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40 Hz flicker preconditioning protects
nonarteritic anterior ischemic optic
neuropathy via adenosine signaling
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Nonarteritic anterior ischemic optic neuropathy (NAION) is a leading cause of sudden, painless vision
loss in the elderly, yet no proven intervention exists. Ischemic preconditioning (IPC) is a promising
neuroprotective strategy, but defining an effective clinical protocol remains a major challenge in
fulfilling its translational potential. We recently discovered that 40 Hz flicker induces extracellular
adenosine, a key neurochemical underpinning of IPC, in the visual pathway, suggesting a previously
unexplored non-invasive IPC approach. Here, we demonstrated that 3-day 40 Hz flicker
preconditioning significantly protected against NAION by reducing retinal ganglion cell loss,
preserving ganglion cell layer structure, improving visual function, and attenuating microglial
activation. Protection was strongest when ischemia occurred 12 hours after preconditioning,
remained moderate at 24 hours, and persisted for at least 4 weeks. This effect was specific to
preconditioning and flicker frequency-dependent (effective at 40 Hz, but not at 20 Hz or 80 Hz).
Furthermore, neuroprotection by 40 Hz flicker was abolished by treatment with the equilibrative
nucleoside transporter inhibitor dipyridamole and the A; receptor antagonist DPCPX. These findings
establish 40 Hz flicker as a non-invasive, adenosine-mediated IPC strategy, suggesting a potentially
safe and translational approach for protecting against NAION and other ocular ischemic disorders.

Nonarteritic anterior ischemic optic neuropathy (NAION) is the leading
cause of sudden painless vision loss worldwide, primarily affecting elderly
patients over 55 years of age. In addition to a crowded optic disc—typically
associated with a small cup-to-disc ratio—systemic conditions such as
hypertension, diabetes mellitus, sleep apnea, nocturnal hypotension, and
hyperlipidemia, as well as mitochondrial dysfunction characterized by
mitochondrial DN A abnormalities and increased relative mtDNA content,
serve as predisposing factors, while ischemic injury remains the core
mechanism underlying NAION'™". There is currently no effective therapy
for NAION, as demonstrated by the multicenter randomized clinical trial of
the Ischemic Optic Neuropathy Decompression Trial (IONDT), which
failed to show any therapeutic benefit of optic nerve decompression surgery
at both 6 and 24 months of follow-up’. Although steroid treatment in acute
NAION can enhance disc edema resolution and visual evoked response
parameters, its lack of a significant effect on visual acuity at 6 months

renders this benefit clinically unimportant®. Furthermore, patients with
monocular NATON are at high risk of developing binocular vision loss, such
that when NAION occurs in one eye, the unaffected eye with the same risk
factors has a 30-40% chance of developing NAION’. Accordingly, no
preventive strategy for fellow-eye involvement is currently available. Thus, it
is crucial to explore and develop preventive interventions for high-risk
NAION patients, aiming to reduce disease incidence and ultimately pre-
serve visual function.

Ischemic preconditioning (IPC) has been proposed and extensively
investigated as a promising, safe, and well-tolerated therapy for cardiovas-
cular and cerebrovascular diseases since the first discovery of IPC in 1986°"".
Short-term ischemic exposure before the onset of an infarct-inducing
ischemia has been found to greatly alleviate the resulting infarct size in
multiple species, including humans"”. In clinical practice, IPC is most
commonly implemented in the form of remote ischemic conditioning
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(RIC), in which a standard blood-pressure cuff is cyclically inflated and
deflated on the upper arm or thigh to induce transient ischemia and
reperfusion. These peripheral ischemic episodes are thought to trigger a
systemic ischemic-tolerance response—a systemic homeostatic mechanism
—that subsequently protects remote organs, including the brain, from
ischemic injury. Following substantial preclinical evidence demonstrating
robust cytoprotective effects in animal models', numerous clinical trials
over the past three decades have evaluated RIC in cardiovascular and cer-
ebrovascular diseases, but the results have been variable’°. In 2015, two
milestone studies on RIC for myocardial infarction involving 1403 and 1612
patients respectively failed to support clinical efficacy for RIC in cardio-
vascular disease patients'*'*, Despite its setbacks in the cardiovascular dis-
ease, two large (involving 1893 and 3033 patients) and prospective phase I1I
randomized clinical trials (The Remote Ischemic Conditioning for Acute
Moderate Ischemic Stroke, RICAMIS) investigating RIC in patients with
ischemic stroke found promising results with remote ischemic condition to
bilateral upper limbs'>'°. Specifically, in the cohort of 1893 patients, RIC
significantly increased the likelihood of achieving excellent neurologic
function at 90 days compared with usual care'’. RIC has therefore emerged
as a neuroprotective strategy for stroke prevention and treatment, achieved
by transiently restricting and restoring limb blood flow. Importantly, pro-
tection against ischemic injury can be induced not only when the remote
ischemic stimulus is applied before ischemia (preconditioning), but also
during ischemia (per-conditioning) or after reperfusion (postconditioning).
However, ischemic brain or eye injury may occur repeatedly in clinical
settings, and the optimal dose, timing, and regimen of RIC remain unclear.
A major challenge for clinical translation is therefore to define optimal
conditioning protocols—including timing, dosing, and site of application—
which will require a deeper understanding of the hormonal and neuronal
mechanisms that underlie conditioning-induced protection.

Although the mechanisms underlying IPC are incompletely under-
stood, a central feature of IPC is the induction of cellular tolerance, in which
brief, mild ischemia or hypoxia preconditions tissues to withstand sub-
sequent, more severe ischemic insults. This tolerance, together with
improved local blood perfusion, is thought to underlie the neuroprotective
effects of IPC. Among the multiple neuromodulators released during pre-
conditioning that mediate cerebroprotection, adenosine-adenosine receptor
signaling is known to be crucial for IPC induction through the adenosine-A;
receptor-triggered signaling pathway, which induces presynaptic inhibition
of excitatory neurotransmission (via inhibition of calcium channels) and
postsynaptic hyperpolarization via ATP-dependent potassium channels".
In addition, adenosine acting at the A,4R in endothelium can increase
cerebral blood flow, promote angiogensesis and endothelial production of
nitric oxide all contributing to IPC'"™*". Accordingly, in isolated rat hearts,
the cardioprotective effect of remote IPC is abolished by adenosine A;
receptor antagonist and nitric oxide synthesis inhibitor when administered
during the reperfusion phase’'. Thus, activation of adenosine signaling (by
increased production of extracellular adenosine or administration of ade-
nosine receptor agonists) are expected to mimic biochemical changes and
produce therapeutic effect on ischemic brain injury. However, their adverse
cardiovascular and hepatotoxic side effects associated with wide-spread
distribution of adenosine receptors in cardiovascular and liver have,
unfortunately, led to failed clinical trials™*. Furthermore, current IPC
research focusses on blood- or neuron-borne factors produced by remote
tissues (i.e., simply inflating and deflating a standard blood-pressure cuff
placed on the upper arm or thigh) to trigger systemic ischemic tolerance
effects in the remote tissues and organs™. We reason that focal increase in
protective signals such as adenosine in the target regions may provide better
therapeutic effects. In pursuit of non-invasive therapies for neuropsychiatric
disorders such as Alzheimer’s disease and insomnia, we discovered that
40 Hz light flicker elevated extracellular adenosine in the visual cortex in a
frequency-and intensity-dependent manner through equilibrative nucleo-
side transporter 2 (ENT2)-mediated signaling”°. This discovery of brain
adenosine augmentation by 40 Hz light flicker provides a neurochemical
basis for enhanced glymphatic activity”, reduced amyloid deposition”’, and

