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Loss of Sarm1 reduces retinal ganglion cell 
loss in chronic glaucoma
Huilan Zeng1†, Jordan E. Mayberry2,3†, David Wadkins2,3, Nathan Chen2,3, Daniel W. Summers4 and 
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Abstract 

Glaucoma is one of the leading causes of irreversible blindness worldwide and vision loss in the disease results 
from the deterioration of retinal ganglion cells (RGC) and their axons. Metabolic dysfunction of RGC plays a significant 
role in the onset and progression of the disease in both human patients and rodent models, highlighting the need 
to better define the mechanisms regulating cellular energy metabolism in glaucoma. This study sought to deter-
mine if Sarm1, a gene involved in axonal degeneration and NAD+ metabolism, contributes to glaucomatous RGC 
loss in a mouse model with chronic elevated intraocular pressure (IOP). Our data demonstrate that after 16 weeks 
of elevated IOP, Sarm1 knockout (KO) mice retain significantly more RGC than control animals. Sarm1 KO mice 
also performed significantly better when compared to control mice during optomotor testing, indicating that visual 
function is preserved in this group. Our findings also indicate that Sarm1 KO mice display mild ocular developmental 
abnormalities, including reduced optic nerve axon diameter and lower visual acuity than controls. Finally, we present 
data to indicate that SARM1 expression in the optic nerve is most prominently associated with oligodendrocytes. 
Taken together, these data suggest that attenuating Sarm1 activity through gene therapy, pharmacologic inhibition, 
or NAD+ supplementation, may be a novel therapeutic approach for patients with glaucoma.
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Introduction
Glaucoma is a chronic neurodegenerative disease that is 
characterized by progressive vision loss and changes to 
the optic nerve head [50]. It affects more than 70 million 
individuals globally, making it one of the leading causes 

of irreversible blindness worldwide [50]. High intraocular 
pressure (IOP) is a main risk factor for the development 
of the disease and the progression of vision loss, however 
there are indications that glaucoma is a multi-factorial 
disease. Factors such as immune responses, mitochon-
drial dysfunction, and age contribute to the loss of retinal 
ganglion cells (RGC), and it is likely that their respec-
tive contributions to RGC damage vary during glaucoma 
pathogenesis [40, 50].

A number of recent studies have indicated that meta-
bolic crisis and oxidative stress can cause RGC dys-
function in glaucoma and that cellular NAD+ levels 
may be a critical determinant of the cells’ survival [21, 
28, 36, 40, 44]. Low levels of NAD+ can be caused by 
several factors, including retinal or systemic metabolic 
dysfunction, but axonal injury or RGC stress indepen-
dently cause downregulation of the enzyme NMNAT2, 
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which functions to convert nicotinamide mononucleo-
tide (NMN) to NAD+ [10, 14, 21, 26, 29]. Conversely, 
providing NAD or its precursors has been shown to 
attenuate RGC loss in several animal models of glau-
coma [43, 51].

Low levels of NAD+ also activate the enzyme sterile 
alpha and TIR motif-containing 1 (Sarm1) that cleaves 
NAD+ into ADP-ribose, cyclic ADPR, and nicotina-
mide through dimerization of its TIR domain [9, 42]. 
Upon SARM1 activation, remaining axonal NAD+ 
is quickly degraded leading to axonal degradation 
through Wallerian degeneration and subsequent neu-
ronal death [22, 39, 48]. Furthermore, SARM1 activa-
tion can exacerbate axonal degeneration by promoting 
neuroinflammation through NFκB signaling [19, 25, 
30, 54]. Consistent with its role in axonal degradation, 
studies have shown that inhibition of SARM1 activity 
can be neuroprotective in rodent models of neurode-
generative conditions, including traumatic brain injury 
and experimental autoimmune encephalomyelitis 
(EAE) [2, 4, 13, 23, 31, 34, 45, 54].

The role of SARM1 in injuries affecting ocular neu-
rons is less well established. Deletion of Sarm1 has been 
shown to be protective to neurons following optic nerve 
crush in some studies, but not in others [13, 31]. A pro-
tective effect has also been reported following intravitreal 
injection of TNF-alpha and acute elevation of IOP [25, 
31]. However, the chronic nature of glaucoma is a defin-
ing characteristic of the disease and a challenge for its 
management. In this study we sought to determine if loss 
of Sarm1 protects RGC morphologically and functionally 
from glaucomatous damage due to chronic IOP eleva-
tion. Our data demonstrate that deletion of the Sarm1 
gene provides significant reduces RGC loss in mice expe-
riencing 16  weeks of moderately elevated IOP. Finally, 
we demonstrate that naive Sarm1 knock out (KO) mice 
display moderate deficiencies in visual acuity, indicating a 
role of this gene during ocular development.

Materials and methods
Animals
Mice used in this study were either normal C57BL/6J 
(B6) or homozygote C57BL/6J-Sarm1em1Agsa/J (Sarm1 
KO, Jackson Laboratory, stock #034399, Bar Harbor, ME, 
USA). Mice were housed in the animal facility of the Iowa 
City Veterans Affair Healthcare System in a 12  h light–
dark cycle and were fed chow and water ad libitum. Both 
male and female mice were used for this study. All studies 
were approved by the University of Iowa and Iowa City 
VA Committees for Animal Care and Use and conducted 
according to the ARVO statement for the use of Animals 
in Ophthalmology and Vision Research.

Western blot analysis of endogenous SARM1
Mouse brains from transgenic animals were lysed by 
dounce homogenization in cold RIPA buffer (50  mM 
Tris–HCl pH7.4, 1  mM EDTA, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 150  mM NaCl, 1  mM 
phenylmethylsulfonyl fluoride, and protease inhibitor 
cocktail from Prometheus). Brain extracts were sonicated 
for 20  s then centrifuged at 5000×g for 5  min at 4  °C. 
Supernatants were collected and subjected to a second 
round of centrifugation to remove excess cell debris. The 
supernatant was mixed with laemmli buffer and 15  µg 
protein separated by SDS-PAGE. Endogenous Sarm1 and 
β3-tubulin were detected by western immunoblotting 
(anti-Sarm1, 1:500, Biolegend # 696602; anti-β3-tubulin, 
1:5000, BioLegend #657409). Primary antibodies were 
detected with a DyLight 680-conjugated goat anti-mouse 
secondary (1:5000, Invitrogen #35519) and visualized 
with a LiCor Odyssey Fc imaging system.

Immunohistochemistry
Optic nerves were dissected immediately following 
euthanasia and fixed in 4% paraformaldehyde. Nerves 
were embedded in paraffin and longitudinal sections 
of 5 micron thickness were prepared. Sections under-
went 3  min of heat-induced epitope retrieval (Decloak-
ing Chamber, NxGen) in sodium citrate buffer (10  mM 
Sodium Citrate, 0.05% Tween 20, pH 6.0). Slides were 
then blocked with 1% BSA in TBS for 2 h at room tem-
perature and incubated overnight at 4  °C with a 1:100 
dilution of the primary antibody (rabbit anti-SARM1 
IgG, Cell Signaling #13022, Danvers, MA). Sections were 
then rinsed and incubated with a 1:1000 dilution of the 
secondary antibody for two hours (Donkey anti-Rabbit 
IgG Alexa Fluor® 555, Abcam, Waltham, MA). DAPI was 
included in all stains to facilitate orientation.

