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Summary

Axon regeneration holds great promise for neural repair of CNS axonopathies, including
glaucoma. Pten deletion in retinal ganglion cell (RGC) promotes potent optic nerve regeneration,
but only a small population of Pten-null RGCs are actually regenerating RGCs (regRGCs); most
surviving RGCs (surRGCs) remain non-regenerative. Here we developed a strategy to specifically
label and purify regRGCs and surRGCs respectively from the same Pten deletion mice after
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optic nerve crush, in which they differ only in their regeneration capability. Smart-Seq2 single

cell transcriptome analysis revealed novel regeneration-associated genes that significantly promote
axon regeneration. The most potent of these, Anxa2, acts synergistically with its ligand tPA

in Pten deletion-induced axon regeneration. Anxa2, its downstream effector ILK, and Mppl
dramatically protect RGC somata and axons and preserve visual function in a clinically relevant
model of glaucoma, demonstrating the exciting potential of this innovative strategy to identify
novel effective neural repair candidates.

eTOC blurb:

Combined retrograde regenerating axon tracing and Smart-Seg?2 single cell sequencing approaches
revealed multiple pro-regeneration genes downstream of Pten deletion. Two of these genes, Anxa2
and Mpp1, also presented striking neuroprotection and visual function preservation in mouse
glaucoma model. Additionally, we established the role of tPA-Anxa2-1LK axis in neural repair.

Introduction

Axonopathy is a common early feature of central nervous system (CNS) neurodegenerative
diseases, including glaucoma, which is characterized by optic nerve degeneration followed
by progressive retinal ganglion cell (RGC) death (Calkins, 2021; Howell et al., 2007;
Nickells et al., 2012; Quigley et al., 1995), and is the leading cause of irreversible blindness
(Steinmetz et al., 2021; Tham et al., 2014). Glaucomatous neurodegeneration may be
initiated by mechanical damage of the optic nerve head due to elevated intraocular pressure
(10OP) (Stowell et al., 2017). The axons of adult RGCs do not regenerate spontaneously
after degeneration. Therefore, new neural repair therapies are needed, especially because
the only currently available treatments act by reducing 10P and fail to completely prevent
the progression of glaucomatous neurodegeneration (Garway-Heath et al., 2015; Heijl et al.,
2002; Wormald et al., 2020).

Deletion of Pten (phosphatase and tensin homolog) in RGCs remains by far the most

potent single gene manipulation strategy to promote optic nerve regeneration after ON crush
(ONC) injury (Park et al., 2008; Williams et al., 2020; Zhang et al., 2018). Similar axon
regeneration phenotypes after Pten deletion have been reported for mouse cortical motor
neurons (Jin et al., 2015; Liu et al., 2010), drosophila sensory neurons (Song et al., 2012),
and C. elegans motor neurons (Byrne et al., 2014). However, deregulated Pten activities
have been implicated in diverse disorders, including metabolic diseases, tumor formation,
cognitive impairment and even senescence (Zoncu et al., 2011). How to manipulate
Pten-associated signaling molecules to maximize their axon regeneration activities while
minimizing their deleterious side effects is extremely important for developing a clinically
useful neural repair strategy. The prerequisite is to understand the specific downstream
effectors of Pten in axon regeneration. Our previous studies elucidating the downstream
signaling pathways of Pten in axon regeneration demonstrated that AKT coordinates positive
signals from PI3K-PDK1 and negative signals from mTORC2 in regulating mTORC1
activation and GSK3p phosphorylation for optic nerve regeneration (Guo et al., 2016; Miao
etal., 2016; Yang et al., 2014). However, Pten deletion may also function through an AKT-
independent pathway (Huang et al., 2019). The complicated crosstalk and feedback loops
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among Pten/PI3K/AKT/mTORC1/2 (Zhang et al., 2018) make it very difficult to pinpoint
the key regeneration mediators that converge from these pathways. Another challenge is
that the majority of Pten knockout (KO) RGCs cannot regenerate their axons even if they
survive the injury, bulk RNA-seq of Pten KO RGCs without differentiation of regenerating
RGCs from surviving but not regenerating RGCs is not very fruitful. Therefore, we
developed a strategy to precisely label and purify regenerating and non-regenerating RGCs
separately. Because both sets of RGCs undergo the same genetic manipulation and injury
and differ only in axon regeneration capability, comparison of gene expression in these

two populations is the most informative way to find genes that are truly associated with
axon regeneration. Single cell RNA sequencing (SCRNA-seq) is a fast-growing powerful tool
for characterizing cell types and states based on signature gene expression patterns (Tanay
and Regev, 2017) and has been successfully applied to classify RGC subtypes and identify
injury-associated genes (Clark et al., 2019; Hoang et al., 2020; Tran et al., 2019; Yan et

al., 2020). We chose a low-throughput strategy, sorting cells with plate-based Smart-Seq2
(Picelli et al., 2013; Picelli et al., 2014) over droplet-based sScRNA-seq (Clark et al., 2019;
Macosko et al., 2015; Peng et al., 2019; Shekhar et al., 2016) because 1) Droplet-based
scRNA-seq, such as 10x Genomics, requires many more cells than we can obtain; 2) Deeper
sequencing capability with higher sensitivity and accuracy with Smart-seq2 enables us to
detect more genes, especially subtle differences among regenerating and non-regenerating
RGCs.

We previously explored RGC and optic nerve neuroprotection in chronic optic neuropathy
models (Hu et al., 2012; Huang et al., 2017; Liu et al., 2021; Yang et al., 2016) but

only used traumatic ONC model to study axon regeneration (Huang et a/., 2019; Miao

et al., 2016; Yang et al., 2014). Glaucoma differs from ONC because axon damage is
incomplete, and therefore it is difficult to differentiate regenerating axons from surviving
axons. However, the pro-regeneration genes identified from regenerating RGCs in the ONC
model may be promising candidates for glaucoma neural repair, as showed by a recent
study (Lu et al., 2020). Therefore, we first developed a tracing scheme to differentially

label and isolate surviving RGCs with or without axon regeneration in Pten KO mice after
ONC injury. We then compared the single cell transcriptomes of these RGCs by Smart-Seq?2
to systematically cluster genes associated with axon regeneration and identified six novel
pro-regeneration genes with various regeneration capacity. Finally, we demonstrated that
overexpression of Anxa2 (Annexin A2) in RGCs achieved dramatic neuroprotection and
visual function preservation in an experimental model of glaucoma. This proof-of-concept
study demonstrates the feasibility and efficacy of this strategy in identifying the targetable
downstream effectors of Pten. This strategy can also readily elucidate the downstream
effectors of other single or combinatory regeneration approaches, and thus identify effective
and safe neural repair targets for glaucoma and other CNS neurodegenerative diseases.
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Results

Strategies for labeling, isolating, and single cell transcriptome profiling of regenerating
RGCs (regRGCs) and surviving RGCs without axon regeneration (SurRGCs)

To specifically label RGCs that send regenerating axons into optic nerve distal to the crush
site, we developed an intraorbital optic nerve injection method to label RGC cell bodies

by retrograde tracing of dye applied to regenerating axons. This method avoids the need to
remove brain tissue, in contrast to a previously described approach (Zhang et al., 2019c).
We exposed the intraorbital portion of optic nerve about 2 mm distal to the eyeball by
piercing the conjunctiva and tunneling beneath soft tissues and muscles from the lateral side
of the mouse eye while avoiding injury to the retro-orbital sinus. Because the ONC site is
usually ~ 0.5 mm from the eyeball, we labeled regenerating axons by injecting neuronal
tracer 1-1.5 mm distal to the crush site (Fig. 1A). We used dextran after testing several other
tracers because of the superiority of its transport speed and retrograde labeling efficiency

of RGCs after optic nerve injection (Fig. S1A). In the naive animal, intraorbital optic nerve
injection of dextran labeled about 90% RBPMS™* RGCs (Fig. S1B) but not neighboring
AP2a* amacrine cells (Fig. 1B). The entire retina was labeled uniformly, evidenced by
homogenous RGC labeling detected by /n vivo SLO retinal fundus imaging and wholemount
retina histology (Fig. 1C,F,1). We further confirmed that this method did not label any RGCs
in wildtype (WT) mice 14 days post ONC (14dpc) in which there are no regenerating axons
(Fig. 1D,G,J). In dramatic contrast, intraorbital optic nerve injection of dextran labeled a
distinct population of RGCs in Pten KO mice in which regenerating axons reach at least

1 mm beyond the crush site at 14dpc (Fig. 1E,H,K). These observations substantiate the
reliability and efficiency with which this retrograde tracing method labels regenerating
RGCs /n vivo. We performed the injection at about 1 mm distal to the crush site (~ 1.5 mm
from the eyeball) because we found that much fewer regRGCs were labeled by an injection
0.5 mm more distal (~ 2.0 mm from the eyeball), probably because far fewer regenerating
axons elongated that distance at 14dpc in Pten KO mice (Fig. S1C). To pre-label the total
population of RGCs before ONC to detect surviving RGCs (surRGCs) after crush, we

used retrobeads as a neuronal tracer after superior colliculus (SC) injection because of the
superior stability of the signal, which persists in RGCs for at least 4 weeks (Fig. S1D), and
because they are relatively efficient and labeled about 70% RBPMS* RGCs (Fig. S1E).

