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Abstract

Vision depends on accurate signal conduction from the retina to the brain through the optic nerve, an important part of the central nervous system that
consists of bundles of axons originating from retinal ganglion cells. The mammalian optic nerve, an important part of the central nervous system, cannot
regenerate once it is injured, leading to permanent vision loss. To date, there is no clinical treatment that can regenerate the optic nerve and restore vision.
Our previous study found that the mobile zinc (Zn*") level increased rapidly after optic nerve injury in the retina, specifically in the vesicles of the inner
plexiform layer. Furthermore, chelating Zn** significantly promoted axonal regeneration with a long-term effect. In this study, we conditionally knocked out zinc
transporter 3 (ZnT3) in amacrine cells or retinal ganglion cells to construct two transgenic mouse lines (VGAT“*ZnT3"" and VGLUT27ZnT3"", respectively). We
obtained direct evidence that the rapidly increased mobile Zn>" in response to injury was from amacrine cells. We also found that selective deletion of ZnT3

in amacrine cells promoted retinal ganglion cell survival and axonal regeneration after optic nerve crush injury, improved retinal ganglion cell function, and
promoted vision recovery. Sequencing analysis of reginal ganglion cells revealed that inhibiting the release of presynaptic Zn*" affected the transcription of key
genes related to the survival of retinal ganglion cells in postsynaptic neurons, regulated the synaptic connection between amacrine cells and retinal ganglion
cells, and affected the fate of retinal ganglion cells. These results suggest that amacrine cells release Zn** to trigger transcriptomic changes related to neuronal
growth and survival in reginal ganglion cells, thereby influencing the synaptic plasticity of retinal networks. These results make the theory of zinc-dependent
retinal ganglion cell death more accurate and complete and provide new insights into the complex interactions between retinal cell networks.

Key Words: axonal regeneration; conditional knockout; neurotransmitter; optic nerve injury; presynaptic neuron; retinal network; synaptic connection; synaptic

vesicles; visual acuity; zinc transporter 3

Introduction

The optic nerve (ON), formed from the axons of retinal ganglion cells
(RGCs), is a crucially important structure in the central nervous system that
transmits visual information obtained by the retina to the brain. The ON is
frequently researched in the study of the central nervous system because
of its accessibility, anatomy, and functional importance. Because of their
length, trajectory, and space limitations, RGC axons are highly vulnerable to
damage, such as from head trauma and traumatic brain injury (Williams et
al., 2020). And glaucoma, the world’s most common irreversible blinding eye
disease with reduction in the visual field, is also due to the damage of the
ON (Quigley, 2016). Similar to most mature neurons in the central nervous
system, RGCs are unable to regenerate axons once they are injured (Benowitz
et al.,, 2017; Tran et al., 2019; Tian et al., 2022), and their fate are influenced
not only by cell intrinsic mechanisms, but also by the complex circuitry of the
retina, which includes changes in inhibitory interneurons, such as amacrine
cells (ACs) (Sergeeva et al., 2021). ACs modulate inhibitory inputs into RGCs

by y-aminobutyric acid or glycine (Vigh et al., 2000; Kim et al., 2015). Growing
evidence suggests that this complex AC-RGC retinal circuitry plays an important
role in RGC survival and axon regeneration.

Zinc is essential for the structures and functions of countless proteins,
with roles in neurotransmission, gene regulation, and enzymatic activity
(Frederickson et al., 2000). Zinc is also involved in synaptic plasticity,
information processing, memory, learning, and the regulation of neuronal
development (Kumar et al., 2021). As a neurosecretory product and cofactor
in the central nervous system, zinc is highly concentrated in synaptic vesicles
(Frederickson et al., 2000). To maintain Zn®* concentrations within a narrow
range for normal physiological functions and avoid mismetallation and Zn**
toxicity, a precise homeostatic machinery consisting of metal-buffering
proteins, metallothioneins, and zinc transporters (ZnTs and ZIPs) has evolved
(Aras and Aizenman, 2011; Hara et al., 2022). Zinc transporter 3 (ZnT3) loads
Zn" into synaptic vesicles gPaImiter et al., 1996), and thus ZnT3 levels reflect
the level of intercellular Zn*".
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Our previous study reported an interesting phenomenon in which mobile
Zn*" suppressed RGC survival and regenerative ability. Evidence suggests that
ACs produce this inhibitory signal immediately when the ON is injured, owing
to the strong co-localization among zinc, zinc transporter, and ACs (Li et al.,
2017). In response to optic nerve injury, both mobile zinc and ZnT3 levels
increase rapidly in the inner plexiform layer (IPL) of the retina, where ACs and
bipolar cells synapse on the dendrites of RGCs (Li et al., 2017). These results
indicate that ZnT3 packages Zn’" into the synaptic vesicles and is released
from AC terminals and that presynaptic zinc negatively affects the fate of
RGCs. Whether deleting ZnT3, chelating Zn*, or locking the synaptic release
from AC terminals (for example, with Clostridium tetani neurotoxin) can
preserve RGC survival and ON regeneration remains uncertain.

In this study, we investigated whether synaptic zinc came from ACs and
deletion them in ACs can promote RGCs survival and optic nerve regeneration.
We generated and analyzed two strains of transgenic mice with conditional
knockout of ZnT3 in ACs and RGCs, determine the cellular localization of
synaptic zinc, confirm that only ZnT3 deletion in AC rather than RGC plays a
protective role and precludes the postsynaptic effect of zinc in RGC’s survival.

Methods

Animals

The use of animals in this study was approved by the Animal Use and Care
Committee of Zhongshan Ophthalmic Center at Sun Yat-sen University,
Guangzhou, China (approval No. 2019-178) on December 10, 2019. All
breeding and experimental procedures were conducted in accordance with
the guidelines of the Association for Research in Vision and Ophthalmology
(Association for Research in Vision and Ophthalmology, 2021).

ZnT3"™ (51c30a3"") mice were generated by GemPharmatech (Nanjing,
China). VGAT-Cre (Strain # 028862; RRID: IMSR_JAX:028862) mice were
obtained from Dr. Larry I. Benowitz, Boston Children’s Hospital, Harvard
Medical School. VGLUT2-Cre (Strain # 028863; RRID: IMSR_JAX:028863)
mice were obtained from GemPharmatech. All mice were maintained on a
C57BL/6J background.

fl/wt fl/wt

ZnT3"" mice were generated from ZnT3"™ mice. ZnT3"** mice were crossed
with VGAT-Cre™"*" transgenic mice to generate ZnT3"** VGAT-Cre™"*" mice
and then crossed with ZnT3"" mice to generate experimental animals,
including ZnT3""VGAT-Cre™""" mice and the littermate control ZnT3""VGAT-
cre"™ mice. ZnT3""VGLUT2-Cre™""" mice were generated using the same
strategy. The animals were randomly divided into different experimental
groups (details of the sample size are described in the figure legends). At
least four animals in each group were examined at each time point. Male
and female mice were at ratios dependent on litters available and with equal
distributions across experiments. The animals were housed in temperature
(22°C) and humidity (60%) controlled cages, with a 12/12-hour light/dark
cycle and access to water and normal diet food ad libitum. The experimental
overview is shown in Figure 1.

Genotyping

Fresh mouse tail clips were dissolved in tail lysis buffer at 55°C for 12
hours. Genomic DNA was extracted using absolute ethanol and 70%
ethanol. Genotyping was performed by polymerase chain reaction
using DNA polymerase (Vazyme, Nanjing, China, Cat# P222). To verify
the deletion of S/c30a3 in the retina of ACs or RGCs, genomic DNA was
extracted and amplified using the primers GPS00001161-S/c30a3-5wt-tF1
and GPS00001161-S/c30a3-5wt-tR1 (primer information is presented in
Additional Table 1). The amplicon size for S/lc30a3 wild-type (WT) was 202
bp and S/c30a3 was 304 bp (Additional Table 1). The presence of VGAT-
Cre was verified using 12785 and oIMR8292 primers (amplicon size 200 bp),
and primers 12786 and 12785 were used to identify the WT allele (323 bp)
(Additional Table 1). We used C57BL/6J (wt/wt) mice, VGATZnT3"" (mut/wt;
SIc30a3"™ mice, and blank control (water) for grouping. The presence of
VGLUT2-Cre was determined by polymerase chain reaction using primers
13007 and 32667, with amplicon sizes of 124 (mutant) and 245 (WT) b
(Additional Table 1). We used C57BL/6J (wt/wt) mice, VGLUT2“*ZnT3""
(mut/wt; Slc30a3"") mice, and blank control (water) for grouping.

ONC

ON surgeries were performed on mice aged 8 weeks (average body weight,
20-25 g) under general anesthesia with a mixture of ketamine (100 mg/kg,
Gutian Pharmaceutical, Gutian, China) and xylazine (10 mg/kg, Sigma-Aldrich,

Shanghai, China) administered by intraperitoneal injection. The ON was
exposed under an operating microscope after an incision was made in the
right orbit. The ON was crushed 0.5 mm behind the nerve head for 5 seconds
with angled forceps. In some experiments, animals were injected intravitreally
with 3 pL of vehicle (phosphate-buffered solution) or N,N,N’,N'-tetrakis
(2-pyridylmethyl) ethylenediamine (TPEN; 100 uM in phosphate-buffered
solution; Merck Millipore, Shanghai, China, Cat#t 616394) after nerve injury.