neuroprotection against ischemic injury in the two-vessel occlusion (2VO)
cerebral ischemia model” and traumatic brain injury in the weight-drop
model”. Importantly, given the critical role of adenosine in preconditioning,
this ability of 40 Hz flicker to trigger adenosine release in the visual pathway
raises an exciting possibility that 40 Hz light flicker may represent a focal
preconditioning strategy for protecting against ischemic optic neuropathies
such as NAION.

In the present study, we have demonstrated that 40 Hz light flickering
for 3 days before the onset of ischemic insults exerted preconditioning
protection against NAION by reducing retinal ganglion cell (RGC) death,
preserving ganglion cell layer structure, enhancing visual function and
suppressing microglial activation. The greatest protection occurred when
ischemia was induced 12 h after preconditioning, with a moderate effect at
24 h, while preconditioning at 48 or 72 h conferred no detectable benefit.
Notably, the protective effect of 40 Hz flicker preconditioning persisted for
at least 4 weeks after NAION induction. The effective preconditioning
window for 40 Hz flicker on NAION was during preconditioning 3 days
prior to ischemic onset, with no effect observed when 40 Hz flicker was
applied for 10 days after ischemic onset. This 40 Hz light flickering pre-
conditioning was frequency-dependent and correlated with increased
adenosine contents in the whole eyeball. The essential role of adenosine-A;
receptor signaling in 40 Hz flicker was validated by abolishment of the
preconditioning effect of 40 Hz flicker with the equilibrative nucleoside
transporter inhibitor, dipyridamole, and the A; receptor antagonist,
DPCPX. Since 40 Hz light and sound therapy has recently been designated
by the US Food and Drug Administration (FDA) as a “breakthrough
medical device” for Alzheimer’s disease clinical trials, our findings suggest
that enhancing adenosine signaling in the visual system via 40 Hz flicker
provides a potential, non-invasive preconditioning strategy to prevent
NAION and preserve vision in high-risk patients.

Results
40 Hz flicker pre-ischemic conditioning preserved RGC survival
and ganglion cell layer structure, and improved visual function in
NAION mice
To address whether 40 Hz light flicker may be an effective preconditioning
strategy against NAION, we pretreated mice with 40 Hz flicker pre-
conditioning for 3 days before NAION induction (Pre-Flicker) and col-
lected retinas 10 days after ischemic onset (Fig. 1A). This time point was
selected because RGC apoptosis is known to peak around day 10 post-
injury”. We found that RGC survival in the Pre Flicker NAION group was
significantly higher than that in the Normal Light (NL) NAION group
(Central: NL NAION group 2214 + 181.0/mm” vs. Pre Flicker NAION
group 2886 + 220.4/mm?’, P < 0.05; Middle: NL NAION 2185 + 138.0/mm’
vs. Pre Flicker NAION 2776 + 193.5/mm?, P < 0.05; Peripheral: NL NAION
group 1939 + 100.1/mm’ vs. Pre Flicker NAION group 2129 + 105.0/mm’,
P>0.05; Fig. 1B-D). The thickness of the ganglion cell complex (GCC)
composite layer in the Pre Flicker NAION group, which was more repre-
sentative of the structure of ganglion cells, was significantly thicker than that
in the NL NAION group (NL NAION group 73.43 + 0.80 um vs. Pre Flicker
NAION group 77.72 + 1.17 um, P < 0.05; Fig. 1E, F). Although there was no
significant difference in peripapillary retinal thickness between the Pre
Flicker NAION group and the NL NAION group, the NL NAION group
showed a significant thinning of the peripapillary retina compared with the
Normal Control (NC) group (NC group 230.1 + 1.81 um vs. NL NAION
group 219.1+2.88 um, P<0.05 Fig. 1E, G). Prophylactic 40 Hz flicker
therapy not only has evident cellular and structural protective effects on
NAION but also plays a functional protective role. In the flash visual evoked
potential (fVEP) test, the N2-P2 amplitude reduction in the Pre Flicker
NAION group was less than that in the NL NAION group, indicating that
visual function was better preserved (NL NAION 8.62 + 0.50 uV vs. Pre
Flicker NAION 12.38 + 1.11 uV, P < 0.05; Fig. 1H, I). These findings suggest
that 40 Hz precondition flicker provides a protective effect on NAION.
We further examined the effective time window of 40 Hz flicker
preconditioning by applying flicker stimulation at 12, 24, 48, or 72 h
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Fig. 1 | 40 Hz flicker preconditioning (Pre Flicker) for 3 days before ischemia
protected RGCs, reduced GCC layer atrophy, and preserved visual function in
the NAION model. A The experimental scheme. B, C Representative immuno-
fluorescence images of RBPMS-positive RGCs from central, middle and peripheral regions
of whole retinal flat mounts at 10 days post-ischemia (dpi). C central, M middle, P
peripheral. Scale bar: 50 pm. D Quantification of RBPMS-positive RGCs in different
retinal regions, with data averaged from four areas per region (each data point represents
one retina, n =4-8 mice per group). E Representative fundus and corresponding OCT
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images from different treatment groups, showing GCC thickness and peripapillary retinal
thickness. Scale bar: 200 um. F, G Quantification of GCC and peripapillary retinal
thickness in different treatment groups at 10 days post-ischemia (each data point repre-
sents one eye, 1 =4-6 mice per group). H, I Representative VEP waveforms and quan-
titative analysis of N2-P2 amplitude for different treatment groups (each data point
represents one eye, 1 = 6-8 mice per group). Statistical significance was determined using
one-way ANOVA followed by Tukey’s post hoc test. Data are represented as mean + SEM.
*P < 0.05 ¥**P <0.001; ****P <0.0001; ns, no significant difference.
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Fig. 2 | 40 Hz Pre-flicker treatment administered within 24 h before NAION
induction confered protection, with the 12 h interval providing the strongest
rescue of RGC survival and visual function. A Representative immunofluorescence
images of RBPMS-positive RGCs in central, middle, and peripheral retinal regions across
different pre-flicker intervals at 10 days post-ischemia (dpi). Scale bar, 50 pm.

B Representative VEP waveforms from each interval group at 10 dpi. C-E Quantification

of RBPMS-positive RGCs in the central, middle, and peripheral retina across different
interval groups (each data point represents one retina, n =4-5 mice per group).

