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NMNAT2 is downregulated in glaucomatous
RGCs, and RGC-specific gene therapy rescues
neurodegeneration and visual function
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The lack of neuroprotective treatments for retinal ganglion
cells (RGCs) and optic nerve (ON) is a central challenge for
glaucoma management. Emerging evidence suggests that redox
factor NAD+ decline is a hallmark of aging and neurodegener-
ative diseases. Supplementation with NAD+ precursors and
overexpression of NMNAT1, the key enzyme in the NAD+

biosynthetic process, have significant neuroprotective effects.
We first profile the translatomes of RGCs in naive mice and
mice with silicone oil-induced ocular hypertension (SOHU)/
glaucoma by RiboTag mRNA sequencing. Intriguingly, only
NMNAT2, but not NMNAT1 or NMNAT3, is significantly
decreased in SOHU glaucomatous RGCs, which we confirm
by in situ hybridization.We next demonstrate that AAV2 intra-
vitreal injection-mediated overexpression of long half-life
NMNAT2 mutant driven by RGC-specific mouse g-synuclein
(mSncg) promoter restores decreased NAD+ levels in glaucom-
atous RGCs and ONs. Moreover, this RGC-specific gene ther-
apy strategy delivers significant neuroprotection of both RGC
soma and axon and preservation of visual function in the trau-
matic ON crush model and the SOHU glaucomamodel. Collec-
tively, our studies suggest that the weakening of NMNAT2
expression in glaucomatous RGCs contributes to a deleterious
NAD+ decline, and that modulating RGC-intrinsic NMNAT2
levels by AAV2-mSncg vector is a promising gene therapy for
glaucomatous neurodegeneration.
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INTRODUCTION
Glaucoma is the most common cause of irreversible blindness and
will affect more than 100 million people between 40 and 80 years
old by 2040.1 It is characterized by optic neuropathy with optic nerve
(ON) degeneration followed by progressive retinal ganglion cell
(RGC) death.1–8 Although glaucoma can occur at any intraocular
pressure (IOP) level,9 elevated IOP is associated with accelerated
progression, probably because of mechanical damage of the ON
head.10–12 The only available treatments act by reducing IOP but
fail to completely prevent the progression of glaucomatous neurode-
generation,13–16 indicating the urgent need for neuroprotection
therapies.
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It is believed that Wallerian degeneration of RGCs’ axons plays a crit-
ical role in glaucomatous neurodegeneration,17 and that Wallerian
degeneration is closely associated with the reduction of axonal
NAD+ level18–20; an adequate axonal NAD+ level is both necessary
and sufficient for axon survival.21–23 The chimeric mutant protein,
slow Wallerian degeneration protein (WldS), contains the full-length
NAD+-synthetic enzyme, nicotinamide mononucleotide adenylyl-
transferase 1 (NMNAT1), and part of the ubiquitin ligase UBE4B.
It is translocated to axons, significantly delays Wallerian degenera-
tion,24,25 and rescues glaucomatous neurodegeneration.4,26–28 Cyto-
plasmic NMNAT1 mutant (cytNMNAT1) overexpression or feeding
of the NAD+ precursor, vitamin B3, has consistently been found to
promote substantial RGC soma and axon protection in optic neurop-
athy models,29,30 indicating that modulating the neuronal NAD+ level
through upregulating NMNATs is a promising neuroprotective strat-
egy for glaucoma. However, endogenous NMNAT1 is localized to the
nucleus, and NMNAT3 is located in mitochondria; only NMNAT2 is
enriched in axons.31,32 This distribution suggests that NMNAT2 plays
a predominant role in maintaining axonal integrity.33 Indeed,
whereas NMNAT2 knockout mice have truncated ONs,34 NMNAT2
overexpression delays injury-induced axon degeneration both in vitro
and in vivo.34–37 Therefore, NMNAT2 should be a promising choice
as a neuronal intrinsic neuroprotective target for axonopathies, but it
has not been tested directly in glaucoma.

Taking advantage of our recently developed silicone oil (SO)-induced
ocular hypertension (SOHU) mouse glaucoma models38–40 and RGC-
specific adeno-associated virus (AAV) promoter, mouse g-synuclein
(mSncg),41we herefirst profiled the translatomes of naive and glaucom-
atous RGCs. We found that NMNAT2 is the most abundant NMNAT
inRGCs, and thatNMNAT2, but notNMNAT1orNMNAT3, is signif-
icantly decreased in glaucomatous RGCs prior to significant neurode-
generation. We then forced the expression of a long-life NMNAT2
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Figure 1. RGC-specific transcriptome profiling in

glaucoma reveals downregulation of NMNAT2

(A) Images of retinal sections and whole mounts of naive

Ribo-tag mice 2 weeks after AAV-mSncg-Cre intravitreal

injection, showing co-localization of the Ribo-tag (HA-

Rpl22) labeled by HA antibody and RGCs labeled by

RBPMS antibody. Scale bar of the retinal section, 20 mm;

whole mount retina, 50 mm. (B) Heatmap of differentially

expressed genes (DEGs) comparing glaucomatous RGCs

with naive RGCs. Triplicate samples from each group. (C)

Gene Ontology (GO) enrichment analysis of DEGs. Bar

plot of the top 10 GO-enriched biological processes of the

DEGs in glaucomatous RGCs. (D) GO enrichment analysis

of DEGs in nicotinamide nucleotide biosynthetic and

metabolic processes. (E) The expression levels and fold

changes in glaucomatous and naive RGCs of individual

genes involved in NAD+ biosynthesis and metabolism.