Pattern electroretinogram

Pattern electroretinogram (pERG) was performed using Roland-RETI scan
(Electrophysiological Diagnostic Systems, Brandenburg, Germany, RETI-
Scan21). On days O (baseline), 7, 14 and 21 post-ON injury, the mice
were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg);
the pupils were dilated with tropicamide (5 mg/mL, Shenyang Singi
Pharmaceutical Co., Ltd., Shenyang, China) and eye gel was applied to protect
the cornea. The mice were kept under dim red light throughout the procedure
and held on a heated platform to maintain their body temperature at 37°C.
The pERG electrode was placed on the cornea and positioned to encompass
the pupil without obstructing views. A visual stimulus was generated using
a black-and-white reversing checkerboard pattern. In total, 100 contrast
reversals of the pERG were repeated twice in each eye, and 200 cycles were
segmented, averaged, and recorded. The averaged pERGs were analyzed to
evaluate the peak-to-trough P50 to N95 amplitude.

Fundus color photography and optical coherence tomography

Fundus color photography and optical coherence tomography were
performed on intact mice (ZnT3"" and VGAT®*ZnT3"" mice), as previously
described (Lin et al., 2022). Images were taken using a Phoenix Micron
IV system (Phoenix Research Laboratories Inc., Pleasanton, CA, USA). The
animals were anesthetized as described above; their eyes were treated with a
drop of tropicamide solution to dilate their pupils and eye gel to keep the lens
hydrated. Twenty images were averaged to eliminate projection artifacts and
were taken near the ON head; the imaging location was marked on the ocular
fundus with a green line.

Optomotor response test

On days 0 (baseline), 7, 14, and 28 post-ONC, the optomotor response test
was performed as previously described (Lin et al., 2022). A spatial frequency
threshold test (OptoDrum, Striatech, Germany) using optomotor reflex was
used to measure visual acuity. Mice were placed on a pedestal located in
the center of four monitors arranged in a quadrangle with moving vertical
black-and-white stripes and allowed to freely move in the center of this area.
The rotation speed (12°/s) and contrast (100%) on the monitors were kept
constant. A movement of the head in the direction of the stripes or rotation of
the body in a direction concordant with the stimulus was considered positive
tracking. The right and left eyes were tested separately on the basis of the
direction of rotation of the grating. The reflex was not triggered until the tests
eventually reached the threshold for mouse vision. The stimulus pattern was
adjusted continuously and automatically during the experiment to determine
the visual threshold.

Immunofluorescence

ZnT3 and BllI-tubulin were detected at days 1 and 3 post-injury, and vesicular
y-aminobutyric acid transporter and Calbindin D-28k were detected at
day 1 post-injury. Following perfusion, the eyes were enucleated with the
anterior segments removed; the samples were fixed for 1 hour using 4%
paraformaldehyde, transferred to phosphate-buffered solution containing
30% sucrose overnight, and then sectioned frozen at 14 um. Frozen sections
were blocked with appropriate serum and Triton at 4°C for 1 hour and then
incubated with the following primary antibodies at 4°C overnight: ZnT3 (rabbit
polyclonal, 1:500, Synaptic Systems, Goettingen, Germany, Cat# 197002,
RRID: AB_2189664), vesicular y-aminobutyric acid transporter (VGAT; guinea
pig polyclonal, 1:500, Synaptic Systems, Cat# 131004, RRID: AB_887873),
Calbindin D-28k (mouse monoclonal, 1:1000, Swant, Marly, Switzerland,
Cat# 300, RRID: AB_10000347), and Blll-tubulin (TUJ-1; mouse polyclonal,
1:500, BioLegend, San Diego, CA, USA, Cat# 801202, RRID: AB_10063408).
The sections were incubated with secondary antibodies at room temperature
(25°C) for 2 hours: Goat anti-Rabbit 1gG H&L Alexa Fluor 647 (1:500, Abcam,
Shanghai, China, Cat# ab150079, RRID: AB_2722623), Goat anti-Guinea
Pig 1gG H&L Alexa Fluor 555 (1:500, Thermo Fisher, Shanghai, China, Cat#
A-21435, RRID: AB_2535856), and Goat anti-Mouse IgG H&L Alexa Fluor 488
(1:500, Abcam, Cat# ab150113, RRID: AB_2576208). Nuclei were stained with
4' 6-diamidino-2-phenylindole (Bioss, Beijing, China, C02-04002). Images were

i ONC
Mouse lines Day 0 | Day 1 Day 3 Week 1 Week2 Week3  Week4
Used on days 0 and 1 after ONC: I I L l ‘ With or without ‘
VGATE*ZNT3". VLUT29°ZnT3"; TPEN treatment
ZnT3"; C57BL/6J Genotyping Immunofluorescence ‘ Immunofluorescence Immunofiuorescence
Baseline of OCT/pERG/qQOMR Zn? | tivated cell sorting for RGC survival and axon regeneration
HE for retinal thickness measurement
Used on day 3 to week 4 after ONC: ¢ L ]
VGATS"ZnT3", ZnT3" RNA-Seq of sorted RGCs L

Figure 1 | Flowchart of experimental procedures.

PERG/ gOMR

The animals (including VGAT“*ZnT3""; vLUT2“*ZnT3"": ZnT3""; and C57BL/6J mice) were examined randomly. Timeline of experiments is presented on a horizontal line and the
animal lines we used were list beside. HE: Hematoxylin and eosin staining; OCT: fundus color photography and optical coherence tomography; ONC: optic nerve crush; pERG: pattern

electroretinogram; gOMR: optomotor response test; RGC: retinal ganglion cell; TPEN: N,N,N’,

transporter; ZnT3: zinc transporter 3.
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N'-tetrakis (2-pyridylmethyl) ethylenediamine; VGAT: vesicular y-aminobutyric acid
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captured using a Zeiss LSM980 confocal (Carl Zeiss, Jena, Thuringia, Germany)
or Leica DMi8 microscope (Leica Microsystems, Wetzlar Deutschland,
Germany) and analyzed using Imagel (version 1.52) (National Institutes of
Health, Bethesda, MD, USA) (Schneider et al., 2012).

For quantitation of RGC survival and axon regeneration, at 2 weeks after
ONC, the eyes were fixed in 4% paraformaldehyde for 1 hour, and retinas
were isolated, permeabilized, and incubated with primary antibodies against
tubulin-BIIl (TUJ-1, mouse polyclonal, 1:500, BioLegend, Cat# 801202, RRID:
AB_10063408) and RNA binding protein, mRNA processing factor (RBPMS;
rabbit polyclonal, 1:500, GeneTex, Irvine, CA, USA, Cat# GTX118619, RRID:
AB_10720427), followed by staining with Alexa Fluor 555-conjugated
secondary antibody (1:500, Abcam, Cat# ab150074, RRID: AB_2636997)
to rabbit 1gG and Alexa Fluor 488-conjugated secondary antibody (1:500,
Abcam, Cat# ab150113, RRID: AB_2576208) to mouse IgG. Image) was used
to count tubulin-BIII* or RBPMS® cells from eight images per retina (200x,
DMi8; Leica) taken at prespecified areas, four at 1 mm and four at 2 mm from
the ON head. The results were averaged to estimate overall RGC survival per
square millimeter. For evaluation of axon regeneration, ONs were embedded
in optical coherence tomography Tissue-Tek Medium (Sakura Finetek, Tokyo,
Japan), frozen, and cryostat-sectioned longitudinally at 10 um. Regenerating
axons were stained with growth associated protein 43 (GAP-43) antibody
(1:200, Cell Signaling Technology, Trask Lane, Danvers, MA, USA, Cat# 8945,
RRID: AB_10860076) at 4°C overnight, followed by Goat anti-Rabbit 1gG H&L
Alexa Fluor 488 (1:500, Abcam, Cat#f ab150077, RRID: AB_2630356) at room
temperature (25°C) for 2 hours. To estimate the total number of regenerating
axons per nerve, axons were manually counted in at least four longitudinal
sections per case at predetermined distances from the crush site.

Hematoxylin and eosin staining

Eyes were collected 14 days post-injury, and paraffin-embedded slices were
prepared through the optic disc. The slices were stained with hematoxylin and
eosin and photographed under an optical microscope (200x, DMi8; Leica).
The thickness of ganglion cell layer, IPL, inner nuclear layer, outer plexiform
layer, and outer nuclear layer was calculated using Image).

