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Secreted phosphoprotein 1 slows neurodegeneration and
rescues visual function in mouse models of aging and glaucoma
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SUMMARY

Aging causes an irreversible, cumulative decline in neuronal function. Using the visual system as
a model, we show that astrocytes play a critical role in maintaining retinal ganglion cell health
and that deletion of SPP1 (secreted phosphoprotein 1, or osteopontin) from astrocytes leads to
increased vulnerability of ganglion cells to age, elevated intraocular pressure, and traumatic optic
nerve damage. Overexpression of SPP1 slows the age-related decline in ganglion cell numbers and
is highly protective of visual function in a mouse model of glaucoma. SPP1 acts by promoting
phagocytosis and secretion of neurotrophic factors while inhibiting production of neurotoxic

and pro-inflammatory factors. SPP1 up-regulates transcription of genes related to oxidative
phosphorylation, functionally enhances mitochondrial respiration, and promotes the integrity of
mitochondrial microstructure. SPP1 increases intracellular ATP concentration via up-regulation of
VDACL.

In brief

Li and Jakobs report that Sppl knockout mice are more susceptible to retinal ganglion cell loss

in age, glaucoma, and traumatic optic neuropathy. Spp1 deficiency impairs mitochondrial function
and phagocytosis and increases expression of inflammatory markers, whereas Sppl overexpression
strongly increases ganglion cell survival and protects visual function.
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INTRODUCTION

Aging in the CNS progressively leads to tissue dysfunction and loss of neurons. In the
retina, this manifests as loss of photoreceptors and retinal ganglion cells (RGCs), the only
projection neuron of the retina whose axons form the optic nerve (ON). Mammalian retinas
lose RGCs even during normal aging.l In mice, the loss rate is about 7,000 cells per year
from about 50,000 in early adulthood.? Superimposed on this “normal” decline in visual
function are degenerative diseases of the retina that expedite the rate of neuron degeneration,
with age-related macular degeneration and glaucoma being clinically most relevant.34
Therapeutic approaches to these diseases are complicated because their pathophysiology
resembles normal aging in many ways.®> On the other hand, a better understanding of
age-related changes may also lead to development of therapies against neurodegenerative
diseases such as glaucoma.

We focus on glaucoma firstly because it is one of the leading causes of blindness in
industrialized countries and secondly because RGCs may be a more generalizable model

of neurodegeneration than the highly specialized photoreceptors. Glaucoma is characterized
by progressive apoptotic loss of RGCs and degeneration of the optic nerve. Elevated
intraocular pressure (IOP), genetic factors, and age are the most important risk factors.
Lowering the IOP is currently the mainstay of glaucoma management, but additional
neuroprotective approaches would be welcome.
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Recently, several approaches to an anti-aging therapy have been proposed, and proof-of-
principle experiments in the visual system suggest that rescuing ganglion cells is possible.
A recent study used virus-mediated overexpression of three of the Yamanaka factors in
RGCs to protect RGCs from glaucoma and age-related cell loss, mediated by restoration of
a “youthful” epigenetic profile in experimental mice.” Another change associated with aging
is a gradual increase in sterile inflammation, which is likely triggered when age-related
decline in autophagy leads to gradual accumulation of cellular debris, chronic activation

of the inflammasome, and production of pro-inflammatory cytokines.8 Finally, a decline in
mitochondrial function, decreased ATP production, excessive generation of radical oxygen
species, and failure of mitochondrial quality control have been implicated in age-related
neurodegenerative diseases. On the other hand, interventions that stimulate mitochondrial
function, such as aerobic exercise, are protective.%10

Age-related changes are observed not only in neurons but also in glial cells.11-13 RNA
sequencing of purified astrocytes from various regions of the brain has demonstrated
up-regulation of inflammatory markers, components of the complement cascade, factors
involved in synapse elimination, and others that are similar to those observed in reactive
astrocytes.14-16 |n the optic nerve head, astrocytes form the direct cellular environment of
the unmyelinated RGC axons.17:18 One of their physiological functions is to phagocytose
axonal mitochondria that have reached the end of their life cycle in a process referred to
as transmitophagy.19 An age-related decrease in the phagocytic capacity of astrocytes may
contribute to accumulation of damaged mitochondria in RGCs themselves.

Using a new reporter/conditional knockout strain of mice, we report that loss of SPP1

leads to a premature aging phenotype in the visual system of mice that is characterized by
up-regulation of inflammatory markers, decreased mitochondrial and phagocytic function of
astrocytes, increased vulnerability to glaucomatous RGC loss, and an accelerated age-related
decline in vision. Overexpression of SPP1 in the retina and optic nerve head of normal
C57BL/6 mice apparently slows aging in the visual system, protects RGCs, and restores
vision in several models of optic nerve damage.

Deletion of Sppl leads to accelerated ganglion cell loss and vision decline in aging,
glaucomatous, and axotomized retinas

Interfering with astrocyte reactivity in mouse models of glaucoma leads to a worse outcome
for visual function and RGC survival,20 indicating that reactive astrocytes play a protective
role, at least in the early stages of the disease. In search of astrocyte-derived factors that
may be used therapeutically, we surveyed gene expression studies of reactive astrocytes in
various disease models (experimental glaucoma, optic nerve crush (ONC), middle cerebral
artery occlusion, and lipopolysaccharide (LPS)-induced neuroinflammation) and used /in
silicoanalysis to find genes and pathways that were differentially regulated in reactive
astrocytes.21-26 We chose SPP1 as a candidate molecule because it was up-regulated in most
datasets and participated in a network containing transforming growth factor 1 (TGF-p1)
and at least the transcription factors RUNX1 and E2F1, which regulate SPP1 expression and
are also up-regulated in glaucoma and optic nerve injury.27-29
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We used mice with global deletion of the Spp1 gene (Sppl knockout [KO]) to test whether
the RGCs in this strain are more susceptible to damage because of age, elevated IOP, and
optic nerve crush. We first examined the retinas of Sppl KO animals for abnormalities

that may confound our analysis (Figure S1A). There were no differences between young
(3-month-old) Sppl KO mice and C57BL/6 mice observed in optical coherence tomography,
immunostaining for several cell type markers (Figures S1B-S1J), or electron microscopy of
the retinas (Figures S1K and S1L).

During aging, Sppl KO mice lost RGCs faster than wild-type C57BL/6 mice (Figures 1A
and 1B), which agrees with an earlier study.3° To test the function of SPP1 in glaucoma,
we used the microbead occlusion model in 3-month-old mice3! to induce unilateral elevated
IOP and analyzed RGC survival, visual acuity, and the pattern electroretinography (ERG)
amplitude (Figure S2A). Sppl KO and wild-type retinas at that age started with similar
numbers of ganglion cells, and 1 month after microbead injection, wild-type C57BL/6
mice lost 32% of the BRN3A™ RGCs in the experimental eye, which was expected in this
model. Sppl KO mice had a similar increase in IOP (IOP curves over time are shown

in Figure S2B), but the loss of BRN3A™ ganglion cell numbers was significantly worse,
about 48% (Figures 1C and 1D). The increased RGC degeneration was reflected in visual
function, which was also significantly more severely affected in the Sppl KO animals
(Figures 1E, 1F, S2C, and S2D). Although BRN3A is a common marker of RGCs in
healthy and glaucomatous retinas,32-33 there is the possibility that it is down-regulated

in disease34 and that lack of BRN3A staining indicates dysfunctional cells rather than
complete disappearance of the cells after apoptosis.3>36 Therefore, we counted ganglion
cell axons in the optic nerve after paraphenylenediamine (PPD) staining. As expected for
young animals, there was no difference at baseline between wild-type C57BL/6 and Sppl
KO mice, and both groups lost axons after induction of elevated IOP (Figure 1G). There was
a significant difference between wild-type and the Spp1l KO mice, which lost more axons
(Figures 1G and S2E). Finally, we calculated the cumulative IOP insult, defined as the area
under the curve of IOP versus time, showing that both groups had received a similar injury
(Figure 1H). These data indicate that RGCs in Spp1 KO animals react more sensitively to
glaucomatous injury than their wild-type counterparts.

After optic nerve crush, ganglion cells degenerate and die in a time-dependent manner.3”
Pattern ERG and optomotor reflex cannot be elicited in the affected eye after an optic

nerve crush lesion and were therefore not tested. In Sppl KO mice, ganglion cell loss was
accelerated compared with wild-type mice, but the severe nature of the optic nerve crush
injury eventually led to almost complete loss of ganglion cells in both strains (Figures 11 and
1J).

Regulation of SPP1 expression in reactive astrocytes by a signaling cascade consisting of
TGF-B1/TGFBR1/RUNX1/E2F1

In the uninjured optic nerve, SPP1 was detectable only in axons of intrinsically SPP1*
alpha ganglion cells3® and absent from glial cells (Figure 2A). After elevation of 10P,

and especially after optic nerve crush injury, SPP1 was strongly up-regulated (Figure 2A).
Counterstaining with the astrocyte marker glial fibrillary acidic protein (GFAP) showed
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that most SPP1* glial cells were astrocytes, but some cells with microglial morphology
were also observed (Figure 2B). To identify signaling pathways that were responsible for
up-regulation of SPP1 in reactive astrocytes, we used cell cultures of GFAP™* astrocytes
from newborn mice (Figure S3A). After 14 days in culture, we detected RUNX1, E2F1, and
SPP1 expression and co-localization of SPP1 with RUNX1 and E2F1 (Figures 2C and S3A).
The astrocytes started expressing SPP1, most likely because of the tendency of astrocytes

to assume a reactive phenotype in culture.39 We took advantage of this behavior to verify
that Spp1 is regulated by TGF-B1, RUNX1, and E2F1 in astrocytes. Expression of Spp1,
E2f1, and, to a lesser extent, Runx1 was induced by treatment of cultured astrocytes with
recombinant TGF-B1, and the effect was completely abolished by the TGF-p1 receptor
blocker SB431542 (Figures 2D and S3B-S3E). Inhibition of RUNX1 with R05-3335 and
E2F1 with HLMO006474 alone decreased SPP1 immunolabeling and Sppl mRNA expression
and blocked the TGF-B1-induced increase in SPP1 expression in astrocytes (Figures 2E-2G,
S3F, and S3G).

To assess the gene expression pattern /7 vivo, we crossed B6.GFAP-cre, a strain expressing
cre recombinase under control of the astrocyte-specific GFAP promoter, with a tdTomato
reporter strain (Ail4) and collected tdTomato-labeled astrocytes by fluorescence-activated
cell sorting (FACS). Tgf-p1, Runx1, E2f1, and Sppl were up-regulated in astrocytes /in vivo
after elevation of 1OP and optic nerve crush compared with naive control nerves (Figure
S4A).