Induction of elevated IOP
To induce elevated IOP in mice, an adenoviral vector was 
used that expresses a pathogenic form of human myoci-
lin Ad5RSVmyocilinTyr437HisFlag (Ad5myoc, University of 
Iowa Viral Vector Core, Iowa City, IA, USA), as described 
previously [18, 53]. Newborn (P2–P5) B6 and Sarm1 
KO mice were subcutaneously injected with Ad5myoc 
(3 µL of 3 × 106 PfU) to promote tolerance to the vector 
and limit potential ocular inflammation. At eight weeks 
of age, mice were anesthetized using 4% isoflurane for 
induction and 2.5% isoflurane for maintenance with a 
flow rate of 1L oxygen/min, and 3 × 108 PfU virus in 1 
µL of PBS was deposited in the anterior chamber of both 
eyes via transcorneal injection. 0.5% proparacaine hydro-
chloride (Bausch + Lomb, Bridgewater, NJ, USA) and 
1% tropicamide (Sandoz, Princeton, NJ, USA) eye drops 
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were administered during this process for local anes-
thesia and dilation. After injection the needle was kept 
in place for 30 s in order to prevent washout. Both col-
oration and pulsation of the eye vasculature were moni-
tored throughout the injection to ensure that no ischemic 
injury occurred. Control mice received an injection of an 
equivalent amount of sterile PBS.

IOP in anesthetized mice was determined using a 
rebound tonometer (Tonolab, Colonial Medical Sup-
ply, Windham, NH, USA) described previously [24]. IOP 
measurements were taken between 10 AM and 1 PM by 
an investigator blinded to the animals’ status.

Imaging of the optic nerve and measurement of axonal 
size
Immediately following euthanasia, the optic nerve 
was removed and fixed in 2% glutaraldehyde and 2% 
paraformaldehyde. The nerves were then post-fixed in 
osmium tetraoxide and embedded into Eponate 12 resin. 
1  μm thick sections of the optic nerve were taken per-
pendicular to the length of the nerve. Sections were then 
stained using 1% p-phenylenediamine (PPD) and images 
were taken at 100× magnification using a Zeiss Axio-
scope 5 microscope.

Measurement of optokinetic reflex (OKR)
Visual acuity in mice was measured using an OptoDrum 
(StriaTech, Tübingen, Germany). The animal is placed 
inside on a platform and computer screens surrounding 
the platform will display a rotating stripe pattern. The 
reflexive head movements of the mice were recorded 
by a camera and the system’s software determined if the 
response of the animal tracked with the pattern it was 
shown. The spatial frequency of the displayed pattern 
is either increased or decreased in small increments to 
determine the level of visual acuity in cycles/degree (c/d) 
at 99.8% contrast. If the animal is unable to track the 
rotating stripe pattern by turning their head, it indicates 
that the pattern is not perceived by the animal and helps 
to define the level of visual acuity in said animal. Multiple 
trials are run in each session to ensure the proper analysis 
of visual acuity by the system. The researcher conducting 
each test was blinded to the background and status of the 
mice tested.

Quantification of RGC density
To analyze RGC density, mice were first euthanized, 
enucleated, and eyes were fixed in 4% paraformalde-
hyde for two hours. After fixation, retinas were dissected 
and placed in 0.3% Triton-X100 in PBS for 6 h. Follow-
ing three freeze and thaw cycles, retinas were blocked 
using 1% BSA/0.3% Triton-X100 in PBS for one hour at 
room temperature. Retinas were then incubated in goat 

anti-Brn3a primary antibody (Santa Crux, TX, diluted 
1:200 in 1% BSA/0.3% Triton-X100/1% DMSO/PBS) at 
4 °C for 48 h on a rocker platform. Retinas were washed 
thoroughly in PBS and binding was visualized after incu-
bation in a donkey anti-goat Alexa Fluor 546 secondary 
antibody solution (Invitrogen, Carlsbad, CA, USA, 1:200 
in PBS) for 3  h at room temperature in the dark. Reti-
nas were again washed in PBS and then whole-mounted 
using Vectashield (Vector Laboratories, Burlingame, CA, 
USA). 24 images were taken of each retina at predeter-
mined locations peripherally, mid-peripherally, and cen-
trally at a magnification of 20× using an Olympus BX41 
microscope (Olympus, Center Valley, PA, USA). Each 
image is 330 × 438 μm or 0.1445 mm2, thus all 24 images 
taken together account for 2.89  mm2 or approximately 
25–30% of the total mouse retinal area. Brn3a+ cells were 
counted manually by a blinded investigator by using the 
cell counter plugin for ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA). RGC density per 
mm2 was then calculated by averaging the cell counts of 
each area of the retina.

Statistical analysis of data
All calculations were computed using GraphPad Prism 
10.0.2 (GraphPad Software, San Diego, CA, USA). P val-
ues of < 0.01 were considered statistically significant for 
this study. Comparisons between more than two groups 
were carried out using ANOVA and Tukey’s multiple 
comparison test. All data is presented as a mean of ani-
mals tested.

Results
Cellular localization of Sarm1 KO in the optic nerve
We initially sought to confirm the absence of Sarm1 in 
this strain of KO mice and to determine the expression 
patterns of the protein in the mouse optic nerve and 
retina. Western blot analysis of brain homogenates from 
wild-type B6, heterozygote Sarm1 mice, and Sarm1 KO 
mice was carried out to determine if SARM1 protein 
was detectable in the samples (Fig.  1A). β3 tubulin was 
used a loading control. Samples obtained from both wild-
type B6 and heterozygous Sarm1 mice reveal a band of 
approximately 73 kDa, as expected for SARM1, indicat-
ing that it is present in these samples. In contrast, this 
band was not present in brain homogenates of Sarm1 
KO, demonstrating that SARM1 protein is not produced 
in these mice.

We then used KO and B6 mice to develop immunohis-
tochemistry protocols enabling localization of SARM1 in 
the mouse optic nerve (Fig. 1B). In longitudinal sections 
of optic nerve obtained from B6 mice prominent expres-
sion of SARM1 is detected throughout the optic nerve, 
while labeling is completely absent in KO mice. The 



Page 4 of 10Zeng et al. Acta Neuropathologica Communications           (2024) 12:23 

staining pattern observed is consistent with the size and 
distribution of oligodendrocytes, rather than axons, sug-
gesting that these cells may be the predominant source 
of SARM1 in the optic nerve. Under identical conditions, 
SARM1 immunoreactivity was not apparent in the neu-
ral retina, which does not contain oligodendrocytes (data 
not shown).