F Quantification of VEP N2-P2 amplitudes among different interval groups (each data
point represents one eye, n =4 mice per group). Statistical significance was determined
using one-way ANOVA followed by Tukey’s post hoc test. Data are represented as
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

before NAION induction. We found that 40 Hz flicker applied 12 h prior
to NAION provided the most robust protection, showing significantly
higher RGC survival (Center: NL NAION 2289 + 138.9/mm’ vs. 40 Hz
Pre Flicker NAION group (12 h) 3493 +213.3/mm’, P <0.01; Middle:
NL NAION 2095 + 136.4/mm’ vs. 40 Hz Pre Flicker NAION group
(12h) 3209 + 164.2/mm’, P<0.001; Peripheral: NL NAION
1579 £72.9/mm*> vs. 40Hz Pre Flicker NAION group (12h)
2314 + 140.1/mm? P < 0.001; Fig. 2A, C-E) and improved visual func-
tion (NL NAION 2.74 £ 0.54 uV vs. 40 Hz Pre Flicker NAION group
(12h) 8.28+0.92 1V, P<0.0001; Fig. 2B, F) compared with the NL
NAION group. 40 Hz Flicker applied 24 h before NAION also provided
significant, though slightly reduced, protection (Center: NL NAION
2289 +138.9/mm* vs. 40Hz Pre Flicker NAION group (24h)
3232 +209.9/mm’ P < 0.05; Middle: NL NAION 2095 + 136.4/mm” vs.
40 Hz Pre Flicker NAION group (24h) 2817 + 154.9/mm?, P < 0.05;
Peripheral: NL NAION 1579 + 72.9/mm’ vs. 40 Hz Pre Flicker NAION
group (24h) 2040 + 101.4/mm’, P<0.05; Fig. 2A, C-E; VEP: NL
NAION 2.74+0.54puV vs. 40Hz Pre Flicker NAION group
7.05+0.88 uV, P<0.01 (24 h), Fig. 2B, F). In contrast, flicker applied 48
or 72 h prior to ischemia did not confer significant protection (P > 0.05;

Fig. 2). Therefore, 24 h represents the maximal effective preconditioning
interval prior to ischemic onset.

To assess the long-term efficacy of 40 Hz flicker preconditioning, we
further examined RGC survival and visual function 4 weeks after NAION
induction, corresponding to the final atrophy stage. The protective effect of
40 Hz flicker preconditioning remained evident at this time point, with
significantly improved RGC survival (Center: NLNAION 2198 + 75.3/mm’
vs. 40 Hz Pre Flicker NAION 2770 + 128.3/mm?, P <0.01; Middle: NL
NAION 2031 + 54.9/mm® vs. 40 Hz Pre Flicker NAION 2490 + 158.3/mm?,
P <0.05; Peripheral: NL NAION 1582 + 98.6/mm? vs. 40 Hz Pre Flicker
NAION 2069 + 164.6/mm?, P < 0.05; Fig. 3A, C-E) and enhanced visual
function (NL NAION 4.23+0.53 uV vs. 40Hz Pre Flicker NAION
6.44 £0.60 uV, P < 0.05; Fig. 3B, F) compared with the NL NAION group.
These findings demonstrate that 40 Hz flicker preconditioning confers
sustained neuroprotection for at least 4 weeks after ischemic injury.

40 Hz flicker post-ischemia conditioning for 10 days (Post-
Flicker) could not rescue RGC loss in the NAION model

To explore whether 40 Hz flicker preconditioning (prior to ischemic onset)
was a requirement for a protective effect on NAION, we treated mice with
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Fig. 3 | Preconditioning with 40 Hz flicker provided significant protection at

4 weeks after NAION induction, corresponding to the late atrophy stage.

A Representative immunofluorescence images of RBPMS-positive RGCs in central,
middle, and peripheral retinal regions from the normal control, normal light, and
40 Hz pre-flicker groups at 28 days post-ischemia (dpi). Scale bar, 50 pm.

B Representative VEP waveforms from the three groups at 28 dpi.
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C-E Quantification of RBPMS-positive RGCs in the central, middle, and peripheral
retina among the three groups (each data point represents one retina, n = 5-6 mice
per group). F Quantification of VEP N2-P2 amplitudes among the three groups
(each data point represents one eye, n = 5-7 mice per group). Statistical significance
was determined using one-way ANOVA followed by Tukey’s post hoc test. Data are
represented as mean + SEM. *P < 0.05; ¥**P < 0.01; ¥**P < 0.001; ****P < 0.0001.

40 Hz flicker therapy after ischemic onset for 10 days. We found that the
number of RBPMS-positive RGCs in the central, middle and peripheral
retina of the 40 Hz Post Flicker group showed no significant difference
compared to the NL NAION group on the 10th day (Central: NL NAION
group 2336 + 187.1/mm’ vs. Post Flicker NAION group 2370 + 127.5/mm’,
P>0.05; Middle: NL NAION group 2357 + 137.5/mm” vs. Post Flicker
NAION group 2314 + 88.4/mm?, P> 0.05; Peripheral: NL NAION group
1914 +126.9/mm* vs. Post Flicker NAION group 1992+ 72.1/mm’
P> 0.05; Fig. 4A-C). Similarly, there was no improvement in visual function
in the Post Flicker NAION group (NL NAION group 6.73 + 1.16 uV vs.
Post Flicker NAION group 6.43+0.74uV, P>0.05; Fig. 4G, H).

Meanwhile, there was no significant difference in GCC thickness between
the two groups on day 10 (NL NAION group 72.96 + 1.23 um vs. Post
Flicker NAION group 70.92 + 0.50 um, P > 0.05; Fig. 4D, E). In fact, overall
peripapillary retinal atrophy was more severe in the Post Flicker NAION
group, with the peripapillary retinal thickness thinner than that in the NL
NAION group (NLNAION group 220.1 + 2.33 pm vs. Post Flicker NAION
group 209.4 +3.11 um, P <0.05; Fig. 4D, F). These results indicate that
40 Hz flicker post-conditioning has no protective effect on RGC survival or
visual function after ischemia and may even exacerbate retinal atrophy to
some extent, suggesting that 40 Hz flicker preconditioning (prior to
ischemic onset) is a requirement for a protective effect on NAION.
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Fig. 4 | 40 Hz post-ischemia conditioning did not rescue RGC loss or preserve
retinal structure and function in the NAION model. A The experimental scheme.
B, C Representative immunofluorescence images and quantification of RBPMS-
positive RGCs from different retinal regions and treatment groups at 10 days post-
ischemia (dpi). Each data point represents one retina (1 = 4-6 mice per group). Scale
bar: 50 um. D Representative fundus and corresponding OCT images from different
treatment groups. Scale bar: 200 um. E, F Quantification of GCC and peripapillary

Modeling

Be— 7 > «— —

Days - I

—>10

— —>» Sacrificed

»

> | 1
Light Therapy  Normal Light

1 hour each time
twice a day

10 dpi
Normal Light

40 Hz Post Flicker

Normal Control

Middle Central

RGC numbers per mm?