We used these retrograde tracing methods to finalize the time line of the labeling and the
isolation procedures (Fig. 2A): 1) We induced Pten deletion in RGCs in Pten floxed mice
by intravitreal injection of AAV-Cre driven by a mouse y-synuclein promoter (mSncg), a
RGC-specific promoter that we recently identified (Wang et al., 2020a), 14 days before
ONC; 2) We injected retrobeads-488 into the SC 2 days before ONC to label all RGCs with
green fluorescence; 3) We performed intraorbital optic nerve injection with dextran-Red to
label regRGCs with red fluorescence 13 days post ONC (1 day before tissue collection at
14dpc). This strategy detected around 900-1000 regenerating RGCs (regRGCs)/retina and
roughly 10,000 surviving RGCs (surRGCs)/retina in Pten KO mice at 14dpc (Fig. 2B,C),
similar to published regenerating axon counting (Park et a/., 2008; Yang et al., 2014). 4) We
used FACS sorting to isolate separately dextran-Red positive regRGCs and retrobeads-Green
positive but red negative surRGCs (Fig. 2D). These cells were individually distributed into
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each well of a 96-well plate and later transferred to a 384-well plate to generate a single

cell Smart-Seq2 cDNA library according to an established protocol (Picelli, 2019; Picelli

et al., 2014). 384 cells with distinct sequence barcodes were sequenced together in one
HiSeq lane to acquire roughly 1 million sequencing reads/cell and repeated once with an
independent group of mice (Fig. 2E). Based on the quality control thresholds of more than
900 genes/cell, 0.5 million reads/cell, and fewer than 15% mitochondria genes (Fig. 2F), we
acquired 340 regRGCs and 290 surRGCs that had at least one of the 7 pan-RGC markers
(RBPMS, Thy1, Slc17a6/vGLUT2, Pou4fl-3/Brn3a-c) and very low or no Pten expression
(Fig. 2G).

We pooled the Smart-Seq?2 transcriptomes of a total of 630 regRGCs and surRGCs

and clustered them into 5 molecular clusters (Fig. 2H) based on the distinct gene sets
associated with each cluster (Fig. S2A, Table S1). Superimposition of regeneration identities
demonstrated that cluster 2 and cluster 4 were enriched with regRGCs (Fig. 2I), suggesting
that regRGCs and surRGCs tend to segregate into distinct molecular clusters. Further gene
ontology (GO) enrichment analysis showed distinct biological pathways associated with
each cluster (Fig. S2B): 1) regRGC-enriched cluster 2 and cluster 4 were associated with
lipid transport, cell migration, cell adhesion, and wound healing, or cell mitosis and cell
cycle, respectively; 2) Cluster 1 were associated with immune/inflammation responses;
cluster 3 genes were associated with visual function and development; and cluster 5 were
associated with neuron death, and synapse structure and function. Using the extensive
mouse RGC atlas generated by droplet-based scRNA-seq (Tran et al., 2019) as a reference,
we confirmed that the majority of Pten KO surRGCs and regRGCs were Sppl* a-RGCs
(Fig. S3A), consistent with a previous report that a-RGC is the general RGC subtype for
survival and regeneration after Pten KO in the ONC model (Duan et al., 2015). Other RGC
subtypes’ marker genes were also detected in our samples, including Cartpt-RGCs (Cart),
F-RGCs (Foxp2), ipRGCs (Opn4/Eomes), N-RGCs (Neurod2/Penk/Sath2), and T-RGCs
(Tbrl); some of these (Sppl, Cart, Foxp2, and Opn4) were confirmed by immunostaining
(Fig. S3B,C).

Regeneration-associated genes revealed by comparison of Smart-Seq2 transcriptomes of
regRGCs and surRGCs

To identify genes that are associated with axon regeneration, we combined all the regRGCs
as one group and all the surRGCs as another group, and directly compared the Smart-Seq?2
transcriptomes of regRGCs and surRGCs because the only difference between these two
populations is whether or not their axons regenerate. This pseudo-bulk comparison revealed
168 upregulated genes (Table S2) and 116 downregulated genes in regRGCs as differentially
expressed genes (DEGSs) (Table S3). Some of the upregulated DEGs are known to be
involved in axon regeneration and cell survival, such as Spp1, Lgals3, Mmp12, and Stmnl
(Abreu et al., 2017; Duan et al., 2015; Grenningloh et al., 2004; Ohkawa et al., 2007;

Tran et al., 2019). GO analysis of upregulated DEGs in regRGCs showed enrichment of
biological pathways related to regulation of lipid localization, cell adhesion, migration,

and metabolic processes (Fig. 3A,C). Based on this association, we marked some of the
genes (most significant and enriched in these GO pathways) in the volcano plot (Fig. 3E),
and showed their expression in regRGCs and surRGCs, and cluster enrichment, including
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Anxa2, lqgapl, Gpnmb, Lgalsl, Lgals3, Plin2, Sppl, Mppl, Acaa2, and Ahnak2 (Fig. 3F,
Fig. S4A,B). Based on the online scRNA-seq database of adult mouse RGCs (Tran et

al., 2019), these top regeneration-associated upregulated genes are also expressed in many
RGC subtypes (Fig. S4C). We further confirmed that Anxa2, Sppl and Mppl were highly
expressed in regRGCs by immunostaining (Fig. S5A,B). The downregulated genes were
associated with immune responses (Fig. 3B,D-F), such as H2-K1, H2-D1, B2m, and C1q
family; we did not pursue them further in this study.

Six of seven tested DEGs promote significant axon regeneration after ONC injury and
Anxa? is the most potent pro-regeneration gene

We successfully generated AAVs to express seven regRGCs-upregulated DEGs driven by
the mSncg promoter in RGCs specifically and tested them in axon regeneration after ONC
injury (Fig. S5C,D). Because the coding sequences of Iqgapl and Ahnak?2 are too large to fit
into AAV vectors, we did not test them. Six out of seven DEGs, Anxa2, Plin2, Mppl, Acaa2,
Sppl, and Lgalsl but not Gpnmb, promoted significant axon regeneration, but to a differing
extent (Fig. 4A,B). Anxa2 was the most potent pro-regeneration gene and the only one to
increase RGC survival (Fig. S5E,F).

Anxa2 and Mpp1 overexpression significantly promote survival of RGC soma and axon,
and preserve visual functions in the SOHU glaucoma model.

Next, we asked whether the pro-regeneration genes that we identified through the traumatic
ON injury model would enhance neural repair effect of RGC/optic nerve and visual function
in the more common, chronic optic neuropathy, glaucoma. We took advantage of our
recently developed clinically relevant silicone oil-induced ocular hypertension (SOHU)
mouse glaucoma models (Fang et al., 2021; Zhang et al., 2019a; Zhang et al., 2019b) to

test whether overexpression of Anxa2, Mppl, or another two weaker pro-regeneration genes
Plin2 and Lgals1, would benefit glaucomatous neurodegeneration. We injected AAV-mSncg-
transgene into the vitreous to infect RGCs 14 days before inducing SOHU glaucoma to
allow the transgene expression. We then performed intracameral injection of SO into one
eye to mimic the secondary glaucoma found in patients when SO induces elevated 10P

by pupillary blocking and injected PBS into the contralateral eye as an internal control

(Fig. S6A,B). We and others use OCT to measure the thickness of the retinal ganglion

cell complex (GCC) in living mice, including retinal nerve fiber layer (RNFL), ganglion

cell layer (GCL) and inner plexiform layer (IPL), to serve as an indicator of RGC/ON
degeneration in diverse optic neuropathy mouse models (Fang et a/., 2021; Guo et al.,

2010; Li et al., 2020; Liu et al.,, 2021; Nakano et al., 2011; Zhang et al., 2019b). /n

vivo OCT imaging showed significant thinning of the GCC in SOHU eyes compared to
contralateral control eyes in control group animals injected with control AAVSs, at 3-week
post SO injection (3wpi) (Fig. 5A). GCC thinning was concurrent with significant IOP
elevation (Fig. S6C). Thus we were able to replicate the SOHU glaucoma model, with stable
IOP elevation and severe glaucomatous neurodegeneration (Fang et al., 2021; Zhang et af.,
2019b), which faithfully simulates human pupillary blocking glaucoma caused by surgical
use of SO (Ichhpujani et al., 2009; Kornmann and Gedde, 2016). Only Anxa2 and Mpp1,
but not Plin2 or Lgals1, significantly increased GCC thickness in SOHU eyes (Fig. 5A).
Histological analysis of post mortem retina wholemounts consistently showed that treatment
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with Anxa2 and Mpp1 strikingly increased RGC survival throughout the whole retina (Fig.
5B,C). In contrast, neither Plin2 nor Lgals1 showed a significant RGC protection effect.
Quantification of surviving axons in semi-thin sections of optic nerves further confirmed
that overexpression of Anxa2 and Mpp1, but not of Plin2 or Lgals1, achieved dramatic axon
protection in glaucoma (Fig. 5D,E).