Zn”" autometallography

Autometallography was performed on day 1 post-ONC as described previously
(Li et al., 2017). Briefly, mice were injected intraperitoneally with sodium
selenite (1.5 mg/mL in distilled water; Sigma, Shanghai, China, 15 mg/kg) 2
hours before transcardial perfusion with isotonic saline (Sigma) and 2.5% (v/v)
glutaraldehyde (ECOTOP, Guangzhou, China, ED-8484) in 0.1 M phosphate
buffer (pH, 7.4) under inhalation anesthesia with isoflurane (3% for 2 minutes,
RWD Life Science Co., Ltd., Shenzhen, China). At least three images from
different areas of each retinal section were captured under bright-field
illumination (400, DMi8; Leica). The intensity of the Zn**-autometallography
signal in the IPL was analyzed using ImagelJ.

Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) was performed as previously
described (Chintalapudi et al., 2017). Briefly, retinas from mice (intact control,
ZnT3"" and VGAT*ZnT3"" mice on day 3 post-ONC) were dissected in a
dish containing phosphate-buffered solution/1% fetal bovine serum, and
the cornea, sclera, and lens were discarded. Eyes were visually inspected
for damage, blood, or inflammation, which were used as the exclusion
criteria. Retinas were digested by enzymatic digestion with a combination
of 15 IU/mL papain (Solarbio, Beijing, China, G8430), 1 mg/mL collagenase
(Sigma, C0130), and 200 U/mL DNase | (Sigma, D5025); samples were
dissociated into single-cell suspensions and incubated in phosphate-buffered
solution/10% fetal bovine serum. Samples were incubated with an antibody
cocktail using fluorescently-tagged CD90.2 AF-700 (BioLegend, Cat# 105320,
RRID: AB_493725), CD48 PE-Cyanine7 (BioLegend, Cat# 103424, RRID:
AB_2075049), CD15 PE (BioLegend, Cat# 125606, RRID: AB_1089192), and
un-tagged CD57 (Sigma-Aldrich, Cat# C6680, RRID: AB_1078474) for 30
minutes. Cells were washed with media and labeled with the secondary
antibody Brilliant Violet 421, Goat Anti-mouse (BioLegend, Cat# 405317, RRID:
AB_10900419) for 30 minutes. Immediately prior to FACS, the live cell marker
Fixable Viability Stain 780 (BD Horizon, San Diego, CA, USA, 565388) was
added. Cellular debris and dead cells (780 negative cells) were excluded from
the analysis. RGCs were collected on the basis of CD90.2 positive expression
and CD48, CD15, and CD57 negative expressions by flow cytometry (BD,
FACSAria I, BD Life Sciences, San Jose, CA, USA).

RNA-sequencing library preparation

RNA from FACS-sorted RGCs was isolated, and complementary DNA
amplification products were prepared using the Discover-sc WTA Kit V2
(Vazyme, Nanjing, China, #N711), following the manufacturer’s protocols.
Briefly, RNA from approximately 1000 FACS-sorted RGCs randomly selected
from each group (eight retinas for FACS of each group) were isolated. Oligo dT
Primer was used as the reverse transcription primer for cDNA synthesis, and
the Discover-sc Reverse Transcriptase (Vazyme) was used to add an adapter
sequence to the 3' end of the cDNA; the full-length cDNA amplification
product was obtained by polymerase chain reaction amplification of the
adaptor. The TruePrep DNA Library Prep Kit V2 (Vazyme, #TD502) and
TruePrep Index Kit V2 for lllumina (Vazyme, #TD202) were used for cDNA
fragmentation, end repair, adaptor ligation, and library amplification following
the manufacturer’s instructions. The library size distribution and molar
concentration were determined using the Agilent 2100 Bioanalyzer High-

Sensitivity DNA Assay (Agilent Technologies, Inc. Waldbronn, Germany). Three
libraries were constructed for each treatment group.

Processing of RNA-sequencing data

Library products 250-450 bp in size were enriched, quantified, and sequenced
on the Illumina HiSeqTM 2000 platform (lllumina, Inc. San Diego, CA, USA).
Sequence reads were mapped to the mouse genome assembly (GRCm38/
mm10) using STAR version 2.5.3a (Dobin et al., 2013) (http://code.google.
com/p/rna-star), and differentially expressed genes were identified using the
edgeR package. The false discovery rate cutoff value was set at 0.05, and the
minimum fold change was 2. Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes enrichment analyses were performed on the genes upregulated
in VGAT“*ZnT3"" mice and downregulated in ZnT3"" mice after injury and
genes downregulated in VGAT“*ZnT3"" mice and upregulated in znT3""
mice after injury using cluster Profiler R package (Yu et al., 2012). The above
analysis and data visualization were conducted in R version 4.0.0 (https://
www.r-project.org/). Gene Ontology enrichment analysis was also performed
on synaptic genes upregulated in VGAT*ZnT3"" mice and downregulated in
ZnT3"" mice after injury using SynGO (https://syngoportal.org/) (Koopmans et
al., 2019).

Statistical analysis

All tissue processing, quantification, and data analyses were performed in a
blinded manner throughout the study. Biological replicates (n) followed the
standards accepted in the literature (Xie et al., 2022) and prior experience
from our laboratory. Data were analyzed by one-way analysis of variance with
Tukey’s multiple comparisons or unpaired two-tailed Student’s t-test with
GraphPad Prism for Windows (version 8.0.1, GraphPad Software, San Diego,
CA, USA, www.graphpad.com). Data are presented as mean + standard error
of the mean (SEM). Statistical significance was set at P < 0.05.

Results

Generation of ZnT3 conditional knockout mice

Because we have preliminarily explored that ZnT3 was localized at inner
plexiform layer (Li et al., 2017), and ZnT3 is responsible for loading zinc into
synaptic vesicles, we generated ZnT3 conditional knockout mice to verify the
origin of Zn*". ZnT3 is encoded by S/c30a3, which has six transcripts (Ensembl,
2018). Analysis of the structure of the Slc30a3 gene indicated that exon 2
through exon 7 of the Slc30a3-201 (ENSMUST00000031037.13) transcript,
a 923 bp region, was suitable as the knockout region. Deletion of this region
leads to a frameshift mutation, resulting in disruption of protein function.
We used clustered regularly interspaced short palindromic repeats/CRISPR-
associated protein 9 (CRISPR/Cas9) technology to modify the S/c30a3 gene
(Figure 2A). VGLUT2-Cre mice selectively express Cre in excitatory neurons,
such as RGCs (Gong et al., 2006; Wassle et al., 2006; Lu et al., 2020; Wang et
al., 2020), whereas VGAT-Cre mice were reported to express Cre in ACs and
horizontal cells (Cueva et al., 2002; Lu et al., 2020; Figure 2B). Because VGAT-
Cre is often considered to be selectively expressed in AC when researchers
focused on ON regeneration for horizontal cells do not make direct contact
with RGCs (Zhang et al., 2019; Lu et al., 2020), and the results of our previous
studies (Li et al., 2017, 2022), RNA-seq of our dataset and immunostaining
of ZnT3 and Calbindin (a horizontal cell marker) in retina with or without
injury confirmed ZnT3 was expressed in ACs rather than horizontal cells
(Additional Figure 1). Therefore, the ZnT3""VGAT"® mice are considered to
delete ZnT3 in ACs. We mated ZnT3"" (S/c30a3"") mice with VGLUT2-Cre
transgenic mice to generate RGC ZnT3-knockout mice (VGLUT2“*ZnT3"")
and VGAT-Cre mice to generate AC ZnT3-knockout mice (VGAT*ZnT3"").
Genotyping with tail DNA confirmed the presence of Sic30a3"", VGAT-Cre,
and VGLUT2-Cre in the respective mice (see the Methods section for details)
(Figure 2C and D).

AC-specific ZnT3 deletion inhibits Zn*" increase in the retina after injury

We first assessed the expression levels of ZnT3 and Zn®* in mouse strains
after ONC. In intact mice, a faint ZnT3 signal in the IPL was observed, and
it significantly increased (P = 0.003) by the first day after ONC; on the third
day, ZnT3 level decreased but was still significantly higher (P = 0.0402) than
that in controls (Figure 3A and B). This is consistent with our previous study
(Li et al., 2017), which showed that Zn** levels were highest in the IPL on the
first day after injury. We therefore next examined the expression of ZnT3
at 1 day post-ONC. On the first day after ONC, strong staining of ZnT3 was
observed in littermate control (ZnT3"") and VGLUT2“*ZnT3"" mice; however,
VGATZnT3"" mice did not show ZnT3 expression with or without injury
(Figure 3C). These results suggest that ZnT3 accumulates primarily in vesicles
in ACs. This was supported by the strong overlap between ZnT3 and vesicular
y-aminobutyric acid transporter VGAT, an AC synapse marker, but not Tuj1, an
RGC marker (Figure 3C).