TPM, transcripts per million. See also Figure S1.
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mutant by AAV intravitreal injection in RGCs and demonstrated that
RGC-specific NMNAT2 overexpression increases NAD+ levels in glau-
comatous retinas andONs andhas significant neuroprotective effects: it
preserves RGC somata and axons and visual function in a clinically
relevant mouse SOHU glaucoma model. This readily translatable
gene therapy strategy contributes to developing efficient neuroprotec-
tive treatments for glaucoma by targeting neuronal intrinsic NMNAT2.

RESULTS
NMNAT2 is significantly decreased in glaucomatous RGCs

To profile RGC transcriptomes, we employed RiboTag mice, which
were generated by knocking in the hemagglutinin (HA)-tagged ribo-
some protein Rpl22 (HA-Rpl22) to the endogenous Rpl22 allele,
immediately after the floxed endogenous Rpl22.42 Expression of
HA-Rpl22 in RGCs specifically is achieved by intravitreal injection
of AAV2-Cre driven by RGC-specific promoter mSncg41 and Cre-
mediated deletion of endogenous Rpl22 in RGCs (Figure 1A). We
generated the SOHU glaucomamodel in one eye and used the contra-
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lateral (CL) eye as naive control.38–40 We then
used HA antibody to immunoprecipitate RGC
ribosomes from whole-retina lysates directly
without the need of retinal cell dissociation
and RGC purification. Deep sequencing of
translating mRNAs isolated from RGC ribo-
somes showed high within-group correlation
and dramatic differences between naive and
glaucomatous RGCs 1 week after SO injection
(1 wpi) (Figure 1B). The GO analysis of the
differentially expressed genes (DEGs) identified
multiple cellular pathways that have been signif-
icantly changed in the glaucomatous RGCs (Fig-
ure 1C).We focused on genes involved in NAD+

metabolism (Figures 1D and 1E)43: all three iso-
forms of NMNATs were present in RGCs, but
NMNAT2 was the most abundant; NMNAT2,
but not NMNAT1 or NMNAT3, was significantly decreased in glau-
comatous RGCs, suggesting the primary role of NMNAT2 downregu-
lation in glaucomatous neurodegeneration. We further confirmed the
decrease of NMNAT2 in glaucomatous retina by in situ hybridization
(ISH; Figure S1). NAPRT (nicotinic acid phosphoribosyltransferase)
is the enzyme that generates the substrate of NMNATs by converting
nicotinic acid to NAMN, and CD38 is a NAD+-consuming enzyme.43

Both NAPRT and CD38 were upregulated in glaucomatous RGCs
(Figure 1E), which may be a compensatory response to the decrease
in NMNAT2. In summary, NMNAT2 is the major isoform of
NMNAT in RGCs, and its decline is an early event occurring shortly
after the onset of ocular hypertension and before significant
neurodegeneration.

RGC-specific expression of NMNAT2Dex6 and increase of NAD+

in both retina and ON

Because NMNAT2 protein is very labile and rapidly depleted after ax-
otomy, downregulation of axonal NAD+ is known to cause axon



Figure 2. Both NMNAT2 and NMNAT1

overexpression promote neuroprotection of RGC

somata and axons after ON crush injury

(A) Upper panel: confocal images of peripheral flat-

mounted retinas showing surviving RBPMS-positive (red)

RGCs 2 weeks after crush injury. Scale bar, 20 mm. Lower

panel: light microscope images of semi-thin transverse

sections of ON with PPD staining 2 weeks after crush

injury. Scale bar, 10 mm. (B) Quantification of surviving

RGC somata and axons represented as percentage of

crush-injured eyes compared with the sham contralateral

control eyes injected with control AAV2. Data are pre-

sented as means ± SD; n = 10 of each group; *p < 0.05,

****p < 0.0001, one-way ANOVA with Tukey’s multiple

comparisons test. See also Figure S2.
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degeneration.21,33,44 Two E3 ubiquitin ligases, PHR1/Highwire and
SCF, are involved in NMNAT2 degradation and axonal degenera-
tion.45–47 Our finding that the mRNA level of NMNAT2 in RGCs
is decreased by ocular hypertension further supports the notion
that the lack of NMNAT2 contributes to glaucomatous neurodegen-
eration. Therefore, we next examined the effect of RGC-specific
NMNAT2 overexpression on RGCs’ survival after injury and disease.
NMNAT2Dex6 (soluble forms of NMNAT2, lacking exon6) is more
stable and has greater axon-protective capacity than wild type (WT)
NMNAT2.44,48 We engineered an AAV vector to drive NMNAT2-
Dex6 under the mSncg promoter and confirmed RGC-specific
expression of NMNAT2 after intravitreal injection: HA-tagged
NMNAT2 colocalized with RBPMS+ RGCs and Tuj1+ ONs, but not
with other layers of retina (Figures S2A, S2B, and S2D). We further
confirmed that NMNAT2 overexpression increased NAD+ levels
significantly in both naive retina and ON (Figures S2C and S2E). In
summary, we established RGC-specific upregulation of NMNAT2,
which will enable us to evaluate the RGC autonomous effect of
NMNAT2 modulation in glaucomatous neuroprotection.