In addition to morphological protection, preservation of visual function is of utmost
importance for neural repair. We next investigated whether RGC-specific expression of pro-
regeneration genes preserved visual function in glaucomatous mice. Optokinetic tracking
response (OKR) is a natural reflex that objectively assesses mouse visual acuity (Douglas
et al., 2005; Douglas et al., 2006; Prusky et al., 2004). The mouse eye will only track

a grating stimulus that is moving from the temporal to nasal visual field, which allows
both eyes to be measured independently. Consistent with our post-mortem histological
and /n vivo morphological results, Anxa2 and Mpp1 significantly preserved visual acuity
of the glaucomatous eyes (Fig. 5F). The pattern electroretinogram (PERG), a sensitive
electrophysiological assay of general RGC function (Porciatti, 2015), is obtained in response
to a visual stimulus consisting of contrast reversal patterned gratings at constant mean
luminance. Because our PERG system can measure both eyes at the same time, there

is an internal control to serve as a reference and normalization to minimize variations
(Chou et al., 2014). We previously employed PERG successfully to examine the changes
of RGC function in the SOHU glaucoma model (Fang et al., 2021; Zhang et al., 2019b).
The peak-to-trough (P1-N2) amplitude ratio of the SOHU eyes to contralateral (CL) eyes
increased significantly after Anxa2, Mpp1 and Plin2 overexpression in RGCs (Fig. 5G).
Taken together, these results show convincingly that Anxa2 and Mppl overexpression in
RGCs achieve significant neural repair in the SOHU glaucoma model, demonstrated by
striking neuroprotection of RGCs and optic nerves, and significant preservation of visual
functions.

Anxa2 and its cell surface ligand tissue plasminogen activator (tPA) potentiated the effects
of Pten deletion on axon regeneration and neuronal survival

Anxa2 functions as a cell surface co-receptor for tPA and is therefore involved in plasmin-
related cellular processes, such as fibrinolysis, extracellular matrix (ECM) degradation,

cell migration and cancer cell invasion (Bharadwaj et al., 2013; Bharadwaj et al.,

2021a; Bharadwaj et al., 2021b; Gerke et al., 2005). Surprisingly, tPA alone induced
significant axon regeneration in the ONC model (Fig.6A,B), suggesting that tPA acts

on Anxa2 to promote axon regeneration. Adding tPA further increased Pten KO-induced
axon regeneration (Fig. 6A,B). Similarly, RGC-specific Anxa2 overexpression and Pten
deletion promoted more axon regeneration than Pten KO alone at 14dpc (Fig. 6A,B),
further suggesting that increasing tPA-Anxa2 signaling and inhibiting Pten would act
synergistically to enhance axon regeneration. Consistently, triple treatment consisting of
Anxa2 overexpression, Pten KO, and tPA administration induced the most potent axon
regeneration (Fig. 6A,B), some regenerating axons grow through optic chiasm into optic
tract, and some to cross to the contralateral side and grow into contralateral optic nerve at 8-
week post crush (8wpc) (Fig. S7A,B). To test a clinically relevant application of tPA-Anxa2
in axon regeneration, we studied delayed treatment (Fig. S7C): Because AAV-mediated gene
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expression requires at least one week after intravitreal injection, we injected AAV-Anxa2
on the same day as ONC, with or without tPA injection twice a week thereafter. Delayed
Anxa2 expression also induced significant axon regeneration, which addition of tPA further
increased.

tPA Dby itself did not increase RGC survival after ONC, but it increased Anxa2-induced
RGC survival (Fig. S7C). Neither tPA nor Anxa2 further increased RGC survival in Pten
KO mice (Fig. 6C,D). But surprisingly, combining tPA and Anxa2 significantly increased
Pten KO-induced RGC survival (Fig. 6C,D), indicating the boosting effect of tPA plus
Anxa2. Although current understanding is that neuron survival is not invariably linked
proportionately with axon regeneration (Benowitz et al., 2015), we cannot exclude the
possibility that tPA/Anxa2 increased Pten KO-induced axon regeneration through increasing
RGC survival.

The Anxa2-ILK axis in axon regeneration and neuroprotection.

Anxa2 is known to interact with cell surface integrins to activate integrin linked kinase
(ILK) (Lin et al., 2012; Zhang et al., 2020), which is a vital signaling protein that

mediates integrin regulation of cell adhesion, proliferation, migration, angiogenesis, and
actin-cytoskeleton dynamics (Almasabi et al., 2021). ILK activity is also inhibited by Pten
(Morimoto et al., 2000; Persad et al., 2000) and is important for neuronal polarity (Guo et
al., 2007). Thus, Anxa2, acting as the downstream effector of Pten inhibition, may promote
axon regeneration by activating the integrin-ILK pathway. Consistently, overexpression of
wildtype and constitutive active (CA) mutant of ILK (Guo et al, 2007; Pan et al., 2014) in
RGCs, also produced significant axon regeneration (Fig. 7A,B). More importantly, blocking
ILK with a kinase dead (KD) mutant of ILK significantly decreased Anxa2-induced axon
regeneration (Fig. 7A,B), suggesting the involvement of Anxa2-integrin-ILK axis in axon
regeneration. ILK did not increase RGC survival after ONC (Fig. S6D,E).

Since Anxa2 significantly prevented glaucomatous neurodegeneration, we next tested
whether ILK activation also would be neuroprotective in the SOHU glaucoma model (Fig.
7C). Like Anxa2, ILK-CA overexpression in RGCs also produced striking protection of
RGC somata and axons in glaucoma (Fig. 7D-F). /n vivo OCT measurement of retina
thickness and visual functional assays (PERG and OKR) also consistently confirmed the
significant neuroprotection of ILK-CA in the SOHU glaucoma model (Fig. 7G-1).

Discussion

We developed a novel intraorbital optic nerve retrograde tracing technique, which enabled us
for the first time to purify regenerating and non-regenerating RGCs from the same animals
with the same genetic background/modification/injuries. These RGCs differ only in their
capacity for axon regeneration. Profiling and comparing the transcriptomes of regRGCs

and surRGCs at single cell level allowed us to unbiasedly determine genes associated with
axon regeneration. Further characterization of the effects of some of these genes on axon
regeneration in the ONC model and neuroprotection in the glaucoma model demonstrated
the power and efficiency of this comprehensive but very focused strategy. We obtained

the following findings: 1) The unique biological pathways associated with distinct clusters
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of RGCs are readily determined at the single cell molecular level; 2) Direct comparison

of regRGCs and surRGCs directly identifies a list of regeneration-associated genes, many
of which we showed to be pro-regeneration molecules; 3) The potent pro-regeneration
molecules, Anxa2 and Mpp1, both achieve striking neuroprotection in the glaucoma model.
This strategy can be used to identify downstream effectors or regulatory networks of other
single or combinatory genes that promote significant axon regeneration (Yang et al., 2020b),
which will rapidly and significantly advance the axon regeneration field. The common
effectors the multiple signaling pathways involved in axon regeneration and neuronal
survival will be promising targets for developing effective and safe neural repair therapies
for neurodegenerative diseases. Additionally, the common regeneration-associated genes that
are not present in non-regenerating RGCs provide potential regeneration markers that are
also desperately needed in the field.

Membrane structure/actin binding/signaling molecules are critical axon regeneration

Anxa2 is the most significant regRGCs-enriched gene and promotes the most potent axon
regeneration among the genes we tested. It is a Ca2*-dependent phospholipid and F-actin-
binding membrane protein with diverse roles in cell migration, cytoskeletal-membrane
dynamics, exocytosis, endocytosis, cell polarity, and lipid raft signaling (Gerke et al., 2005).
Anxa2 is critical for Ca2*-dependent exocytosis of hormones in neuroendocrine cells (Gabel
et al., 2019; Umbrecht-Jenck et al., 2010), indicating its roles in regulating neuronal activity,
growth, and plasticity through secretion of neurotransmitters and neuropeptides (Gabel et
al., 2015). The most studied function of Anxa2 is related to the co-receptor complex that

it forms with S100A10 on the cell surface. This complex attracts tPA locally to generate
plasmin and therefore to promote plasmin-mediated ECM degradation (Bharadwaj et a/.,
2013; Bharadwaj et al., 2021a; Bharadwaj et al., 2021b; Gerke et al., 2005). Interestingly,
LRP1 is another tPA receptor that is also involved in axon regeneration (Landowski et

al., 2016; Yoon et al., 2013). Our findings that Anxa2 promotes axon regeneration and

that tPA further increases Anxa2/Pten modulation-induced axon regeneration, raise the
possibility that the Anxa2-tPA complex on the surface of plasma membrane might serve as
a proteolytic center that generates plasmin and therefore clears ECM nearby to make room
for axons to grow. This action could facilitate regenerating axon elongation, a mechanism
that has been confirmed for Anxa2-tPA-mediated cell adhesion, migration, and cancer cell
invasion. Anxa2-tPA also regulates integrin-1LK pathway (Bharadwaj et a/., 2013; Hu et
al., 2007; Lin et al.,, 2012), which is important for Anxa2-induced axon regeneration. Thus,
the Anxa2-tPA-integrin-ILK axis that connects extracellular signaling with intracellular
signaling is a potential molecular mechanism of axon regeneration. In addition, Anxa2/
S100A10 also interacts with Ahnak to regulate Ca2*-dependent exocytosis, L-type voltage-
gated calcium channels, synaptic transmission, and membrane repair. Interestingly, both
S100A10 and Ahnak are also in our regRGC-enriched gene list, further supporting the
importance of the Anxa2/S100A10/Ahnak/tPA axis in axon regeneration. Anxa2 is also
involved in inflammation (Dallacasagrande and Hajjar, 2020). Addition of Anxa2 rescues
neuroinflammation and neurological deficits after traumatic brain injury, which deletion
exacerbates (Cheng et al., 2021; Liu et al., 2019). Since inflammation also plays a role