Conditional deletion of Spp1 in astrocytes

Analysis of SPP1 activity /n vivo is complicated by the fact that SPP1 is expressed not
only in reactive astrocytes but also physiologically in alpha ganglion cells and microglia.
To dissect the mechanisms of SPP1-mediated neuroprotection in more detail, we designed
a new strain suitable for conditional deletion of Sppl with /oxPsites flanking exons

4-7 of the Spp1 gene (Spp1CFPTIfl) Before recombination, the mice expressed Sppi,
followed by P2A-EGFP from the endogenous Sppl locus. By crossing with a strain that
expresses cre under control of the Gfap promoter, the Sppl/EGFP cassette was eliminated,
and tdTomato was expressed (Spp1CFPIVflGfapCre; Figure 3A). We first verified that
tdTomato fluorescence was detectable in optic nerve astrocytes and that no EGFP was
co-localized with tdTomato in Spp1CFPiGfapCre mice at baseline (Figure 3B). No SPP1
immunoreactivity was detectable in optic nerve astrocytes from Spp1CFP/fiGfapCre mice
(Figure S4B). In FACS-sorted astrocytes from Spp1CFP/fiGfapCre mice, no expression of
Sppl mRNA was detected, confirming conditional deletion of Sppl in astrocytes (Figure
S4C).

We repeated the aging, IOP elevation, and optic nerve crush experiments in
Spp1CFPIIflGfapCre mice to determine whether it was specifically the loss of astrocytic
SPP1 that was responsible for the increased RGC vulnerability. Spp1SFP/Tl mice were used
as controls, and they lost about 32% of their RGCs over a period of 16 months, the expected
rate in mice on the B6 background, but cell loss in Sppl conditional knock-out (cKO) strain
Spp1CFPTflGfapCre mice was significantly worse over the same time period (44% in Sppl
cKO versus 32% in control; Figures 3C-3E). Similarly, after induction of elevated 10P, Sppl
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cKO mice did worse in terms of ganglion cell survival and visual function (Figures S4D and
3F=3I). We also followed the timeline of RGC loss after optic nerve crush in the cKO and
the control strain. Similar to global Spp1 KO, astrocytic Sppl cKO led to faster cell loss
after optic nerve crush (Figures 3J and 3K).

Astrocytes are the major glial component of the unmyelinated optic nerve head (ONH), but
microglial cells are also present in the nerve and the retina, and Muller glia are abundant in
the retina. In some injuries, Maller glia are known to up-regulate GFAP; thus, Gfap-driven
cre may be active in Muller cells. We stained vertical sections of retinas for SPP1 and

the Mller cell marker glutamine synthetase (GS) and found no SPP1 immunoreactivity

in Miller cells, in uninjured young retinas, or after optic nerve crush or an elevation of
IOP, or in aging (Figure 3L). Microglia were negative for SPP1 expression in naive nerves,
but they did transiently become SPP1™* after nerve injury. This can be seen in Figure 3B,
where the green cell bodies are microglia that expressed EGFP in Sppl cKO animals.

As expected, Gfap-cre did not lead to Sppl deletion in microglia. The experiments in
conditional Sppl KO animals demonstrated that it is specifically astrocytic Sppl production
that is responsible for the neuroprotective effects of this factor.

Spp1 deletion induces neurotoxic astrocytes in vitro and in vivo

To understand the molecular mechanism of SPP1 activity in astrocytes, we carried out RNA
sequencing from cultured Sppl KO astrocytes versus wild-type C57BL/6 controls (Figure
S5A; GEO: GSE174522; volcano plot and pathway analysis are shown in Figures S5B and
S5C). Pathway analysis of the differentially expressed genes (defined as at least 1.5-fold
up- or down-regulation and adjusted p < 0.05) revealed that two major pathways were
differentially regulated in Spp1 KO astrocytes; oxidative phosphorylation was predicted to
be inhibited, and neuroinflammatory markers were up-regulated (Figures 4A and S5C).

A recent publication reported three sets of marker genes that were expressed in reactive
astrocytes: a “pan-reactive” set commonly expressed in reactive astrocytes, an “Al”

(or neuroinflammatory) set associated with some pathological conditions (such as LPS
injection), and an “A2” (or neuroprotective) set associated with other conditions, such

as cerebral artery occlusion.4? In Sppl KO astrocytes, most pan-reactivity markers were
up-regulated, as were most “A1” markers. Almost all markers specific for the “A2”
neuroprotective type were down-regulated (Figures 4B and S5D), indicating that Sppl
deletion induced “A1” astrocytes. Inhibition of TGFBR1 with SB431542 and RUNX1
with R05-3335 induced a neurotoxic Al-like pattern (Figures S5E and S5F). Inhibition of
E2F1 with HLMO006474 did not specifically induce the Al- or A2 astrocyte phenotype but
caused down-regulation of most genes in all groups (Figure S5G). Complement component
C3, which was virtually undetectable in wild-type optic nerve astrocytes, was strongly
up-regulated in Sppl KO cells (Figures 4C—-4E and S6A-S6C). We also found that genes
associated with synaptogenic and neurotrophic activity were down-regulated in Sppl KO
astrocytes (Figures 4F and S6A).

Astrocytes are known to be phagocytic in vitroand in vivo.1%41 In our dataset, several
phagocytosis-related genes were differentially regulated, most notably Megf10, which has
been reported as a C1q receptor involved in phagocytic activity of astrocytes.#2 On the other
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hand, there was no clear trend for the TAM receptors Tyro3, Axl, and Mertk, with Mertk and
the ligand Gas6 up-regulated and Axl and Tyro3 down-regulated in the Spp1l KO astrocytes
(Figure 4F). To rule out a general deficiency in motility of Sppl KO astrocytes, we tested
migration in a scratch assay (Figure S6D). Sppl KO astrocytes filled the gap faster than
wild-type astrocytes, but this may be primarily due to the increased cell proliferation of the
KO cells. A bromodeoxyuridine (BrdU) incorporation assay showed that 10% of Sppl KO
astrocytes incorporated the BrdU label versus 5% of wild-type cells (Figures S6E-S6G).

Because these experiments relied on cultured astrocytes, we verified the results with an
analysis of freshly isolated optic nerve head SPP1™ astrocytes from Gfap-tdTomato and
SPP1~ astrocytes from Spp1CFP/fiGfapCre (cKO) mice (Figures 4G and S7TA-S7C). The
expression profiles of Sppl* and Sppl KO astrocytes were compared in naive nerves
with no injury and nerves after elevation of IOP or optic nerve crush injury. Most
synaptogenic, phagocytic, and neurotrophic markers were down-regulated in Sppl cKO
astrocytes compared with wild-type ones. In contrast, C3 and (in the high-1OP condition)
C1q expression in cKO astrocytes exceeded that of the wild type (Figures 4H and S7D).

We also tested the expression pattern of Al- and A2-specific genes in response to elevation
of 10P and optic nerve crush /n vivo (Figure S8A). Without injury, Sppl KO astrocytes
showed an “Al1” type with up-regulation of Al-specific genes and down-regulation of
most A2-specific genes compared with wild-type nerves (Figure S8B). However, after

IOP elevation or crush injury, there was no clear pattern indicative of an “Al1” or “A2”
type in Spp1™ astrocytes or Sppl KO astrocytes in vivo (Figures S8C-S8H). These data
show that Spp1 deletion induces a neurotoxic phenotype in astrocytes /in vitro and in vivo,
mainly including activation of neuroinflammation and neurotoxic factors and inhibition of
synaptogenic, phagocytic, and neurotrophic processes.

Spp1 depletion leads to impaired phagocytosis in astrocytes

Because several phagocytosis-related genes were differentially regulated in Sppl KO
astrocytes, we tested the overall functional effect on astrocyte phagocytosis in a pHrodo
incorporation assay and found that the percentage of cells with incorporated pHrodo was the
same, but the amount of the incorporated label was lower in Sppl KO astrocytes than that in
wild-type astrocytes, indicating impaired phagocytosis (Figures 41-4K). Similarly, we also
found decreased phagocytic activity in Sppl KO astrocytes by an assay based on relative
fluorescence intensity of pHrodo particles in astrocytes (Figure 4L).

Astrocytes have been implicated in degradation of axonal mitochondria, a process

that involves phagocytosis of axonal evulsions that contain damaged mitochondria by
neighboring astrocytes.1® This process relies at least in part on LGALS3 (Galectin 3).4
Lgals3 mRNA is detectable at similar levels in uninjured nerves from wild-type and Sppl
KO mice, and it is up-regulated by an increase in IOP and optic nerve crush injury in

optic nerves of wild-type animals, only to a very limited extent in the KO (Figure 4M),
suggesting that Sppl deficiency prevented the injury-induced increase in Lgals3 expression.
In cultured astrocytes, rSPP1 protein directly up-regulated Lgals3 gene expression almost
2-fold (Figure 4N). /n vivo, LGALS3 immunoreactivity was detectable in the ONH and ON
of naive C57BL/6 and Sppl KO mice, but injury-induced up-regulation of LGALS3 was
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markedly reduced in the Sppl KO (Figure 40). LGALS3 expression was lower in old (16
month) C57BL/6 mice, suggesting lower phagocytic activity of aged astrocytes (Figure 40).

Spp1 deletion causes mitochondrial dysfunction

Because oxidative phosphorylation was one of the major down-regulated pathways in
Sppl KO astrocytes (Figure 5A) that affected genes complexes I, 111, 1V, and V of the
electron transport chain (Figures S9A and S9B), we used metabolic analysis to measure
mitochondrial respiration in Sppl KO versus wild-type astrocytes. Oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) (Figures 5B and 5C), basal and
maximal respiration, and ATP production were significantly lower in Sppl KO astrocytes
(Figures 5D-5F), indicating impaired mitochondrial respiration in Sppl KO astrocytes.
We tested whether genes related to oxidative phosphorylation are also down-regulated in
Sppl KO astrocytes /n vivo. Making use of red fluorescent protein expression in cKO
animals, we used FACS to isolate Spp1~ astrocytes. Cells from Gfap-tdTomato served

as controls. Although cKO optic nerves did not contain fewer cells, the yield of Sppl~
cells was consistently lower than that of wild-type astrocytes, suggesting that Spp1~ cells
do not withstand the dissociation procedure as well as their wild-type counterparts. As

in cell culture, we found marked down-regulation of several genes related to oxidative
phosphorylation (Figure 5G).