Peripheral
)

10 dpi

Normal Control 40 Hz Post Flicker

Normal Light

15.00 H
S 7.50
=
(]
S 000
%. /
£
< 750

-15.00

0 25 50 75 100
Time (ms)

mNormal Control @Normal Light @40 Hz Post Flicker

Post Condition
40 Hz Flicker

| >
"7 VEP |

Flat-mounted retina

* %k
* %k %k %k
* %k k% * ok Kk
50004 ~— *ok Kok
ns * ok Kk
® — ns
4000 -
® @ ns
3000 ‘ ¢
: L
2000 @
1000
0_
Central Middle  Peripheral
Normal Control ®  Normal Light 40 Hz Post Flicker

% %k k¥
%%k
100 F 300 *x
=, * = *
E 90 — E
=5 -~
3 250
@ - ] -
o 80 o s
c =5 A
4 A, a3
g 70 EE 200
o 3=
3 £ 150
3 150
© © 100
50
0
AN XN < AN g CS
O
& F & & &
< & & &L
& & QO«} & & Qoé
éf =~ Q& o ~ Q&
W Y
kKK
3 20 *kk
T
>
g 154 -
N
o
g 104 .
-
o [
S 5
2
e
§ o
N L
O X (2
&£ NS
dﬁ ~09 é§
> & &
o‘& © 130
!
W

retinal thickness in different treatment groups (each data point represents one eye,
n = 3-7 mice per group). G, H Representative VEP waveforms and quantitative
analysis of N2-P2 amplitude for different treatment groups (each data point
represents one eye, n = 4-6 mice per group). Statistical significance was determined
using one-way ANOVA followed by Tukey’s post hoc test. Data are represented as
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, no significant
difference.
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Fig. 5 | The neuroprotective effect of 40 Hz flicker preconditioning on NAION
was flicker frequency-specific. A Representative immunofluorescence images of
RBPMS-positive RGCs in different retinal regions and frequency groups at 10 days
post-ischemia (dpi). Scale bar: 50 um. B-E Representative VEP waveforms from
different frequency groups at 10 days post-ischemia. F-H Quantification of RBPMS-
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groups (each data point represents one retina, n = 5-6 mice per group).

I Quantitative analysis of N2-P2 amplitude of VEP among different frequency
groups (each data point represents one eye, n = 4-5 mice per group). Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc
test. Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ns, no significant
difference.

The neuroprotective effect of 40 Hz flicker preconditioning in the
NAION model was flicker-frequency specific

To further investigate whether the neuroprotective effect of 40 Hz flicker
preconditioning in the NAION model was flicker frequency-specific, we
tested flicker stimuli at 20, 40, and 80 Hz under identical light intensities to
evaluate this specificity. We found that 40 Hz flicker preconditioning pro-
vided the robust survival protection for RGCs, with statistically significant
differences (Center: NL NAION 2107 + 191.5/mm?’ vs. 40 Hz Pre Flicker
NAION group 2836 146.4/mm’ P<0.05 Middle NL NAION
1882 + 174.1/mm” vs. 40 Hz Pre Flicker NAION group 2616 + 159.5/mm’,
P <0.05; Peripheral: NL NAION 1301 + 121.6/mm? vs. 40 Hz Pre Flicker
NAION group 1961 + 74.8/mm’, P< 0.01; Fig. 5A, F-H). The survival of
RGCs in the 20 Hz and 80 Hz Flicker NAION groups showed an increasing
trend, but did not significantly differ from the NL NAION group (P> 0.05;
Fig. 5A, F-H). Meanwhile, the mice in the 40 Hz Flicker NAION group had
the best prognosis for visual function, as the VEP amplitude was most
preserved (NL NAION 4.12 + 0.71 pV vs. 40 Hz Pre flicker NAION group
7.50 £0.49 uV, P <0.05; Fig. 5B-E, I). These results indicate that 40 Hz
flicker preconditioning confers significant neuroprotection in the NAION
model, highlighting its flicker-frequency specificity.

40 Hz flicker preconditioning protected against ischemic injury in
the NAION model through ENT1/2 mediated adenosine signaling
pathway

Firstly, we confirmed that ocular adenosine levels were significantly
increased immediately after 1 hour of 40 Hz flicker exposure, as measured
by ultra-high performance liquid chromatography (UPLC), compared with
normal light exposure (Fig. 6A). Then, we performed intraperitoneal
injection of dipyridamole (an ENT1/2 transporter inhibitor; 15 mg/kg) to
clarify whether the protective effect of 40 Hz flicker on NAION is mediated
by adenosine signaling. Dipyridamole was administered intraperitoneally
30 min before each 40 Hz precondition flicker, and this procedure was
repeated daily for 3 days before modeling. The remaining steps followed the
same procedure as before (Fig. 6B). We found that the protective effect of
40Hz precondition flicker was inhibited by dipyridamole. Pre-
administration of dipyridamole (Pre Flicker + Dipyridamole NAION
group) reversed the protective effect of precondition flicker on RGC survival
(Central: Pre Flicker NAION group 2594 + 226.0/mm’ vs. Pre Flicker +
Dipyridamole NAION group 1799 +249.4/mm’, P<0.05; Middle: Pre
Flicker NAION group 2498 + 244.6/mm’ vs. Pre Flicker + Dipyridamole
NAION group 1934 +190.4/mm’, P=0.1578; Peripheral: Pre Flicker
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NAION 2011+ 159.3/mm’ vs. Pre Flicker + Dipyridamole NAION
1396 + 150.7/mm?, P < 0.05; Fig. 6C, E-G). It also reversed the protective
effect on visual function (Pre Flicker NAION group 9.13 + 1.11 pV vs. Pre
Flicker + Dipyridamole NAION group 5.35 +0.96 uV, P < 0.05; Fig. 6D,
H). Notably, pretreatment with dipyridamole alone, in the absence of 40 Hz
flicker preconditioning, did not affect RGC survival or visual function
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following NAION induction (Supplementary Fig. 1), indicating that
dipyridamole itself has no influence on NAION pathology. This reversal
may occur because dipyridamole interferes with ENT1/2 nucleoside
transporters, affecting intracellular and extracellular adenosine
transport, which in turn affects its receptor effect. These findings
support that the neuroprotective effect of 40 Hz flicker preconditioning is
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Fig. 6 | 40 Hz flicker increased ocular adenosine levels, and the neuroprotective
effect of 40 Hz flicker preconditioning was attenuated by dipyridamole.