in optic nerve regeneration (Peterson et al., 2021; Xie et al., 2022; Xie et al., 2021), it is
possible that Anxa2 promotes axon regeneration by modulating neuroinflammation.
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Three other pro-regeneration genes identified by this study, Mppl (Membrane Palmitoylated
Protein 1), Sppl (Secreted Phosphoprotein 1, osteopontin) and Lgalsl (Galectin-1), share
many similarities with Anxa2. Mpp1 is also a plasma membrane protein that form diverse
protein complexes and is involved in cell structure, polarity, cell adhesion and migration,
synaptogenesis, raft formation, and signal transduction (Chytla et al., 2020). Mpp1 is
required for insulin-stimulated activation of H-Ras (Podkalicka et al., 2018), a growth factor-
initiated signaling pathway that is known to promote pro-axon regeneration (O’Donovan et
al., 2014; Zhang et al., 2019c). Spp1l interacts with multiple integrins and is involved in
cytokine secretion, cellular differentiation, adhesion, migration, and would healing (Lamort
et al., 2019). Galectin 1 (Lgals1), which has known roles in axon growth, axon guidance,
and axon regeneration (Higuero et al., 2017; Quinta et al., 2014; Quinta et al., 2016),
belongs to a family of glycan-binding proteins that recognize distinct sets of glycosylated
proteins or lipids at the cellular surface or ECM (Nio-Kobayashi and Itabashi, 2021). Lgals1
also interacts with B1 integrin to regulate neural progenitor cells (Sakaguchi et al., 2010).
Thus, similar to Anxa2, Mppl, Sppl, and Lgalsl may also promote axon regeneration by
activating the integrin-1LK pathway. More broadly, we hypothesize that cell membrane
structure molecules that are involved in cell adhesion/migration/invasion/exocytosis are
important for axon regeneration, possibly through mediating interaction of intracellular

and extracellular signaling and reorganizing local cytoskeleton/ECM. Additional findings
that cell surface molecules neural cadherin and thrombospondin 1 (Bray et al., 2019;
Ribeiro et al., 2020), complement proteins in the optic nerve locally (Peterson et al.,

2021), cytoskeleton stabilization and motor molecules (Hellal et al., 2011; Nawabi et al.,
2015; Wang et al., 2020b), promote axon regeneration further support this theme. Another
pro-regeneration gene we found, Plin2, is the coat protein of lipid droplets and important for
cellular lipid homeostasis (Brasaemle, 2007). Consistently, Lipin 1, an enzyme that inhibits
membrane phospholipid, also inhibits axon regeneration (Yang et al., 2020a). Detail profile
and characterization of molecules in the growth cones of regenerating axons may shed

more light on the molecular mechanisms of local membrane molecules in axon regrowth
(Chauhan et al., 2020).

From axon regeneration to neural repair

The striking neuroprotection produced by Anxa2, ILK, and Mpp1 in the glaucoma model is
a surprising finding, because they only marginally increase RGC survival after ONC injury.
However, although ONC is extensively used as a convenient model of optic neuropathy
and often as a surrogate glaucoma model, RGC/optic nerve may respond very differently
to the same neural repair treatments depending on whether they are injured by traumatic
injury or 10P elevation. One previous study also found that pro-regeneration genetic
modulation significantly promotes neural repair in glaucoma model (Lu et a/., 2020). The
wide range of cellular functions and signaling cascades mediated by Anxa2, ILK, and
Mpp1 cited above may contribute to the significant neuroprotection and visual function
preservation in the SOHU glaucoma model, but further investigations will be necessary to
understand the precise mechanisms. The pro-regeneration activity of these genes may also
be critical for the neuroprotection in glaucoma, although it is difficult to appreciate how
much axon regeneration is indeed induced by these genes in the glaucoma model in which
axon damage is incomplete. The weaker pro-regeneration genes Plin2 and Lgalsl barely
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increase neuronal survival and visual function in the glaucoma model, which is additional
evidence that regeneration capability may be linked to neuroprotection potential, or that
the pro-regeneration machinery is also critical for glaucomatous RGC survival. The present
results represent an early, but very encouraging and compelling confirmation of this search
strategy: identifying pro-regeneration genes associated with regRGCs in the ONC model as
promising candidates for neural repair in glaucoma.

In summary, we present a powerful and efficient tracing methodology to distinctly label and
isolate regRGCs and surRGCs from the same animals after the same genetic modulation,
injury and treatment, which allows us to definitively compare single cell transcriptomes to
identify truly regeneration-associated genes. Four out of seven pro-regeneration genes we
identified through this study, Anxa2, Mpp1, Spp1, and Lgals1, share many similarities, such
as involvement in plasma membrane-binding, local membrane-cytoskeleton dynamic/lipid
rafts formation and integrin signaling, and exocytosis. Based on these results, together

with the synergistic effect of tPA with Anxa2 and Pten, we hypothesize that plasma
membrane-cytoskeleton-ECM remodeling and signaling cascades play critical roles in

axon regeneration and regrowth. The differentiation strategy that we employed detects
without bias distinct RGC clusters that are preferentially accumulated with regRGCs or
surRGCs and have signature genes and biological pathway profiles. Finally, and extremely
importantly, we found that Anxa2 is a very promising neuroprotectant due to its dramatic
protection of glaucomatous RGCs/optic nerves and visual function deficits, which validates
the strategy of searching for neural repair candidates among the potent pro-regeneration
molecules. This whole strategy is likely to be applicable to other neurodegenerative diseases
or trauma associated with long axons, such as motor neuron degenerative diseases and spinal
cord injury.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for protocols, reagents and resources
should be directed to and will be fulfilled by the lead contact, Yang Hu
(huyang@stanford.edu)

Materials availability—Plasmids generated in this study can be requested to the lead
contact.

Data and code availability—All custom scripts have been made available at https://
github.com/HuLab-Code/. Any additional information is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice.—C57BL/6J WT and B6.12954-Ptentm1HWu/j muytation (Pten’f) male and female
mice were purchased from Jackson Laboratories (Bar Harbor, Maine). All mice were
housed in standard cages on a 12-hour light-dark cycle. All experimental procedures
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were performed in compliance with animal protocols approved by the IACUC at Stanford
University School of Medicine.

METHOD DETAILS

Constructs and AAV production.—The coding regions of Anxa2, Plin2, Mpp1, Acaa2,
Sppl, Lgalsl, Gpnmb, ILK were amplified from different mouse tissue cDNA (Table S4)
with Q5 high-fidelity DNA Polymerase (NEB, M0491L) and cloned into the pAM-AAV-
mSncg-3HA-WPRE or pAM-AAV-CS265-3HA-WPRE backbone with EcoRI, Mlul, Xhol,
or HindllI sites. The pAM-AAV-mSncg-Cre-WPRE plasmid was published previously?.
The constitutive active (1Ik-CA, S343D) and kinase dead (11k-KD, S343A) mutants were
generated by Phusion site-directed mutagenesis kit (Thermo Fisher, F541) with primers
(Table S4). The maxi-precipitation of the constructs was performed by following the
manual of Endo-Free Plasmid Maxi kit (Omega Bio-tek, D6926-03/101319-342). The
detailed procedure of the AAV production has been described previously(Wang et al.,
2020a). Briefly, AAV plasmids containing the target genes were co-transfected with pAAV2
(pACG2)-RC triple mutant (Y444, 500, 730F) and the pHelper plasmid (StrateGene) into
HEK?293T cells by the PolyJet (SignaGen Laboratories, SL100688) transfection reagent.
After transfection for 72 hours, the cells were lysed and purified by two rounds of cesium
chloride density gradient centrifugation. The AAV titers of target genes were determined by
real-time PCR and diluted to 1.5 x 1012 vector genome (vg)/ml for intravitreal injection, 2
ul/eye.

Intravitreal injection.—Mice were anesthetized by xylazine and ketamine based on their
body weight (0.01mg xylazine/g + 0.08mg ketamine/g). For AAV intravitreal injection, a
pulled and polished microcapillary tube was inserted into the peripheral retina of around
4-week-old mice just behind the ora serrata. Approximately 2 pl of the vitreous was removed
to allow injection of 2 pl AAV into the vitreous chamber. The mice were housed for

an additional 2 weeks after AAV injection to achieve stable target genes expression. For
anterograde tracing of regenerating axons, 2ul of 2ug/pl cholera toxin subunit B-Alexa 555
(CTB555, Invitrogen) was used for intravitreal injection. For the combinatory treatment of
Anxa2 overexpression, tissue plasminogen activator (tPA, Sigma, 612200-m) and Pten KO,
an AAV mixture with equal amount of Anxa2 and Cre was intravitreally injected into the
Pten floxed mouse eyes 14 days before ONC, and 2ul of 30U/ul tPA was intravitreally
injected twice/week after ONC.

Optic nerve crush (ONC).—ONC was performed 2 weeks following AAV injection
when mice were about 7-8 weeks of age. The optic nerve was exposed intraorbitally at

the 12 o’clock position while care was taken not to damage the underlying retro-orbital
sinus, and crushed with a jeweler’s forceps (Dumont #5; Fine Science Tools, Foster City,
California) for 5 seconds approximately 0.5 mm behind the eyeball. Eye ointment containing
neomycin (Akorn, Somerset, New Jersey) was applied to protect the cornea after surgery.

Retrograde labeling of regenerating RGCs by intraorbital optic nerve

injection.—Pten KO mice were anesthetized by xylazine and ketamine based on their body
weight (0.01mg xylazine/g+0.08mg ketamine/g). The optic nerve was exposed intraorbitally
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~1.5-2 mm distal to the eyeball by lateral canthotomy through the conjunctiva and beneath
soft tissues and muscles at the 9 o’clock position without injuring the retro-orbital sinus.
The optic nerve was immobilized by placing a piece of tissue paper between the optic nerve
trunk and surrounding soft tissue and the dura pierced by a 33g needle at the injection site,
~1 mm distal to ONC site. A glass micropipette connected to a 50uL microsyringe (80900,
Hamilton) attached to a Micro4 controller was used to deliver ~60nL dextran into the optic
nerve through the pre-made hole, at a speed of 100nL/min. Dye leaking at the injection site
was removed by the tissue paper. After the injection, ointment containing neomycin was
applied to protect the cornea, and mice were placed on heating pad for recovery. Mice were
housed for 24 hours before tissue collection.