NMNAT2overexpression significantly promotes bothRGCsoma

and axon survival after ON crush injury

ON crush (ONC) is extensively used as a convenient optic neuropathy
model that injures all RGC axons and causes universal RGC degenera-
Mo
tion; it also often serves as an acceptable surrogate
glaucoma model. To determine whether a
neuronal autonomous effect of NMNATs pro-
vides RGC and ON protection, we first injected
AAV2-NMNAT2Dex6, AAV2-cytNMNAT1, or
AAV2 control into the vitreous of the left eyes of
naive mice 2 weeks before ONC. Compared
with the CL naive control eyes, ONC caused sig-
nificant loss of RGC somata and axons (Fig-
ure 2A). Consistent with the previous report that
the pan-neuronal overexpression of cytNMNAT1
in cytosol and axon protects both RGC somata
and axons in optic neuropathy models,30 we
found that cytNMNAT1 overexpression also pro-
motes RGC soma and axon survival after a traumatic injury, ONC
(Figures 2A and 2B). NMNAT2 overexpression showed similar axon
protection as NMNAT1, although NMNAT2 protected RGC somata
marginally more effectively than NMNAT1 (Figures 2A and 2B).

NAD+ levels are significantly decreased in SOHU glaucomatous

retinas and ONs and are reversed by NMNAT1 or NMNAT2

overexpression

The downregulation of NMNAT2 mRNA levels in glaucomatous
RGCs may result in decrease of NAD+. Indeed, there was a significant
decrease in NAD+ levels in retinas and ONs of glaucomatous mice 1
wpi (Figure 3A). Both NMNAT1 and NMNAT2 overexpression
increase NAD+ levels in SOHU glaucomatous retinas and ONs (Fig-
ure 3A). These data suggest that IOP elevation induces downregula-
tion of NMNAT2 expression and NAD+ production in RGCs and
ONs before significant glaucomatous neurodegeneration. Therefore,
we next tested the therapeutic effect of NMNAT2 overexpression
and NAD+ restoration in the SOHU glaucoma model.

NMNAT2overexpression significantly promotes bothRGCsoma

and axon survival in the SOHU glaucoma model

To determine whether neuronal autonomous NMNAT2 protects in
glaucoma, we first performed intravitreal injection of AAV2-
mSncg-NMNAT2 or AAV2 control in the left eyes of naive mice
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Figure 3. RGC-specific NMNAT2 overexpression

significantly promotes neuronal NAD+ production

and survival of both RGC somata and axons in the

SOHU glaucoma model

(A) Relative NAD+ levels of retinas and ONs from naive,

SOHU glaucoma at 1 week after SO injection (1 wpi), and

SOHU glaucoma mice with NMNAT1 or NMNAT2 over-

expression, acquired by LC/MS analysis. n = 5 in all the

groups. Data are presented as means ± SD; *p < 0.05,

**p < 0.01, one-way ANOVA with Dunnett’s multiple

comparisons test. (B) Representative OCT images of

SOHU glaucoma mouse retinas at 3 wpi. Ganglion cell

complex (GCC) includes RNFL, GCL, and IPL indicated as

double-end arrows. (C) Quantification of GCC thickness

measured by OCT at 3 wpi, represented as percentage of

GCC thickness in the SOHU eyes compared with the

sham contralateral control eyes. n = 20 in both groups.

Data are presented as means ± SD; ***p < 0.001, two-

tailed unpaired t test. (D) Upper panel: representative

confocal images of peripheral flat-mounted retinas

showing surviving RBPMS-positive (red) RGCs at 3 wpi.

Scale bars, 20 mm. Lower panel: light microscopic images

of semi-thin transverse sections of ON with PPD staining

at 3 wpi. Scale bars, 10 mm. (E) Quantification of surviving

RGCs somata and axons at 3 wpi, represented as per-

centage of glaucomatous eyes compared with the sham

contralateral control eyes. n = 19 in both groups. Data are

presented as means ± SD; ****p < 0.0001, two-tailed

unpaired t test. See also Figure S3.
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3 weeks before SO injection. Optical coherence tomography (OCT)
showed significant thinning of the ganglion cell complex (GCC),
including both RGC dendrites and axons, in living animals 3 wpi (Fig-
ures 3B and 3C), concurrent with significant IOP elevation (Fig-
ure S3A). Histological analysis of postmortem retina whole mounts
and ON sections consistently demonstrated a significant loss of
RGC somata and axons in SOHU eyes (Figures 3D, 3E, and S3B).
RGC-specific expression of NMNAT2 promoted dramatic survival
of both RGC somata and axons (Figures 3B–3E and S3B). Taken
together, NMNAT2 overexpression in RGCs promotes recovery of
NAD+ levels in RGCs and ONs and achieves significant neuroprotec-
tion of RGCs and ONs in the SOHU glaucoma model.

NMNAT2 overexpression preserves visual functions of

glaucomatous mice

In addition to morphological protection, we also investigated whether
RGC-specific expression of NMNAT2 preserved visual function in
glaucomatous mice. The pattern electroretinogram (PERG), a sensi-
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tive electrophysiological assay of general RGC
function, is obtained in response to a visual
stimulus consisting of contrast reversal
patterned gratings at constant mean luminance.
This stimulus differs from the uniform flashes of
light used in flash electroretinogram (ERG).49

Because our PERG system can measure both

eyes at the same time, there is an internal control to serve as a refer-
ence and normalization to minimize variations.50 We previously em-
ployed PERG to examine the changes of RGC function in the SOHU
glaucoma model.38,40 The peak-to-trough (P1-N2) amplitude ratio of
the SOHU eyes to CL eyes increased significantly after NMNAT2
overexpression in RGCs (Figure 4A). Optokinetic tracking response
(OKR) is a natural reflex that objectively assesses mouse visual acu-
ity.51,52 The mouse eye will only track a grating stimulus that is mov-
ing from the temporal to nasal visual field, which allows both eyes to
be measured independently.52,53 Consistent with our postmortem
histological and in vivo morphological and electrophysiological re-
sults, NMNAT2 significantly preserved visual acuity of the glaucom-
atous eyes (Figure 4B).