Autometallography was performed to visualize mobile zinc in the IPL because
of its selectivity for Zn®* (Danscher and Stoltenberg, 2005). While the control
group (znT3"™ and VGLUT2*ZnT3"" mice (conditional knockout of ZnT3
in RGCs) showed similar levels of zinc after ONC, VGATZnT3"" mice, with
ZnT3 deletion in ACs, showed lower levels of Zn** (Figure 3D and E). Thus,
these results reveal that selective deletion of ZnT3 in ACs resulted in reduced
Zn’* after injury. No architectural pathological changes were observed in
the transgenic mice via fundus color photography and optical coherence
tomography (Figure 3F), demonstrating that the gene knockout did not affect
the normal structural features of the retina.
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Figure 2 | Specific knockout of ZnT3 in ACs and RGCs.
(A) Schematic illustration of the ZnT3 (S/c30a3) knockout
strategy by CRISPR/Cas9 technology. (B) Schematic of the
retinal structure (left); VGLUT2-Cre mice selectively express
Cre in RGCs (green), whereas VGAT-Cre mice selectively
express Cre in amacrine (red) and horizontal cells (black).
Synaptic connections between RGCs and ACs are shown

on the right; Zn** is encapsulated in the synaptic vesicles in
ACs, ZnT3 transports the vesicles to the synaptic cleft, and
Zn** released into RGCs. (C) Genotyping of VGAT-Cre
(mut/wt), Slc30a3"", and Slc30a3""VGAT-Cre mice (n = 4).
The white boxes indicate the genotyping result of Slc30a3
VGAT-Cre mice. VGAT-Cre: Mutant = 200 bp, wt = 323

bp; Slc30a3: fl = 304 bp, wt = 202 bp. (D) Genotyping of
VGLUT2-Cre (mut/wt), Slc30a3"" and Slc30a3""VGLUT2-
Cre mice (n = 4). The white boxes indicate the genotyping
result of $Ic30a3""VGLUT2-Cre mice. VGUT2-Cre: Mutant =
124 bp, wt = 245 bp; Slc30a3: fl = 304 bp, wt = 202 bp. AC:
Amacrine cell; CRISPR/Cas9: clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein 9;
RGCs: retinal ganglion cells; wt or wt/wt: C57BL/6J wild-
type mice; VGAT: vesicular y-aminobutyric acid transporter;
VGLUT2: vesicular-glutamate transporter 2; ZnT3: zinc
transporter 3.
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Deletion of ZnT3 in ACs attenuates RGC death and retinal thinning after
ONC

We next assessed RGC count after injury by staining for RBPMS and Tujl
(Figure 4A). We selected eight regions in each retina, including the central
and peripheral parts, and counted the RGCs of the whole-mount, central,
and peripheral retina (Figure 4B). ONC led to significant RGC death at 2
weeks. ZnT3 knockout in ACs nearly doubled RGC survival (Figure 4C), and the
survival rate of RGC in both the peripheral and central retina was improved
(Figure 4D and E). Combination treatment with TPEN, a high-affinity,
membrane-permeable Zn** chelator (Lees et al., 1998), did not increase the
survival rate of RGCs in VGAT“*ZnT3"" mice (Additional Figure 2A-D). RGC-
specific deletion of ZnT3 did not prevent RGC death after injury (Additional
Figure 2E-H).

We also evaluated retinal thickness by hematoxylin and eosin staining of
retinal cross-sections, which can be affected by early glaucomatous damage
(Hood et al., 2013). The retinal thickness, particularly the inner retinal layer in
the central retina (including the retinal nerve fiber layer and local ganglion cell
plus IPL), showed minimal ONC injury in VGAT"ZnT3"" mice compared with
ZnT3"" littermates (Figure 4F—H).

Zn”* depletion in ACs promotes axon regeneration

We next investigated whether ZnT3 knockout in ACs influences the ability
of RGCs to regenerate axons. We used GAP-43 to quantify the number of
axons extending selected distances beyond the injury site 2 weeks after injury
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Figure 3 | Conditional knockout of ZnT3 in ACs inhibits
Zn®" increase in the retina after injury.

(A) ZnT3 (purple) immunostaining in the retinas of
C57BL/6J wild-type mice. Scale bar: 20 um. (B) Quantitation
of ZnT3 immunostaining in the IPL before and at days

1 and 3 after ONC in wild-type mice (normalized to the
normal control, n = 4). (C) ZnT3 (purple), Vgat (red), Tujl
(green), and DAPI (blue) immunostaining in the retinas of
C57BL/6J wild-type, VGATZnT3"", vGLUT2<*ZnT3"" and
ZnT3fl/fl mice. C57 mice showed a weak ZnT3 signal when
uninjured, strong staining of ZnT3 was observed in ZnT3""
and VGLUT29°ZnT3"" mice after ONC, and VGAT“*ZnT3""
mice did not show any staining with or without injury. Scale
bar: 20 um. (D) AMG staining in the IPL of VGAT“*ZnT3"",
VGLUT2ZnT3"" and ZnT3"" mice. The level of Zn* was
reduced in VGAT“*ZnT3"" mice after ONC, whereas the
levels of zinc were similar in VGLUT2“ZnT3"" and znT3""
mice. Scale bar: 20 um. (E) Quantification of AMG staining
after ONC at day 1 (normalized to VGAT“*zZnT3"",

n =6). Data are presented as mean + SEM. *P < 0.05,
**p<0.01, ***P < 0.001 (one-way analysis of variance
followed by Tukey’s multiple comparisons). (F) Retinal
imaging and optical coherence tomography scanning (taken
at the reference point (green arrow)) of VGAT“*ZnT3""
mice and their littermates (ZnT3"" mice). No pathological
changes were observed. AC: Amacrine cell; AMG:
autometallography; DAPI: 4',6-diamidino-2-phenylindole;
GCL: ganglion cell layer; INL: inner nuclear layer; IPL: inner
plexiform layer; ONC: optic nerve crush; VGAT: vesicular
y-aminobutyric acid transporter; VGLUT2: vesicular-
glutamate transporter 2; ZnT3: zinc transporter 3.

ZnT3™

VGAT®*ZnT3""

(Leon et al., 2000). Only a few axons regenerated beyond the injury site after
ONC in control mice (ZnT3""), whereas a strong increase in regeneration was
observed in VGAT“*ZnT3"" mice (Figure 5A and B).

To investigate whether knockout of ZnT3 in ACs could prevent all mobile Zn*
caused by optic injury in the retina, we evaluated the therapeutic effect of
TPEN in transgenic mice. Intraocular injection of TPEN immediately after ONC
chelates all the free zinc (Li et al., 2017). Intense axonal regeneration was
observed at 2 weeks after ONC, with no difference from that of VGATZnT3"
mice (Figure 5A and B). The combination of ZnT3 deletion in ACs with TPEN-
mediated Zn”" chelation immediately after ONC treatment resulted in a
regeneration level similar to that of either treatment alone (Figure 5A and
B). These experimental results demonstrate that knockout of ZnT3 in AC can
suppress the increase in zinc levels and promote axon regeneration after
injury.

Zn* depletion recovers visual function and behavioral function

PERG is a well-established marker of RCG function (Bach et al., 2018).
There was no significant difference in the PERG waveform between the
VGATZnT3"" mice and the control group at baseline (Figure 6A and B), and
the P50-N95 amplitude of the pERG waveform, which was markedly reduced
after injury, was also similar in both groups 7 days after ONC. The amplitude
was well preserved in VGAT“*ZnT3"" mice at 14 days and even further at
21 days (Figure 6A and B). Our results indicate that ZnT3-specific knockout
attenuates the loss of RGC function in ONC injury.
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Figure 4 | Knockout of ZnT3 in ACs promotes RGC survival.

(A) Retinal whole-mounts immunostained for RNA binding protein with RBPMS (red) and Tuj1 (green) to visualize RGCs in the retinas of VGAT"*ZnT3"" mice and the littermate control
ZnT3"" mice 2 weeks post-injury. RGC survival was increased in VGAT“ZnT3"" mice. Scale bar: 50 um. (B) Schematic diagram of the whole-mount retina, showing the eight areas
from the central and peripheral areas of the retina used for quantification. (C—E) Quantitative RGC counts in whole-mount, peripheral, and central retinal samples (n =5, 7). Animals
without ONC were used to be comparison group (n = 6). (F) Representative low- and high-power images of hematoxylin and eosin-stained cross sections. Compared with ZnT3"" mice,
VGAT*ZnT3"" mice showed attenuated retinal thinning. Scale bar: 50 um for high-power images and 500 um for low-power images. (G, H) Quantitative analyses of retinal thickness in
the central and peripheral region of the retina (n = 6, 8, 10). Data are presented as mean + SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired two-tailed Student’s t-test (C—E)
or one-way analysis of variance followed by Tukey’s multiple comparisons (G, H)). AC: Amacrine cell; Ctrl: control; GCL: ganglion cell layer; INL: inner nuclear layer; IPL: inner plexiform
layer; ns: not significant; ONC: optic nerve crush; ONL: outer nuclear layer; OPL: outer plexiform layer; RBPMS: RNA binding protein, mRNA processing factor; RGC: retinal ganglion
cell; VGAT: vesicular y-aminobutyric acid transporter; ZnT3: zinc transporter 3.
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Figure 5 | ZnT3 knockout in ACs promotes axon regeneration. after ONC. (B) Quantification of the pERG P50-N95 amplitudes (n = 16, 20 for baseline; n