Retrograde labeling naive RGCs by superior colliculus (SC) injection.—The
detailed procedure of the micro-injection into the SC has been described previously (Hu et
al., 2012). In brief, the adult mice were anesthetized by xylazine and ketamine based on
their body weight (0.01mg xylazine/g+0.08mg ketamine/g) and fixed on a mouse adaptor
attached to a digital stereotaxic instrument (68025, RWD Life Science). The bregma was set
as the origin of anterior to posterior (AP), medial to lateral (ML) and dorsal to ventral (DV),
and the same ML and DV of the lambda was aligned to the bregma. The horizontal plane of
the mouse skull was calibrated by adjusting the left hemisphere point (AP:-2.00, ML:2.50)
to the same DV as the contralateral point (AP:-2.00, ML:-2.50). The SC coordinates for

4 sites and 3 depths were located and drilled: AP:-3.55, ML:0.6, DV-1.25/-1.60/-2.00,
AP:-3.55, ML:-0.6, DV-1.25/-1.60/-2.00, AP:-3.92, ML:0.8, DV-1.25/-1.50/-1.75 and
AP:=-3.92, ML:-0.8, DV-1.25/-1.50/-1.75. A pulled-glass micropipette fused to a 10 uL
syringe (80314, Hamilton) filled with mineral oil was controlled by micro syringe pump
(Micro4™, World Precision Instruments, LLC) at the speed of 250 nL/min for 1 minute per
site. About 4 uL Dextran-FITC, Retrobeads-488, FluoroGold, or Fast Blue were injected
into both SCs.

Retina cell dissociation and FACS purification.—We followed the procedure
described in a previous publication (Tran et al., 2019). Briefly, mouse retinas were dissected
out in AMES solution (saturated with 95% O2/5% CQO2) and then digested in papain
(Worthington, LS003126) with L-cysteine (Sigma, C1276-10g) for 10-15 minutes at 37°.
The single cell suspension was achieved by manual trituration in ovomucoid solution
(Worthington, LS003087) on ice. Cells were spun down at 80 g for 15 minutes at 4°

and then resuspended in cold AMES with 4% BSA (Sigma) to a concentration of 1 x

107 cells/ml. Prior to FACS, the cells were filtered through a 40 pm cell strainer (Falcon,
352340). FACS purification with a BD Influx System cell sorter was gated as: Alexa Fluor
488 positive but Texas Red negative RGCs were collected as surRGCs; Texas Red positive
RGCs were collected as regRGCs. Individual cells were directly sorted into individual wells
of a 96 well-plate with 4ul pre-filled cell lysis buffer, containing 1 U/ul of Recombinant
RNase inhibitor (Clontech), 0.1% Triton X-100 (Thermo), 2.5mM dNTP (Thermo), and 2.5
UM oligodT30VN (5’ AAGCAGTGGTATCAACGCAGAGTACT30VN-3’, IDT). Cells were
immediately spun down after sorting and frozen at -80°C.
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Smart-seq2.—Two 384-well plates containing surRGCs or regRGCs were used to
generate Smart-Seq?2 libraries following the published protocol (Picelli, 2019; Picelli et al.,
2013; Picelli et al., 2014) at Stanford Genomics core facility and Chan Zuckerberg Biohub at
Stanford. Briefly, Smartscribe (Clontech) was used for reverse transcription of the mRNAs,
and then amplified by 23 PCR cycles using a KAPA Hifi HotStart Kit (Roche). Amplified
cDNAs were purified by beads cleanup using a Biomek FX automated platform (Beckman),
and aliquots run on a Fragment Analyzer (Agilent) for quantitation. Barcoded sequencing
libraries were made using the NexteraXT DNA Library Preparation Kit (Illumina), and the
PCR was performed as follows: 72°C 3 min, 95 °C 30 s, then 10 cycles of (95°C 10 s,

55°C 30s, 72°C 1min), 72°C 5min. Libraries were cleaned up by 0.8X AMPure XP beads
(Beckman Coulter), then diluted to a final concentration of 2nM for sequencing. 384 cells
were sequenced in one lane of the Illumina HiSeq 4000 sequencer (Illumina) with 2x 150 bp
paired-end configuration.

Data analysis.—Raw data were trimmed by trim-galore (version 0.6.7) to remove adaptor
sequences and aligned with Hisat2 (version 2.2.1) to the mouse reference genome (mm10).
Transcripts per million reads (TPMs) per gene was calculated by StringTie (version 2.1.7),
and genes with TPM > 0 were defined as detected genes. All the downstream analysis was
performed by R, using Seurat (version 4.1.0) (Hao et al., 2021) with modifications. Cells
with Rbpms, Slc17a6, Sncg, Thyl, Poudfl, Poudf2 and Pou4f3, and low Pten expression
(TPM < 30) were used for downstream analysis. We filtered out the low-quality cell
libraries, only keeping those with (1) percentage of mitochondrial genes, < 15%; (2) number
of unique genes, > 900; (3) total reads mapped > 530,000. In total, 630 RGCs (340 regRGCs
and 290 surRGCs) were selected for further analysis. We applied the Leiden algorithm
(resolution = 0.2) to perform unsupervised clustering of the RGCs using the TPM matrix

as input, and obtained five distinct clusters. Differentially expressed genes (DEGS) in each
cluster were identified using FindAllIMarkers function with default parameters. The top

10 signature genes in each cluster were visualized using heatmap. Gene Ontology (GO)
analysis on the DEGs was performed using R package clusterProfiler (Yu et al., 2012). We
used Cnetplot to depict the linkage of genes and biological process as a network, showing
genes in those most significant enriched terms.

For pseudo-bulk comparison of regRGCs and surRGCs, we used the FindMarkers function,
which is implemented within the Seurat, to get DEGs between regRGCs and surRGCs. The
DE test was performed based on the Wilcoxon rank-sum test with default parameters. The
GO enrichment analysis and Cnetplot were also performed on the DEGs. All raw datasets
are shared online via the Gene Expression Omnibus (GEO) database (GSE206626).

Brain-optic nerve clearance and light sheet microscopy imaging.—The attached
ON and whole brain were carefully dissected with fine forceps and scissors, and embedded
in 1.5% agarose gel block. The tissue embedded gel block was cleared with modified
iDISCO method (Renier et al., 2014): PBS for 4 hours; a series of 20%, 40%, 60%, 80%,
and 100% methanol in 1xPBS for 1day at each concentration; dichloromethane (DCM)/
methanol (2:1) for 1day; 100% DCM for 1day and dibenzyl ether (DBE) for 1day. The
ventral side of the tissue gel block was faced up and fixed on a spike holder, then placed
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into the imaging chamber immersed in the DBE buffer. The ultramicroscope Il generated

6 bi-directional 3.89um thin light sheets to illuminate the tissue gel block from both sides
while imaging the excited plane with a 2x objective microscope perpendicular to the sample
using a 0.63x zoom for whole tissue and a 6.3x zoom for regenerating axons. Tissue was
imaged with the diode 561nm laser, emission filter 620/60nm and sheet numerical aperture
(NA) 0.149 through a 2um step-size of the Z-stack. The multiple optical sliced images of the
whole tissue were collected and further maximum projections were processed by Fiji/lmage
J.

SOHU glaucoma model and IOP measurement.—The detailed procedure has been
published before (Fang et al., 2021; Zhang et al., 2019a; Zhang et al., 2019b). In brief, 9-
week-old mice were anesthetized by an intraperitoneal injection of Avertin (0.3mg/g) before
a tunnel was made by a 32G needle through the layers of the cornea on the superotemporal
side close to the limbus to reach the anterior chamber without injuring lens or iris. Then, ~
2ul silicone oil (1,000 mPa.s, Silikon, Alcon Laboratories, Fort Worth, Texas) was injected
slowly into the anterior chamber using a homemade sterile glass micropipette, until the oil
droplet expanded to cover most areas of the iris (diameter ~ 1.8-2.2mm). After the injection,
veterinary antibiotic ointment (BNP Ophthalmic Ointment, Vetropolycin, Dechra, Overland
Park, Kansas) was applied to the surface of the injected eye. The contralateral control eyes
received 2ul normal saline to the anterior chamber. Throughout the procedure, artificial tears
(Systane Ultra Lubricant Eye Drops, Alcon Laboratories, Fort Worth, Texas) were applied
to keep the cornea moist. The 10P of both eyes was measured before SO injection and at
3wpi by the TonoLab tonometer (Colonial Medical Supply, Espoo, Finland) according to
product instructions. Briefly, in the morning, mice were anesthetized with a sustained flow
of isoflurane (3% isoflurane at 2 L/minute mixed with oxygen) delivered to the nose by

a special rodent nose cone (Xenotec, Inc., Rolla, Missouri), which left the eyes exposed

for IOP measurement. 1% Tropicamide sterile ophthalmic solution (Akorn, Somerset, New
Jersey) was applied three times at 3-minute intervals to fully dilate the pupils (about 10
minutes) before taking measurements. The average of six measurements by the TonoLab
was considered as one machine-generated reading and three machine-generated readings
were obtained from each eye; the mean was calculated to determine the IOP. During this
procedure, artificial tears were applied to keep the cornea moist.