DISCUSSION
In this study, we determined the expression levels of the genes
involved in NAD+ metabolism in both naive and SOHU glaucoma-
tous RGCs. Intriguingly, NMNAT2 is the dominant form of



Figure 4. NMNAT2 overexpression preserves visual

functions of glaucomatous mice

(A) Left: representative waveforms of PERG at 3 wpi.

Right: quantification of P1-N2 amplitude of PERG at 3 wpi,

represented as a percentage of glaucomatous eyes

comparedwith the sham contralateral control eyes. n = 20

in both groups. Data are presented as means ± SD;

****p < 0.0001, two-tailed unpaired t test. (B) Visual acuity

measured by OKR at 3 wpi, represented as percentage of

glaucomatous eyes compared with the sham contralateral

control eyes. Data are presented as means ± SD; ****p <

0.0001, two-tailed unpaired t test.
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NMNATs in RGCs, and its mRNA level, but not that of NMNAT1 or
NMNAT3, is significantly decreased in glaucomatous RGCs. This
decrease occurs concurrently in glaucomatous retinas and ONs
with a decrease in NAD+. Two other genes that are also involved in
NAD+ metabolism, NAPRT and CD38, are also upregulated in glau-
comatous RGCs, which may be a compensatory response to the
decrease of NMNAT2. We next demonstrated that intravitreal injec-
tion of AAV2-mSncg-NMNAT2Dex6 increases NMNAT2 expres-
sion and NAD+ levels specifically in RGCs and ONs. We then tested
this gene therapy strategy in two optic neuropathy models, traumatic
ONC and ocular hypertension glaucoma. RGC-specific NMNAT2
overexpression significantly promotes survival of RGC somata and
axons in both models and preserves visual function in SOHU glau-
coma eyes. These results contrast dramatically with that of another
study showing that NMNAT2 overexpression fails to provide neuro-
protection in an experimental autoimmune encephalomyelitis/optic
neuritis model,54 suggesting that NMNAT2 dysfunction is uniquely
associated with traumatic and glaucomatous retina/ON injuries.

The axonal NAD+ level declines rapidly in injured axons, primarily
because of depletion of the axonal NAD+-synthetic enzymeNMNAT2
and activation of the NAD+-consuming enzyme SARM1 (sterile alpha
and TIRmotif-containing protein 1), a downstream acting pro-degen-
eration factor for NMNAT2.18–20 Both the short half-life of NMNAT2
protein identified before44 and decreased NMNAT2 transcription in
Mo
the SOHU glaucoma model identified by this
study (Figure 1E) may contribute to the
NMNAT2 depletion and therefore cause axon
degeneration. An additional factor that may
also contribute is the decreased axonal transport
of NMNAT2 found with aging, a common risk
factor in chronic neurodegenerative diseases.55

Significantly reduced levels of NMNAT2
mRNA and protein have been identified consis-
tently in Alzheimer disease,37 and loss-of-func-
tion NMNAT2 mutations have been detected
in rare neurological diseases.56,57 A causative
NMNAT2 mutation has not been found yet for
glaucoma, but germline deletion of NMNAT2
causes ON truncation in mice.58 The observa-
tions that NMNAT2 is the predominant
NMNAT isoform in RGCs and that it provides significant neuropro-
tection of RGCs andONs suggest that NMNAT2would offer an excel-
lent therapeutic target for glaucoma neuroprotection. Multiple
NMNAT1 mutations cause Leber congenital amaurosis type 9
(LCA9), an autosomal recessive photoreceptor degenerative dis-
ease.59–63 The mutations in LCA9 probably act through photore-
ceptor-autonomous effects because pan-neuronal NMNAT1 deletion
specifically causes degeneration of photoreceptors, but not of
RGCs.64,65 The cytosolic form of NMNAT1 also protects RGCs and
ONs in the ONC model, however, although NMNAT2 protection of
the RGC soma is slightly better. Levels of NAD+ in glaucomatous ret-
inas and ONs induced by NMNAT1 are comparable with those of
NMNAT2, suggesting that they may provide similar neuroprotection
in glaucoma. Taken together, our evidence indicates that a low
NMNAT2 level is pro-neurodegenerative, and that strategies boosting
neuronal intrinsic NMNAT2 and NAD+ levels represent a promising
therapeutic treatment for glaucoma and other axonopathies. The
retina is readily accessible for administration of a virus, which is
applied by a localized injection that is confined to the eye and requires
minimal virus load and causes minimal, if any, systemic effects.
Considered along with these other advantages, our demonstration
that AAV-mediated RGC-specific promotermSncg-drivenNMNAT2
overexpression provides significant neuroprotection of glaucomatous
RGCs/ONs and preservation of visual functions establishes a firm
proof of concept for a translatable gene therapy approach to glaucoma.
lecular Therapy Vol. 30 No 4 April 2022 1425
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SARM1 is a Toll-like receptor adapter protein but with intrinsic
NAD+ hydrolase activity that causes axon degeneration by degrading
axonal NAD+ significantly after injury-induced activation.23,66–68