(A) Longitudinal sections through mouse optic nerve immunostained for GAP-43 at 2 weeks = 16, 18 for day 7;n =10, 20 for day 14; and n = 10, 20 for day 2_1)‘ (C) Schematic diagram

post-injury in VGAT®ZnT3" and ZnT3" mice and the groups treated with TPEN. Few axans of the optomotor response test. The head movements of the mice were recorded and

regenerated beyond the injury site after ONC in control mice (ZnT3""), while VGAT™*znT3""  analyzed. (D) Quantification of optomotor response (n = 8, 12 for baseline; n = 8, 7 for

mice and mice (ZnT3"" and VGAT*ZnT3"") with TPEN treatment showed a strong increase 92y 7;n =8, 8 for day 14;and n = 5, 5 for day 28). Data are presented as mean £ SEM. *P

in regeneration. Asterisks indicate the injury site. Scale bar: 200 pm. (B) Quantification <0.05 (unpaired two-tallled Student’s t-test). ns: Not S|gn|ﬁ.cant; ONC: optic nerve crush;

of regenerated axons at different selected distances beyond the injury site 2 weeks post- PERG: pattern elec.trorehnogram; PERG: pattern electroretinogram; VGAT. vesicular

injury. Data are presented as mean + SEM (n = 4, 4, 4, 5). *P < 0.05, **P < 0.01, ***p< 0,001,  Y-aminobutyric acid transporter; ZnT3: zinc transporter 3.

****P <0.0001 (one-way analysis of variance followed by Tukey’s multiple comparisons).

There was no significance among VGAT"*ZnT3"" ZnT3"" + TPEN, and VGAT"*ZnT3"" + .

TPEN groups. AC: Amacrine cell; GAP-43: growth associated protein 43; ns: not significant; Deficiency of AC-released _Z“ _inﬂuences expression of genes related to

ONC: optic nerve crush; TPEN: N,N,N’,N'-tetrakis (2-pyridylmethyl) ethylenediamine; VGAT: neuronal growth and survival in RGC

vesicular y-aminobutyric acid transporter; ZnT3: zinc transporter 3. Our results indicated that knocking out ZnT3 in ACs promoted the survival

and functional improvement of RGCs. To further explore the potential

. . . mechanism, we evaluated the transcriptomic changes in the RGCs. RGCs

The optomotor response |s'the head-turmn}g‘ response to the rotation of  from VGAT*ZnT3"" and ZnT3"" mice with ONC on day 3 and intact WT mice

a grating. The highest spatial frequency eliciting this response provides  \ere purified by FACS (Figure 7A and Additional Figure 3A) and subjected

an estimate of visual acuity and this was measured using an optokinetic 5 RNA-sequencing. The whole retina RNA sequencing results are shown in
virtual reality system (Lu et al., 2020; Figure 6C). Four weeks after injury,  additional Figure 4.

VGATZnT3"" mice showed a significantly higher visual acuity compared with
the control mice after injury (Figure 6D). This suggests that the VGAT™znT3""  Comparative analysis of the differentially expressed genes among each
mice were able to remain a part of visual function after damage. group (Additional Figure 3B) revealed two patterns of gene expression in
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response to ON injury (Figure 7B and Additional Tables 2 and 3). The first
cluster includes genes with upregulated expression in response to injury.
Functionally, these genes are associated with developmental processes, ion
binding, plasma membranes, cell differentiation, and cell adhesion (Figure
7B and Additional Table 2). The cluster included Alcam and Tek, which have
been implicated in RGC axon elongation and maintaining normal aqueous
humor circulation to avoid glaucoma (Thelen et al., 2012; Thomson et al.,
2020). The second cluster includes genes with downregulated expression in
response to injury. These genes are involved in ion binding, stress response,
transmembrane transport, anatomical structure formation, and chromosome
organization (Figure 7B and Additional Table 3). Several genes, such as
Gsdmd, Chafla, and Pxn, have previously been implicated in stress/injury
response and neuronal death (Gotenstein et al., 2010; Tao et al., 2021; Yao
et al., 2022). Kyoto Encyclopedia of Genes and Genomes analysis analysis
was performed on the differentially expressed genes to explore potential
pathways (Additional Figure 3C and D). These results reveal that changes in
the presynaptic neurons of RGCs affect the transcription levels of genes in
RGCs that may play important roles in their survival and regeneration.

AC-RGC synaptic connection regulated by Zn**

Visual circuit development leads to precise connectivity and identification
of synaptic loci (Hooks and Chen, 2020), and synaptic plasticity contributes
to the alignment of the retinal networks. To better understand the synaptic
communication between ACs and RGCs influenced by zinc and examine
whether the ZnT3 conditional knockout affects the RGC synaptic biological
process (Koopmans et al., 2019), we performed GO enrichment analysis
with synapse Gene Ontology (SynGO) (https://syngoportal.org), a curated
knowledge base of the synapse. Previous studies showed that ONC decreases
the transport of proteins involved in synaptic plasticity (Sharma et al., 2015).
We thus focused on genes upregulated in conditional knockout (CKO) mice
(VGAT“*ZnT3"" mice) (CKO/ONC; fold change > 2; P < 0.05). The genes were
locationally enriched for postsynaptic specialization, including postsynaptic
density (GO: 0014069), such as Clstn2, Grin3a, and Neto2, and postsynaptic
specialization membranes (GO: 0099634), such as Chrne (Figure 8A).
Additionally, functional enrichment was observed for genes involved in
synapse organization (GO:0050808), such as Chrna5 and Plcb1, and trans-

Cell seperation sample loading
e

'RGC labeling

A P

Gene Expression

Gene Ontology

[~ Developmental process

I lon binding

{~ Plasma membrane = Gpr158, Neto2

logCounts

[~ Cell differentiation

{— Cell adhesion

f~ lon binding — Rasd2

f— Response to stress

[— Transmembrane transport — Slc8b1

| Anatomical structure formation

involved in — Ppargcib, Pxn

Group |~ Chromosome organization [~ Chafta, Chmp1a
Ctrl ONC  CKO ' ' !
0 01 02 03 04
Rich factor
A Location B
stsynaptic density

stsynaptic specialization membrane

‘

gene count
0

s |
v ’vl
/@/

7]

L 1111
VoA wN =

2778

Selected Genes
L Arhgap15, Behe, Csmd3, Dmbx1, Gpr161, Hey1, ll1rapl1 0.03

|~ Adamts12, Clstn2, Epha6, Mapkapk3

I~ Lama2, Neurog2, Pax5, Ptf1a, Syt17

— Alcam, Bmps, Ptprk, Tek, Vwc2

— Gsdmd, Tnfaip8I2

Fuction

synaptic signaling (GO:0099537), such as Sema3a and /l/1rapl1 (Figure 8B).
These results suggest that conditional knockout of ZnT3 may restore AC-RGC
synapse assembly and cell-cell signaling within or from synapses, without
affecting RGC synaptic metabolism and transport. This upregulated gene
expression signature suggests that AC-derived vesicular zinc may affect the
synaptic link between ACs and RGCs, which further regulates the fate of RGCs.

Discussion

Studies in conditional knockout mice have identified genes such as Pannexini
and Racl that play a positive role in protecting RGCs (Dvoriantchikova et al.,
2012; Zhang et al., 2020). Our results showed for the first time that knocking
out ZnT3 in ACs can play a protective role in RGCs. This result indicates
that interneurons influence the activity of their target neurons through the
release of appropriate neurochemicals, such as zinc, and that Zn** acts as a
potent modulator of neuronal signaling, as reported previously (Paul et al.,
2017). Notably, different neurotransmitter transporters colocalize on synaptic
vesicles, and the co-release of zinc and other vesicular contents (such as
glutamate) may have a mixed effect on target cells (Upmanyu et al., 2022). In
our previous study, either global deletion of ZnT3 or chelation with TPEN led
to regeneration of RGC axons after crush and promote RGC survival for up to 3
months after the injury, and strong colocalization of ZnT3 with ACs suggested
ACs as the origin of zinc (Li et al., 2017). In this study, we established two
different types of conditional knockout mice, and our results provide direct
and strong evidence for ACs as the cellular location of zinc origin. Knowledge
of the cellular localization of zinc supports our hypothesis that zinc plays a key
role in RGC death after injury.