Spectral-domain optical coherence tomography (SD-OCT) imaging and
scanning laser ophthalmoscopy (SLO) fundus imaging.—Fundus OCT imaging
was performed under OCT mode by switching to a 30° licensed lens (Heidelberg
Engineering) as in the previously described procedure (Li ef a/., 2020; Zhang et al., 2019b).
Briefly, the mouse retina was scanned with the ring scan mode centered by the optic nerve
head at 100 frames average under high-resolution mode (each B-scan consisted of 1536

A scans). The ganglion cell complex (GCC) includes retinal nerve fiber layer (RNFL),
ganglion cell layer (GCL), and inner plexiform layer (IPL). The average thickness of GCC
around the optic nerve head was measured manually with the Heidelberg software. The
mean of the GCC thickness in the injured retina was compared to that in the contralateral
control retina to yield a percentage of GCC thickness value. The investigators who measured
the thickness of GCC were blinded to the treatment of the samples. For SLO retinal fundus
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imaging, the fundus labeled with green fluorescent dye was imaged under FA mode by
switching to a 55° non-contact lens and a customized +10D contact lens (3.0 mm diameter,
1.6 mm BC, PMMA clear, Advanced Vision Technologies) (Heidelberg Engineering) as
previously described(Li et al., 2020; Zhang et al., 2019b). The mouse retina was imaged
under the high-resolution mode (1536 x 1536 pixels) and 100 frames average with 488 nm
excitation laser.

Pattern electroretinogram (PERG) recording.—PERG recording of both eyes was
performed at the same time with the Miami PERG system (Intelligent Hearing Systems,
Miami, FL), as described in our previous publication (Li et a/, 2020; Zhang et af., 2019b).
In brief, a feedback-controlled heating pad (TCAT-2LV, Physitemp Instruments Inc., Clifton,
New Jersey) maintained animal core temperature at 37°C. A small lubricant eye drop
(Systane) was applied before recording to prevent corneal opacities. The reference electrode
was placed subcutaneously on the back of the head between the two ears, the ground
electrode was placed at the root of the tail and the active steel needle electrode was placed
subcutaneously on the snout for the simultaneous acquisition of left and right eye responses.
Two 14 cm x 14 cm LED-based stimulators were placed in front so that the center of each
screen was 10 cm from each eye. The pattern remained at a contrast of 85% and a luminance
of 800 cd/m?, and consisted of four cycles of black-gray elements, with a spatial frequency
of 0.052 c/d. Upon stimulation, the independent PERG signals were recorded from the snout
and simultaneously by asynchronous binocular acquisition. With each trace recording up to
1020 ms, two consecutive recordings of 200 traces were averaged to achieve one readout.
The first positive peak in the waveform was designated as P1 and the second negative peak
as N2. P1 was typically around 100 ms. The mean amplitude of the P1-N2 amplitude in

the injured eye was compared to that in the contralateral control eye to yield a percentage

of amplitude change. The investigators who measured the amplitudes were blinded to the
treatment of the samples.

OKR measurement.—The spatial vision of both eyes was measured using the opto-
kinetic response (OKR) as described in our previous publication (Fang et al., 2021;

Zhang et al., 2019b). In brief, living mice were placed unrestrained on a platform in the
center of four 17-inch LCD computer monitors (Dell, Phoenix, AZ); their movement was
captured by a video camera above the platform. A rotating cylinder with vertical sine
wave grating was computed and projected to the four monitors by OptoMotry software
(CerebralMechanics Inc., Lethbridge, Alberta, Canada). The sine wave grating provides a
virtual-reality environment to measure the spatial acuity of left eye when rotated clockwise
and right eye when rotated counterclockwise. When the mouse calmed down and stopped
moving, the gray of the monitor immediately switched to a low spatial frequency (0.1 cycle/
degree) for five seconds, in which the mouse was assessed by judging whether the head
turned to track the grating. The short time frame of assessment ensured that the mice did
not adapt to the stimulus, which would lead to false readouts. The mice were judged to

be capable of tracking the grating. The spatial frequency was increased repeatedly until a
maximum frequency was identified and recorded. The % of vision acuity was yielded by
comparing the maximum frequency of the experimental eye to that of the contralateral eye.
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The mice were tested in the morning and the investigator who judged the OKR was blinded
to the treatment of the mice.

QUANTIFICATION AND STATISTICAL ANALYSIS

Optic nerve clearance and axon regeneration quantification.—The CTB
anterograde labeled optic nerve was trimmed and cleared by a modified iDISCO method
(Renier et al., 2014): PBS for 30mins; a series of 20%, 40%, 60%, 80%, and 100% methanol
in 1xPBS for 30mins at each concentration; dichloromethane (DCM)/methanol (2:1) for
30mins; 100% DCM for 30mins and dibenzyl ether (DBE) for 30mins. The cleared optic
nerve was mounted on slides between two 22x22mm cover slips supported with DBE,
covered with a 22x22mm cover slip, and sealed with clear nail polish. The mounted whole
nerve was imaged with a 25x oil immersion objective lens, using the airy scan mode (6pum
per stack), Z stack and tile scan. The number of CTB labeled axons was quantified as
described previously (Leon et al., 2000; Park et a/,, 2008; Yang et al., 2014). Briefly, we
counted the fibers that crossed perpendicular lines drawn on the optic nerve optical sections
distal to the crush site at 250, 500, 1000, 1500, and then every 250 um till no fibers were
visible. 3 Z-stacks at depths of 60, 120 and 180um were sampled to acquire the mean axon
density of the optic nerve, (axon number)/(R*t). The width of the stack (R) was measured
at the point (d) at which the counts were taken and used together with the thickness of

the optical section (t = 6 um) to calculate the number of axons/um? area of the stack. The
mean axon density of the 3 stacks was used to calculate the total axon number, Sad= rcr? *
mean axon density, r is the radius of the optic nerve. All CTB signals that were in the range
of intensity that was set from lowest intensity to the maximum intensity after background
subtraction were counted as individual fibers. The investigators who counted the cells or
axons were blinded to the treatment of the samples.

Immunohistochemistry of retinal wholemounts and cryo-sections and RGC
counts.—After transcardiac perfusion with 4% PFA in PBS, the eyes were dissected

out, post-fixed with 4% PFA for 2 hours, at room temperature, and cryoprotected in 30%
sucrose overnight. Retinas were then dissected out and washed extensively in PBS before
blocking in staining buffer (10% normal donkey serum and 2% Triton X-100 in PBS) for
30 minutes. For cross sections of retina, the eyeballs were dehydrated sequentially with 15%
and 30% sucrose solution overnight before embedding in Tissue-PlusTM OCT compound
on dry ice. Serial cross sections (25 um) were cut with a Leica cryostat and collected on
Superfrost Plus Slides and stored at —80°C until processed. RBPMS guinea pig antibody
(ProSci, California), HA antibody and AP2a. mouse antibody were used at 1:4000, 1:500,
and 1:100 to label RGCs and amacrine cells, respectively. Floating retinas were incubated
with primary antibodies overnight at 4°C and washed 3 times for 30 minutes each with
PBS. Secondary antibodies (Alexa Fluor 647-goat anti-guinea pig, Cy3-goat anti-rat and
Cy2-goat anti-mouse) were then applied (1:200; Jackson ImmunoResearch, West Grove,
Pennsylvania) and incubated for 1 hour at room temperature. Primary antibody of Anxa2
(1:200), Mpp1 (1:200), Sppl (1:500), Opn4 (1:200), Cart (1:1000), Foxp2 (1:1000) and
Kv4.2 (1:200) and secondary antibody (1:200 of Alexa488 donkey anti-rabbit, Alexa647-
donkey anti-goat, Alexa647-donkey anti-rabbit or Alexa647-donkey anti-mouse) were used
to label mouse RGCs or subtypes in retinal wholemounts or cryo-sections. Retinas were
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again washed 3 times for 30 minutes each with PBS before a cover slip was attached

with Fluoromount-G (Southernbiotech, Birmingham, Alabama). Images of immunostained
wholemounts were acquired with a Zeiss M2 epifluorescence microscope and Zeiss confocal
microscope (LSM 880) with 20x and 40x oil lens and serial filters (BP410-510 for DAPI or
Fast Blue, BP520-550 for Alexa Fluor 488, Dextran-FITC or Cy2, BP565-650 for Cy3 or
Dextran Texas red and BP650-750 for Alexa Fluor 647). For RGC counting, 6-9 fields of
332umx332um area were sampled on average from peripheral or middle and central regions
of each whole retina for imaging and stitching by a 20x lens and a Keyence fluorescence
microscope (ltasca, BZ-X800), and RBPMS* RGCs counted by Fiji/lmage J (NIH). The
percentage of RGC survival was calculated as the ratio of surviving RGC numbers in injured
eyes compared to contralateral uninjured eyes. The investigators who counted the cells were
blinded to the treatment of the samples.

Optic nerve semi-thin sections and quantification of surviving axons.—The
detailed procedure has been described previously. Briefly, transverse semi-thin (1 pm)
sections of optic nerve were cut on an ultramicrotome (EM UC7, Leica, Wetzlar, Germany)
from tissue collected 2 mm distal to the eye (about 1.5 mm distal to the crush site) and
stained with 1% para-phenylenediamine (PPD) in methanol: isopropanol (1:1). Whole optic
nerves were imaged and stitched through a 100x lens of a Keyence fluorescence microscopy.
Eight areas of 21.4 um x 29.1 um from the entire optic nerve were cropped on average and
counted manually with Fiji/ImageJ. After counting all the images taken from a single nerve,
the mean of the surviving axon number was calculated for each optic nerve, and compared to
that in the contralateral control optic nerve to yield a percentage of axon survival value. The
investigators who counted the axons were masked to the treatment of the samples.