A Quantification of adenosine concentration in whole eyeballs after 40 Hz flicker,
measured by UPLC (each data point represents two eyes, n = 12 mice per group).
Statistical significance was determined using unpaired t-tests. B The experimental
scheme. Dipyridamole was administered via intraperitoneal injection 30 min before
each 40 Hz preconditioning flicker session and repeated daily for 3 days before
NAION induction. C Representative immunofluorescence images of RBPMS-
positive RGCs in different retinal regions and treatment groups at 10 days post-
ischemia (dpi). Scale bar: 50 um. D Representative VEP waveforms from different

treatment groups. E-G Quantification of RBPMS-positive RGC numbers in the
central, middle and peripheral retina for different treatment groups (each data point
represents one retina, n = 3-5 mice per group). Statistical significance was deter-
mined using one-way ANOVA followed by Tukey’s post hoc test. H Quantitative
analysis of N2-P2 amplitude of VEP for different treatment groups (each data point
represents one eye, n = 4-6 mice per group). Dip, dipyridamole. Statistical sig-
nificance was determined using one-way ANOV A followed by Tukey’s post hoc test.
Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001;

*IHAP < 0.0001; ns, no significant difference.

mediated by ENT1/2-mediated transport of adenosine across the cell
membrane.

40 Hz flicker preconditioning exerted protection against
ischemic injury in the NAION model through adenosine A,
receptors

To further investigate the adenosine receptor underlying the neuroprotec-
tive effect of 40 Hz flicker preconditioning on NAION, we administered the
AR antagonist DPCPX (5 mg/kg) intraperitoneally 30 min before each
40 Hz flicker preconditioning, and the rest of the procedure was the same as
with dipyridamole injection (Fig. 7A). We found that the protective effect of
precondition flicker was eliminated by intraperitoneal injection of DPCPX
(Central: Pre Flicker NAION group 3164 * 134.7/mm’ vs. Pre Flicker +
DPCPX NAION group 2340 + 233.3/mm’, P < 0.05; Middle: Pre Flicker
NAION group 3097 + 129.2/mm’ vs. Pre Flicker + DPCPX NAION group
2227 +185.0/mm’, P<0.01; Peripheral: Pre Flicker NAION group
2699 +158.4 /mm’ vs. Pre Flicker + DPCPX NAION group 1860 + 168.5
/mm?, P<0.01; Fig. 7 B, D-F). DPCPX also blocked the protective effect on
visual function (Pre Flicker NAION group 9.82 + 0.61 uV vs. Pre Flicker
+DPCPX group 6.96 + 0.75 uV, P < 0.05; Fig. 7C, G). Notably, pretreatment
with DPCPX alone, without 40 Hz flicker preconditioning, did not affect
RGC survival or visual function following NAION induction (Supple-
mentary Fig. 2). Furthermore, Western blot analysis revealed that 40 Hz
flicker preconditioning did not alter A; receptor expression in either
NAION-induced or non-induced mice (Supplementary Fig. 3), indicating
that the protective effect of 40 Hz flicker preconditioning is not due to
changes in A; receptor levels. Based on these results, we speculate that 40 Hz
precondition flicker improves the prognosis of NAION, possibly by
increasing adenosine levels and activating A;R.

40 Hz precondition flicker inhibited neuroinflammation

Many studies have shown that ischemia-reperfusion injury is closely related
to inflammation’’, and inflammation in the NAION disease model is pri-
marily concentrated in the anterior segment of the optic nerve”. To
investigate whether 40 Hz flicker preconditioning has a protective effect on
neuroinflammation in NAION, optic nerve sections were stained with Ibal
and CD68 on the 10th day after modeling. The results revealed that the
number of microglia in the anterior segment of the optic nerve in the 40 Hz
Pre Flicker NAION group was significantly decreased from the NL NAION
group (NL NAION 1001 + 136.0/mm’ vs. Pre Flicker NATON 560 + 49.7/
mm? P<0.01; Fig. 8A, B). Additionally, the number of microglia in the NL
NAION group was significantly higher than that in NC group (Normal
Control 352 +25.12/mm? vs. NL NAION 1001 + 136.0/mm? P <0.001;
Fig. 8A, B). The number of microglia in the 40 Hz Pre Flicker + DPCPX
NAION group was slightly higher than that in the 40 Hz Pre Flicker NAION
group, but the difference was not statistically significant (Pre Flicker +
DPCPX NAION 840 + 36.0/mm?” vs. Pre Flicker NAION 560 + 49.7/mm?,
P =0.0813; Fig. 8A, B).

We further found that 40 Hz Pre Flicker preconditioning significantly
inhibited microglial activation, as evidenced by a lower CD68 fluorescence
intensity compared to the NL NAION group (relative fold change of CD68
fluorescence intensity: NL NAION group 1 + 0.04 vs. Pre Flicker NAION
group 0.59 £ 0.008, P < 0.001; Fig. 8C, D). This effect was partially reversed
in the Pre Flicker + DPCPX NAION group, where CD68 fluorescence

intensity was significantly higher than that in the Pre Flicker NAION group,
but remained lower than that in the NL NAION group (relative fold change
of CD68 fluorescence intensity: NL NAION group 1+0.04 vs. Pre
Flicker + DPCPX NAION group 0.80+0.07, P<0.05 Pre Flicker 4
DPCPX NAION group 0.80+0.07 vs. Pre Flicker NAION group
0.59 +0.008, P < 0.05; Fig. 8C, D). These findings suggest that 40 Hz flicker
preconditioning can reduce inflammation in the anterior optic nerve seg-
ment in NAION by inhibiting microglial number and activation, which may
represent one of the underlying protective mechanisms. Moreover, the
partial reversal of this anti-inflammatory effect by DPCPX, further supports
the role of adenosine-A; receptor signaling in this process.