Sarm1 KO mice display mild ocular developmental defects
In addition to its role during axonal degeneration, 
SARM1 appears to fulfill a role during embryonic 
development [5, 48]. Little is known about the impact 
of SARM1 deletion on ocular structure and function 
and thus we sought to determine whether Sarm1 KO 
mice display developmental defects in the structure 
of optic nerves or the diameter of optic nerve axons. 
Toward this goal, optic nerve cross sections were pre-
pared from eight-week old Sarm1 KO (n = 3) and 
B6 (n = 3) mice and the density and size of the axons 

in both groups of animals were examined. Our find-
ings indicate that the overall organization of the optic 
nerve in Sarm1 KO is unremarkable when compared 
to B6. Furthermore, the axonal density in the optic 
nerves of both groups is almost identical, with an aver-
age count of 4347 axons/image in B6 mice, compared 
to 4400 axons/image in Sarm1 KO animals (p = 0.91, 
Fig. 2A). However, our data indicate a reduction in the 
average optic nerve axon diameter in Sarm1 KO mice 
when compared to B6. In KO animals, the average 
major axis measures 0.789 ± 0.1  μm, while the minor 
axis averages 0.334 ± 0.041  μm. Axon sizes are notably 
larger in B6 optic nerves, where the major axis averages 
1.03 ± 0.044  μm and the minor axis of 0.551 ± 0.03  μm 
(p = 0.0008 and 0.0004, respectively). Although not 
specifically quantitated here, it appeared that a slightly 
larger area of the optic nerve was occupied by glial ele-
ments in Sarm1 KO, resulting in similar axonal density 
despite the reduction in axon caliber.

Fig. 1  Presence and localization of SARM1 in B6 and Sarm1 KO mice. A Western blot analysis of SARM1 in brain samples of wildtype (WT), 
heterozygous (het) and homozygous Sarm1 KO. B Immunohistochemical staining of the optic nerve of wild-type (left) and Sarm1 KO (right) mice 
with anti-SARM1 antibody. The arrow points to SARM1 + cells

Fig. 2  Developmental abnormalities in Sarm1 KO mice. A Cross sections of optic nerves of B6 (left) and Sarm1 KO (right) mice. While the overall 
organization of the optic nerve is preserved in KO animals, the overall axonal diameter is reduced and glial elements (arrow) are more voluminous. B 
Naive Sarm1 KO mice display reduced optokinetic responses when compared to B6 controls. **p < 0.05
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Subsequent to axonal density analysis, we quanti-
fied visual function in B6 (n = 23) and Sarm1 KO mice 
(n = 26) using the optokinetic response (OKR) assay, 
which assesses visual acuity in mice by tracking their 
responses to visual stimuli. Our data indicate that B6 
mice exhibited a mean visual acuity of 0.4028 cycles 
per degree (Fig.  2B). Conversely, Sarm1 KO mice dem-
onstrated a marked impairment in visual acuity, with a 
mean of 0.3707 cycles per degree, a statistically signifi-
cant reduction (p = 0.0084).

Intracameral injection of Ad5myoc results in chronic IOP 
elevation
We have previously shown that injections of adenovirus 
expressing the human myocilin gene with the pathogenic 
Y437H mutation into the anterior chamber of the eye 
results in chronic ocular hypertension (OHT) and result-
ant RGC loss [18, 53]. In order to determine the role of 
Sarm1 in glaucomatous RGC loss, Ad5myoc was injected 
into both eyes of B6 (n = 24) and Sarm1 KO mice (n = 23). 
Animals that received adenoviral injection and devel-
oped ocular hypertension will be referred to as B6 OHT 
or Sarm1 KO OHT for the remainder of the manuscript. 
Additional B6 (n = 10) and Sarm1 KO animals (n = 24) 
were injected with sterile PBS and served as vehicle con-
trols for comparison (B6 control and Sarm1 KO control, 
respectively).

Following Ad5myoc injection, IOP in both B6 OHT 
and Sarm1 KO OHT mice steadily increased, reaching 
averages of 22.26 mmHg and 22.16 mmHg, respectively, 
by week four (Fig.  3). For the next 12  weeks, the IOP 
remained stable in these animals. No differences were 
observed in the IOP of B6 OHT mice when compared 
to that of Sarm1 KO OHT mice. In contrast, neither B6 
control nor Sarm1 KO control animals displayed any 

elevation of IOP and pressures averaged 11 to 12 mmHg 
for the duration of the study in both groups.

Loss of Sarm1 ameliorates vision loss resulting 
from chronic high IOP
We then determined the impact of chronic IOP elevation 
on the visual function in B6 and Sarm1 KO mice through 
monthly determination of OKR responses (Fig.  4A). As 
pointed out above, baseline visual acuity in Sarm1 KO 
control is lower than in B6 control and for this reason we 
defined functional loss as the difference between baseline 
acuity (week 0) and that measured at the conclusion of 
the experiment (week 16).

As expected, visual acuity remains stable in the two 
control groups with normal IOP. B6 control mice (n = 9) 
lost on average 0.0015 cycles/degree (Fig. 4B). As pointed 
out above, baseline visual function is lower in Sarm1 
KO (n = 12), but losses in these mice were also negligi-
ble in the absence of elevated IOP (0.0365 cycles/degree; 
p = 0.3553 when compared to B6).

In contrast, induction of elevated IOP caused pro-
gressive vision loss in B6 mice (n = 14). In this group 

Fig. 3  Elevated IOP in B6 mice (black line) and Sarm1 KO (red 
line) in mice after injection of Ad5myoc into the anterior chamber 
of the eye. IOP remains at baseline levels in sham injected B6 (blue 
line) and Sarm1 KO (green line). Note: error bars denote standard 
deviation and are only given in either positive or negative direction 
to avoid overlap on the graph

Fig. 4  Visual acuity in B6 and Sarm1 KO mice. A OKR responses of B6 
controls (blue line), Sarm1 KO controls (green line), B6 with elevated 
IOP (black line), and Sarm1 KO with elevated IOP (red line) mice 
in cycles/degree. B Change in visual acuity from baseline to 16 weeks. 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, and ns = not 
significant
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(B6 OHT), loss of visual acuity averaged 0.0959 cycles/
degree during the 16-week period, rendering their 
visual function significantly worse than that of B6 
control animals (p = 0.0002). This was not the case in 
Sarm1 KO mice with elevated IOP (SARM1 KO OHT; 
n = 14). These mice exhibited very little loss of visual 
acuity loss over the course of 16 weeks, despite being 
exposed to the same level of IOP elevation as the B6 
group. Mice in the Sarm1 KO OHT group lost on aver-
age only 0.0352 cycles/degree, which is comparable 
to changes observed in normotensive Sarm1 KO con-
trol mice (p = 0.9999). The data indicates considerable 
preservation of visual acuity in the Sarm1 KO mice 
with elevated IOP when compared to B6 (0.0352 vs. 
0.0959 cycles/degree; p = 0.0084).

Loss of Sarm1 preserves RGC density in eyes with chronic 
elevated IOP
RGC loss is an important indicator of glaucomatous 
damage in rodent models of the disease and can be deter-
mined following immunohistochemical detection of RGC 
with antibodies directed against RBPMS (Fig. 5A). Here, 
we determined RGC density in the peripheral, mid, and 
central areas of the eyes at the conclusion of the experi-
ment (Fig. 5B, C).

