes, future work may correlate these SPP1-expressing human RGC subsets to
235  human RGC subtypes defined by single-cell RNA-Seq?841, as well as subtypes defined by
physiology, such as Y-RGCs with nonlinear receptive fields with either ON or OFF light
responses. Last, in the human ocular disease setting, the correlation of SPP1 levels with the

severity of optic neuropathy in patients with glaucoma raises the possibility that SPP1 may
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be a relevant biomarker and a potential therapeutic target for glaucoma. Several past
studies assessed SPP1 levels in POAG and primary angle-closure glaucoma with differential
findings#243. Further characterization of SPP1 levels in humans with progressive optic
nerve damage may help in the decision to escalate medical or surgical treatment. Assessing
SPP1 levels in a larger cohort of patients with varying glaucoma severities, varying
treatment interventions, and over an extended treatment course would help refine the

diagnostic utility of such a biomarker.

Limitations of the study

There were several limitations of our current study. First, we proposed that secreted Spp1
acts in an autocrine or paracrine manner onto multiple receptors, including ItgaV (Figure
S2K-M), which mediate the neuroprotective actions. However, the intracellular Spp1’s roles
were not ruled out**. Second, the mechanisms underlying ipRGC-specific neuroprotection
remain to be explored, especially in considering their distinct responses to both ONC and
SOHU treatment and the roles of ipRGC-derived molecules in mediating neuroprotection?9.
Third, the current SOHU model is not adaptable to regeneration studies due to the nature of
its chronic insults and the indistinguishable regenerating axons and spared axons. Thus, it
is hard to define the zero time point for the regeneration and evaluate optic nerve regrowth
abilities under a glaucomatous setting. Last, the source of SPP1 in human AH may not solely
come from neuronal secretion, especially considering the non-neuronal cells expressing

SPP1 in the anterior segments*>.
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FIGURE LEGENDS

Figure 1. Ocular hypertension leads to preferential survival of xRGCs and ipRGCs.

(A-B) Illustration of the SOHU model surgery using the mouse eye (A) and the physical
mechanisms resulting in elevated IOP after SOHU treatment (B). SO, silicone oil. (C)
Wholemount views of retinas among all RGC and RGC subclasses. Retinas labeled "Pan RGC"
is labeled with the antibody RBPMS, which marks all RGCs. The rest of the retinas were
from Kcng4-YFP, Cartpt-YFP, TYW3-YFP, Foxp2-YFP, and Opn4-YFP mice, in which aRGCs,
00DSGCs, W3-RGCs, F-RGCs, and Opn4-RGCs respectively, are labeled genetically. Naive,
sham-treated contralateral eye. wpi, weeks post-injection. Scale bar, 50um. (D) Fraction of
pan RGCs and each subclass that survived SOHU treatment at 1wpi and 4wpi. n=5-8
animals per genotype. Data are presented as means * s.e.m. The quantifications were
generated by comparing 1wpi or 4wpi with the naive baseline (100%). Unpaired two-sided
Student's t-tests, "ns", not significant; "****", p < 0.0001; "***", p < 0.001; "**", p < 0.01; "*",
p <0.05;
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Figure 2. Resilient aRGCs and ipRGCs demonstrate elevated Spp1 expression after
SOHU treatment.

(A) Representative retinal wholemount images of Kcng4-YFP naive (top) and 4 wpi
(bottom), labeled with antibodies to YFP (Green), Spp1 (Red), and Rbpms (Blue). Arrows
indicate the overlap of Spp1 and YFP; empty arrowheads indicate ectopic Spp1 expression,
which is YFP-negative. However, all Spp1 expression is restricted in Rbpms cells, indicating
a restricted expression of Spp1 in RGCs. (B) Quantifications of Spp1* RGCs numbers in both
conditions indicating a significant increase of ectopic Spp1 expression, with the results
being normalized to the naive group. n=5 animals per condition. (C) Quantification of the
proportion of non-a-type of RGCs number exhibiting ectopic expression of Spp1 to the
number of RGCs positive for Spp1l. n=5 animals per condition. (D) Quantifications of the
overlap between Spp1 and other markers for RGC subclasses (representative images shown
in Figure S2A-E). n=5-7 animals per condition. (E) Vertical section of naive retina (top) and
4 wpi (bottom), labeled with antibodies to Spp1 and Opn4 (melanopsin). Arrows indicate
the overlap of Spp1 and Opn4 under silicone oil treatment. Green, Spp1; Red, Opn4. (F)
Vertical section of Kcng4-YFP (aRGCs) naive retina (top) and 4 wpi (bottom), labeled with
antibodies to pS6 and Spp1. Arrows indicate the overlap of Spp1 and pS6. Green, Spp1; Red,
pS6. (G) Fractions of the number of RGCs that have high-pS6+ levels in both conditions,
while the majority of the pS6* increase is coupled with Spp1+ elevation. Scale bars (A, E, F),
50um. n=5 animals per condition. Unpaired two-sided Student's t-tests; "****", p < 0.0001;
" p <0.05.
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Figure 3. Spp1 is essential for driving aRGC resiliency.

(A) Schematic of the AAV construct for CRISPR/Cas9-mediated Spp1 knockdown in Kcng4-
Cre positive neurons (left) and timeline of experiment design for knockdown Spp1 at 2
weeks before SO injection and tissue harvest at 4 wpi (right). (B) Control sgRNA/Cas9
Kcng4-YFP retina (top left), retina under silicone oil-treatment (top right), sgSPP1/Cas9
infected retina (bottom left), and sgSPP1/Cas9 infected retina under silicone oil-treatment
(bottom right), labeled with antibody to YFP (C) Quantification of normalized «RGCs
survival. n=5 animals per condition. (D) Schematic of the AAV construct for Spp1 over-
expression in Foxp2-Cre positive neurons (left) and timeline of experiment design for over-
expressing Spp1 at 2 weeks before SO injection and tissue harvest at 4 wpi (right). (E)
Control AAV-expression retina (top left), retina under SOHU-treatment (top right), AAV-
Spp1 infected retina (bottom left), and AAV-Spp1 infected retina under SOHU-treatment
(bottom right), labeled with antibody to FoxpZ2. (F) Quantification of normalized F-RGCs
survival. Scale bars (B, E), 50um; n=5 animals per condition. Paired t-test; "ns", not
significant; "**", p<0.01.
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Figure 4. Spp1 is enriched in adult human RGCs with large somata, and SPP1
expression correlates with the glaucoma severity in human patients.

(A) Sample images of SPP1 (green) and RBPMS (red) in the retina from an adult donor
sample eye with no notable ocular history, including expression in RGC and horizontal cell
subsets. (B) Sample images of SPP1 (green), TBR1 (red, a previously characterized
transcription factor found in T-RGCs/Midget OFF-RGCs) 28 and Nissl (grey) in the retina
from a donor in (A). (C) Percentage of SPP1*and TBR1* of the RGCs in the adult human
retina from a donor in (A-B). n=2 retinas. (D) Quantification of RGC soma size of SPP1+,
TBR1+*, and the average Nissl (NeuroTrace)-positive RGCs in the adult human retina. n=2
retinas. Scale bars (A, B), 50um. (E) SPP1 concentration in aqueous humor was quantified
using ELISA from patients with mild (n=11) and severe (n=13) forms of primary open-
angle glaucoma (POAG) and age-ma