Importantly, SARM1 deletion rescues NMNAT2-deficient axons,58

indicating that SARM1 works downstream of NMNAT2 depletion.
Although we did not detect a significant increase of SARM1 transcrip-
tion in glaucomatous RGCs, blocking SARM1 activity is another
promising strategy for neuroprotection, as demonstrated in many,
but not all, neurodegenerative disease models.18 Germline deletion
of SARM1 in mouse delays ON degeneration significantly after trau-
matic crush injury but has no effect on RGC survival.69 However,
SARM1 deletion blocks TNF-a-induced RGC and ON degenera-
tion.70 We are testing whether RGC-specific SARM1 inhibition pro-
tects against glaucomatous neurodegeneration, which will help to
determine whether NMNAT2 activation or SARM1 inhibition is
the better therapeutic strategy for glaucoma.

In summary, consistent with the notion that a decline in neuronal
NAD+ is a hallmark of many neurodegenerative diseases,43,71

including models of photoreceptor degenerative diseases72,73 and
the aging DBA2/J genetic glaucoma mouse line,29 we found decreased
NMNAT2 expression in glaucomatous RGCs, which may lead to
NAD+ decline in RGCs and ONs. We further demonstrated that
modulating RGC-intrinsic levels of NMNAT2 by an AAV2-mSncg
vector represents a potent gene therapy strategy for protecting both
RGC somata and axons in traumatic ON injury and the SOHU glau-
coma model.

MATERIALS AND METHODS
Animals

C57BL/6J WT (#000664) and RiboTag (#011029) mice (7–9 weeks
old) were purchased from Jackson Laboratories (Bar Harbor, ME,
USA) and housed in standard cages on a 12-h light/dark cycle. All
experimental procedures were performed in compliance with animal
protocols approved by the IACUC at Stanford University School of
Medicine.

Constructs

The AAV2 vector containing the mSncg promoter, NMNAT2Dex6,
and cytNMNAT1 has been described before.30,41,44,48 The 3HA-
NMNAT2Dex6 is driven by the mSncg promoter, and the cy-
tNMNAT1 is driven by the universal CAG promoter.

AAV production and intravitreal injection

The detailed procedure of AAV production has been described previ-
ously.41,74–76 The AAV titers were determined by real-time PCR and
diluted to 1.5 � 1012 vector genomes (vg)/mL. For intravitreal injec-
tion, mice were anesthetized with xylazine and ketamine based on
their body weight (0.01 mg xylazine/g + 0.08 mg ketamine/g). A
pulled and polished microcapillary needle was inserted into the pe-
ripheral retina just behind the ora serrata. Approximately 2 mL of
the vitreous was removed to allow injection of 2 mL AAV into the vit-
reous chamber to achieve 3� 109 vg/retina. The CL eyes were injected
with 2 mL AAV2 as control.
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ONC model

ONC was performed 2 weeks following AAV injection.75–78 After
anesthetization by intraperitoneal injection of Avertin (0.3 mg/g),
the ON was exposed intraorbitally, while care was taken not to dam-
age the underlying ophthalmic artery, and crushed with a jeweler’s
forceps (Dumont #5; Fine Science Tools, Foster City, CA, USA) for
5 s approximately 0.5 mm behind the eyeball. Eye ointment contain-
ing neomycin (Akorn, Somerset, NJ, USA) was applied to protect the
cornea after surgery.

SOHU glaucoma model and IOP measurement

SOHU mouse models and IOP measurement have been detailed
before.38–40 In brief, mice were anesthetized by an intraperitoneal in-
jection of Avertin (0.3 mg/g) and received the SO (1,000 mPa/s; Alcon
Laboratories, Fort Worth, TX, USA) injection at 9–10 weeks of age.
Prior to injection, one drop of 0.5% proparacaine hydrochloride
(Akorn) was applied to the cornea to reduce its sensitivity during
the procedure. A 32G needle was tunneled through the layers of the
cornea at the superotemporal side close to the limbus to reach the
anterior chamber without injuring the lens or iris. Following this en-
try,�2 mL SO (1,000 mPa/s; Silikon; Alcon Laboratories) 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 �1.8–2.2 mm). After the injection, veterinary anti-
biotic ointment (BNP ophthalmic ointment; Vetropolycin; Dechra,
Overland Park, KS, USA) was applied to the surface of the injected
eye. The CL control eyes received mock injection with 2 mL normal
saline to the anterior chamber. Throughout the procedure, artificial
tears (Systane Ultra Lubricant Eye Drops; Alcon Laboratories) were
applied to keep the cornea moist.