In the central area of the retina, B6 control and 
Sarm1 KO control mice with normal IOP display on 
average 3521 and 3497 RGC per mm2, respectively 
(Fig. 5C and Table 1). The difference between the two 
groups is not significant (p = 0.9957) and agrees with 
findings presented above indicating similar axon den-
sities in the two groups. As expected, B6 OHT mice 
displayed a significantly reduced RGC count following 

Fig. 5  Quantitation of RGC density in eyes of B6 and Sarm1 KO mice. A Whole mounted mouse retina following immunohistochemical staining 
with RBPMS antibody to indicate RGC (green). B Sampling scheme to determine RGC counts in each eye. Data from areas 1, 2, 7, 8, 13, 14, 19, and 20 
are averaged to indicate RGC density in the retinal periphery. Images 3, 4, 9, 10, 15, 16, 21, and 22 represent the mid-peripheral area of the retina. 
Images 5, 6, 11, 13, 17, 18, 23, and 24 represent the central section of the retina. Size of each image equals 330 × 438 μm or 0.1445 mm2. C RGC 
density in each area of the retina after 16 weeks of elevated IOP (B6 OHT, Sarm1 OHT) and in sham injected controls (B6 control, Sarm1 control). *p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns = not significant
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16 weeks of sustained IOP elevation, yielding an aver-
age of 3029 RGCs/mm2 (p < 0.0001). Relative to B6 
controls, B6 OHT animals experience a 14% loss of 
RGC in the central retinal area. Sarm1 KO OHT mice 
also display fewer surviving RGC when compared 
to Sarm1 KO control animals, averaging 3248 RGC 
per mm2 (p = 0.0005). However, RGC loss in Sarm1 
KO OHT mice is only 7.1% when compared to con-
trol mice, significantly lower than that observed in B6 
(p = 0.0027).

Similar results were obtained in the mid area of the 
retina (Fig.  5C, Table  1). B6 control and Sarm1 KO 
control mice display very similar numbers of RGC with 
averages of 3044 and 3015 RGC/mm2, respectively 
(p = 0.9867). RGC density again significantly decreased 
in B6 OHT animals averaging 2593 RGC per mm2, 
which represents a 14.8% loss when compared to B6 
control mice (p < 0.0001). Sarm1 KO OHT mice expe-
rience only a 7.1% decrease in RGC (2800 RGC/mm2, 
p = 0.0002). These data again indicate substantial RGC 
protection in Sarm1 KO OHT when compared to B6 
OHT (p = 0.0001).

These findings were also observed in the peripheral 
retina (Fig.  5C, Table  1). Both B6 control and Sarm1 
KO control animals have almost identical numbers of 
surviving RGC with averages of 1873 and 1872 RGC 
per mm2, respectively (p = 0.9995). RGC loss is most 
pronounced in B6 OHT with an average of 1520 RGC 
per mm2, representing a 18.9% loss in RGC density 
when compared to B6 controls (p < 0.0001). In this 
area, Sarm1 KO OHT animals lose 10.1% of RGC 
when compared to Sarm1 KO control mice, resulting 
in 1683 RGC/mm2 surviving after 16 weeks of elevated 
IOP (p < 0.0001). This rate of loss is again much lower 
than in the B6 OHT group (p = 0.0002) and indicates 
that loss of Sarm1 activity promotes RGC survival in 
chronic glaucoma associated with elevated IOP.

Discussion
Therapeutic options for glaucoma are currently limited to 
reducing IOP, but recent data suggests that modulation of 
intracellular NAD+ levels can provide neuroprotection 
in the disease. Sarm1 is a significant regulator of NAD+ 
levels, suggesting that it may be a viable target for phar-
maceuticals exploration. Since studies in other model 
systems have indicated a role of SARM1 during embry-
onic development, our initial efforts were directed to 
assess the functional and morphologic effects of Sarm1 
ablation on the visual system [5, 48]. During the develop-
ment of the visual system as much as half of the RGC die 
after failing to establish connections to the superior col-
liculus [3]. While it is conceivable that blocking a path-
way that contributes to axonal degradation could result 
in more surviving neurons, we did not observe increased 
numbers of RGC or optic nerve axons in Sarm1 KO 
mice, indicating that this enzyme is not required for this 
process. We did, however, notice a reduction in the aver-
age axon diameter in knockout animals. Smaller axonal 
size is generally correlated with slower conduction veloc-
ity, but experimental verification of this notion was out-
side the scope of this study [27]. We also noticed reduced 
optokinetic responses in knockout animals when com-
pared to wild-type mice. Whether this is related to the 
reduced caliber of optic nerve axons remains to be deter-
mined. Axon diameter can influence the timing of signal 
conduction, whereas the optokinetic response involves a 
complex integration of visual input, central processing, 
and motor output making the relationship between axon 
diameter and the optokinetic response not straightfor-
ward [38]. One possible explanation for reduced visual 
function may be that RGC dendritic arbors in Sarm1 KO 
mice appear to exhibit a reduced complexity compared 
to wildtype counterparts [6]. This could potentially lead 
to changes in their receptive fields and account for the 
observed attenuation in optokinetic responses.

Our data further indicate that, within the optic nerve, 
SARM1 is primarily expressed by oligodendrocytes. 
Non-neuronal expression of SARM1 has been reported 
in astroglia [23, 30], and in both cultured and in vivo oli-
godendrocytes [11]. Using identical experimental pro-
cedures, we did not observe SARM1 immunoreactivity 
in the neural retina, which does not contain oligoden-
drocytes. Considering the established involvement of 
SARM1 in axonal degeneration, this finding was unex-
pected. Within the retina, prior investigations that have 
either indirectly indicated SARM1 expression by RGCs 
[31, 49, 52]  or have directly demonstrated its presence 
within retinal homogenates [33]. Furthermore, single 
cell transcriptomic data from several studies indicate 
that Sarm1 is expressed at low levels by RGC and pho-
toreceptor cells [7, 46, 47]. Thus the absence of distinct 

Table 1  RGC density in each retinal area after 16 weeks

Values are represented as mean density per mm2 ± SD. Loss is calculated 
between Controls and OHT. p values refer to the differences between B6 OHT 
and Sarm1 OHT

Center Mid Peripheral

B6 Control 3.521 ± 92 3.044 ± 141 1.873 ± 51

B6OHT 3.029 ± 254 2.593 ± 191 1.520 ± 89

Loss 14.0% 14.8% 18.9%

Sarml KO Control 3.497 ± 151 3.015 ± 129 1.872 ± 68

Sarml KO ORT 3.248 ± 216 2.800 ± 168 1.683 ± 185

Loss 7.1% 7.1% 10.1%

p = 0.00029 p = 0.00025 p = 0.00328
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immunoreactivity in our experiments may be indicative 
of low Sarm1 levels in RGC, but could also be related to 
the shortcomings inherent to immunohistochemistry, 
including epitope availability within the retina.

A main finding of our study is that Sarm1 ablation con-
fers significant neuroprotection in chronic glaucoma. 
In our glaucoma model, control mice lose between 19 
and 14% of RGC after 4 months of moderately elevated 
IOP and display a significant decline of visual acuity. In 
contrast, Sarm1 KO mice exposed to the same level and 
duration of IOP elevation, loose only approximately half 
the number of RGC and maintain visual function similar 
to baseline levels.

These findings agree with the emerging concept that 
NAD+ metabolism is a crucial determinant of RGC sur-
vival. It is likely that NAD+ levels are decreased in the 
glaucoma retina and that the activity of the NAD+ syn-
thase NMANT2 decreases in stressed RGC. The physi-
ologic role of SARM1 is to further deplete NAD+ cellular 
stores to cause rapid degradation and removal of dam-
aged axons. Removal of Sarm1 most likely confers pro-
tection of RGC due to the persistence of higher NAD+ 
levels due to the absence of the NADase activity of the 
enzyme [48]. The data further imply that in the absence 
of SARM1 NAD+ levels in the glaucomatous optic nerve 
remain sufficiently high to prevent the activation of axon 
destructive cascades.