TGF-B1 positively regulated SPP1, and TGF-B1 induced increased OCR, ECAR, basal and
maximal respiration, and ATP production in cultured astrocytes, an effect that was blocked
by the TGF-p1 receptor blocker SB431542 (Figures S9C-S9G), the RUNX1 antagonist
R05-3335 (Figures S9H-S9L), and the E2F1 antagonist HLM006474 (Figures SOM-S9Q).
In electron microscopy of the unmyelinated portion of the optic nerve, Sppl KO mice
showed a high prevalence of axonal mitochondria with few or no cristae even at young ages
(Figure 5H). Degenerating mitochondria were also present in the astrocytes, especially in
aged animals (Figures 51 and 5J).

Exogenous recombinant SPP1 restores astrocytic gene expression

Recombinant SPP1 (rSPP1) protein significantly inhibited expression of C3 in cultured
C57BL/6 astrocytes (Figure S10A). Exogenous rSPP1 was also found to stimulate
expression of the astrocytes’ own Sppl gene, an effect that was dependent on the SPP1
receptor Itga5 but not on the other known SPP1 receptor, CD44 (Figure S10B). We also
found that rSPP1 reversed the decreased expression of “A2” genes to almost normal levels
but had little effect on expression of “Al1” genes in Sppl KO astrocytes (Figure S10C).
Recombinant SPP1 also restored expression of phagocytosis-related genes, neurotrophic
factors, and genes related to oxidative phosphorylation and inhibited toxic factor C1q and
C3 expression in Sppl KO astrocytes (Figures S10D and S10E). There was no further effect
of rSPP1 on expression of oxidative phosphorylation-related genes in wild-type astrocytes
(Figure S10F).

SPP1 UP-REGULATES VDAC1

The Vdacl (voltage-dependent anion channel 1) gene was significantly down-regulated
in Sppl KO astrocytes in our RNA sequencing dataset, by gPCR, and in
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immunohistochemistry (Figures 5A, S9B, and 6A-6C). SPP1 and VDAC1 were co-
expressed in cultured astrocytes (Figure S11A). Recombinant SPP1 led to a significant
increase in VDACI labeling intensity in cultured wild-type astrocytes and to a 50-fold
increase in Vdacl mRNA expression. This effect was inhibited by knockdown of the

SPP1 receptors CD44 and Itga5 and by inhibition of AP1, which is downstream in the
SPP1 signaling pathway*? (Figures 6D—6F; qPCR validation for the small interfering RNAs
[siRNAS] is shown in Figures S11B-S11D). TGF-B1 increased expression of Vdacl mRNA,
and the effect was prevented by RUNX1 and E2F1 inhibition (Figure 6G). Recombinant
SPP1 increased OCR, ECAR, basic respiration, maximal respiration, and ATP production
in astrocytes in a dose-dependent manner (Figures 6H-6L). This effect was abolished by
treating the astrocytes with VVdacl siRNA or metformin, an inhibitor of VDACL1 activity
(Figures 6M-6Q).

SPP1 increases intracellular ATP concentration via VDAC1

Because VDACL allows diffusion of ATP from mitochondria into the cytoplasm, we
wanted to determine whether SPP1 administration leads to an increase in cytosolic ATP
concentration via VDAC1. We visualized cytosolic ATP in astrocytes by transfection with
a plasmid encoding the ATP sensor iATPsnFR and an mCherry tag.** The ATP sensor
increased in fluorescence upon binding ATP (Figure 6R). Exogenous rSPP1 led to an
increase in cytosolic fluorescence, indicating that SPP1 not only increased mitochondrial
ATP production but also promoted its delivery into the cytosol. Increased fluorescence of
the ATP sensor induced by rSPP1 was blocked by Vdacl knockdown, suggesting that SPP1
promoted ATP delivery into the cytosol through up-regulation of VDAC1 (Figures 6R and
6S).

Astrocytic SPP1 enhances neurite growth and branching in RGCs in a VDAC1-dependent

manner

We used co-culture of wild-type RGCs and astrocytes from wild-type or Sppl KO mice

to test how they affect the growth of ganglion cells. Wild-type astrocytes supported the
growth of RGCs with complex branching patterns (Figure S11E). When ganglion cells were
grown on Sppl KO astrocytes, they had fewer processes overall and fewer higher-order
branches (Figures 6T and S11F). This was quantified by Scholl analysis (Figure 6U) and
measurement of total process length (Figure 6V). We co-cultured wild-type ganglion cells
on wild-type astrocytes that were pre-treated with VVdacl siRNA or the VDAC1 inhibitor
metformin for 24 h and washed extensively with medium before seeding the ganglion cells.
Because of the time limitations of sSiRNA or metformin activity, RGC neurite length was
measured 1 and 2 days after seeding. On day 1, the ganglion cells growing on astrocytes
with VDACL inhibition already showed significantly decreased total neurite growth and
slightly reduced branching (Figures S11G and S11H). On day 2, total process length and
number of higher-order branches were increased in the vehicle group compared with day

1. However, total process length and number of higher-order branches were decreased after
VDACLI inhibition by Vdacl siRNA or treatment with the inhibitor metformin in a manner
very similar to that of Sppl KO astrocytes (Figures 6W and 6X). These results suggest that
SPP1 promotes RGC neurite growth and branching via VDAC1.
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SPP1 acts as an anti-aging factor in the visual system

We next tested whether adeno-associated virus type 2 (AAV2)-mediated overexpression of
SPP1 would have an anti-aging effect. AAV2 is not specific to astrocytes, but we reasoned
that, as a secretory protein, SPP1 from any source may be beneficial. We injected young
(4-month-old) C57BL/6 mice intravitreally with AAV2-Sppl-EGFP (hereafter called AAV2-
Sppl). Age-, strain-, and sex-matched control animals received AAV2-EGFP. One year later,
the pattern ERG and visual acuity of the mice were measured, and RGCs were counted
(Figure 7A). As expected, the control animals showed loss of RGCs in the retina, a decrease
in pattern ERG amplitude, and a moderate reduction in visual acuity. In aged animals treated
with the AAV2-Sppl construct, RGC counts and visual function were significantly better
than in the controls (Figures 7B-7D).

In electron microscopy, a characteristic feature of aging is increasing numbers of enlarged
axons with pale axoplasm and swollen mitochondria with reduced cristae.2 These changes
progress in a predictable manner so that it is possible to determine the age of an animal
from the variance of axon diameters in the optic nerve head.2 We imaged the unmyelinated
segments of optic nerves from AAV2-Sppl-treated and AAV2-EGFP-treated animals and
measured axon diameters (Figures 7E and 7F). Nerves treated with control virus AAV2-
EGFP showed enlarged axons and damaged mitochondria. These features were not found in
AAV2-Sppl-treated aged nerves, suggesting that SPP1 overexpression slows the effects of
normal aging and preserves vision in aging mice.

SPP1 overexpression rescues RGCs and visual function

Young C57BL/6 mice were injected with AAV2-Sppl or AAV2-EGFP, expression of the
constructs was verified by fundus photography 1 month after injection, and the IOP

was elevated using the microbead injection method (Figures S12A-S12G, S13, and S14
show transfection efficiencies and co-expression of SPP1 and EGFP from the AAV2-Sppl
construct in cells that were not intrinsically Spp1™). Treatment with AAV2-Spp1 had a
strong protective effect on RGC counts, pattern ERG amplitude, and visual acuity (Figures
7G-7J). This effect was more pronounced in glaucomatous wild-type retinas, where SPP1
overexpression restored visual function and RGC numbers almost to baseline levels, but it
was also observed in Sppl KO animals. However, in Spp1l KO animals, visual function did
not completely recover, possibly indicating that the SPP1 expression levels in the optic nerve
were not sufficient because AAV2 did not penetrate deeply into the nerve. Treatment with
AAV2-Sppl also led to preservation of about 38% of RGCs 2 weeks after an optic nerve
crush injury, whereas, under the control condition, all but 4% of the RGCs had degenerated
by this time (Figures 7G and 7H).

Last, we elevated the SPP1 levels in the retina by intravitreal injection of SPP1-polyhedrin
complexes (Polyhedrin Delivery System, SPP1 PODS) that act as a slow-release depot of
SPP1 protein. SPP1 PODS were effective in preserving visual function and RGC numbers
in mouse models of glaucoma and optic nerve crush, but not to the same level as the
AAV2-Sppl construct (Figures 7K—7N). Isolated astrocytes from optic nerves treated with
SPP1 PODS showed increased expression of most genes related to mitochondrial function
in our set, increased phagocytic and neurotropic markers, and slightly reduced expression
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of C3 and Tnf (Figure 70). Our data suggest that overexpression of SPP1 is an effective
approach to counteract the effects of aging on the visual system and to treat a major,
age-related disease.

DISCUSSION

Here we demonstrate that SPP1 is significantly up-regulated in optic nerve astrocytes
after injury. This effect is mediated by the transcription factors RUNX1 and E2F1, with
TGF-B1 as an upstream regulatory factor. SPP1 stimulates mitochondrial activity and ATP
production, secretion of neurotropic factors, and phagocytosis. Expression of neurotoxic
and inflammatory mediators is negatively regulated by SPP1. These findings suggest a
neuroprotective role of SPP1 that may be used therapeutically in conditions such as
glaucoma. Our study shows that virus-mediated overexpression or direct injection of the
protein is highly protective of RGCs in several models of RGC degeneration.