The detailed procedure for IOP measurement has been described
before.38,39 The IOP of both eyes was measured by the TonoLab
tonometer (Colonial Medical Supply, Espoo, Finland) according to
product instructions under a sustained flow of isoflurane (3% isoflur-
ane at 2 L/min mixed with oxygen) delivered to the nose by a special
rodent nose cone (Xenotec, Rolla, MO, USA). 1% Tropicamide Sterile
Ophthalmic Solution (Akorn) was applied three times at 3-min inter-
vals to fully dilate the pupils (about 10 min) before taking measure-
ments. During this procedure, artificial tears were applied to keep
the cornea moist. Because IOP measurement requires pupil dilation,
which essentially relieves ocular hypertension during the period of
pupil dilation, we measure only IOP 3 weeks after SO injection imme-
diately before sacrificing the animals in the acute and severe ND (no
dilation) SOHU model that we described before.40

RiboTag immunoprecipitation (Ribo-IP), RNA extraction, RNA

sequencing (RNA-seq), and data analysis

RiboTagmice (B6N.129-Rpl22tm1.1Psam; Jackson Laboratory) were in-
travitreally injected with 2 mL AAV2-mSncg-Cre (1.5 � 1012 vg/mL)
to achieve RGC ribosome labeling. Three weeks after the AAV injec-
tion, SOHU model mice were prepared as previously described.38–40

Freshly isolated retinas (10–12 retinas/condition) at 1 wpi in SOHU
eyes and CL control eyes were homogenized with a pestle in
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homogenization buffer (50 mM Tris HCl, 100 mM KCl, 12 mM
MgCl2, 1% Nonidet P-40 [NP-40], 1 mMDTT, 1� protease inhibitor
[Sigma], 200 U/mL RNasin [Promega, Madison, WI, USA], 100 mg/
mL cycloheximide, and 1 mg/mL heparin). Samples were then centri-
fuged at 12,000� g for 10min and the supernatant used for IP. A total
of 10 mL anti-HA antibody (BioLegend, San Diego, CA, USA) was
added into each sample and incubated for 4 h in a cold room with
rotation before incubation with protein Gmagnetic beads (prewashed
with homogenization buffer; Thermo Fisher Scientific, South San
Francisco, CA, USA) overnight at 4�C with rotation. Sample tubes
were placed in a magnetic adaptor to aggregate the magnetic beads,
and the supernatant was discarded. The beads were washed for
10 min three times in a high-salt buffer (50 mM Tris HCl, 300 mM
KCl, 12 mM MgCl2, 1% NP-40, 1 mM DTT, 100 mg/mL cyclohexi-
mide) before resuspension in TRIzol (Thermo Fisher Scientific) for
RNA isolation with PureLink RNA Mini Kit (Thermo Fisher Scienti-
fic) following the manufacturer’s protocol. RNA integrity was
analyzed using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA)
with the RNA Pico chip; the samples with RNA integrity number
(RIN) greater than 6 were used for library preparation. Library prep-
aration and sequencing were performed using the ultra-low-input
RNA-seq service from GENEWIZ (South Plainfield, NJ, USA). In
brief, the cDNA was generated using the SMART-Seq v4 Ultra Low
Input RNA kit (Takara, Mountain View, CA). Libraries were then
constructed using the Illumina Nextera XT kit (Illumina, San Diego,
CA), and sequencing was performed on the Illumina HiSeq 4000
sequencer with 2 � 150-bp paired-end configuration. Three biolog-
ical replicate samples were prepared and sequenced for each
condition.

RNA-seq raw data were trimmed by trim-galore to remove adaptor se-
quences and aligned with Hisat2 to the mouse reference genome
(version mm10). The aligned reads ranges are from 59.7 million
(93.36%) to 67.1 million (94.25%). MultiQC was used to assess the
quality of the sequence data. The count matrix of all the genes in the
individual samples was determined by featureCounts. TPMs (tran-
scripts per million) of each gene were calculated; TPM = (reads map-
ped to transcript/transcript length)/sum (reads mapped to transcript/
transcript length) � 106. Samples were further processed by DESeq2
package working in R to determine DEGs between SOHURGCs versus
naive RGCs. A total of 1,132 DEGs in SOHU were detected with the
cutoff, >1.2-fold change upregulated or <0.7-fold downregulated,
and adjusted p < 0.05. A heatmap was generated using heatmap pack-
age to illustrate the DEGs of different groups. We used clusterProfiler
package working in R to perform enrichment analysis of gene clusters
and visualize the top enriched Gene Ontology (GO) terms. The log10
(adjusted p value) of the enriched biological process was plotted to
indicate the significance of the enrichment of each item. All the raw
data and processed data have been submitted to the Gene Expression
Omnibus (GEO); the accession number is GEO: GSE182483.

Fluorescent ISH (FISH) with retina cross sections

FISH was performed by using the RNAscope Multiplex Fluorescent
Detection Reagents V2 (Advanced Cell Diagnostics [ACD], Hayward,
CA, USA) according to the manufacturer’s instructions. RNAscope
probe Mm-NMNAT2-C2 was purchased from ACD. Adult mice
were perfused with ice-cold 4% paraformaldehyde (PFA)/PBS, and
eyes were dissected out and fixed in 4% PFA/PBS at 4�C overnight.
The eyes were dehydrated with increasing concentrations of sucrose
solution (10%, 20%, and 30%) overnight before embedding in OCT
on dry ice. Serial cross sections (12 mm) were cut with a Leica cryostat
and collected on Superfrost Plus Slides. The sections were pretreated
with protease and then subjected to ISH with RNAscope Multiplex
Fluorescent Detection Reagents V2 according to the manufacturer’s
instruction (ACD). In brief, sections were hybridized with the probe
solution, followed by amplification and probe detection using TSA
plus fluorophores (AKOYA, Marlborough, MA, USA). The sections
were mounted with Fluoromount G (Southern Biotech, Birmingham,
AL, USA). Images were captured by a Zeiss LSM 880 confocal laser-
scanning microscope with 40�/1.0 Oil DIC (Carl Zeiss Microscopy,
Thornwood, NY, USA). The quantification of NMNAT2 fluorescence
intensity was measured by NIH ImageJ. The results were calculated as
the mean gray value (integrated density/area).