Discussion

Similar to other cerebral ischemic events, localized ischemia of the anterior
optic nerve in NAION can lead to irreversible vision loss. The severity of
ischemic injury and the lack of effective treatments for ischemic optic
neuropathies make it a major challenge in ophthalmology to develop
effective strategies grounded in a deeper mechanistic understanding.
Among the strategies developed to enhance tissue resistance to ischemia,
ischemic conditioning—especially remote ischemic preconditioning (IPC)
—has attracted considerable interest. This neuroprotection of remote IPC is
believed to be achieved by protective signals transmitted from stimulus
organs to remote organs to increase target tissue tolerance to ischemia.
Despite intensive studies, the nature of this protective signal and their
transmission pathways remain unknown, hampering the clinical applica-
tion of remote IPC. An ischemic insult triggers a surge in glutamate release,
which is accompanied by a compensatory release of large amounts of
adenosine into the ischemic region. We proposed that focal increase in
protective signals such as adenosine in the target brain regions may provide
better therapeutic effects. Notably, the enzymes required for adenosine
metabolism and transport are expressed in the retina®”, supporting the
plausibility of adenosine as a mediator of IPC-related neuroprotection in
optic nerve ischemia. Adenosine is present physiologically in all retinal
layers, particularly in the RGC, inner nuclear and inner plexiform layers.
Adenosine concentration increases with ischemia duration™”. Indeed, we
found that 40 Hz flicker increased adenosine levels in whole-eye homo-
genates, as determined by UPLC analysis. Adenosine is produced through
both intracellular and extracellular pathways, with ENT1/2 transporter
regulating its movement based on concentration gradients. In the current
study, we were unable to distinguish intracellular from extracellular ade-
nosine concentrations within the eye, due to technical limitations. However,
our previous study demonstrated that 40 Hz flicker increases extracellular
adenosine in the brain®, indicating that 40 Hz flicker enhances the outward
gradient that drives ENT-mediated efflux. In this context, inhibiting ENT1/
2 would be expected to reduce—rather than increase—extracellular ade-
nosine. This interpretation aligns with our observation that dipyridamole
attenuated the neuroprotective effect of 40 Hz flicker in NAION, and with
the finding that A;R blockade by DPCPX similarly abolished flicker-
induced protection. Together, these results suggest that flicker-induced
neuroprotection relies on ENT-dependent adenosine trafficking across the
cell membrane. Our finding is also supported by previous studies that
inhibiting endogenous adenosine production by knocking out CD73
aggravates cerebral ischemic injury™, albeit lack of the effect on cerebral
ischemia was also noted””.
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Fig. 7 | The neuroprotective effect of 40 Hz flicker preconditioning was reversed
by the AR antagonist DPCPX, both in cellular protection and visual function.
A The experimental scheme. DPCPX was administered via intraperitoneal injection
30 min before each 40 Hz preconditioning flicker session and repeated daily for 3
days before NAION induction. B Representative immunofluorescence images of
RBPMS-positive RGCs in different retinal regions and treatment groups at 10 days
post-ischemia (dpi). Scale bar: 50 um. C Representative VEP waveforms from
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different treatment groups. D-F Quantification of the number of RBPMS-positive
RGCs in the central, middle and peripheral retina for different treatment groups
(each data point represents one retina, n = 4-6 mice per group). G Quantitative
analysis of N2-P2 amplitude of VEP for different treatment groups (each data point
represents one eye, n = 4-5 mice per group). Statistical significance was determined
using one-way ANOVA followed by Tukey’s post hoc test. Data are represented as
mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 8 | 40 Hz flicker preconditioning inhibited neuroinflammation through
attenuating microglial number and activation, an effect partially reversed

by DPCPX. A Representative immunofluorescence images of Ibal-positive cell in
anterior optic nerve sections across different treatment groups at 10 days post-
ischemia (dpi). Scale bar, 50 um. B Quantification of the number of Ibal-positive cell
in optic nerve sections (each data point represents one optic nerve, n = 5 mice per
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group). C Representative immunofluorescence images of CD68 staining in anterior
optic nerve sections across different treatment groups at 10 dpi. Scale bar, 50 um.
D Quantification of relative CD68 expression based on fluorescence intensity (each
data point represents one optic nerve, n = 3-4 mice per group). Statistical sig-
nificance was determined using one-way ANOV A followed by Tukey’s post hoc test.
Data are represented as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

Adenosine exerts its primary biological effects by acting on multiple G
protein-coupled receptors, namely A;, Asa, Asp, A3, to modulate responses
to ischemic stress through regulation of neurotransmission, neuronal
activity, endothelial function and inflammation™. AR is concentrated in the
inner retinal layers, while A,,R is more prominent in the outer layers”. In
our study, the neuroprotective effect of 40 Hz flicker preconditioning was
mediated by an increase in intraocular adenosine acting on AR, as this
effect was reversed by the A;R antagonist DPCPX. This finding aligns with
previous study showing that A;R agonists protect against photoreceptor cell
death in light-induced retinal injury models* and is consistent with A;RKO
studies in the developing brain, which exhibit increased infarct size'!,
although effects on global ischemic brain were not observed”. Mechan-
istically, since antagonists of L-type voltage-gated Ca® channels can
attenuate preconditioning-induced ischemic tolerance in vitro®, the pro-
tective effect of 40 Hz flicker preconditioning likely involves A;R-mediated
inhibition of presynaptic voltage-gated Ca® channels, reducing Ca* influx
and the subsequent release of glutamate and ATP, thereby decreasing
excitotoxic signaling. Pretreatment with 40Hz flicker also alleviated
NAION-induced inflammation in the optic nerve and inhibited microglial
activation, which was partially reversed by DPCPX. Given that 40 Hz flicker

improved RGC survival, this decrease in CD68 likely reflects attenuation of
excessive or inappropriate microglial phagocytosis (phagoptosis)* rather
than suppression of beneficial debris clearance®. Although A,4R is known
to be a major controller of microglial activation and microglia-related RGC
death**”, the partial reversal of the anti-inflammatory effect by AR
antagonism suggests that A;R may also influence microglial responses, with
the precise mechanisms warranting further investigation. Thus, while
adenosine may primarily promote the resolution of ischemic injury in the
optic nerve through A;R-mediated neuroprotective signaling, its overall
effects could shift if A,sR pathways become preferentially engaged. In this
context, although AR activation appears to mediate the major protective
effects of 40 Hz flicker preconditioning, the potential involvement of A;sR
signaling cannot be excluded. A, 4R activation has been reported to increase
cerebral blood flow, promote angiogenesis, and enhance endothelial nitric
oxide production'’, which may, under certain conditions, contribute to
the alleviation of ischemic injury. However, previous studies have also
shown that pharmacological blockade of A,4R can protect against both
ischemia-reperfusion-induced retinal damage"® and light-induced retinal
degeneration®, suggesting that A, R activation may, under certain condi-
tions, exacerbate neuroinflammation and cell death. A, R antagonists were
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only partially effective in reversing the protective effect of ischemic pre-
conditioning on subsequent severe ischemia, suggesting that multiple
pathways, including interactions between adenosine receptors, may be
involved™”. This may also explain why the combination of precondition
flicker with A;R antagonist DPCPX only partially reverses
neuroinflammation.