In normal retinas, SPP1 immunoreactivity is restricted to alpha RGCs.384> We did not
observe SPP1 in other neurons or in Miller glia in uninjured retinas at any age or after

optic nerve damage. Optic nerve astrocytes, however, strongly up-regulated SPP1 after an
increase in IOP or an optic nerve crush injury. Similar up-regulation was found in brain
astrocytes after ischemia,2® suggesting that SPP1 is a common marker of reactive astrocytes.
This does not necessarily indicate a neuroprotective role of SPP1 because astrocytes react

to injury with a program of morphological, metabolic, and transcriptomic changes, not

all of which are beneficial 6 In some injury models, it is possible to distinguish harmful
(“A1”) and neuroprotective (“A2”) phenotypes of reactive astrocytes by arrays of 12 marker
genes each that are typically expressed. The “Al” type of reactivity is induced by microglia-
derived IL-1a, TNF, and C1q upon LPS-induced neuroinflammation.*9 Other conditions,
such as ischemia2® or optic nerve crush,26 induce a phenotype that would be characterized
as neuroprotective (“A2”) by these criteria. However, as useful as such transcriptomic
characterizations are, they should not be interpreted as defining fixed cell types.#” In many
cases, expression profiles of “Al” and “A2” genes overlap in the same population of
reactive astrocytes, there is considerable heterogeneity between astrocytes even in the same
anatomical region, and astrocyte reactivity itself can be reversible when the pathological
stimulus is removed.#8-51 In aging, astrocytes take on a more neurotoxic phenotype, 1252 are
less phagocytic, and show declining mitochondrial function.>3

Our data indicate that supplying a single protein, SPP1, slows the course of age-related

or glaucomatous death of RGCs and the concomitant loss of visual function. It does

so by mitigating several facets of the decline in astrocyte function. First, “A2” markers

are down-regulated in Sppl KO astrocytes, suggesting that they have a more neurotoxic
profile. Consistent with this observation, neuroinflammatory markers are up-regulated in
Sppl KO astrocytes. Neuroinflammation is observed in human glaucomatous optic nerves
and retinas,®* and it is a common feature of animal models of the disease.>>>7 Aging, a
major risk factor for glaucoma, leads to chronic low-grade inflammation of the CNS.58 In
Sppl KO astrocytes, production of inflammatory mediators is chronically elevated, even at a
young age, whereas the neurotrophic factors are down-regulated. This may shift the balance
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of protective and detrimental functions into the neurodegenerative direction and expedite
natural age-related ganglion cell loss and increase susceptibility to glaucoma.

Our data also indicate that, in young Sppl KO mice, the mitochondria of RGCs show
morphological abnormalities, such as lack of cristae, that are usually a feature of advanced
age.2 On the molecular level, Spp1 deficiency causes decreased expression of genes involved
in oxidative phosphorylation. Functionally, Spp1 deletion leads to a decrease in oxidative
phosphorylation and ATP production. Because phagocytosis is a highly energy-dependent
process,> decreased mitochondrial function may partly explain the marked reduction of
phagocytic activity we observed in Sppl KO astrocytes. In the optic nerve, impaired
mitochondrial function and reduced phagocytosis may simultaneously negatively affect
axonal integrity from two sides. Astrocytes, especially those of the myelination transition
zone, are phagocytic?! and play an active role in degradation of axonal mitochondria

that have reached the end of their life cycle. In transcellular mitophagy, spent axonal
mitochondria are accumulated in bag-like evulsions from the axonal membrane that are
engulfed and phagocytosed by surrounding astrocytes.1960 This process is not pathological
because it is observed even in naive young optic nerves,? and in neurons with long axons,
transcellular mitophagy may be an energy-saving mechanism that obviates the need to
transport mitochondria all the way back to the cell’s soma for degradation.6® Accumulation
of abnormal axonal mitochondria in the axons of Sppl KO mice may therefore be due to a
combination of impaired mitochondrial function and impaired phagocytosis.

Astrocyte-specific deletion of Sppl leads to an increase in RGC vulnerability to injury, but
astrocytes are not the only potential source of SPP1 in the visual system. Alpha RGCs,

but not other types of RGCs, intrinsically express SPP1 and are more resistant to optic
nerve damage than most other types of RGCs.38:61 The physiological function of SPP1

in these cells is not known. Possibly, alpha cells secrete SPP1 in response to injury and

take part in the retina’s defense against neurodegeneration in conditions like glaucoma or
traumatic injury, but this remains to be proven. Microglia briefly express SPP1 (or EGFP

in Spp1f/fiGfapCre mice) after optic nerve crush. Sppl mRNA expression has also been
detected in activated retinal microglia.52:63 All of these cells could secrete SPP1 in response
to injury.

Whether Miiller cells are a source of SPP1 /n vivois less clear. SPP1 is expressed in
cultured Miiller cells,34 particularly upon glial cell line-derived neurotrophic factor (GDNF)
stimulation,5% and SPP1 has been found in activated Miller cells from surgical specimens of
epiretinal membranes,6 but Spp1 KO does not affect Miiller cell structure.39 In our study,
we did not observe SPP1 expression in Miller cells in uninjured young retinas or after optic
nerve crush or an elevation of 10P, or in aging. However, because SPP1 is a secreted protein,
from a therapeutic point of view, the source may not matter. AAV2 does not specifically
target astrocytes, and we were able to elicit a neuroprotective effect even with the protein
itself. However, although AAV-mediated overexpression of Sppl preserved RGC function
not only in wild-type C57BL/6 retinas but also in Sppl KO retinas, it did not do so to quite
the same extent. This may be due to the difficulty of transfecting astrocytes located deep

in the optic nerve, but there is the possibility that endogenous SPP1 (e.g., coming from
microglia or alpha RGCs) is also needed for the full neuroprotective effect.
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Our data suggest that SPP1 may have potential as a heuroprotective treatment that could be
combined with I0P-lowering drugs that currently are the first-line treatment of glaucoma.5”
As a protein, SPP1 would have to be injected into the vitreous. Intraocular injection is
commonly used in anti-VEGF (vascular endothelial growth factor) therapy for age-related
macular degeneration, but it requires repeated injections over a long period of time. An
alternative strategy might be to use upstream regulators to induce SPP1 expression. TGF-p1
or RUNX1 activation would likely not be viable approaches because of the pro-fibrotic
effects in the anterior chamber in the case of TGF-B158 and the potential for stimulation

of aberrant blood vessel formation in the case of RUNX1.%9 Currently, AAV-mediated
overexpression of Spp1 might be the best option. AAV is generally considered safe,’0-72
and several clinical trials for monogenic eye diseases in humans are under way or have
been completed.’”3-76 SPP1 may be a candidate for AAV-mediated gene therapy if safety and
long-term efficacy can be established.

Limitations of the study

Using SPP1 therapeutically in glaucoma or other neurodegenerative diseases requires SPP1
overexpression to be free of negative side effects in the long term. We did not observe
detrimental effects of SPP1 on any structure in the murine eye, even in our long-term
overexpression experiment. However, the maximum life expectancy of mice is about 36
months, and a glaucoma therapy would most likely span decades. The effect of SPP1
overexpression needs also to be studied in a long-lived species, preferably a non-human
primate.

Another limitation of the present study stems from the fact that SPP1 expression is not
restricted to reactive astrocytes. Alpha RGCs and microglia may be additional sources of
SPP1. An analysis of conditional Sppl KO, especially in microglia or alpha RGCs, would be
of interest.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Lead contact is Tatjana C. Jakobs (tatjana_jakobs@meei.harvard.edu).

Materials availability—Further information and requests for resources and reagents in
this study are available upon reasonable request to lead contact with a completed Materials
Transfer Agreement.

Data and code availability

. RNA-sequencing data have been deposited at NCBI Gene Expression
Omnibus (GEO) and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. High resolution
TEM microphotographs have been deposited at the Harvard Dataverse
(dataverse.harvard.edu). The DOI is listed in the key resources table.

. All original code has been deposited at GitHub and is publicly available as of the
date of publication. DOIs are listed in the key resources table.
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. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Spp1 KO (B6.129S6(Cg)-Spp1tM1BIN/J) mice were obtained from the Jackson
Laboratories (stock number 004936) and maintained in our facility as homozygous

breeding stock. This strain is deficient for SPP1 expression in all tissues. C57BL/6

mice (Jackson Laboratories, stock number 000664) were used as controls. The

strain, B6.Sppfl-EGFP-stop-tdTomato fqr conditional deletion of Sppl was produced by
Cyagen. The cre donor strain for creating the astrocyte specific deletion was B6.Cg-
Tg(Gfap-cre) 77.6Mvs/2J (Jackson Laboratory, stock number 024098). The reporter

strain Ail4 to create Sppl* astrocytes expressing red fluorescent protein was B6.Cg-
Gt(ROSA)26Sorim14(CAG-tdTomato)Hze/j (Jackson Laboratory, stock number 007914). Male
and female mice were used in equal numbers, and all control mice were strictly age- and
sex- matched. Experiments included young adult mice (3-5 months) and aged mice (16
months). Mice were kept at a 12 hour dark/light cycle and received water and standard food
at libitum. Mice were anesthetized by i.p. injection of ketamine/xylazine (100 mg/kg and

10 mg/kg, respectively), supplemented by topical application of 0.5% proparacaine to the
ocular surface. After surgery, mice received an s.c. injection of 0.1 mg/kg buprenorphine. At
the end of the experimental period, mice were euthanized by CO, inhalation according to the
Guide for the Care and Use of Laboratory Animals of the AAALAC. All animal procedures
were done in accordance with the guidelines of the Association for Research in Vision

and Ophthalmology and approved by the Institutional Animal Care and Use Committee at
Schepens Eye Research Institute.

Primary cell culture (astrocytes)—Retinas and optic nerves from either C57BL/6
wild-type or Sppl KO neonatal mice of 1-3 days old were dissociated by incubation with
0.25% trypsin and 0.01% DNase in DMEM, followed by mechanical trituration as described
previously.””78 Dissociated cells were filtered through nylon mesh screening filters with

a 52-um pore size to efficiently remove debris. Cells were plated on polylysine-coated
coverslips in DMEM/F12 with 10% FBS and then cultured at 37°C in a 95% air and 5%
CO2 incubator with a change of medium twice a week. After 7-10 days in culture, the
plates were shaken at 200 rpm for 18h, discarding the supernatant. This removed most of the
oligodendrocytes and microglia. The remaining cells were trypsinized and passaged. After

2 rounds of trypsinization and replating, >95% of the remaining cells were positive for the
astrocyte marker GFAP.

Primary cell co-culture (RGCs and astrocytes)—Confluent astrocytes were
trypsinized and re-seeded in 24-well plates and further incubated for 7 days for astrocyte—
neuron co-cultures as described previously.”®:80 Primary cultures of RGCs were prepared
from P1-P3 C57BL/6 mice. Eyes were enucleated and retinas were dissected and placed
in cold (4°C) DMEM with 100 U/ml Penicillin-Streptomycin. Retinas were cut into pieces
and digested in 20 U/ml pre-warmed papain solution with 100 U/ml DNase | at 37°C for
15 min. An equal volume of 5 mg/mL ovomucoid was added to stop the reaction. Lysates
were triturated several times and centrifuged at 3000 rpm for 5 min at 4°C. Cells were
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resuspended in 500 pL washing buffer (0.5% BSA, 2 mM EDTA in 1x PBS). Thirty pl
micro-magnetic beads conjugated Thy1.2 (CD90.2) antibody (Invitrogen, 11443D) were
added into cells and incubated at 4°C for 20 min. A MACS magnetic separation system was
used to isolate RGCs according to the manufacturer’s instructions. The purified cells were
centrifuged at 3000 rpm for 5 min at 4°C and re-suspended in culture medium (DMEM/F12
with 10%FBS, 10 mM HEPES, 2 mM L-glutamine, 100 U/ml Penicillin-Streptomycin).