Alternatively, it is possible that the observed reduction 
of RGC in eyes with glaucoma is the result of decreased 
neuroinflammation in Sarm1 KO mice. It has been firmly 
established that retinal inflammation is a significant con-
tributor to RGC damage and axonal loss [40]. Sarm1 is 
not only activated by neuroinflammatory signals, but also 
further promotes inflammation through NF-κB pathway 
signaling [19, 30, 54]. Deletion of Sarm1 should lessen 
NF-κB signaling, resulting in reduced neuroinflammation 
and enhanced neuronal survival [30, 54].

Although Sarm1 KO mice clearly experienced less 
RGC loss than control mice in this glaucoma model, 
they are not completely protected, underscoring the fact 
that glaucoma is a multi-factorial disease [50]. Factors 
impacting the onset and progression of vision loss involve 
diverse pathomechanisms, including RGC mitochondrial 
dysfunction and oxidative stress [28, 36], vascular fac-
tors [1], and autoimmune processes [17, 32, 35]. Many of 
these likely persist and will cause damage to RGC even 
if Sarm1 disruption prevents the initiation of Wallerian 
degeneration.

Our data indicating that loss of Sarm1 affords pro-
tection of RGC in glaucoma agree with earlier studies 
that employed acute injury models to cause RGC death 
[13, 25, 31]. Importantly, the findings of our research 
indicate that the protective benefit can be sustained 

over several months despite unabated IOP elevation, a 
critical aspect for therapeutic efficacy given the chronic 
nature of glaucoma [37]. Thus Sarm1 deletion or inhi-
bition may effectively reduce RGC loss in glaucoma 
and, given the scarcity of treatments for glaucoma, the 
potential of Sarm1 as a therapeutic target is intriguing. 
Potent inhibitors of Sarm1 have recently been intro-
duced and may provide viable pharmacologic options 
[4, 12, 20]. However, chronic systemic suppression of 
Sarm1 activity may give rise to undesirable side effects 
in patients and it is conceivable that gene therapy tar-
geted to the eye may be a more effective strategy [8]. 
Gene therapy designed to reduce Sarm1 expression 
has been successful in some experimental models and 
may be aided by the fact that even a partial reduction of 
transcript levels is sufficient to delay axonal degenera-
tion [10, 15, 16, 49].

On the other hand, inhibition of Sarm1 does not 
address the metabolic dysfunction that causes its acti-
vation and subsequent axon loss. It is possible that sup-
plementing patients with NAD+ or its precursors will 
restore metabolic balance and prevent activation of 
Sarm1 [14, 41, 43, 51]. Alternatively, it may be possible 
to increase cellular NAD+ levels through gene therapy 
with NMNAT2, to compensate for its reduced expres-
sion levels [10].

Taken together, our data demonstrate that Sarm1 
ablation reduces RGC loss in a rodent glaucoma model 
with chronic elevated IOP. The profound and sustained 
effect observed in the model paves the way for further 
exploration of the potential benefits for the treatment 
of human glaucoma. Concurrently, our results under-
score the potential of NAD+ supplementation as a via-
ble therapeutic strategy to preserve NAD+ homeostasis 
and prevent Sarm1-mediated axonal and RGC deg-
radation [43, 51]. Our data elucidate a pivotal role for 
Sarm1 in RGC vulnerability in glaucoma and enhances 
our comprehension of its long-term effects within a 
chronic rodent model reflective of human pathology.

Abbreviations
RGC​	� Retinal ganglion cells
IOP	� Intraocular pressure
OHT	� Ocular hypertension
OKR	� Optokinetic reflex
EAE	� Experimental autoimmune encephalomyelitis
KO	� Knockout
NMN	� Nicotinamide mononucleotide

Acknowledgements
The contents do not represent the views of the U.S. Department of Veterans 
Affairs or the United States Government.

Author contributions
HZ: Conception of study, acquisition, analysis, and interpretation of data; JEM: 
analysis and interpretation of data, draft of manuscript; DW: acquisition and 



Page 9 of 10Zeng et al. Acta Neuropathologica Communications           (2024) 12:23 	

analysis of data; NC: acquisition and analysis of data; DWS: Conception of 
study, acquisition, analysis, and interpretation of data; MHK: Conception of 
study, analysis and interpretation of data, draft of manuscript.

Funding
This work was supported by Merit Review Award 1 I01 RX002860 and Center 
Grant 1I50RX003002-01 from the United States (U.S.) Department of Veterans 
Affairs Rehabilitation Research and Development Service as well as an unre-
stricted grant to the University of Iowa Department of Ophthalmology from 
Research to Prevent Blindness.

Availability of data and materials
The datasets during and/or analyzed during the current study available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All studies were approved by the University of Iowa and Iowa City VA Com-
mittees for Animal Care and Use and conducted according to the ARVO state-
ment for the use of Animals in Ophthalmology and Vision Research.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Received: 20 November 2023   Accepted: 23 January 2024

References
	1.	 Alarcon-Martinez L, Shiga Y, Villafranca-Baughman D, Cueva Vargas JL, 

Vidal Paredes IA, Quintero H, Fortune B, Danesh-Meyer H, Di Polo A (2023) 
Neurovascular dysfunction in glaucoma. Prog Retin Eye Res 97:101217. 
https://​doi.​org/​10.​1016/j.​prete​yeres.​2023.​101217

	2.	 Alexandris AS, Lee Y, Lehar M, Alam Z, McKenney J, Perdomo D, Ryu 
J, Welsbie D, Zack DJ, Koliatsos VE (2023) Traumatic axonal injury in 
the optic nerve: the selective role of SARM1 in the evolution of distal 
axonopathy. J Neurotrauma 40:1743–1761. https://​doi.​org/​10.​1089/​neu.​
2022.​0416

	3.	 Beros J, Rodger J, Harvey AR (2018) Developmental retinal ganglion cell 
death and retinotopicity of the murine retinocollicular projection. Dev 
Neurobiol 78:51–60. https://​doi.​org/​10.​1002/​dneu.​22559

	4.	 Bosanac T, Hughes RO, Engber T, Devraj R, Brearley A, Danker K, Young K, 
Kopatz J, Hermann M, Berthemy A et al (2021) Pharmacological SARM1 
inhibition protects axon structure and function in paclitaxel-induced 
peripheral neuropathy. Brain 144:3226–3238. https://​doi.​org/​10.​1093/​
brain/​awab1​84

	5.	 Brace EJ, Essuman K, Mao X, Palucki J, Sasaki Y, Milbrandt J, DiAntonio A 
(2022) Distinct developmental and degenerative functions of SARM1 
require NAD+ hydrolase activity. PLoS Genet 18:e1010246. https://​doi.​
org/​10.​1371/​journ​al.​pgen.​10102​46

	6.	 Chen CY, Lin CW, Chang CY, Jiang ST, Hsueh YP (2011) Sarm1, a negative 
regulator of innate immunity, interacts with syndecan-2 and regulates 
neuronal morphology. J Cell Biol 193:769–784. https://​doi.​org/​10.​1083/​
jcb.​20100​8050