Manipulating the activity of ACs or their synaptic connections with RGCs
provides a powerful strategy for regulating the regenerative ability of
RGCs. The retina is a thin but complex structure that includes 10 layers of
cells, which constitute a complex network of cells with a preliminary visual
information-processing function. Neurons are located in the final segment
of the retina, and the status of RGCs is closely related to their interaction
with other cells, including interneurons, glial cells, and inflammatory cells
(Zhang et al., 2022). Therefore, retinal circuits can affect RGC survival and

Figure 7 | RNA-sequencing for RGCs
sorted by FACS.
(A) Schematic diagram of the experimental
flow. RGCs were sorted by FACS at O (no
crush) and 3 days following optic nerve
crush (n = 8 retinas in each group), and
0.02 RNA sequencing was performed. (B) mRNA
001 expression in the three groups. Colors in
the heatmap indicate the mRNA expression
levels. Bar plot colors represent P-values of
the top Gene Ontology terms associated
with genes in each cluster. Representative
genes for each term are shown. CKO:
pualue Conditional knockout; Ctrl: control; FACS:
fluorescence-activated cell sorting; ONC:
optic nerve crush; RGC: retinal ganglion
0.005 cell; VGAT: vesicular y-aminobutyric acid
transporter.

pvalue

0.010

Figure 8 | SynGO enrichment analysis

of genes upregulated in ZnT3 conditional
knockout RGCs.

(A) Sunburst plots of SynGO-enrichment
analyses of locations (cellular components)
for 560 CKO upregulated genes comparing
the transcriptomes of ONC only group (CKO/
ONC, fold change > 2, P <0.05). (B) Sunburst
plots of SynGO-enrichment analyses of
functions (biological processes) for 560 CKO-

gene count upregulated genes when comparing the
.? transcriptomes of ONC only group (CKO/
2 ONC, fold change > 2, P <0.05). Color code
s denotes the gene count, including child
=:5 terms. CKO: Conditional knockout; ONC:

optic nerve crush; RGC: retinal ganglion cell;
SynGO: synapse Gene Ontology; ZnT3: zinc
transporter 3.
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axon regeneration. ACs are predominant inhibitory interneurons that diminish
RGC activity state by inhibitory neurotransmitters, including y-aminobutyric
acid, glycine, and dopamine (Lee et al., 2014; Tien et al., 2016). Purified ACs
can induce neonatal RGC to shift their growth pattern from axonogenesis to
dendritogenesis in culture, as contact-mediated or membrane-associated
signaling is involved in this inhibition and synaptic interactions play a role
in both cell types (Goldberg et al., 2002; Goldberg, 2004). Moreover, ACs
become hyperactive when RGC axons are injured, and AC silencing doubles
the survival of axotomized RGCs (Zhang et al., 2019). Importantly, our study
confirms that ACs respond rapidly after RGC injury by Zn** accumulation
within hours, and selective deletion of ZnT3 in ACs reduces RGCs’ death.
Notably, the knockout of ZnT3 in RGCs did not rescue the damage.

Our results showed that zinc chelator treatment of conditional knockout mice
did not increase the survival and regeneration-promoting effect, suggesting
that knocking out ZnT3 in the AC alone controls almost all of the mobile zinc
between the synapses. This reflects the cell specificity of zinc localization
and the importance of ZnT3 among zinc transporter families in the retina.
Either S/c30a3 deletion or zinc chelator treatment doubled the survival rate
of RGCs. In addition, zinc and zinc transporters (ZnT1, ZnT3, and ZnT7) are
located in different layers of the retina; they are involved in metal metabolism
and maintaining certain concentrations and are necessary for normal
functions (Marquez Garcia et al., 2022). As a neuromodulator of synaptic
neurotransmission (Choi et al., 2020; Niu et al., 2020; Baltaci et al., 2022), Zn**
may have mixed positive and negative effects on RGCs.

To verify how deletion ZnT3 in AC affected RGC survival status after injury,
we sorted RGCs from retinas by FACS, whether injured or not. It is a reliable
technology for isolating primary mouse RGCs because of its sensitivity,
repeatability, and immediate recognition of viable cells, on the ground
of protocols that contain both positive and negative selection criteria
(Chintalapudi et al., 2017). RNA-sequencing of three groups (intact mice,
VGATZnT3"" mice, and littermate control ZnT3"" mice with injury) identified
upregulated and downregulated genes in response to injury. The results
provide some mechanistic insights. As expected, deletion of ZnT3 in ACs
upregulates several neuroprotective genes in RGCs; some genes regulate
the development of the retina, such as Bche, Dmbx1, Gpri61, Neurog2, and
Heyl (Mack and Robitzki, 2000; Matteson et al., 2008; Wong et al., 2010;
Kowalchuk et al., 2018; Kaufman et al., 2021; Sahu et al., 2021; Zhang et al.,
2021). Alcam is related to cell adhesion; it is present in extending axons and
crucial for the elongation and navigation of RGC axons (Thelen et al., 2012).
Tek is relevant to glaucoma; insufficient TEK can develop a hypomorphic
Schlemm’s canal insufficient for aqueous humor outflow (Thomson et al.,
2020). Furthermore, Neto2, EphA6, Adamts12, Vwc2, Bmp5, Ptfla, Ptprk,
Gpr158, Lama2, and Pax5 encode proteins that promote neurite outgrowth
and neurogenesis and regulate neural progenitor cells (Drosopoulos et al.,
1999; Koike et al., 2007; Das et al., 2016; Vernon and Swanson, 2017; Wu et
al., 2017; Jovanovic et al., 2018; Ahmed et al., 2019; Cetereisi et al., 2019; Jin
and Xiang, 2019; Mohamedi et al., 2021; Vitic et al., 2021). Clstn2, Csmd3,
Il1rapl1, Syt17, and Mapkapk3 encode modulators of synaptogenesis that
support the demands of synaptic communication (Eales et al., 2014; Montani
et al., 2019; Ruhl et al., 2019; Ranneva et al., 2020; Song et al., 2022).
Considering the importance of synaptic connections in the retinal neural
network, we performed GO enrichment analysis with SynGO between the CKO
and ONC groups. The enrichment of upregulated genes in the VGAT"*ZnT3""
group revealed an improvement in synaptic plasticity.

In contrast, RGCs in the VGAT“*ZnT3"" mice downregulated several genes
negatively associated with neuronal survival. Chmp1la is related to the
proliferation and differentiation of retinal progenitor cells (Sun et al., 2020);
Chafla, Pxn, and Rasd2 encode proteins that block neuronal differentiation
and axonal regeneration and promote neurodegeneration (Gotenstein et
al., 2010; Tao et al., 2021; Ramirez-Jarquin et al., 2022). Slc8b1 is related to
impaired synaptic transmission (Stavsky et al., 2021), and Ppargclb encodes a
protein that reduces the mammalian target of rapamycin expression (Liu et al.,
2017), which is a powerful signal for enhancing axonal regeneration in RGCs
(Lim et al., 2016). Moreover, pyroptosis and apoptosis play important roles
in RGC injury (Yao et al., 2022). Gsdmd and Tnfaip8/2 encode key molecules
in these pathways. Remarkably, our analysis revealed that modifying genes
in ACs causes the reprogramming of RGCs at a significantly early stage. Thus,
our results highlight the potential importance of manipulating the targets of
presynaptic neurons for effective neuroprotection in RGCs.

We validated the positive effect of the conditional knockout mice: an AC-
specific deletion of ZnT3 can morphologically and functionally protect RGCs.
The sequencing results provide several insights into the potential mechanisms
underlying these phenomena, and we are currently explore the zinc-triggered
neurodegeneration. However, we also noted differences in axon regeneration
between ZnT3 global knockout (ZnT3™") mice and conditional knockout
mice (VGAT“ZnT3""). Global knockout appears to be more effective in axon
regeneration (Li et al., 2017); the difference in results may be because of
the different background of the mice (1295 for ZnT3™" and C57BL/6J for
VGAT“ZnT3") or the effect of postsynaptic Zn®* on RGCs. Multiple models,
including chronic experimental glaucoma models, are required to confirm
our findings in future studies. Moreover, further exploration of the specific
molecular mechanism for zinc-triggered damage is required.

In conclusion, the current study clarifies the cellular localization pattern of
zinc and provides convincing evidence that conditional deletion of ZnT3 in ACs
promotes RGC survival and ON regeneration, improves intersynaptic plasticity,
and results in vision recovery in response to ONC. RGC-specific sequencing
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revealed potential factors that may be involved in the underlying mechanisms

in RGCs. This study presents new insights into ON injury and neuronal damage
and enriches the theory of intercellular interaction in retinal network.
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Additional Figure 1 Expression of Slc30a3 in retinal cells and immunostaining of ZnT3 and Calbindin in
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(A) tSNE plot showing clusters of retinal cell populations. (B) Feature plot showing global expression of Slc30a3
across normal retinal cells. (C) Dotplot showing the expression of Slc30a3 in different retinal cell types. (D)
Immunostaining of ZnT3 (red: Alexa Fluor 555), Calbindin (green: Alexa Fluor 488) and DAPI (blue) in the intact
retinas of and retinas after ONC at day 1. There was no overlap between ZnT3 and the maker of horizontal cells
(Calbindin) Scale bar: 20 pm. DAPI: 4',6-Diamidino-2-phenylindole; GCL: ganglion cell layer; IPL: inner

plexiform layer; INL: inner nuclear layer; ONC: optic nerve crush; tSNE:t-distributed stochastic neighbor

embedding; VGAT: vesicular y-aminobutyric acid transporter; ZnT3: zinc transporter 3.
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Additional Figure 2 The combination treatment with Zn?** chelator does not increase the survival rate of
RGCs in VGAT*ZnT3"" mice and knockout ZnT3 in RGCs has no effect on RGC survival.