For the astrocyte—neuron co-cultures, astrocytes were grown to confluency and washed

with phosphate-buffered saline (PBS, pH 7.4). Resuspended RGCs were seeded onto

the astrocyte layer. B-111 tubulin, BRN3Aand SMI132 antibodies were used to verify the
purification of RGCs. At the end of the experimental period, RGCs on the astrocyte layer
were fixed with 4% paraformaldehyde for 10 min and then incubated with p-tubulin. Images
were taken on a SP8 confocal microscope and the length of neurites was measured using the
F1JI distribution of ImageJ.81

METHOD DETAILS

Fluorescence-activated cell sorting—Optic nerve head was collected from Gfap-
tdTomato and Spp1CFP/fIGfapCre mice and digested with 0.6 mg protein/ml papain
(Worthington, LS003126), 0.012 mg/ml L-cysteine(Sigma, C7352) in HBSS (Ca2* and
Ma?* free) (Gibco, 14185-052) for 15 min at 37°C. After the incubation, tissues were
centrifuged at 2000 rpm for 5 min and then removed papain/HBSS solution. Tissues were
resuspended in 10% horse serum (Gibco, 26050-088) and 60 U/ml DNase | (Sigma, D-5025)
in HBSS and were triturated carefully with a heat polished Pasteur pipet (World Precision
Instruments, TW150-4) until all visible chunks of tissue were completely dissociated.
Dissociated cells were centrifuged and resuspended in HBSS. Cell suspensions were passed
through a 35-pm cell strainer into 5 mL round bottom polystyrene test tube (Falcon, 352235)
for further cell sorting. Live, singlet tdTomato* cells were identified as astrocytes and sorted
on a FACS Aria Il cell sorter (BD Biosciences) directly into collection medium. Cells
sorted by FACS were centrifuged at 10009 for 10 min and cell pellets were used for further
RNA extraction.

Fundus photography and optical coherence tomography—Mice were
anesthetized and their pupils were dilated. Fundus images were captured using a Micron 111
retinal imaging system (Phoenix Research Laboratories, Pleasanton, CA). Optical coherence
tomography (OCT) was performed directly after fundus photography. Anterior and posterior
segment OCT images were obtained with a spectral domain OCT system (Bioptigen,
Morrisville, NC). Averaged single B scans and volume scans were obtained with images
centered on optic nerve head or the cornea, respectively.

Electroretinography and optomotor reflex testing—~Pattern electroretinograms
(PERG) were recorded from both eyes of light-adapted mice on a Celeris small animal
testing system (Diagnosys LLC). PERG amplitudes were defined as the difference between
the P1 peak and N2. Conventional, light-adapted ERG was recorded directly afterwards to
ensure that reductions of PERG amplitudes were not due to unrelated ocular disease. The
optomotor reflex was tested in awake mice that were placed on a platform in the middle of
an arena made from 4 computer monitors.82
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Retro-orbital optic nerve crush and microbead occlusion model of glaucoma
—Miice were anesthetized and the intraorbital optic nerve was exposed by dissection of the
conjunctiva.83 The nerve was clamped for 10 s in the myelinated region approximately 200
um behind the sclera using self-closing forceps. Polystyrene microbeads (15 um diameter,
Invitrogen, Carlsbad, CA, USA) were injected into the anterior chamber of the right eye
through the cornea.31:84 Control groups received an injection of sterile saline solution.
Intraocular pressure was measured in both eyes with a rebound tonometer (TonoLab, iCare,
Espoo, Finland) under isoflurane anesthesia. All measurements were taken in the morning to
minimize circadian variation of IOP.

Tissue preparation—After euthanasia, the skull was opened, the brain was removed, and
eyes and optic nerves were dissected from the surrounding tissue8® and immediately fixed in
4% paraformaldehyde overnight. Brains were fixed separately. Eyes were hemisected along
the ora serrata and the retinas were gently removed from the posterior eyecup. Four relieving
cuts were made to facilitate whole-mounting of the tissue. Optic nerves were left intact

and processed for sectioning. If the tissue was designed for electron microscopy, perfusion
fixation was performed directly after euthanasia with 5 mL heparinized saline solution,
followed by 4% paraformaldehyde solution. The tissue was dissected as described above
and immediately post-fixed with 4% paraformaldehyde/0.8% glutaraldehyde in 0.5x sodium
cacodylate buffer.2:32

Immunohistochemistry—Retinas were mounted ganglion cell side-up on nitrocellulose
membranes and stained for 3 days with primary antibodies (key resources table). Optic
nerves or whole brains were cryoprotected, embedded in OCT compound and sectioned at
12 um and 30 pm, respectively, in a Leica cryostat. Sections were incubated with primary
antibodies overnight at 4°C. Primary antibodies were visualized with appropriate secondary
antibodies conjugated with Alexa fluorophores (Jackson ImmunoResearch and Molecular
Probes). DAPI were used to counterstain nuclei. Labeled sections were mounted with
Vectashield (Vector Laboratories) and imaged by confocal microscopy.

Confocal microscopy and transmission electron microscopy—Confocal image
stacks were taken on a Leica SP8 confocal microscope (Leica, Wetzlar, Germany). For RGC
counting, image stacks were taken through the ganglion cell layer at 0.5 um step size and a
z-projection was generated. For transmission electron microscopy, retinas and optic nerves
were fixed overnight with 0.5x Karnovsky’s fixative and embedded in tEPON-812 epoxy
resin. Ultra-thin sections (70-90 nm) were cut from the epoxy block using a Leica EM
UC7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL), stained with aqueous 25%
uranyl acetate replacement (Electron Microscopy Sciences, Hatfield, Pennsylvania) for 30
minutes and Sato’s Lead citrate for 5 minutes, and dried using the Hiraoka grid staining
technique.32:86 Images from the retina or optic nerves were taken on a FEI Tecnai G2
Spirit transmission electron microscope (FEI, Hillsboro, Oregon) at 8o kV with an AMT
XRA41 digital CCD camera (Advanced Microscopy Techniques, Woburn, Massachusetts) at
400-18,500x magnification.
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Paraphenylenediamine staining—The myelinated segments of optic nerves were fixed,
dehydrated, and embedded in epoxy resin. Semi-thin (0.5 pm) sections were acquired

using a Leica EM UCS5 ultramicrotome collected on slides, and then dried on a slide
warmer. Slides were stained with a solution of 1% paraphenylenediamine (PPD) in 1:1
isopropanol:methanol. Tiling images of the whole nerve were taken on an Olympus BX51
microscope Center Valley, PA, USA). The raw images were automerged using Adobe
Photoshop CS6 (San Jose, CA, USA).

Axons were counted from PPD-stained optic nerve cross sections, Cell Counter function

of Image J. Tiled images of optic nerves were overlaid with a grid of about 200 squares
(216 pm by 216 pm) per nerve. All axons in the squares were counted to determine axon
packing densities (Figure S2E). The area of the optic nerve cross section was determined by
outlining its outer border using Image J. The axons number per optic nerve was calculated
by axonal density and optic nerve area. Axon counts were performed by an individual
blinded to the genotype of the animals and the injury induced.

cDNA synthesis and quantitative PCR—Due to the small amount of tissue from

the optic nerve head, three optic nerve heads were pooled for one sample of crushed and
uncrushed eyes. One well of cultured astrocytes growing in 6-well plates was one sample.
After total RNA extraction using the RNeasy Plus Micro Kit (Qiagen, Valencia, CA), the
purity of RNA were assessed using the NanoDrop 2000 (Thermo Fisher Scientific) and

the RNA integrity was determined on the BioAnalyzer (Agilent Technologies, Santa Clara,
CA). Only the RNA samples that had a 260/280 ratio >1.8 and a RNA integrity number
(RIN) higher than 5 (mean RIN of 7.37 = 0.67) were used for cDNA synthesis. Ten ng

of RNA from optic nerve heads were reverse-transcribed using the Ovation qPCR System
(NuGen, San Carlos, CA), and the cDNAs were diluted 1:50 as templates for quantitative
PCR. GAPDH was used as a reference gene as the expression level in the optic nerve head
is stable after optic nerve crush.28 Primer sequences are given in the Table S1. At least five
biological replicates were used for each condition and all samples were run in triplicate with
non-template control on a StepOnePlus qPCR thermocycler (Applied Biosystems, Foster
City, CA) and a Roche LightCycler 480 Il (Roche Diagnostics Corporation, Indianapolis,
IN).

RNA-sequencing—Total RNA was extracted from cultured astrocytes isolated from
either C57BL/6 wild-type or Sppl KO neonatal mice using the RNeasy Plus Micro Kit
(Qiagen; 74034). RNA purity and integrity was examined using the NanoPhotometer
spectrophotometer (IMPLEN) and the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies). RNA concentration was measured with Qubit RNA Assay
Kit in Qubit 2.0 Fluorometer (Life Technologies). Libraries were prepared and sequenced
by Novogene Sequencing was performed on an Illumina NovaSeq 6000 System, and 150-bp
paired-end reads were generated.

Data analysis of RNA-seq—Reads were aligned to the mouse reference genome
(GRCm38) on the computer cluster of the Harvard Chan Bioinformatics Core (HBC) using
the STAR software package. Gene-expression levels were calculated using the transcripts
per kilobase of exon per million fragments mapped (FPKM). All statistical analyses were
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conducted using R version 4.0.5. Differential expression analysis were performed using the
R package DESeq2. Genes with false-discovery-rate-adjusted p <0.05 and absolute log?2
(fold change) > 0.58 found by DESeq were assigned as differentially expressed. R package
ggplot2 was used for plotting MA plots. Heatmaps were generated after normalization of the
raw counts using DESeq2. Functional enrichment analysis was carried out using Ingenuity
Pathway Analysis (Qiagen).

Measurement of astrocyte phagocytic activity—Phagocytic activity was measured
with a pHrodo Green E. coli BioParticles conjugate (catalog number P35366; Life
Technologies). The particles are conjugated to pHrodo dye, the fluorescence of which
increases in an acidic environment such as that of the phagosome. For measurement of
phagocytic activity, astrocytes were plated onto 24-well culture plates for 3 days and
incubated with pHrodo Green E. coli BioParticles (Invitrogen, P35366) for 4 hours.
Phagocytic activity was determined based on the fluorescence intensity of the cells by
confocal microscopy.