	7.	 Cowan CS, Renner M, De Gennaro M, Gross-Scherf B, Goldblum D, Hou 
Y, Munz M, Rodrigues TM, Krol J, Szikra T et al (2020) Cell types of the 
human retina and its organoids at single-cell resolution. Cell 182(1623–
1640):e1634. https://​doi.​org/​10.​1016/j.​cell.​2020.​08.​013

	8.	 Cvenkel B, Kolko M (2020) Current medical therapy and future trends in 
the management of glaucoma treatment. J Ophthalmol 2020:6138132. 
https://​doi.​org/​10.​1155/​2020/​61381​32

	9.	 Essuman K, Summers DW, Sasaki Y, Mao X, DiAntonio A, Milbrandt J 
(2017) The SARM1 toll/interleukin-1 receptor domain possesses intrinsic 

NAD(+) cleavage activity that promotes pathological axonal degenera-
tion. Neuron 93(1334–1343):e1335. https://​doi.​org/​10.​1016/j.​neuron.​
2017.​02.​022

	10.	 Fang F, Zhuang P, Feng X, Liu P, Liu D, Huang H, Li L, Chen W, Liu L, Sun Y 
et al (2022) NMNAT2 is downregulated in glaucomatous RGCs, and RGC-
specific gene therapy rescues neurodegeneration and visual function. 
Mol Ther 30:1421–1431. https://​doi.​org/​10.​1016/j.​ymthe.​2022.​01.​035

	11.	 Fazal SV, Mutschler C, Chen CZ, Turmaine M, Chen CY, Hsueh YP, Ibanez-
Grau A, Loreto A, Casillas-Bajo A, Cabedo H et al (2023) SARM1 detection 
in myelinating glia: sarm1/Sarm1 is dispensable for PNS and CNS myeli-
nation in zebrafish and mice. Front Cell Neurosci 17:1158388. https://​doi.​
org/​10.​3389/​fncel.​2023.​11583​88

	12.	 Feldman HC, Merlini E, Guijas C, DeMeester KE, Njomen E, Kozina EM, 
Yokoyama M, Vinogradova E, Reardon HT, Melillo B et al (2022) Selective 
inhibitors of SARM1 targeting an allosteric cysteine in the autoregulatory 
ARM domain. Proc Natl Acad Sci USA 119:e2208457119. https://​doi.​org/​
10.​1073/​pnas.​22084​57119

	13.	 Fernandes KA, Mitchell KL, Patel A, Marola OJ, Shrager P, Zack DJ, Libby RT, 
Welsbie DS (2018) Role of SARM1 and DR6 in retinal ganglion cell axonal 
and somal degeneration following axonal injury. Exp Eye Res 171:54–61. 
https://​doi.​org/​10.​1016/j.​exer.​2018.​03.​007

	14.	 Figley MD, Gu W, Nanson JD, Shi Y, Sasaki Y, Cunnea K, Malde AK, Jia X, 
Luo Z, Saikot FK et al (2021) SARM1 is a metabolic sensor activated by 
an increased NMN/NAD(+) ratio to trigger axon degeneration. Neuron 
109(1118–1136):e1111. https://​doi.​org/​10.​1016/j.​neuron.​2021.​02.​009

	15.	 Geisler S, Huang SX, Strickland A, Doan RA, Summers DW, Mao X, Park J, 
DiAntonio A, Milbrandt J (2019) Gene therapy targeting SARM1 blocks 
pathological axon degeneration in mice. J Exp Med 216:294–303. https://​
doi.​org/​10.​1084/​jem.​20181​040

	16.	 Gould SA, Gilley J, Ling K, Jafar-Nejad P, Rigo F, Coleman M (2021) Sarm1 
haploinsufficiency or low expression levels after antisense oligonucleo-
tides delay programmed axon degeneration. Cell Rep 37:110108. https://​
doi.​org/​10.​1016/j.​celrep.​2021.​110108

	17.	 Gramlich OW, Ding QJ, Zhu W, Cook A, Anderson MG, Kuehn MH (2015) 
Adoptive transfer of immune cells from glaucomatous mice provokes 
retinal ganglion cell loss in recipients. Acta Neuropathol Commun 3:56. 
https://​doi.​org/​10.​1186/​s40478-​015-​0234-y

	18.	 Gramlich OW, Godwin CR, Heuss ND, Gregerson DS, Kuehn MH (2020) T 
and B lymphocyte deficiency in Rag1−/− mice reduces retinal ganglion 
cell loss in experimental glaucoma. Invest Ophthalmol Vis Sci 61:18. 
https://​doi.​org/​10.​1167/​iovs.​61.​14.​18

	19.	 Hopkins EL, Gu W, Kobe B, Coleman MP (2021) A novel NAD signal-
ing mechanism in axon degeneration and its relationship to innate 
immunity. Front Mol Biosci 8:703532. https://​doi.​org/​10.​3389/​fmolb.​2021.​
703532

	20.	 Hughes RO, Bosanac T, Mao X, Engber TM, DiAntonio A, Milbrandt J, 
Devraj R, Krauss R (2021) Small molecule SARM1 inhibitors recapitulate 
the SARM1(−/−) phenotype and allow recovery of a metastable pool of 
axons fated to degenerate. Cell Rep 34:108588. https://​doi.​org/​10.​1016/j.​
celrep.​2020.​108588

	21.	 Icso JD, Thompson PR (2022) The chemical biology of NAD(+) regulation 
in axon degeneration. Curr Opin Chem Biol 69:102176. https://​doi.​org/​10.​
1016/j.​cbpa.​2022.​102176

	22.	 Jiang Y, Liu T, Lee CH, Chang Q, Yang J, Zhang Z (2020) The NAD(+)-medi-
ated self-inhibition mechanism of pro-neurodegenerative SARM1. Nature 
588:658–663. https://​doi.​org/​10.​1038/​s41586-​020-​2862-z

	23.	 Jin L, Zhang J, Hua X, Xu X, Li J, Wang J, Wang M, Liu H, Qiu H, Chen M 
et al (2022) Astrocytic SARM1 promotes neuroinflammation and axonal 
demyelination in experimental autoimmune encephalomyelitis through 
inhibiting GDNF signaling. Cell Death Dis 13:759. https://​doi.​org/​10.​1038/​
s41419-​022-​05202-z

	24.	 Kim CY, Kuehn MH, Anderson MG, Kwon YH (2007) Intraocular pressure 
measurement in mice: a comparison between Goldmann and rebound 
tonometry. Eye 21:1202–1209. https://​doi.​org/​10.​1038/​sj.​eye.​67025​76

	25.	 Ko KW, Milbrandt J, DiAntonio A (2020) SARM1 acts downstream of neu-
roinflammatory and necroptotic signaling to induce axon degeneration. J 
Cell Biol. https://​doi.​org/​10.​1083/​jcb.​20191​2047