(A) Retinal whole mounts immunostained Tujl (green: Alexa Fluor 488) to visualize RGCs in the retinas of
ZnT31 (VGAT-Cre™™; ZnT3") mice, VGAT*ZnT3 mice, and their combination treatment with TPEN 2
weeks post-injury. VGATZnT3%! mice increased the RGC survival rate, but combination treatment with TPEN
can not improve the survival rate of VGATZnT3"" mice further. Scale bar: 50 um. (B-D) Quantitative RGC
counts in whole-mount, peripheral, and central retinal samples (n = 5, 7, 4). "P < 0.05, *P < 0.01, **P < 0.001,
compared with ZnT3" mice post-injury (one-way analysis of variance followed by Tukey’s multiple
comparisons). ns: no significance compared with VGATZnT3" mice 2 post-injury. (E) Retinal whole mounts
immunostained Tujl (green: Alexa Fluor 488) to visualize RGCs in the retinas of VGLUT2¢°ZnT3% mice and
littermate control ZnT3 (VGLUT2-Cre™*t; ZnT3%M) mice 2 weeks post-injury. VGLUT2*ZnT3"f mice cannot
increase the RGC survival rate. Scale bar: 50 um. (F-H) Quantitative RGC counts in whole-mount, peripheral, and
central retinal samples (n = 4, 4). **P < 0.01 (unpaired two-tailed Student’s t-test). ns: no significance compared
with ZnT3"1 mice 2 weeks post-injury. All data are presented as mean + SEM. Ctrl: Control; ONC: optic nerve
crush; RGC: retinal ganglion cell; TPEN: N,N,N',N'-tetrakis (2-pyridylmethyl) ethylenediamine; VGAT: vesicular

y-aminobutyric acid transporter; VGLUT2: vesicular-glutamate transporter 2; ZnT3: zinc transporter 3.
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Additional Figure 3 Identification and sequencing of sorted RGCs

(A) Cells were immunostained for RBPMS (red: Alexa Fluor 555) and DAPI (blue) to identify sorted cells by
fluorescence-activated cell sorting. Scale bar: 50 um. (B) Statistical bar chart of differentially expressed genes
between the groups (fold change > 2, P < 0.05). (C) Top 10 KEGG pathway enrichments of CKO-upregulated
clusters. (D) Top 10 KEGG pathway enrichments of the CKO-downregulated cluster. Ctrl: Control; CKO:
conditional knockout; DAPI: 4,6-diamidino-2-phenylindole; KEGG: Kyoto Encyclopedia of Genes and Genomes;
RBPMS: RNA binding protein, mRNA processing factor; VGAT: vesicular y-aminobutyric acid transporter.
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Additional Figure 4 The expression of genes in the whole retina is based on whole retina RNA sequencing.
(A-E) The expression of genes upregulated after optic nerve injury in RGCs of CKO group. (F) The expression of
genes downregulated after optic nerve injury in RGCs of CKO group. *P < 0.05. (G) The expression of genes
associated with synaptic connections. All data are presented as mean + SEM (n = 4) (one-way analysis of variance
followed by Tukey’s multiple comparisons (A-F) or unpaired #-test (G)). Ctrl: Control; CKO: conditional knockout;
ONC: optic nerve crush; ns: no significance; RGC: retinal ganglion cell.
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Additional Table 1 Primer Information of VGAT¢ZnT3%"" and VGLUT2¢"*ZnT3"" mice

No. Primer name Sequence (5°-3’) Expected band Primer illustration
size
VGATCZnT3" mice
1 GPS00001161-SIc30a3-5wt-tF1 ~ ACT TGG ACC CAT CTC TGT CTC wt =202 bp; To detect Slc30a3
AG fl =304 bp
GPS00001161-Slc30a3-5wt-tR1 ~ AGC GAG TGG ATG CTC TTC TTG
G
2 12786 CAG GGC GAT GTG GAA TAG wt =323 bp To detect Vgat-cre
AAA
12785 CTT CGT CAT CGG CGG CAT CTG
3 12785 CTT CGT CAT CGG CGG CAT CTG ~ Mutant =~200 bp
0IMR8292 CCA AAA GAC GGC AAT ATG GT
VGLUT2¢ZnT3" mice
1 13007 ACA CCGGCCTTATTC CAA G Mutant = 124 bp; To detect
32667 AAG AAG GTG CGC AAG ACG wt =245 bp Vglut2-cre
32668 CTG CCA CAG ATT GCA CTT GA
2 GPS00001161-SIc30a3-5wt-tF1 ~ ACT TGG ACC CAT CTC TGT CTC wt =202 bp; To detect Slc30a3
AG fl =304 bp

GPS00001161-Slc30a3-5wt-tR1

AGC GAG TGG ATG CTC TTC TTG
G

fl: Sle30a3 flox; VGAT: vesicular y-aminobutyric acid transporter; VGLUT2: vesicular-glutamate transporter 2; wt: wild type.
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Additional Table 2 Gene Ontology of the up-regulated cluster related to Figure 7

e
g
QD

B

GOID Description generatio BgRatio Pvalue

Gene_name

Cellular component

GO:0005886 Plasma membrane 84 5576 0.018367
GO0:0016020 Membrane 84 5576 0.018367
GO:0071944 Cell periphery 84 5578 0.01853

Molecular function

GO0:0043167 Ion binding 90 5936 0.025628

G0:0032182 Ubiquitin-like ~ protein 4 108 0.048709
binding

Biological process

GO:0007155 Cell adhesion 32 1234 8.88E-05

G0:0022610 Biological adhesion 32 1234 8.88E-05

G0:0032502 Developmental process 93 5644 0.001767

Alcam, Art3, Abebl 1, Slc51a, Pcdhbl8, Vwce2, Cd247, Acvrl, UncSc, Olfr1437, Arhgap45, Pcdhb5, Pcdhbl6, Kctd16, Eve,
Nkaind, Chrna5, Npclll, Rgs13, C8g, Vmnlrd, Ackrd, Tmprss9, Ace, Slc22a27, Btla, Tshr, Utrn, Cd79a, Gprl61, Csmd3,
Gabrq, Clec5a, Pcdhb9, Picbl, Frk, Tmem65, Gab2, Fmni3, Clec2g, Amhr2, Pcdhbl19, Kcnmb4, Pcsk9, Adcy10, Pcdhbl 1,
Nkain3, Pcdha8, Fhit, Pcdhb8, Gngl0, Astnl, Tgfbr3, Pcdh20, Pcdhgc3, Trpm4, Ptprk, Clstn2, Pcdhgbl, Neto2, Aoc3,
1700019D03Rik, Olfir1254, Ptprcap, Ocln, Pcdhb4, Tek, Vmnlr200, Slc7a3, Ptgdr2, Dsg2, Stbdl, Gprl58, Carl5, H2-M3,
Pik3cg, Hspbl, Lama2, Lat, Scn9a, ll1rapll, Tyrobp, Pcdhall, Pcdhgas
Alcam, Art3, Abcebl 1, Slc51a, Pcdhbl8, Vwce2, Cd247, Acvrl, UncSc, Olfr1437, Arhgap45, Pcdhb5, Pcdhbl6, Kctd16, Eve,
Nkaind, Chrna5, Npclll, Rgs13, C8g, Vmnlrd, Ackrd, Tmprss9, Ace, Slc22a27, Btla, Tshr, Utrn, Cd79a, Gprl61, Csmd3,
Gabrq, Clec5a, Pcdhb9, Picbl, Frk, Tmem65, Gab2, Fmni3, Clec2g, Amhr2, Pcdhbl19, Kcnmb4, Pcsk9, Adcyl10, Pcdhbl 1,
Nkain3, Pcdha8, Fhit, Pcdhb8, Gngl0, Astnl, Tgfbr3, Pcdh20, Pcdhgc3, Trpm4, Ptprk, Clstn2, Pcdhgbl, Neto2, Aoc3,
1700019D03Rik, Olfir1254, Ptprcap, Ocln, Pcdhb4, Tek, Vmnlr200, Slc7a3, Ptgdr2, Dsg2, Stbdl, Gprl58, Carl5, H2-M3,
Pik3cg, Hspbl, Lama2, Lat, Scn9a, ll1rapll, Tyrobp, Pcdhall, Pcdhgas
Alcam, Art3, Abebl 1, Slc51a, Pedhbl8, Vwce2, Cd247, Acvrl, UncSc, Olfr1437, Arhgap45, Pcdhb5, Pcdhbl6, Kctd16, Eve,
Nkaind, Chrna5, Npclll, Rgs13, C8g, Vmnlrd, Ackrd, Tmprss9, Ace, Slc22a27, Btla, Tshr, Utrn, Cd79a, Gprl61, Csmd3,
Gabrq, Clec5a, Pcdhb9, Picbl, Frk, Tmem65, Gab2, Fmni3, Clec2g, Amhr2, Pcdhbl19, Kcnmb4, Pcsk9, Adcyl10, Pcdhbl 1,
Nkain3, Pcdha8, Fhit, Pcdhb8, Gngl0, Astnl, Tgfbr3, Pcdh20, Pcdhgc3, Trpm4, Ptprk, Clstn2, Pcdhgbl, Neto2, Aoc3,
1700019D03Rik, Olfir1254, Ptprcap, Ocln, Pcdhb4, Tek, Vmnlr200, Slc7a3, Ptgdr2, Dsg2, Stbdl, Gprl58, Carl5, H2-M3,
Pik3cg, Hspbl, Lama2, Lat, Scn9a, ll1rapll, Tyrobp, Pcdhall, Pcdhgas