Phagocytic activity was also measured by spectrophotometry. Plate astrocytes into a 96-well
plate as experimental wells. Leave two wells empty of cells for every control well, so that

a no-cell control background subtraction may be performed. Astrocytes were cultured for

24 h, and the culture medium was then replaced with 200 pL of pHrodo Green E. coli
BioParticles conjugate solution in experimental and no-cell control wells. Cover and transfer
the microplate to an incubator warmed to 37°C for 4 hours to allow phagocytosis and
acidification to reach its maximum. Scan all experimental and no-cell control wells of the
microplate in the fluorescence plate reader (BioTek Synergy H1 instrument). Phagocytic
activity was determined based on relative fluorescence intensity of pHrodo particles in
astrocytes.

Measurement of mitochondrial respiration—Astrocytes were counted and plated at
2.0 x 10* (C57BL/6 astrocytes) or 1.0 x 104 (Spp1 KO astrocytes) cells per well in a
Seahorse XF24 Cell Culture Microplate for all experiments (Agilent) 3 days before the
experiments. Cells were then treated with rSPP1 or VVdacl siRNA or Metformin in each
experiment for 24 h. Cells were washed twice and pre-incubated with Agilent Seahorse XF
medium (Agilent) supplemented with 25 mM D-glucose, 2 mM L-glutamine and 1 mM
sodium pyruvate for 1 h at 37°C in an incubator without CO2 regulation. A final volume of
500 pL was placed in each well. For OCR and ECAR mitochondrial stress test experiments,
cells were treated with 1.5 pM oligomycin (an ATP synthase inhibitor), 1 uM carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, a mitochondrial uncoupler) and 2.0
UM rotenone plus 2.0 uM antimycin A (complex | and 111 inhibitors). As proliferation and
cell growth may vary after plating, protein concentration was quantified by the bicinchoninic
acid (BCA) assay to normalize the OCR.87-89

Visualization of cytosolic ATP—Plasmid GfaABC1D-cyto-Ruby3-iATPSnFR1.0 was
developed by the laboratory of Baljit Khakh and expresses cytoplasmic ATP sensor in
astrocytes with red reference protein.4 Plasmid #102554 was purchased from Addgene.
Bacteria containing the plasmid was amplified in LB medium with ampicillin and

the plasmid was extracted using the EndoFree Plasmid Maxi Kit (QIAGEN, #12362).
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Astrocytes at 70-90% confluency were transfected with the plasmid and Lipofectamine
3000. The transfection of a single well of a 24-well dish was as following: 1 ug of DNA
and 2 pL P3000 were added to one tube containing 50 pL of Opti-MEM and 3 pL of
Lipofectamine 3000 was added to the other tube containing 50 uL of Opti-MEM. The
content of the two tubes was mixed and incubated for 20 min at room temperature, and 400
pL of fresh complete medium were added into the DNA-lipid complexes mixture before
adding the mixture to astrocytes. The medium was changed the following day. Cells were
incubated for 2—4 days at 37°C before fixation with 4% PFA. Images were taken on SP8
confocal microscope.

SiRNA knockdown—CD44 siRNA (165814), Integrin alpha 5 siRNA (67718), Vdacl
siRNA (187532) and Silencer® Negative Control #1 siRNA (AM4611) were obtained
from Thermo Fisher Scientific. SiRNA were resuspended at 50 uM. Lipofectamine 3000
transfection reagent (ThermoFisher Scientific) was used to transfect sSiRNA into astrocytes
according to the manufacturer’s instructions. Astrocytes were grown in DMEM/F-12
complete media with siRNA (50 nM) and incubated for 24-72 h after treatment. Reagents
are summarized in the key resources table.

Astrocyte migration and phagocytosis assays—The astrocytes after first passage
cultured for seven days and were transferred to a 6-well plate coated with poly-L-lysine
and then the scratch injury model in cultured astrocytes was performed as described
previously.2991 Briefly, the cultured astrocytes were scratched with a 200 L pipette tip 2
times in the same direction. The sham group was suffered the same operation described
above, but kept the tip from touching the astrocytes. The multiwell plates containing
astrocytes were washed once with PBS to remove the debris and incubated with fresh
media. Immediately following the addition of treatments (day 1), pictures were taken using
an inverted microscope in bright field (Leica DMi8). Astrocytes were maintained after

the scratch and pictures were taken at day 3 and 5. Individual images were stitched to
reconstruct the scratch at time day 1, 3 and 5 and the cell-free area was calculated using
ImageJ to estimate the wound closure. For measurement of phagocytic activity, astrocytes
were plated onto 24-well culture plates for 3 days, and incubated with pHrodo Green E. coli
BioParticles (Invitrogen, P35366) for 4 hours. Phagocytic activity was determined based on
the fluorescence intensity of the cells by using a BioTek instrument.

AAV2-mediated gene transfer—The coding region of Spp1, followed by a cleavable
F2A linker region and the EGFP gene was synthetized (Integrated DNA Technologies,
Coralville, I1A), inserted into the AAV2 backbone plasmid, sequenced, and used to generate
the virus (1.41E12 GC/ml, Viral Vector Core, MEEI). AAV2 expressing only EGFP served
as a control. In both constructs, gene expression is driven by the CMV promoter. One pl

of AAV2-Sppl-EGFP or control virus was injected intravitreally, and transfection efficiency
was monitored by fundus photography and immunohistochemistry.

Intravitreal delivery of a slow-release SPP1 protein (SPP1 PODS)—Muice were
injected intravitreally with 1pL of slow-release SPP1 PODS (500 ng/mL) in the same setting
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when microbeads were injected into eyes. SPP1 PODS were administered once again one
week later. Mice were killed and their tissue harvested on day 14 after microbeads injection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was performed with GraphPad Prism 8. The data are provided

as mean + SEM. Data were analyzed using an unpaired two-tailed Student’s t test for
comparisons of two groups. For comparison of multiple groups, normally distributed data
were assessed using a one-way ANOVA with Tukey’s post-test. For bivariate comparisons,

a two-way ANOVA with Bonferroni’s post-test was used. Differences were considered
statistically significant at p < 0.05. Differential gene expression (DGE) analysis was done
using R 4.0.5 and RStudio 1.3.1056. Cumulative 10Ps were calculated using Matlab. Figures
were prepared using Adobe Photoshop CS6. The graphical abstract was prepared using
BioRender.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Loss of astrocytic SPP1 increases retinal ganglion cell vulnerability to injury
SPP1 expression in astrocytes is regulated by TGF-g1, RUNX1, and E2F1
SPP1 increases mitochondrial function and phagocytosis

SPP1 overexpression protects retinal ganglion cells and preserves visual
function
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Figure 1. SPP1 protects against RGCs loss and vision decline in aging, glaucoma, and traumatic
optic injury

(A) BRN3A-labeled RGCs in wild-type (WT; C57BL/6) and SppZ~~ (Sppl KO) mice at 3,
10, 16, and 22 months.

(B) Quantification of BRN3A* RGC numbers in aged WT and SppZ~/~ mice (n = 8).

(C) BRN3A-labeled RGCs in WT and SppZ~ mice after IOP elevation.

(D-F) Quantification of BRN3A* RGC numbers after 1 month of elevated IOP (D), pattern
ERG amplitude (E), and visual acuity (F) in WT and SppZ~/~ mice after high 1OP (n = 6).
(G) Total axon counts per nerve in WT and SppZ~/~ mice after high 1OP (n = 3).
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(H) Correlation of cumulative IOP (cIOP) versus RGC density in WT and SppZ~/~ mice
after high IOP (n = 6).

(1) BRN3A-labeled RGCs in WT and SppZ~~ mice on days 3, 7, 14, and 21 after optic nerve
crush (ONC).

(9) Quantification of BRN3A* RGC numbers after ONC (n = 8).

The p values were determined by two-way ANOVA (B and J) or one-way ANOVA (D-G);
*p < 0.05, **p < 0.01, ***p < 0.001. Data are mean = SEM.
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Figure 2. SPP1 is induced by the TGF-B1/TGFBR1/RUNX1/E2F1 signaling cascade in astrocytes
(A) SPP1 immunostaining in the proximal optic nerve under normal conditions (no injury),

after high IOP, and after ONC.

(B) SPP1 immunostaining (green) in ONH astrocytes counterstained with GFAP (red) after
high IOP and on days 3, 7, 14, and 21 after ONC.

(C) Co-expression of SPP1 with RUNX1 (left panels) and with E2F1 (right panels) in
cultured astrocytes.
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(D) Quantification of Runx1, E2f1, and Sppl mRNA in cultured astrocytes when incubated
with TGF-B1, the TGFB1 receptor TGFBR1 blocker SB431542, and TGF-B1 plus
SB431542 (n = 5-6).

(E) SPP1 immunostaining in cultured astrocytes treated with TGF-B1, SB431542, the
RUNX1 antagonist R05-3335, the E2F1 antagonist HLM006474, and TGF-B1 plus
SB431542, Ro5-3335, or HLM006474.

(F and G) Quantification of Sppl mRNA (F) and protein (G) expression in cultured
astrocytes treated with TGF-B1, SB431542, Ro5-3335, HLM006474, and TGF-B1 plus
SB431542, R05-3335, or HLM006474 (n = 5-6 for mRNA, 6-110 for protein).

The p values were determined by two-way ANOVA (D) or one-way ANOVA (F and G); *p
<0.05, **p < 0.01, ***p < 0.001. Data represent mean + SEM.
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Figure 3. Astrocytic SPP1 deficiency aggravates RGCs loss and vision impairment in aging,
glaucoma, and traumatic optic nerve injury

(A) Design of strain B6.Spp1fl-EGFP-Stop-tdTomato (g1 GFPAI/ly hefore and after cre-mediated
recombination.

(B) Validation of Spp1 conditional KO in ONH astrocytes in Spp1CFPT/flGfapCre mice
generated from Spp1CFP/l crossed to Gfap-cre mice.

(C) BRN3A-labeled RGCs in young (3-month-old) and aged (16-month-old) Spp1CGFPfI/fl
and Spp1CFPflGfapCre mice.

(D and E) Quantification of BRN3A* RGC numbers (D) and cell survival rate (E) in

aged Spp1CFPIfiGfapCre mice, suggesting that astrocytic SPP1 deficiency accelerated age-
dependent RGC loss (n = 7).