Another noted feature of the protective effect by 40 Hz flicker pre-
conditioning is the therapeutic window requirement for 40 Hz flicker to
apply. Although ischemic tolerance can be induced before (precondition-
ing), during (per-conditioning), or after (post-conditioning) an ischemic
insult, our results show that the protective effect was achieved only when
40 Hz flicker was applied prophylactically before ischemic injury. The most
significant finding of the present study is that 40 Hz flicker preconditioning
administered for 3 days prior to ischemic onset effectively protects against
NAION, as evidenced by improved RGC survival, preservation of ganglion
cell layer structure, and maintained visual function. Maximal neuropro-
tection occurred when flicker stimulation was applied within 12 h before
ischemia, remained detectable at 24 h, and diminished beyond this interval.
Moreover, 40 Hz flicker preconditioning also conferred sustained neuro-
protection for at least 4 weeks after ischemic injury, although its persistence
beyond this period remains to be determined. The effectiveness of 40 Hz
flicker preconditioning is attributed to unique features of this IPC regime
procedure, including its flicker-frequency specificity and probably also
visual pathway-specific. Indeed, previous studies have shown that lateral
geniculate nucleus (LGN) neurons strongly phase-lock up to 40 Hz, whereas
phase-locking is substantially weaker in V1 and absent in CA1 during 40 Hz
flicker stimulation’, indicating that the effects of 40 Hz flicker pre-
conditioning are likely visual pathway-specific, acting primarily within the
retino-thalamic—cortical pathway. In contrast, post-conditioning with
40 Hz flicker did not confer protection in our NAION model when sti-
mulation was initiated after ischemic onset, underscoring the strong
dependence of conditioning efficacy on parameters such as timing, inten-
sity, duration, and stimulation cycles. Nevertheless, beneficial post-
conditioning effects of 40 Hz flicker have been reported in other systems.
In a mouse 2VO cerebral ischemia model, 14 days of continuous 40 Hz
stimulation initiated after ischemia mitigated hippocampal injury”. Simi-
larly, in zebrafish, 7 days of post-injury 40 Hz flicker promoted RGC axon
and dendrite regeneration and improved visual recovery”. Large clinical
studies of remote ischemic conditioning (e.g., the RICAMIS trial) also
support the idea that post-conditioning can remain effective even when
initiated more than 25 h after ischemic onset'’. These observations collec-
tively indicate that the optimal stimulation regimen for post-ischemic 40 Hz
flicker in NAION remains undefined, and that protocol variations may
produce markedly different outcomes. Importantly, the time-dependent
shift in adenosine signaling after ischemia in NAION may critically influ-
ence whether 40 Hz stimulation produces protection or fails to do so. For
example, administration of an A;R agonist within the first 24 h of cerebral
ischemia, either as pretreatment or during the early ischemic period, but not
at later stages, could protect against ischemic cerebral injury’”". Similarly,
DPCPX was found to worsen retinal ischemic injury within 2 h if admi-
nistered 5 or 30 min before ischemia. If ischemia lasted more than 60 min,
DPCPX did not worsen the injury’®*. Therefore, adenosine produced
during brief ischemia is sufficient to activate adenosine receptors™**. As
hypoxia persists, the continued increased levels of adenosine lead to the
downregulation and desensitization of A;R, while simultaneously upregu-
lating the expression of A,,R”. This process can stimulate microglial acti-
vation with production of various pro-inflammatory factors that may
damage the retina. This suggests that adenosine’s protective effects through
A4R focus on preconditioning and early protection after ischemia, rather
than late-stage intervention.

Despite its promise, translating IPC to clinical practice remains chal-
lenging because the onset of NAION is unpredictable. However, NAION’s
well-recognized bilateral susceptibility—with 15-20% of patients develop-
ing fellow-eye involvement within 5 years—provides a realistic scenario for
targeted prophylaxis. Non-invasive 40 Hz flicker stimulation could, in

principle, be applied to the unaffected fellow eye after the first event to
enhance ischemic tolerance without exposing the general population to
unnecessary treatment. Moreover, advances in artificial intelligence-driven
retinal imaging, hemodynamic modeling, and prediction of optic nerve
head perfusion may soon enable early identification of individuals at
heightened risk or exhibiting subclinical vulnerability. In such high-risk
populations, prophylactic 40 Hz flicker represents a biologically grounded
and low-risk strategy to strengthen ischemic resilience. It should also be
noted that NAION predominantly affects elderly individuals, whereas the
present study employed young adult mice. Future studies will be necessary
to determine whether the preconditioning effects of 40 Hz flicker observed
here can be reproduced in aged animals, which would strengthen its
translational relevance. Validation in large-animal NAION models will also
be essential to establish safety and translational potential. Future work is
required to define the optimal conditioning protocol, including refined
flicker frequency, intensity, duty cycle, duration, stimulation interval, and
whether single or repeated sessions are most effective given the rapid
desensitization of A, receptors®®®. If optimized, 40 Hz flicker-based con-
ditioning—alone or in combination with other conditioning strategies—
may offer a potential therapeutic avenue for preventing or mitigating
ischemic optic neuropathy.

In summary, this study identifies 40 Hz flicker as a non-invasive
strategy for ischemic preconditioning to prevent NAION. 40 Hz flicker
preconditioning involves intermittent stimulation twice daily for 3 con-
secutive days. This regimen offers protection by enhancing ENT-mediated
adenosine acting on A;Rs, which in turn increases the body’s tolerance to
ischemia. Forty Hertz flicker has recently emerged as an effective non-
invasive therapeutic strategy for Alzheimer’s disease” and sleep
disturbances™. In 2021, 40 Hz light and sound therapy received Break-
through Device Designation from the U.S. FDA. 40 Hz flicker pre-
conditioning represents a potentially safe and effective strategy to enhance
patient prognosis and mitigate the risk of binocular vision loss in high-risk
NAION patients, who are particularly vulnerable following monocular
involvement.

Methods

Animals

Male C57BL/6] mice (8 weeks old, weighing 21-25 g) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were
housed under standard laboratory conditions with a 12-h light-dark cycle
and free access to food and water. All experimental protocols (wydw2024-
0261) were approved by the Institutional Ethics Committee of Wenzhou
Medical University, China, and were conducted in accordance with the
university’s guidelines for the care and use of animals in research and
education.

Study design

The study aimed to evaluate the protective effects of 40 Hz flicker stimu-
lation on a NAION model. Mice were randomly divided into four groups:
(1) Normal Control (NC): no treatment or ischemia; (2) Normal Light (NL)
NAION: ischemia induced and exposed to normal light; (3) Precondition
Flicker (Pre Flicker) NAION: 40 Hz flicker pre-ischemia conditioning for
3 days; (4) Post-Condition Flicker (Post Flicker) NAION: 40 Hz flicker post-
ischemia conditioning for 10 days. On day 10 post-ischemia, fundus pho-
tography and optical coherence tomography (OCT) were performed to
evaluate retinal structural changes, and visual evoked potential (VEP) was
used to assess visual pathway function. Retinas and optic nerves were
subsequently collected for immunofluorescence analysis to evaluate RGC
survival and neuroinflammation in the optic nerves.

NAION induction

Mice were anesthetized and pupils were fully dilated using tropicamide eye
drops. Four minutes after intraperitoneal injection of Rose Bengal (2.5 mM,
0.1 mL/20 g), the optic nerve head (ONH) was illuminated with a 532-nm
argon green laser (50 mW, 300-um spot size; Slit lamp laser molding
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Instrument, VISMLAS 532s, Zeiss, Germany). Activation of Rose Bengal by
laser was confirmed by the appearance of a bright golden coloration, indi-
cating successful induction. Photochemical thrombosis primarily occludes
the small capillaries surrounding the optic nerve head, and the following
day, fundus photography and OCT were used to confirm successful mod-
eling. Inclusion criteria required optic disc edema without retinal edema or
vascular occlusion, while cases with retinal vein occlusion, retinal artery
occlusion, or retinal detachment were excluded. No further animals or data
points were excluded. Although the photochemical thrombosis model is
widely used to study NAION***, it primarily recapitulates the ischemic
injury to the anterior optic nerve rather than the full clinical spectrum of
human NAION.