Gm2004, Ttll9, Abcbll, Zfp429, Pcdhbl8, Acvrl, Pegl0, Snx33, Arhgap45, PcdhbS, Fbliml, Pcdhbl6, Lrplb, Mos,
1110008L16Rik, Zfp975, Crip3, Chrna5, Zfp979, Nlrp4f, Zbtb7c, Epha6, Atp13a5, Ddx43, Osbpl10, Fstl4, Opct, Adamts12,
Zfp92, Ace, Gm38394, Nrlh4, Rasef, Gm10324, Utrn, Glis3, Pcdhb9, Bche, Gm32687, Picb1, Col5a2, Frk, Fthll7f, Efhcl,
Slc22a2l, Plekhfl, Gm14322, Mapkapk3, Amhr2, Pla2g4a, Pcdhbl9, Zfp931, Mex3c, Galntl8, Adcyl0, Pcdhbll,
Gm19410, Gstm7, Pcdha8, Fhit, Pcdhb8, Kif11, Tgfbr3, Pcdh20, Pcdhgce3, Trpm4, Hmgclll, Plczl, Hapln4, Rnf19b, Npr3,
Cistn2, Stk32b, Pcdhgbl, Alpkl, Aoc3, Zfp850, Reps2, Pcdhb4, Tek, Dsg2, Gm6871, Carl5, Pik3cg, Scn9a, Zfp595,

Zfpl19b, Papolb, Pcdhall, Pcdhgas
Rnf19b, Ddil, Hspb1, Simcl

Alcam, Pcdhbl8, Vwe2, Acvrl, Pcdhb5, Fbliml, Pcdhbl6, Adamtsi2, Utrn, Bmp5, Pcdhb9, Plcbl, Pcdhbl9, Pcdhbll,
Pcdha8, Pcdhb8, Astnl, Pcdh20, Pcdhgc3, Haplnd, Ptprk, Clstn2, Pcdhgbl, Aoc3, Pcdhb4, Tek, Dsg2, H2-M3, Lama2,

Lat, Pcdhall, Pcdhga5

Alcam, Pcdhbl8, Vwe2, Acvrl, Pcdhb5, Fbliml, Pcdhbl6, Adamtsi2, Utrn, Bmp5, Pcdhb9, Plcbl, Pcdhbl9, Pcdhbll,
Pcdha8, Pcdhb8, Astnl, Pcdh20, Pcdhgc3, Haplnd, Ptprk, Clstn2, Pcdhgbl, Aoc3, Pcdhb4, Tek, Dsg2, H2-M3, Lama2,

Lat, Pcdhall, Pcdhga5

Alcam, Csrnpl, Cnmd, Shcbpll, Hnmt, Dmbx1, Vwc2, Sytl7, Acvrl, UncSc, Pegl0, Sct, Armc4, Fbliml, Rail4, Pcdhbl6,
Eve, Id4, Bend6, Dnaicl, Clgalticl, Zbtb7c, Evi2, Pnptl, Ttc9, Fstl4, Adamtsl2, Ehf, Cdkn2b, Ace, Gm38394, Nrih4,
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Tshr, Utrn, Cd79a, Gpri6l, Csmd3, BmpS5, Clec5a, Bche, Plcbl, Col5a2, Frk, Tmem65, Mycl, Efhcl, Gab2, Fmnl3,
Clec2g, Amhr2, Pla2g4a, Pcsk9, Mex3c, Pax5, Kifl, Mospdl, Otor, Dusp6, Astnl, Tgfbr3, Etl4, Trpm4, Plcz1, Sema3a,
Npr3, Maf, Ptprk, Cistn2, Thx6, Kbtbd8, Ptfla, Neurog2, Dazl, Pgf, Arhgapl5, Tek, Natl, Dsg2, Kihl10, H2-M3, Heyl,
Pik3cg, Dnajb9, Hspbl, Lama2, Hesx1, Scn9a, Tal2, Il1rapll, Tyrobp, Trappc2, Tdrd5, Dactl
GO:0048856 Anatomical structure 88 5284 0.001824 Alcam, Csrnpl, Cnmd, Hnmt, Dmbx1, Vwc2, Sytl7, Acvrl, UncSc, Pegl0, Sct, Armc4, Fbliml, Pcdhbl6, Evc, Id4, Bend6,
development Dnaicl, Clgalticl, Evi2, Pnptl, Ttc9, Fsti4, Adamts12, Ehf, Cdkn2b, Ace, Gm38394, Nrih4, Tshr, Utrn, Cd79a, Gpri6l,
Csmd3, BmpS5, Clec5a, Bche, Plcbl, Col5a2, Tmem65, Mycl, Efhcl, Gab2, Fmnl3, Clec2g, Amhr2, Pla2g4a, Pcsk9, Mex3c,
Pax5, KIf1, Otor, Dusp6, Astnl, Tgfbr3, Etl4, Trpm4, Plczl, Sema3a, Npr3, Maf, Ptprk, Clstn2, Thx6, Kbtbd8, Ptfla,
Neurog2, Dazl, Pgf, Arhgapl5, Tek, Natl, Dsg2, KIhl10, H2-M3, Heyl, Pik3cg, Dnajb9, Hspbl, Lama2, HesxI, Scn9a,
Tal2, Il1rapll, Tyrobp, Trappc2, Tdrd5, Dactl
GO:0048869 Cellular developmental 62 3861 0.022863 Alcam, Cnmd, Shcbpll, Vwc2, Sytl7, Acvrl, UncSc, Pegl0, Fbliml, Rail4, 1d4, Bend6, Clgalticl, Zbtb7c, Evi2, Fstl4,
process Adamts12, Ehf, Cdkn2b, Ace, Tshr, Cd79a, Csmd3, Bmp5, Clec5a, Bche, Plcbl, Col5a2, Frk, Mycl, Gab2, Fmnl3, Clec2g,
Pcsk9, Mex3c, Pax5, KIfl, Mospdl, Dusp6, Astnl, Tgfbr3, Trpm4, Sema3a, Maf, Ptprk, Tbx6, Kbtbd8, Ptfla, Neurog?2,
Dazl, Pgf, Arhgapl5, Tek, Klhl10, H2-M3, Hey1, Dnajb9, Hspbl, Lama?2, Tyrobp, Tdrd5, Dactl
GO0:0044767 Single-organism 69 4385 0.024452 Alcam, Cnmd, Shcbpll, Vwc2, Sytl7, Acvrl, UncSc, Pegl0, Sct, Fbliml, Rail4, 1d4, Bend6, Clgalticl, Zbtb7c, Evi2,
developmental process Pnptl, Fsti4, Adamts12, Ehf, Cdkn2b, Ace, Gm38394, Tshr, Cd79a, Gpr161, Csmd3, Bmp5, Clec5a, Bche, Plcb1, Col5a2,
Frk, Mycl, Gab2, Fmni3, Clec2g, Pcsk9, Mex3c, Pax5, KIfl, Mospdl, Dusp6, Astnl, Tgfbr3, Etl4, Trpm4, Sema3a, Maf,
Ptprk, Thx6, Kbtbd8, Ptfla, Neurog2, Dazl, Pgf, Arhgapl5, Tek, Natl, Kihl10, H2-M3, Heyl, Dnajb9, Hspbl, Lama2,
Hesx1, Tyrobp, Tdrd5, Dactl
GO:0030154 Cell differentiation 59 3757 0.039332 Alcam, Cnmd, Shebpll, Vwc2, Sytl7, Acvrl, UncSc, Pegl0, Rail4, Id4, Bend6, Clgalticl, Zbtb7c, Evi2, Fstl4, Adamts12,
Ehf, Cdkn2b, Ace, Tshr, Cd79a, Csmd3, Bmp5, Clec5a, Bche, Plcbl, Col5a2, Frk, Mycl, Gab2, Clec2g, Pcsk9, Mex3c,
Pax5, Kifl, Mospdl, Dusp6, Astnl, Tgfbr3, Trpm4, Sema3a, Maf, Ptprk, Tbx6, KbtbdS, Ptfla, Neurog2, Dazl, Pgf, Tek,
KIhi10, H2-M3, Heyl, Dnajb9, Hspbl, Lama?2, Tyrobp, Tdrd5, Dactl