Statistical analyses.—GraphPad Prism 7 was used to generate graphs and for statistical
analyses. Data are presented as means + s.e.m. Student’s t-test was used for two groups
comparison, One-way ANOVA with post hoc test and Two-way ANOVA were used for
multiple comparisons.
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Highlights

Powerful single cell regRGCs-seq to profile Pten KO-regeneration-associated
genes.

In vivo demonstration of multiple pro-axon regeneration genes.

Striking neuroprotection in glaucoma by pro-regeneration genes Anxa2 and
Mpp1l.

The tPA-Anxa2-1LK pathway in axon regeneration and neuroprotection.
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Figure 1. Retrograde tracing of regenerating RGCs by intraorbital optic nerve dye injection.
(A) The intraorbital portion of optic nerve (~ 2mm) was exposed by pushing through the

ocular muscles and soft tissues under the conjunctiva, without injuring the retro-orbital
sinus. The ONC site is about 0.5 mm from the eyeball, leaving 1-1.5mm distal portion

for dye injection. (B) Confocal images of retinal wholemounts of naive mice one day after
dextran-FITC intraorbital optic nerve injection, showing co-localization of the dextran and
pan-RGC marker (RBPMS)-labeled RGCs, which are distinct from AP2a.* amacrine cells.
Scale bar, 50um. (C, D, E) Cartoon illustration of intravitreal injection of anterograde tracer
dye CTB-555 and intraorbital optic nerve injection of retrograde tracer dye dextran-FITC

in naive, ONC injured WT and Pten KO mice at 14dpc; and corresponding fluorescent and
bright field (BF) images of optic nerves showing the labeled axons and ONC sites. (F, G,
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H) SLO retinal fundus images of live animals showing the dextran-FITC labeled RGCs in
naive, ONC injured WT and Pten KO mice at 14dpc. (I, J, K) Retinal wholemounts of
naive, ONC injured WT, and Pten KO mice at 14dpc showing dextran-FITC labeled RGCs.
Scale bar, upper panel: 500um; lower panel: 50pum.

See also Figure S1

Neuron. Author manuscript; available in PMC 2023 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

A Retrobeads-488 Dextran-Red ON
Ptenf’ + SC injection injection Tissue
AAV-mSncg-Cre label all RGCs ONC label regRGCs  Harvest
O L2 @ @
D-14 D-2 Do

Pten KO 14dpc

RetroBeads-488
SCin

RetroBeads-488

Dextran
-Red
=
. D Negative Control
# of regRGC: # of surRGC:

1200, 12000

13dpc 14dpc

surRGCs (RetroBeads-488)

jection SLO Fundus Image  Whole-mount Retina regRGCs (Dextran-Red)

Pten-/- 14dpc

bl

1000 10000
8000
6000

4000
2000

0 Pten KO WT B Pten KO WT oo . .
14dpc 14dpc 14dpc 14dpc w w0 w0 '
RetroBeads-48

E

Feature_RNA
Smart-Seq2 Deep Sequencing nFea ure._

9e+1-

o regRGCs,
0.14%

o <. SurRGCs,
100 JNA : 0.19%
1

10 w0’ 10!

10
RetroBeads-48

10°

nCount_RNA percent.mt

VRVTTRTTRRYVTCO YV 7500
> ed |
50001 763
Single cell HiSeq4000 25001 Y- ° 6ed] .
cDNA libraries 384 cells/lane 5
384-well plate ~ 1M reads/cell
surRGCs and £ £
regRGCs ® 2

# of cells for Smart-Seq2 analysis
regRGC1regRGC2 surRGC1surRGC2 Total

# of

SmartSeq2 384 383 384 384 1535
After QC 283 289 335 319 1226
Pten <30 TPM 274 269 305 299 1147
+RGC marker 193 147 144 146 630
genes

Cluster1 89 56 94 121 360
Cluster2 50 61 18 5 134
Cluster3 26 14 30 12 82

Cluster4 19 7 2 0 28

Cluster5 9 9 0 8 26

oReg (# 340)
*Sur (# 290)

10

Page 29

Figure 2. Regenerating RGCs (regRGCs) and surviving but not regenerating RGCs (surRGCs):

labeling, isolation, and Smart-Seq2 scRNA-seq.

(A) Timeline of experimental design for Pten deletion in RGCs 2 weeks before ONC,
SC retrograde labeling of naive RGCs, optic nerve retrograde tracing regRGCs, and
tissue collection at 14dpc. (B) Cartoon illustration of SC injection of retrobeads-488
and intraorbital optic nerve injection of retrograde tracer dye dextran-Red; and SLO

retinal fundus image of live animal showing RGCs labeled with retrobeads and retinal

wholemounts showing surRGCs (green only) and regRGCs (red or yellow), in Pten KO mice
at 14dpc. Scale bar, 500um in the whole retina, 50um in the zoom-in. (C) Quantification of
the numbers of regRGCs/retina and surRGCs/retina labeled by our tracing strategy in WT
and Pten KO mice at 14dpc. n = 6. Data are presented as means + s.e.m. (D) FACS gating
strategy for surRGCs (green only, no red) and regRGCs (red alone or red/green double)
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purification. (E) Smart-Seq2 preparation for sScRNA-seq. (F) Quality control of sScCRNA-
seq data showing number of genes detected/cell (nFeature), total reads/cell (nCount), and
percentage of mitochondria genes (percent). (G) Numbers of cells collected for Smart-Seq2
analysis. (H) UMAP (Uniform Manifold Approximation and Projection) visualization of
the transcriptional heterogeneity of 630 RGCs (340 regRGCs and 290 surRGCs) isolated
from Pten KO mice at 14dpc. Cells are colored into 5 clusters. (I) The 5 RGC clusters are
superimposed with regeneration identify: surRGCs are in green and regRGCs are in red.
See also Figures S2, S3
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Figure 3. Comparison of Smart-Seq2 transcriptomes of regRGCs and surRGCs reveals
biological pathways and DEGs associated with RGC regeneration and survival.

(A, B) Top 15 enriched GO-pathways associated with regRGCs (A) or surRGCs (B). The
size of each circle represents the numbers of genes enriched in each pathway, and the

color represents the adjusted p value. (C, D) Cnetplot showing the interaction of 5 enriched
pathways and their associated genes in regRGCs (C) and surRGCs (D). The size of each
circle associated with each pathway represents the numbers of genes enriched in each
pathway, and the color of each gene represents the fold change (FC). (E) VolcanoPlot

of DEGs of regRGCs. Adjusted p value < 0.05, avg_log2FC > 0.25. The red genes are
upregulated, and the green genes are downregulated in regRGCs. The grey genes are not
significantly changed. (F) Dotplot showing expression of indicated regeneration-associated
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genes in regRGCs and surRGCs. The size of each circle represents the percentage of RGCs
expressing the gene, and the color represents the expression level.
See also Figures S4, S5
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Figure 4. Anxa2 is the most potent of the 6 regeneration-associated genes that promote
significant axon regeneration after ONC injury.

(A) Confocal images of optic nerve wholemounts after optical clearance showing maximum
intensity projection of regenerating fibers labeled with CTB-Alexa 555 at 14dpc. Scale bar,
100 pm. *: crush site. (B) Quantification of regenerating fibers at different distances distal
to the lesion site. Data are presented as means + s.e.m, n = 8 in all groups except the Acaa2
group (n = 10). *: p<0.05, **: p<0.01, ***; p<0.001, ****; p<0.0001, two-way ANOVA
with Sidak’s multiple comparisons test.

See also Figure S5

Neuron. Author manuscript; available in PMC 2023 August 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Page 34

A Ctrl Anxa2 Mpp1 Plin2 Lgals1 ocT
CL 3wpi CL 3wpi CL 3wpi CL 3wpi CL 3wpi éﬂz -
O e d { | L g
O { £
| ‘ | A F g
[ - ! Q
“ i “ . | “w 8 .
s s 2

[ R S R r— -

-

-
A O ®© O
o © © o

% of RGC Survival

»n
o

AN
o N
S o

Strips
otation

-3
o

60
40

% of Visual Acuity

Figure 5. RGC-specific Anxa2 and Mpp1 overexpression significantly promote survival of both
RGC somata and axons, and preserves visual functions in SOHU glaucoma model.