(F) BRN3A-labeled RGCs in Spp1CFP/fl and Spp1CGFPIflGfapCre mice after high 10P.
(G-1) Quantification of BRN3A* RGC numbers (G), pattern electroretinography (PERG)
amplitude (H), and visual acuity (1) in Spp1CFPTVTl and Spp1CFPfiGfapCre mice after high
IOP (n=7).
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(J) BRN3A-labeled RGCs in Spp1CFPIfl and Spp1CFPTfIGTapCre mice on days 3, 7, 14,
and 21 after ONC.

(K) Quantification of BRN3A*™ RGC numbers after ONC (n = 7).

(L) Immunostaining of SPP1 and glutamine synthetase (GS; a Mdiller cell marker) in retinas
of C57BL/6 mice under normal conditions (no injury), after high IOP injury, after ONC
injury, and in aging.

The p values were determined by one-way ANOVA (D, E, and G-I) or two-way ANOVA
(K); ***p < 0.001. Data are mean + SEM.
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Figure 4. Sppl deletion in astrocytes induces a neurotoxic state and impairs phagocytosis
(A) Genes involved in neuroinflammatory pathways were up-regulated in Sppl KO

astrocytes by RNA sequencing.
(B) Sppl KO astrocytes showed a gene expression profile that was consistent with “A1”-
reactive (i.e., neurotoxic) astrocytes by qPCR. Genes with p < 0.05 and absolute log2 (fold
change) > 0.58 found by gPCR were considered differentially expressed (n = 4-6).

(C) Immunostaining of the neurotoxic marker C3 in Sppl KO astrocytes.
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(D and E) C3 fluorescence intensity (D, n = 43-51 cells/group) and C3* astrocytes
percentage (E, n = 4-10) were increased in Sppl KO astrocytes.

(F) Expression pattern of genes associated with other aspects of astrocyte function:
synaptogenesis, neurotoxic factors, phagocytosis, and neurotrophic factors.

(G) tdTomato™ astrocyte FACS from the ONH of Gfap-tdTomato and Spp1¢FP/fiGfapCre
mice.

(H) mRNA levels of genes related to synaptogenesis, neurotoxic factors, phagocytosis, and
neurotrophic factors in sorted ONH astrocytes from Gfap-tdTomato and Spp1CFPI/flGfapCre
mice under normal conditions, after high IOP, and after ONC (n = 5-6). The pairwise
comparisons are between the Cre™ (SPP1* astrocytes in Gfap-tdTomato) and Cre* (SPP1~
astrocytes in Spp1CGFPfiGfapCre).

(1) Visualization of phagocytic activity by pHrodo particles in Sppl KO astrocytes.

(J) Quantification of pHrodo particle fluorescence intensity in astrocytes by confocal
microscopy (n = 87-123 cells/group).

(K) Percentages of pHrodo™ astrocytes show no difference in phagocytosis ratio between
Sppl KO and C57BL/6 astrocytes (n = 5).

(L) Quantification of pHrodo particle relative fluorescence in astrocytes by
spectrophotometry (n = 4).

(M) Quantification of Lgals3 mRNA in sorted ONH astrocytes from Gfap-tdTomato and
from Spp1SFPiGfapCre mice under baseline conditions, after high 10P, and after ONC (n
=6).

(N) Quantification of Lgals3 mRNA in cultured C57BL/6, Sppl KO, and rSPP1-treated
astrocytes.

(O) Lgals3 immunostaining in the proximal optic nerve under normal conditions (no injury),
aged conditions, after high 10P, and after ONC.

The p values were determined by unpaired two-tailed t test (B, D, E, and J), multiple
unpaired t test (H), two-way ANOVA (L and M), or one-way ANOVA (N); *p < 0.05, **p <
0.01, ***p < 0.001. Data are mean + SEM.
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Figure 5. Astrocytic SPP1 promotes mitochondrial function

(A) Heatmap of oxidative phosphorylation genes in cultured Sppl KO astrocytes by RNA
sequencing analysis.

(B-F) Quantification of normalized oxygen consumption rate (OCR; B), extracellular
acidification rate (ECAR; C), basal respiration (D), maximal respiration (E), and ATP
production (F), showing a decrease in cultured Sppl KO astrocytes compared with C57BL/6
astrocytes (n = 5).

(G) Expression of genes involved in oxidative phosphorylation shows down-regulation in
sorted ONH astrocytes from Spp1CFP/fiGfapCre and Gfap-tdTomato mice under normal
conditions (no injury), after high 1OP, and after ONC (n = 6).
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(H and 1) Transmission electron microscopy images of axonal mitochondria (H) and
astrocytic mitochondria (I) in the optic nerve in young and aged C57BL/6 and Sppl KO
mice.

(J) Electron microscopy of the unmyelinated segment of optic nerves from C57BL/6

and Sppl KO animals, showing mitochondria with few cristae in the axons of RGCs
(arrowheads) and accumulation of partially degraded mitochondria in astrocytes (arrows).
Astrocytes are false colored in red (representative TEM images were chosen from 4 Sppl
KO and 18 C57BL/6 mice).

The p values were determined by unpaired two-tailed t test (D—F) or multiple unpaired t test
(G); *p < 0.05, ***p < 0.001. Data are mean + SEM.
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Figure 6. Astrocytic SPP1 induces mitochondrial VDACL1 expression and promotes

mitochondrial function

(A) VDAC1 immunostaining in cultured C57BL/6 and Sppl KO astrocytes.
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(B and C) Down-regulation of Vdacl protein (B) and mRNA (C) in Spp1 KO astrocytes (n =

11-14 cells/group for protein, n = 6/group for mMRNA).

(D) VDAC1 immunostaining in cultured C57BL/6 astrocytes treated with rSPP1 and rSPP1
plus CD44 siRNA, Itga5 siRNA, or the AP1 inhibitor T-5224.
(E and F) Quantification of VDAC1 protein (E) and mRNA (F) level in cultured C57BL/6
astrocytes treated with rSPP1 and rSPP1 plus CD44 siRNA, Itga5 siRNA, or the AP1

inhibitor T-5224 (n = 11-21 cells/group for protein, n = 4-6/group for mMRNA).

(G) Vdacl mRNA expression was moderately up-regulated by TGF-f1/RUNX1/E2F1

signaling (n = 4-6).

(H-L) rSPP1 led to a dose-dependent increase in normalized OCR (H), ECAR (1), basal
respiration (J), maximal respiration (K), and ATP production (L) in astrocytes (n = 5).
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(M—Q) Knockdown of VDAC1 with siRNA or inhibition with metformin prevented an
rSPP1-induced increase in normalized OCR (M), ECAR (N), basal respiration (O), maximal
respiration (P), and ATP production (Q) (n = 4-5).

(R) Visualization of cytosolic ATP by transfection of the plasmid encoding the ATP sensor
iATPsnFR and mCherry into astrocytes treated with rSPP1 or rSPP1 plus Vdacl siRNA.

(S) Quantification of the ATP sensor iATPsnFR fluorescence intensity in astrocytes in (R) (n
= 17-42 cells/group).

(T) WT RGCs from C57BL/6 mice were grown in co-culture with C57BL/6 or Sppl KO
astrocytes. Shown is visualization of RGCs and astrocytes by immunostaining of p-tubulin
and GFAP.

(U and V) Scholl analysis of branching patterns of RGCs (U) and quantification of RGC
total process length (V) when co-cultured with C57BL/6 and Sppl KO astrocytes (n =
278776 cells/group).

(W and X) Scholl analysis of branching patterns of RGCs (W) and quantification of

RGCs total process length (X) when growing on C57BL/6 astrocytes on day 2 after Vdacl
knockdown with siRNA or inhibition with metformin (n = 673-961 cells/group).

The p values were determined by unpaired two-tailed t test (B, C, and V) or one-way
ANOVA (E-G, J-L, 0-Q, S, and X); *p < 0.05, **p < 0.01, ***p < 0.001. Data are mean +
SEM.

Cell Rep. Author manuscript; available in PMC 2023 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Jakobs

Retina

Optic nerve head

(9}

Retina

A Retina

Retina

Retina

Young Jlaged + Aav2-EGFP|| Aged + AAV2-Spp1 | B k| c D
S D 0.6 ik sk
[BRN3ZA] 2 g '—‘| I—‘
® 20 @ =
o E 4 L]
é 15 g 0. v
s 3
© 1 8>: 0.2
Q s 2
& E
50 um o o g 00
M Young Il Aged + AAV2-EGFP B Aged + AAV2-Spp1

M Young

| F M Aged+ AAV2-EGFP
o W Aged + AAV2-Spp1
1 E 0.15 *%k k%

Aged + AAV2-Spp1

Young Aged + AAV2EGFP Il

Axon diameter variance in m
o o °
o o -
o (9} o
|§. j

o " W AAV2-EGFP [l AAV2-Spp1
I Baseline " 0P " Spp1 lop " ONC " Spp1 "ONC I H5000 Baseline  ¥¥¥ KKK KKK KKK
E 4000
3
3 3000
4
% 2000
3
z
& 1000

WTsppt™ 10P  Spp1”IOP  ONC  Spp1”ONC
I J Baseline = i
S0 (R B
= Basoli ok HHK 5 .
s asine go.‘t e
220 2 03
B 3
£ 502
10 b
Q 2
4 201
w o
Qo <00
WT Spp1™ 10P  Spp1™i0P WT Spp1™ 10P  Spp1710P
PBS M SPP1 PODS
- o
I Baseline l Spp1*1OP I Spp1"ONC I L 5000 Baseline  *kk kK kK KKK
E 40004 % 1%
£ g
8 3000 ¥
000+
2 i !
% 2000+ .
)
&
Z 1000 i )
O —
WTSpp1™ I10P  Sppi™IOP ONC  Spp1"ONC
Spp1-] M N
S307 gyseiine D 0.5 Baseline XXX piid
= |5 * * go
o : @ %
Z20. L |_| 3
Ik e
£ i o
§ So.
S 10 i g
e Zo
w o
o ol T < o,
WT Spp1” 10P  Spp1™10P WT Spp1” 10P  Spp1™10P

(0] Synaptogenic  Toxic Phagocytic Neurotrophic Oxidative phosphorylation
- =
= =3 (] ® © = < % = &6 = = e = &
605 =& S — © T O 0 G ® © © © QO
1888880, 0, B8 8 BB b 5. 558050 0553855333 3338%¢
Q Q = p= = = - £ - - -
CORGEEEEL0=202RPa 5288825283 2266522622388220622224638
Gfap-tdTomato + IOP + PBS L P
| . | 1
Gfap-tdTomato + IOP + SPP1 PODS * .*_ s \: ... *. * * E!* * -0

Figure 7. SPP1 overexpression prevents RGCs loss and preserves vision in aging, glaucoma, and
traumatic optic injury

(A) BRN3A-labeled RGCs in young (4-month-old) and aged (16-month-old) WT mice
treated with AAV2-Sppl and AAV2-EGFP for 12 months.