Light flicker stimulation

Light flicker stimulation was performed as previously described™. Mice were
placed in a PVC cage without bedding in a dark room. Two white LED bulbs
(390-700 nm, 4000 K, 3000 lux) were positioned on the long side top of the
cage which make light shining evenly to the bottom and controlled via a
circuit-control relay. Flicker stimulation was applied at frequencies of 20, 40,
or 80 Hz, with 12.5 ms light-on and 12.5 ms light-off cycles. Each session
lasted 1h, administered twice daily for either 3 consecutive days (pre-
condition flicker group) or 10 consecutive days (post-condition
flicker group).

Fundus photography and optical coherence tomography (OCT)
Mice were anesthetized and their pupils were dilated with tropicamide.
Fundus imaging was performed using a small animal retinal fiber imaging
system (II science, Korea) on a custom-made platform to assess optic disc
edema on day 1 and atrophy on day 10 after ischemia induction. Following
fundus photography, high-resolution spectral-domain optical coherence
tomography (SD-OCT; Heidelberg Engineering, Germany) was used to
image the full-thickness retinal structures in the peripapillary region, with a
central wavelength of 870 nm and an axial resolution of 3.9 um. Ganglion
Cell Complex (GCC) thickness and total retinal thickness in the peripa-
pillary area were measured manually using Image]J software to evaluate optic
disc edema and atrophy. The GCC layer, comprising the nerve fiber layer,
ganglion cell layer, and inner plexiform layer, was specifically assessed to
determine the severity and prognosis of neural injury.

Visual evoked potential (VEP)

Visual function was assessed on day 10 after NAION induction using flash
VEP recordings (3.0 cds/m?, 1.0 Hz, 100 repetitions; Ganzfeld Q450 SC,
Roland Electrophysiology, Germany). Mice were anesthetized, pupils dila-
ted, and body temperature maintained on a heating blanket. Ofloxacin
ointment was applied to the corneal surface to prevent drying and delay
cataract formation. Electrodes were positioned subcutaneously: the refer-
ence electrode at the temporal side, the ground electrode at the caudal side,
and the recording electrode between the two ears. Signals were recorded
when the waveform was regular and baseline stable, with resistance within
acceptable limits. The N2 and P2 peaks were identified, and the N2-P2
amplitude was measured as an indicator of visual function.

Quantification of RBPMS" RGCs in whole mount retina

The whole mount retina was prepared and immunostained with anti-
RBPMS antibody to label RGCs. Briefly, after obtaining the whole eyeball, a
small hole was placed in the limbus and fixed in 4% paraformaldehyde
(PFA) for 2 h at room temperature and washed three times with PBS. Under
a stereomicroscope, the cornea was cut along the limbus, and the lens and
vitreous were removed. The retina was isolated and flattened into a four-leaf
clover shape. The isolated retinas were plated into 96-well plates and blocked
with 100 pL blocking solution (0.3% Triton+5% donkey serum +1% bovine
serum albumin, BSA) at room temperature for 2h and then incubated
overnight at 4 °C with rabbit anti-RBPMS polyclonal antibody (1:100, 1830-
RBPMS, PhosphoSolutions, USA). After washing, retinas were incubated

with donkey anti-rabbit IgG secondary antibody (1:1000, A-31573, Invi-
trogen, USA) at room temperature for 1 hour. Confocal images were cap-
tured using a 20x objective lens (LSM 900, Zeiss, Germany) in central,
middle, peripheral regions (250 x 250 um per image). RGCs were manually
counted using Zeiss ZEN 3.4 software. Mean RGC counts from central,
middle and peripheral regions were calculated for each group.

Optic nerve section immunostaining

The number and activation status of microglia in optic nerve (ON) sections
were assessed using Ibal and CD68 immunostaining. A 3-mm segment of
the ON, including adjacent peripapillary sclera tissue, was collected from
mice 10 days post-modeling. Tissue was fixed in 4% PFA for 2 h at room
temperature, washed three times with PBS, and dehydrated in 30% sucrose
overnight at 4 °C. Frozen sections (12 pm) were blocked in a solution
containing 5% donkey serum, 1% BSA and 0.3% Triton at room tempera-
ture for 1 h. Sections were incubated overnight at 4 °C with primary anti-
bodies against Ibal (1:600, OB-PRB029-01, Oasis Biofarm, China) and
CD68 (1:800, MCA1957G, BIO-RAD, USA), followed by incubation with
secondary antibodies donkey anti-rabbit IgG (1:1000, A-31573, Invitrogen,
USA) and goat anti-rat IgG (1:1000, OB-RT594, Oasis Biofarm, China) for
1 h at room temperature. Images using a confocal microscope (LSM 900,
Zeiss, Germany) with a 20x objective. The junction between unmyelinated
and myelinated fibers marked the start of the anterior optic nerve. Microglia
counts and CD68 fluorescence intensity were quantified in a 200 x 200 um
region in the anterior optic nerve using Zeiss software.

Measurement of adenosine by ultra-high performance liquid
chromatography

Immediately following the 1-h 40 Hz flicker stimulation, mice were
anesthetized and the eyeballs were enucleated. After excess connective
tissues were carefully removed under a dissecting microscope, the
eyeballs were homogenized at 4°C in a grinding buffer (1:10 mass-to-
volume ratio with grinding beads) consisting of 500 uL EHNA (1 mg/mL in
ddH,0), 20 uL dipyridamole (2 mg/mL in ethanol), and 480 uL acetonitrile.
For every 100 pL of homogenate, 400 uL of acetonitrile was added,
vortexed for 30 s, and left to stand for 10 min. Samples were centrifuged at
13,000 rpm for 5min, and 200 uL of the supernatant was used for
analysis. Adenosine standard solutions with varying concentrations were
prepared to construct a standard curve. Adenosine was separated on a
CNW Athena C18 column (2.1 x 150 mm, 3 pm) at 25 °C using 0.1% formic
acid in water (solvent A) and acetonitrile (solvent B) at a ratio 0of 93:7 (v/v) as
the mobile phase. Detection was performed at 254 nm. The adenosine
content was calculated based on sample measurements and the
standard curve.

Statistics and reproducibility

Data were analyzed using SPSS software (IBM, Armonk, NY, USA) and are
presented as means + SEM. Normality was assessed using the Kolmogorov-
Smirnov test. Comparisons between two groups were performed using
unpaired t-tests, while one-way ANOVA was used for multiple group
comparisons. Statistical visualizations were generated with GraphPad Prism
(GraphPad Software, La Jolla, CA, USA). Significance levels were set at
*P<0.05, ¥P<0.01, ***P <0.001, ¥****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All datasets generated and analyzed in this study are presented within the
main figures and Supplementary materials. The numerical source data
underlying each graph are provided in Supplementary Data. Correspon-
dence and requests for materials should be addressed to Ying Gao or
Jiangfan Chen.
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