	26.	 Kouassi Nzoughet J, Chao de la Barca JM, Guehlouz K, Leruez S, Coulbault 
L, Allouche S, Bocca C, Muller J, Amati-Bonneau P, Gohier P et al (2019) 
Nicotinamide deficiency in primary open-angle glaucoma. Invest Oph-
thalmol Vis Sci 60:2509–2514. https://​doi.​org/​10.​1167/​iovs.​19-​27099

https://doi.org/10.1016/j.preteyeres.2023.101217
https://doi.org/10.1089/neu.2022.0416
https://doi.org/10.1089/neu.2022.0416
https://doi.org/10.1002/dneu.22559
https://doi.org/10.1093/brain/awab184
https://doi.org/10.1093/brain/awab184
https://doi.org/10.1371/journal.pgen.1010246
https://doi.org/10.1371/journal.pgen.1010246
https://doi.org/10.1083/jcb.201008050
https://doi.org/10.1083/jcb.201008050
https://doi.org/10.1016/j.cell.2020.08.013
https://doi.org/10.1155/2020/6138132
https://doi.org/10.1016/j.neuron.2017.02.022
https://doi.org/10.1016/j.neuron.2017.02.022
https://doi.org/10.1016/j.ymthe.2022.01.035
https://doi.org/10.3389/fncel.2023.1158388
https://doi.org/10.3389/fncel.2023.1158388
https://doi.org/10.1073/pnas.2208457119
https://doi.org/10.1073/pnas.2208457119
https://doi.org/10.1016/j.exer.2018.03.007
https://doi.org/10.1016/j.neuron.2021.02.009
https://doi.org/10.1084/jem.20181040
https://doi.org/10.1084/jem.20181040
https://doi.org/10.1016/j.celrep.2021.110108
https://doi.org/10.1016/j.celrep.2021.110108
https://doi.org/10.1186/s40478-015-0234-y
https://doi.org/10.1167/iovs.61.14.18
https://doi.org/10.3389/fmolb.2021.703532
https://doi.org/10.3389/fmolb.2021.703532
https://doi.org/10.1016/j.celrep.2020.108588
https://doi.org/10.1016/j.celrep.2020.108588
https://doi.org/10.1016/j.cbpa.2022.102176
https://doi.org/10.1016/j.cbpa.2022.102176
https://doi.org/10.1038/s41586-020-2862-z
https://doi.org/10.1038/s41419-022-05202-z
https://doi.org/10.1038/s41419-022-05202-z
https://doi.org/10.1038/sj.eye.6702576
https://doi.org/10.1083/jcb.201912047
https://doi.org/10.1167/iovs.19-27099


Page 10 of 10Zeng et al. Acta Neuropathologica Communications           (2024) 12:23 

	27.	 Lee KH, Chung K, Chung JM, Coggeshall RE (1986) Correlation of cell 
body size, axon size, and signal conduction velocity for individually 
labelled dorsal root ganglion cells in the cat. J Comp Neurol 243:335–346. 
https://​doi.​org/​10.​1002/​cne.​90243​0305

	28.	 Lee S, Sheck L, Crowston JG, Van Bergen NJ, O’Neill EC, O’Hare F, Kong YX, 
Chrysostomou V, Vincent AL, Trounce IA (2012) Impaired complex-I-linked 
respiration and ATP synthesis in primary open-angle glaucoma patient 
lymphoblasts. Invest Ophthalmol Vis Sci 53:2431–2437. https://​doi.​org/​
10.​1167/​iovs.​12-​9596

	29.	 Li W, Gao M, Hu C, Chen X, Zhou Y (2023) NMNAT2: An important meta-
bolic enzyme affecting the disease progression. Biomed Pharmacother 
158:114143. https://​doi.​org/​10.​1016/j.​biopha.​2022.​114143

	30.	 Liu H, Zhang J, Xu X, Lu S, Yang D, Xie C, Jia M, Zhang W, Jin L, Wang X 
et al (2021) SARM1 promotes neuroinflammation and inhibits neural 
regeneration after spinal cord injury through NF-kappaB signaling. Thera-
nostics 11:4187–4206. https://​doi.​org/​10.​7150/​thno.​49054

	31.	 Liu P, Chen W, Jiang H, Huang H, Liu L, Fang F, Li L, Feng X, Liu D, Dalal R 
et al (2023) Differential effects of SARM1 inhibition in traumatic glaucoma 
and EAE optic neuropathies. Mol Ther Nucleic Acids 32:13–27. https://​doi.​
org/​10.​1016/j.​omtn.​2023.​02.​029

	32.	 Lorenzo MM, Devlin J, Saini C, Cho KS, Paschalis EI, Chen DF, Nascimento 
ESR, Chen SH, Margeta MA, Ondeck C et al (2022) The prevalence of 
autoimmune diseases in patients with primary open-angle glaucoma 
undergoing ophthalmic surgeries. Ophthalmol Glaucoma 5:128–136. 
https://​doi.​org/​10.​1016/j.​ogla.​2021.​08.​003

	33.	 Massoll C, Mando W, Chintala SK (2013) Excitotoxicity upregulates SARM1 
protein expression and promotes Wallerian-like degeneration of retinal 
ganglion cells and their axons. Invest Ophthalmol Vis Sci 54:2771–2780. 
https://​doi.​org/​10.​1167/​iovs.​12-​10973

	34.	 Maynard ME, Redell JB, Zhao J, Hood KN, Vita SM, Kobori N, Dash PK 
(2020) Sarm1 loss reduces axonal damage and improves cognitive 
outcome after repetitive mild closed head injury. Exp Neurol 327:113207. 
https://​doi.​org/​10.​1016/j.​expne​urol.​2020.​113207

	35.	 Meng Y, Tan Z, Su Y, Li L, Chen C (2023) Causal association between 
common rheumatic diseases and glaucoma: a Mendelian randomization 
study. Front Immunol 14:1227138. https://​doi.​org/​10.​3389/​fimmu.​2023.​
12271​38

	36.	 Osborne NN, del Olmo-Aguado S (2013) Maintenance of retinal ganglion 
cell mitochondrial functions as a neuroprotective strategy in glaucoma. 
Curr Opin Pharmacol 13:16–22. https://​doi.​org/​10.​1016/j.​coph.​2012.​09.​
002

	37.	 Quigley HA (2012) Clinical trials for glaucoma neuroprotection are not 
impossible. Curr Opin Ophthalmol 23:144–154. https://​doi.​org/​10.​1097/​
ICU.​0b013​e3283​4ff490

	38.	 Robinson DA (2022) The behavior of the optokinetic system. Prog Brain 
Res 267:215–230. https://​doi.​org/​10.​1016/​bs.​pbr.​2021.​10.​010

	39.	 Sambashivan S, Freeman MR (2021) SARM1 signaling mechanisms in the 
injured nervous system. Curr Opin Neurobiol 69:247–255. https://​doi.​org/​
10.​1016/j.​conb.​2021.​05.​004

	40.	 Shestopalov VI, Spurlock M, Gramlich OW, Kuehn MH (2021) Immune 
responses in the glaucomatous retina: regulation and dynamics. Cells. 
https://​doi.​org/​10.​3390/​cells​10081​973

	41.	 Summers DW, Frey E, Walker LJ, Milbrandt J, DiAntonio A (2020) DLK Acti-
vation synergizes with mitochondrial dysfunction to downregulate axon 
survival factors and promote SARM1-dependent axon degeneration. Mol 
Neurobiol 57:1146–1158. https://​doi.​org/​10.​1007/​s12035-​019-​01796-2