Immunohistochemistry of whole-mount and cross sections of

retina

The detailed procedures have been published before.38–41,77,79 In
brief, after perfusion fixation with 4% PFA in PBS, mice eyeballs
and ONs were dissected out and post-fixed with 4% PFA for 2 h at
room temperature. 30% sucrose was then used for cryoprotection
of the tissues. Retinas were dissected out for whole-mount retina im-
munostaining. For cross sections of retina, the eyeballs were
embedded in Tissue-Tek OCT on dry ice for subsequent cryo-section
with a Leica cryostat. The primary antibodies used for immunostain-
ing are anti-RBPMS at 1:4,000 (custom-made at ProSci), anti-HA at
1:200 (11867423001; Roche), and anti-Tuj1 at 1:200 (845502; Bio-
Legend). Secondary antibodies were then applied (1:200; Jackson Im-
munoResearch, West Grove, PA, USA) and incubated for 1 h at room
temperature before mounting.

RGC counting

The detailed procedures have been published before.38–41,77 For pe-
ripheral RGC counting, whole-mount retinas were immunostained
with the RBPMS antibody, eight fields sampled from peripheral re-
gions of each retina using a 40� lens with a Zeiss M2 epifluorescence
microscope, and RBPMS + RGCs counted by Volocity software
(Quorum Technologies). The percentage of RGC survival was calcu-
lated as the ratio of surviving RGC numbers in injured eyes compared
with CL uninjured eyes. The investigators who counted the cells were
masked to the treatment of the samples.

ON semi-thin sections and quantification of surviving axons

The detailed procedure of ON semi-thin section preparation and
paraphenylenediamine (PPD) staining has been described previ-
ously.38,40,41,77,79 In brief, ONs were post-fixed in situ with 2%
glutaraldehyde and 2% PFA in 0.1 M PBS. Semi-thin (1 mm) cross sec-
tions of the ON 2 mm distal to the eye (globe) were collected. After
PPD staining, four sections of each ON were imaged through a
Molecular Therapy Vol. 30 No 4 April 2022 1427
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100� lens of a ZeissM2 epifluorescencemicroscope to cover the entire
area of the ONwithout overlap. Two areas of 21.4 mm� 29.1 mmwere
cropped from the center of each image, and the surviving axons within
the designated areas were countedmanually. After counting all the im-
ages taken from a single nerve, the mean of the surviving axon number
was calculated for eachON. Themean of the surviving axon number in
the injuredONwas comparedwith that in the CL control ON to yield a
percentage of axon survival value. The investigators who counted the
axons were masked to the treatment of the samples.

NAD+ measurement with NAD+/NADH Assay Kit

The NAD+ levels of naive retinas 2 weeks after AAV intravitreal in-
jection were measured according to the manufacturer’s protocol
with the NAD+/NADH Assay Kit (KA1657; Abnova). Mice were
sacrificed by cervical dislocation, and retinas and ONs were collected
gently and quickly. One retina per sample or two ONs per sample
were homogenized in NAD+ extraction buffer and then heated at
60�C for 5 min. The homogenates added with an assay buffer were
centrifuged at 14,000 rpm for 5 min to remove cellular debris. After
adding reagents to 40 mL supernatants and standard solutions, the
absorbance was determined at 565 nm by TECAN SPARK Plate
Reader (Tecan, Switzerland). The results were normalized to a micro-
gram of protein concentration.

NAD+ measurement with liquid chromatography mass

spectrometry (LC/MS)

One week after SO intracameral injection, mice were sacrificed by cer-
vical dislocation, and retinas and ONs were dissected out immedi-
ately. The tissues were rinsed with ice-cold PBS before snap freezing
in liquid nitrogen. One retina per sample or two ONs per sample were
homogenized in 400 mL extraction buffer, including 40:40:20 of meth-
anol/acetonitrile/H2O by the “bead beating” method with FastPrep-
24 grinder (MP Biomedicals) at 4�C (ONs: 6.5 m/s, 60 s/pulse, 5
pulses with 30-s interval; retina: 6.5 m/s, 60 s/pulse, 1 pulse). Samples
were then centrifuged at 4�C for 15,000 rpm� 15 min, and 150 mL of
the supernatant was transferred to 9-mm plastic screw thread vial
(Thermo Scientific) and kept at �80�C before LC/MS analysis. De-
tails about MS analysis have been described in a previous publica-
tion.80 In brief, 10 mL of the lysates was injected into an Agilent
1290 Infinity LC system coupled to a Q-TOF 6545 mass spectrometer
(Agilent). Data were collected in negative ionization mode. A hydro-
philic interaction chromatography method (HILIC) with a BEH
amide column (100 � 2.1 mm inner diameter [i.d.], 1.7 mm; Waters)
was used for compound separation at 35�Cwith a flow rate of 0.3 mL/
min. The mobile phase A consisted of 25 mM ammonium acetate and
25 mM ammonium hydroxide in water, and mobile phase B was
acetonitrile. The gradient elution was 0–1 min, 85% B; 1–12 min,
85% B / 65% B; 12–12.2 min, 65% B / 40% B; 12.2–15 min,
40% B. After the gradient, the column was re-equilibrated at 85% B
for 5 min. The overall run time was 20 min. NAD+ was quantified
as area under the curve of the MS peak and normalized with the total
protein levels in each sample. NAD+/protein ratio was then normal-
ized to average NAD+/protein value in the naive group for each sam-
ple to generate the “NAD+ relative level to naive” for comparison.
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Spectral-domain OCT (SD-OCT) imaging