(A) Representative OCT images of mouse retinas from SOHU glaucomatous eyes and
contralateral control (CL) eyes at 3 weeks post SO injection (3wpi). GCC: ganglion

cell complex, including RNFL, GCL and IPL layers; indicated as double end arrows.
Quantification of GCC thickness measured by OCT at 3wpi, represented as percentage

of GCC thickness in the SOHU eyes compared to the sham CL eyes. (B) Upper

panel, representative confocal images of the whole flat-mounted retinas showing surviving
RBPMS-positive RGCs at 3wpi, Scale bar, 500 um. Lower panel, representative confocal
images of peripheral flat-mounted retinas showing surviving RBPMS-labeled RGCs at 3wpi,
Scale bar, 50 pm. (C) Quantification of surviving RGC somata in peripheral, middle,

and central retinas at 3wpi, represented as percentage of glaucomatous eyes compared to
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the sham CL eyes. (D) Light microscope images of semi-thin transverse sections of ON
with PPD staining at 3wpi. Scale bar, 10 pm. (E) Quantification of surviving axons at
3wpi, represented as percentage of glaucomatous eyes compared to the sham CL eyes. (F)
Visual acuity measured by OKR at 3wpi, represented as percentage of glaucomatous eyes
compared to the sham CL eyes. (G) Left: representative wave forms of PERG at baseline
and 3wpi, blue traces represent glaucomatous eyes, black traces represent contralateral
control (CL) eyes. Right: quantification of P1-N2 amplitude of PERG at 3wpi, represented
as a percentage of glaucomatous eyes compared to the sham CL eyes. All the quantification,
data are presented as means + s.e.m, 7= 13-16 in each group, *: p<0.05, **: p<0.01, ***:
p<0.001, ****: p<0.0001, one-way ANOVA with Tukey’s multiple comparisons test.

See also Figure S6A-C
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Figure 6. Anxa2 and tPA potentiated Pten KO effects on axon regeneration and RGC survival
after ONC.

(A) Confocal images of optic nerve wholemounts after optical clearance showing maximum
intensity projection of regenerating fibers labeled with CTB-Alexa 555 at 14dpc. Scale bar,
500 um. *: crush site. (B) Quantification of regenerating fibers at different distances distal
to the lesion site. Data are presented as means + s.e.m, n = 8. *: p<0.05, **: p<0.01,

***: p<0.001, ****: p<0.0001, two-way ANOVA with Tukey’s multiple comparisons test.
(C) Confocal images of retinal wholemounts showing RBPMS+ RGCs and HA labeling of
Anxa2 at 14dpc. Scale bar, upper panel: 500um; lower panel: 50um. (D) Quantification of
surviving RGCs somata in peripheral retina at 14dpc, represented as percentage of crushed
eyes compared to the sham CL eyes. Data are presented as means + s.e.m, n = 6-11 in each
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group. **: p<0.01, ***; p<0.001, ****: p<0.0001, one-way ANOVA with Tukey’s multiple
comparisons test.
See also Figure S7
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Figure 7. ILK acts downstream of Anxa2 in axon regeneration and glaucoma neuroprotection.
(A) Confocal images of ON wholemounts after optical clearance showing maximum

intensity projection of regenerating fibers labeled with CTB-Alexa 555 at 14dpc. Scale bar,
500 um. *: crush site. (B) Quantification of regenerating fibers at different distances distal
to the lesion site. Data are presented as means + s.e.m, n = 8-10. *: p<0.05, **: p<0.01,
two-way ANOVA with Fisher’s LSD test. (C) 10P of naive and SOHU eyes of control (Ctrl)
and AAV-ILK-CA groups at 3wpi. Data are presented as means * s.e.m, n = 15 in each
group. ****: p<0.0001, Student’s t-test. (D) Representative confocal images of peripheral
flat-mounted retinas showing surviving RBPMS-labeled RGCs and representative images of
semi-thin transverse sections of ON with PPD staining at 3wpi. Upper panel, scale bar, 50
um; lower panel, scale bar, 10 um. (E) Quantification of peripheral surviving RGC somata
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at 3wpi, represented as percentage of glaucomatous eyes compared to the sham CL eyes.
Data are presented as means + s.e.m, n = 16 in each group, ****: p<0.0001, Student’s t-test.
(F) Quantification of surviving axons at 3wpi, represented as percentage of glaucomatous
eyes compared to the sham CL eyes. Data are presented as means + s.e.m, n = 16 in each
group, **: p<0.01, Student’s t-test. (G) Representative OCT images of mouse retinas from
SOHU glaucomatous eyes and contralateral control eyes at 3wpi and quantification of GCC
thickness at 3wpi, represented as percentage of GCC thickness in the SOHU eyes compared
to the sham CL eyes. Data are presented as means + s.e.m, n = 16 in each group, ***:
p<0.001, Student’s t-test. (H) Left: representative wave forms of PERG at baseline and
3wpi, blue traces represent glaucomatous eyes, black traces represent contralateral control
(CL) eyes. Right: quantification of P1-N2 amplitude of PERG at 3wpi, represented as a
percentage of glaucomatous eyes compared to the sham CL eyes. Data are presented as
means + s.e.m, n = 16 in each group, ***: p<0.001, Student’s t-test. (1) Visual acuity
measured by OKR at 3wpi, represented as percentage of glaucomatous eyes compared to
the sham CL eyes. Data are presented as means + s.e.m, n = 16 in each group, *: p<0.05,
Student’s t-test.

See also Figure S6D,E
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: Organisms/strains

Mouse: C57BL/6J

Jackson Laboratories

Cat#JAX000664; RRID: IMSR JAX:000664

Mouse: B6.129S4-PtentmHwuy)

Jackson Laboratories

Cat#JAX006440; RRID:IMSR JAX:006440

Antibodies

Guinea pig polyclonal anti- RBPMS

Custom-made by ProSci

N/A

Mouse monoclonal anti- AP2a

Developmental Studies Hybridoma
Bank

Cat#3B5; RRID:AB_2202275

Goat polyclonal anti-Sppl

R&D

Cat#AF808; RRID:AB_2194992

Rabbit polyclonal anti-Opsin4

Thermo Fisher Scientific

Cat#PA1780; RRID:AB_2267547

Rabbit polyclonal anti-Mpp1

Thermo Fisher Scientific

Cat#PA5115589; RRID_AB_2900224

Rabbit monoclonal Anxa2 antibody

Abcam

Cati# ab178677; RRID_AB_2883091

Rabbit polyclonal anti-Cart

Phoenix pharma

Cat#H-00362; RRID AB 2313614

Rabbit polyclonal anti-Foxp2 Abcam Cat#ab16046; RRID:AB_2107107
Mouse monoclonal anti-Kv4.2 NeuroMab Cat#75361; RRID:AB_2315874
Rat monoclonal anti-3HA Roche Cat#11867423001; RRID:AB 390918

Cy2 Goat anti-mouse 1gG

Jackson ImmunoResearch

Cat#115225-166; RRID:AB_2338746

Cy3 Goat anti-rat 1gG

Jackson ImmunoResearch

Cat#112165-167;RRID:AB_2338251

Alexa488 Donkey anti-goat 1gG

Jackson ImmunoResearch

Cat#705545-003;RRID:AB_2340428

DyLight™ 405 Donkey anti-Guinea Pig IgG

Jackson ImmunoResearch

Cat#706475-148;RRID:AB_2340470

Alexab47 Donkey anti-rabbit 1I9gG

Jackson ImmunoResearch

Cat#711605-152;RRID:AB_2492288

Alexa Fluor 647 Goat anti-Guinea Pig 1gG

Jackson ImmunoResearch

Cat#106605-003;RRID:AB_2337446

Alexa488 Donkey anti-rabbit 1I9gG

Jackson ImmunoResearch

Cat#711545-152;RRID:AB_2313584

Chemicals, Peptides, and Recombinant Proteins

Cholera Toxin Subunit B (Recombinant), Alexa ThermoFisher scientific Cat#C22843
Fluor™ 555 Conjugate

Dextran-FITC, 3000 MW, anionic, lysine fixable ThermoFisher Scientific Cat#D3306
Dextran, Texas Red, 3000 MW, lysine Fixable ThermoFisher Scientific Cat#D3328
FluoroGold ThermoFisher Scientific Cat#NC1363013
Dil Cell-Labeling Solution ThermoFisher Scientific Cat#\V/22885
FastBlue PolySciences Cat#177401
RetroBeads Green (488) Solution Lumafluor N/A

The tissue plasminogen activator (human) Sigma-Aldrich Cat#612200-M

Silicone oil Alcon Laboratories Cat#1,000 mPa.s,Silikon
AMES’ Medium Sigma-Aldrich Cat#A142010x1L
Papain Worthington-Fisher Cat#L.S003126
Ovomucoid Worthington-Fisher Cat#L.S003087
L-cysteine Sigma-Aldrich Cat#C127610g
Methanol Fisher Scientific Cat#A4524
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REAGENT or RESOURCE SOURCE IDENTIFIER
Dichloromethane Sigma-Aldrich Cat#348561L

Dibenzyl ether Sigma-Aldrich Cat#336301L

Software and Algorithms

GraphPad Prism7 GraphPad Software N/A

Fiji/lmageJ NIH N/A

R for statistical computing version 4.0.2 N/A https://cran.r-project.org

StringTie v2.1.7

Pertea et al., 2016(Pertea et al., 2016)

https://cch.jhu.edu/software/stringtie/

Hisat2 v2.2.1 Kim et al., 2019(Kim et al., 2019) https://daechwankimlab.github.io/hisat2/
Code for Smart-Seq2 DEG Hu Lab https://doi.org/10.5281/zenodo.6687970
Other

LSM 880 confocal microscopy Zeiss LSM 880

Keyence fluorescence microscopy Keyence BZ-X800

Zeiss M2 fluorescence microscopy Zeiss M2

LaVision, Light Sheet Ultramicroscope Il Miltenyi Biotec N/A

Leica CM3050S Cryostat Leica CM3050S

BD Influx System Cell Sorter BD Biosciences N/A

Illumina HiSeq 4000 sequencer IHlumina N/A

Heidelberg SLO & OCT Heidelberg N/A

Pattern electroretinogram (PERG) Intelligent Hearing Systems N/A

Opto-kinetic response (OKR) CerebralMechanics OptoMotry HD
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