(B-D) Quantification of BRN3A* RGCs (B), PERG amplitude (C), and visual acuity (D)
in aged WT mice with SPP1 overexpression. AAV2-driven SPP1 overexpression inhibited

RGC loss, PERG impairment, and vision decline in aged mice (n = 8).
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(E) Transmission electron microscopy images of axons in the optic nerve in aged WT mice
treated with AAV2-Sppl. Arrows point to enlarged axons with pale axoplasm that are more
typically found in aged animals.

(F) Quantification of axon diameter variance, a morphological sign of aging in the optic
nerve. SPP1 overexpression resulted in a morphology similar to that of young mice (n =
2-5).

(G) BRN3A-labeled RGCs in WT and Spp2~/~ mice treated with AAV2-Spp1 (blue square)
and AAV2-EGFP (gray square) and followed by high IOP and ONC. Under baseline
conditions (no injury), WT and SppZ~/~ mice were not treated with AAV2.

(H-J) Quantification of BRN3A* RGC numbers (H), PERG amplitude (1), and visual acuity
(J) in WT and SppZ~~ mice with SPP1 overexpression, suggesting that AAV2-driven SPP1
overexpression inhibited RGC loss and restored vision in glaucoma and ONC mice (n = 6).
(K) BRN3A-labeled RGCs in WT and SppZ~/~ mice treated with SPP1 PODS (red square)
and PBS (green square) and followed by high I1OP and ONC. Under baseline conditions (no
injury), WT and SppZ~/~ mice were naive.

(L-N) Quantification of BRN3A* RGCs (L), PERG amplitude (M), and visual acuity (N) in
WT and SppZ~~ mice treated with SPP1 PODS, showing that SPP1 PODS inhibited RGCs
loss and vision decline in mice with high I0P and ONC injury (n = 6).

(O) mRNA levels of genes related to synaptogenesis, neurotoxic factors, phagocytosis,
neurotrophic factors, and oxidative phosphorylation in sorted ONH astrocytes from Gfap-
tdTomato mice treated with SPP1 PODS, followed by high IOP (n = 4-6).

The p values were determined by one-way ANOVA (B-D and F), two-way ANOVA (H-J
and L-N), or multiple unpaired t test (O); *p < 0.05, **p < 0.01, ***p < 0.001. Data are
mean = SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-Recoverin Chemicon Cat# AB5585; AB_2253622

Rabbit anti-PKCa

Rabbit anti-Calbindin

Goat anti-ChAT

Peanut Agglutinin (PNA)

Mouse anti-Brdu

Mouse anti-Brn3a

Rat anit-C3

Chicken anti-GFAP

Rabbit anti-E2F1

Mouse anti-Neurofilament H (SM132)
Rabbit anti-Runx1

Rat anti-Galectin-3 (Lgals3)

Mouse anti-Glutamine Synthetase (GS)
Goat anti-Spp1 (full-length)

Rabbit anti-Spp1 (secretory)

MyBioSource
Sigma-Aldrich
Chemicon

Vector Laboratories
Sigma-Aldrich
Millipore
GeneTex

Abcam

Novus Biologicals
BioLegend

LSBio

Cedarlane

Abcam

R&D Systems

Immuno-Biological Laboratories

Cat# MBS9405449;

Cat# ABN2192;

Cat# AB144P; AB_2079751

Cat# FL-1071;AB_2315097

Cat# B2531; RRID: AB_476793
Cat# MAB1585; RRID: AB_94166
Cat# GTX11862; RRID: AB_367355
Cat# ab4674; RRID: AB_304558
Cat# NBP2-56716;

Cat# 801701; RRID: AB_2564642
Cat# LS-B13948

Cat# CL8942AP

Cat# ab64613

Cat# AF808; RRID: AB_2194992
Cat# 18621, RRID: AB_2341381

Rabbit anti-Vdacl Abcam Cat# ab15895; RRID: AB_2214787

Bacterial and virus strains

AAV2-Sppl-EGFP This study N/A

AAV2-EGFP This study N/A

Biological samples

Mouse eye tissue Mouse strain is listed in the N/A
“Experimental Models: Organisms/
Strains”

C57BL/6 astrocytes This study N/A

Sppl KO astrocytes This study N/A

C57BL/6 RGCs This study N/A

Chemicals, peptides, and recombinant proteins

TGF-B1 R&D Systems Cat# 7666-MB/CF

SB431542 (TGF-B 1 receptor inhibitor)
RO5-3335 (Runx1 inhibitor)
HLMO006474(E2F1 inhibitor)

T-5224 (AP-1 inhibitor)

Metformin (Vdacl inhibitor)

rSPP1

Brdu

Tocris Bioscience
Tocris Bioscience
Tocris Bioscience
APEXBIO
Sigma-Aldrich
R&D Systems

Abcam

Cat# 1614

Cat# 4694

Cat# 5283

Cat# B4664
Cat# D150959
Cat# 441-OP/CF
Cat# ab142567
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REAGENT or RESOURCE

CD44 siRNA

Integrin alpha 5 siRNA

Vdacl siRNA

Silencer® Negative Control #1 siRNA

SOURCE

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

IDENTIFIER
Cat# 165814
Cat#67718
Cat# 187532
Cat# AM4611

SPP1PODS Cell Guidance Systems Cat# PPH319-250

Oligomycin (ATP synthase inhibitor) Millipore Cat#495455

FCCP (carbonyl cyanide 4-(trifluoromethoxy) Sigma-Aldrich Cat# C2920

phenylhydrazone), (mitochondrial oxidative

phosphorylation uncoupler)

Rotenone (mitochondrial electron transport chain Sigma-Aldrich Cat# R8875

inhibitor)

Antimycin A (mitochondrial electron transport chain Sigma-Aldrich Cat# A8674

inhibitor)

Deposited data

RNA-seq raw data (Sppl KO) This study GSE174522

RNA-seq raw data (SB431542, Ro5-3335 and This study GSE174523

HLMO006474)

Code This study https://github.com/TCJakobs/
SPP1_astrocytes

TEM microphotographs This study Harvard Dataverse (http://

dataverse.harvard.edu/); Young Sppl KO,
https://dataverse.harvard.edu/dataset.xhtml?
persistentld=doi:10.7910/DVN/BBWY1Z;

Old Spp1 KO,

https://dataverse.harvard.edu/dataset.xhtml?
persistentld=doi:10.7910/DVN/M0OUQOI;
Old C57BL/6 treated with AAV2-EGFP,
https://dataverse.harvard.edu/dataset.xhtml?
persistentld=doi:10.7910/DVN/77G0G0;
Old C57BL/6 treated with AAV2-Sppl,
https://dataverse.harvard.edu/dataset.xhtml?
persistentld=doi:10.7910/DVN/SXOOLV

Experimental models: Organisms/strains

Mouse: C57BL/6J (WT) Jackson Laboratory Cat#000664
Mouse: B6.129S6(Cg)-Sppl1tm1Bihy) Jackson Laboratory Cat#004936
Mouse: B6.Spp1fl-EGFP-stop-tdTomato Produced by Cyagen N/A

Mouse: B6.Cg-Tg(Gfap-cre)77.6Mvs/2) Jackson Laboratory Cat#024098
Mouse: B6.Cg-Gt(ROSA)26Sorim14(CAG-tdTomato)Hze Jackson Laboratory Cat#007914
Oligonucleotides

Primers used for mouse genotyping This study See Table S1
Primers used for gRT-PCR This study See Table S1
Recombinant DNA

GfaABC1D-cyto-Ruby3-iATPSnFR1.0 Addgene Cat# 102554

Software and algorithms

GraphPad Prism 8

https://www.graphpad.com/

RRID: SCR_002798
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REAGENT or RESOURCE
Adobe Photoshop CS6

Fiji
RStudio
Matlab

SOURCE

https://www.adobe.com/products/
photoshop.html

https://fiji.sc/
https://www.rstudio.com/

https://www.mathworks.com/
products/matlab

IDENTIFIER
RRID: SCR_014199

RRID: SCR_002285
RRID: SCR_000432
RRID: SCR_001622

Cell Rep. Author manuscript; available in PMC 2023 January 18.


https://www.adobe.com/products/photoshop.html
https://www.adobe.com/products/photoshop.html
https://fiji.sc/
https://www.rstudio.com/
https://www.mathworks.com/products/matlab
https://www.mathworks.com/products/matlab

	SUMMARY
	In brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	Deletion of Spp1 leads to accelerated ganglion cell loss and vision decline in aging, glaucomatous, and axotomized retinas
	Regulation of SPP1 expression in reactive astrocytes by a signaling cascade consisting of TGF-β1/TGFBR1/RUNX1/E2F1
	Conditional deletion of Spp1 in astrocytes
	Spp1 deletion induces neurotoxic astrocytes in vitro and in vivo
	Spp1 depletion leads to impaired phagocytosis in astrocytes
	Spp1 deletion causes mitochondrial dysfunction
	Exogenous recombinant SPP1 restores astrocytic gene expression
	SPP1 UP-REGULATES VDAC1
	SPP1 increases intracellular ATP concentration via VDAC1
	Astrocytic SPP1 enhances neurite growth and branching in RGCs in a VDAC1-dependent manner
	SPP1 acts as an anti-aging factor in the visual system
	SPP1 overexpression rescues RGCs and visual function

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Animals
	Primary cell culture (astrocytes)
	Primary cell co-culture (RGCs and astrocytes)

	METHOD DETAILS
	Fluorescence-activated cell sorting
	Fundus photography and optical coherence tomography
	Electroretinography and optomotor reflex testing
	Retro-orbital optic nerve crush and microbead occlusion model of glaucoma
	Tissue preparation
	Immunohistochemistry
	Confocal microscopy and transmission electron microscopy
	Paraphenylenediamine staining
	cDNA synthesis and quantitative PCR
	RNA-sequencing
	Data analysis of RNA-seq
	Measurement of astrocyte phagocytic activity
	Measurement of mitochondrial respiration
	Visualization of cytosolic ATP
	siRNA knockdown
	Astrocyte migration and phagocytosis assays
	AAV2-mediated gene transfer
	Intravitreal delivery of a slow-release SPP1 protein (SPP1 PODS)

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	KEY RESOURCES TABLE