The detailed procedure has been published previously.38,40,77 In brief,
after anesthetization (0.01 mg xylazine/g + 0.08 mg ketamine/g) and
pupil dilation, the retina fundus images were captured with the Hei-
delberg Spectralis SLO/OCT system (Heidelberg Engineering, Ger-
many). The mouse retina was scanned with the ring scan mode
centered by the ON head under high-resolution mode (each B-scan
consisted of 1,536 A-scans). The scanning ring had a fixed diameter
of 160 mm, and the focal length was fixed at scale 37 D. The ON
head was always placed in the center of the ring, which allowed scan-
ning the same area and same distance from the ON head to the ring of
each eye. The GCC includes retinal nerve fiber layer (RNFL), ganglion
cell layer (GCL), and inner plexiform layer (IPL). The average thick-
ness of GCC around the ON head was measured manually with the
aid of Heidelberg software. The investigators whomeasured the thick-
ness of GCC were masked to the treatment of the samples.

PERG recording

The detailed procedure has been published previously.38,40,49,50,77 In
brief, after anesthetization (0.01 mg xylazine/g + 0.08 mg ketamine/
g) and pupil dilation, PERG of both eyes was recorded simultaneously
with the Miami PERG system (Intelligent Hearing Systems, Miami,
FL, USA) according to the manufacturer’s instructions. The pattern
remained at a contrast of 100% and a luminance of 800 cd/m2 and
consisted of four cycles of black-gray elements, with a spatial fre-
quency of 0.052 c/d. Two consecutive recordings of 200 traces were
averaged to achieve one readout; each trace recorded up to
1,020 ms. The first positive peak in the waveform was designated as
P1, and the second negative peak as N2. The amplitude was measured
from P1 to N2.

OKR

The detailed procedure has been published previously.38,51,52 In brief,
mice were placed on a platform in the center of four 17-inch LCD
computer monitors (Dell, Phoenix, AZ, USA), with a video camera
above the platform to capture the movement of the mouse. A rotating
cylinder with vertical sine-wave grating was computed and projected
to the four monitors by OptoMotry software (CerebralMechanics,
Lethbridge, AB, Canada). The sine-wave grating, settled at 100%
contrast and speed of 12�/s, provides a virtual reality environment
to measure the spatial acuity (cycles/degree) of the left eye when
rotated clockwise and the right eye when rotated counterclockwise.
The maximum frequency (cycles/degree) that the mouse could track
was identified and recorded by investigators masked to treatment.

Statistical analysis

GraphPad Prism 7 was used to generate graphs and for statistical an-
alyses. Data are presented as means ± SD. Student’s t test was used for
two-group comparison, and one-way ANOVA with post hoc test was
used for multiple comparisons.
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 1 

Figure S1. NMNAT2 mRNA level is decreased in glaucomatous RGCs. (A) Representative 2 

confocal images of retina cross-sections showing NMNAT2 mRNA levels in GCL by ISH, one week 3 

after SO injection. GCL: ganglion cell layer. Scale bar, 20 µm.  (B) Quantification of mean 4 

fluorescence intensity of NMNAT2, n = 5. Data are presented as means ± SD, **: p<0.01, two-tailed 5 

unpaired t test.   6 



 
2 

 7 

Figure S2. AAV2-mSncg-mediated RGC-specific expression of NMNAT2Δex6 after intravitreal 8 

injection. (A) Representative confocal images of retina wholemounts showing RBPMS positive 9 



 
3 

(green) RGCs and HA-tagged NMNAT2 (red) overexpression in mice 2 weeks after intravitreal 10 

injection of AAV2-mSncg-3HA-NMNAT2Δex6, but not in mice injected with control AAV2. Scale 11 

bar, 20 µm. (B) Representative confocal images of retina cross-sections showing HA-tagged NMNAT2 12 

(red) expression in RBPMS positive (green) RGCs but not in other layers of retina, 2 weeks after 13 

intravitreal injection. GCL: ganglion cell layer. Scale bar, 20 µm.  (C, E) The NAD+ level in whole 14 

retina lysates or ON lysates measured by NAD+ biochemistry assay kit, 2 weeks after AAV2-mSncg-15 

NMNAT2Δex6 intravitreal injection. Data are presented as means ± SD, n = 4 each group; **: p<0.01, 16 

two-tailed unpaired t test. (D) Representative confocal images of ON longitudinal sections 17 

immunostained for Tuj1 and HA in mice 2 weeks after intravitreal injection. Scale bar, 20 µm. 18 

  19 
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Figure S3. NMNAT2 overexpression does not affect IOP elevation but protects RGCs 21 

significantly in glaucomatous mice. (A) IOP measurements at 3wpi. Naïve, n = 20, all groups. Data 22 

are presented as means ± SD, ****: p<0.0001, one-way ANOVA with Tukey’s multiple comparisons 23 

test. (B) Representative fluorescence microscope images of the whole flat-mounted retinas showing 24 

surviving RBPMS positive (red) RGCs at 3wpi. Scale bar, 500 µm. 25 

 26 
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