	42.	 Summers DW, Gibson DA, DiAntonio A, Milbrandt J (2016) SARM1-
specific motifs in the TIR domain enable NAD+ loss and regulate injury-
induced SARM1 activation. Proc Natl Acad Sci USA 113:E6271–E6280. 
https://​doi.​org/​10.​1073/​pnas.​16015​06113

	43.	 Tribble JR, Otmani A, Sun S, Ellis SA, Cimaglia G, Vohra R, Joe M, Lardner 
E, Venkataraman AP, Dominguez-Vicent A et al (2021) Nicotinamide 
provides neuroprotection in glaucoma by protecting against mitochon-
drial and metabolic dysfunction. Redox Biol 43:101988. https://​doi.​org/​10.​
1016/j.​redox.​2021.​101988

	44.	 Tribble JR, Vasalauskaite A, Redmond T, Young RD, Hassan S, Fautsch MP, 
Sengpiel F, Williams PA, Morgan JE (2019) Midget retinal ganglion cell 
dendritic and mitochondrial degeneration is an early feature of human 
glaucoma. Brain Commun 1:fcz035. https://​doi.​org/​10.​1093/​brain​comms/​
fcz035

	45.	 Viar K, Njoku D, Secor McVoy J, Oh U (2020) Sarm1 knockout protects 
against early but not late axonal degeneration in experimental allergic 
encephalomyelitis. PLoS ONE 15:e0235110. https://​doi.​org/​10.​1371/​journ​
al.​pone.​02351​10

	46.	 Voigt AP, Binkley E, Flamme-Wiese MJ, Zeng S, DeLuca AP, Scheetz TE, 
Tucker BA, Mullins RF, Stone EM (2020) Single-cell RNA sequencing in 
human retinal degeneration reveals distinct glial cell populations. Cells. 
https://​doi.​org/​10.​3390/​cells​90204​38

	47.	 Voigt AP, Whitmore SS, Lessing ND, DeLuca AP, Tucker BA, Stone EM, 
Mullins RF, Scheetz TE (2020) Spectacle: an interactive resource for ocular 
single-cell RNA sequencing data analysis. Exp Eye Res 200:108204. 
https://​doi.​org/​10.​1016/j.​exer.​2020.​108204

	48.	 Waller TJ, Collins CA (2022) Multifaceted roles of SARM1 in axon degen-
eration and signaling. Front Cell Neurosci 16:958900. https://​doi.​org/​10.​
3389/​fncel.​2022.​958900

	49.	 Wang Q, Zhuang P, Huang H, Li L, Liu L, Webber HC, Dalal R, Siew L, Fligor 
CM, Chang KC et al (2020) Mouse gamma-synuclein promoter-mediated 
gene expression and editing in mammalian retinal ganglion cells. J Neu-
rosci 40:3896–3914. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​0102-​20.​2020

	50.	 Weinreb RN, Aung T, Medeiros FA (2014) The pathophysiology and treat-
ment of glaucoma: a review. JAMA 311:1901–1911. https://​doi.​org/​10.​
1001/​jama.​2014.​3192

	51.	 Williams PA, Harder JM, Foxworth NE, Cochran KE, Philip VM, Porciatti 
V, Smithies O, John SW (2017) Vitamin B(3) modulates mitochondrial 
vulnerability and prevents glaucoma in aged mice. Science 355:756–760. 
https://​doi.​org/​10.​1126/​scien​ce.​aal00​92

	52.	 Yang J, Wu Z, Renier N, Simon DJ, Uryu K, Park DS, Greer PA, Tournier C, 
Davis RJ, Tessier-Lavigne M (2015) Pathological axonal death through 
a MAPK cascade that triggers a local energy deficit. Cell 160:161–176. 
https://​doi.​org/​10.​1016/j.​cell.​2014.​11.​053

	53.	 Zeng H, Dumitrescu AV, Wadkins D, Elwood BW, Gramlich OW, Kuehn MH 
(2022) Systemic treatment with pioglitazone reverses vision loss in pre-
clinical glaucoma models. Biomolecules. https://​doi.​org/​10.​3390/​biom1​
20202​81

	54.	 Zhang J, Jin L, Hua X, Wang M, Wang J, Xu X, Liu H, Qiu H, Sun H, Dong 
T et al (2023) SARM1 promotes the neuroinflammation and demyelina-
tion through IGFBP2/NF-kappaB pathway in experimental autoimmune 
encephalomyelitis mice. Acta Physiol 238:e13974. https://​doi.​org/​10.​
1111/​apha.​13974

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/cne.902430305
https://doi.org/10.1167/iovs.12-9596
https://doi.org/10.1167/iovs.12-9596
https://doi.org/10.1016/j.biopha.2022.114143
https://doi.org/10.7150/thno.49054
https://doi.org/10.1016/j.omtn.2023.02.029
https://doi.org/10.1016/j.omtn.2023.02.029
https://doi.org/10.1016/j.ogla.2021.08.003
https://doi.org/10.1167/iovs.12-10973
https://doi.org/10.1016/j.expneurol.2020.113207
https://doi.org/10.3389/fimmu.2023.1227138
https://doi.org/10.3389/fimmu.2023.1227138
https://doi.org/10.1016/j.coph.2012.09.002
https://doi.org/10.1016/j.coph.2012.09.002
https://doi.org/10.1097/ICU.0b013e32834ff490
https://doi.org/10.1097/ICU.0b013e32834ff490
https://doi.org/10.1016/bs.pbr.2021.10.010
https://doi.org/10.1016/j.conb.2021.05.004
https://doi.org/10.1016/j.conb.2021.05.004
https://doi.org/10.3390/cells10081973
https://doi.org/10.1007/s12035-019-01796-2
https://doi.org/10.1073/pnas.1601506113
https://doi.org/10.1016/j.redox.2021.101988
https://doi.org/10.1016/j.redox.2021.101988
https://doi.org/10.1093/braincomms/fcz035
https://doi.org/10.1093/braincomms/fcz035
https://doi.org/10.1371/journal.pone.0235110
https://doi.org/10.1371/journal.pone.0235110
https://doi.org/10.3390/cells9020438
https://doi.org/10.1016/j.exer.2020.108204
https://doi.org/10.3389/fncel.2022.958900
https://doi.org/10.3389/fncel.2022.958900
https://doi.org/10.1523/JNEUROSCI.0102-20.2020
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1126/science.aal0092
https://doi.org/10.1016/j.cell.2014.11.053
https://doi.org/10.3390/biom12020281
https://doi.org/10.3390/biom12020281
https://doi.org/10.1111/apha.13974
https://doi.org/10.1111/apha.13974

	Loss of Sarm1 reduces retinal ganglion cell loss in chronic glaucoma
	Abstract 
	Introduction
	Materials and methods
	Animals
	Western blot analysis of endogenous SARM1
	Immunohistochemistry
	Induction of elevated IOP
	Imaging of the optic nerve and measurement of axonal size
	Measurement of optokinetic reflex (OKR)
	Quantification of RGC density
	Statistical analysis of data

	Results
	Cellular localization of Sarm1 KO in the optic nerve
	Sarm1 KO mice display mild ocular developmental defects
	Intracameral injection of Ad5myoc results in chronic IOP elevation
	Loss of Sarm1 ameliorates vision loss resulting from chronic high IOP
	Loss of Sarm1 preserves RGC density in eyes with chronic elevated IOP

	Discussion
	Acknowledgements
	References


