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Insufficient Oligodendrocyte Turnover in Optic Nerve
Contributes to Age-Related Axon Loss and Visual Deficits
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Age-related decline in visual functions is a prevalent health problem among elderly people, and no effective therapies are available
up-to-date. Axon degeneration and myelin loss in optic nerves (ONs) are age-dependent and become evident in middle-aged (13-
18 months) and old (20-22 months) mice of either sex compared with adult mice (3-8 months), accompanied by functional deficits.
Oligodendrocyte (OL) turnover is actively going on in adult ONs. However, the longitudinal change and functional significance of OL
turnover in aging ONs remain largely unknown. Here, using cell-lineage labeling and tracing, we reported that oligodendrogenesis dis-
played an age-dependent decrease in aging ONs. To understand whether active OL turnover is required for maintaining axons and
visual function, we conditionally deleted the transcription factor Olig2 in the oligodendrocyte precursor cells of young mice.
Genetically dampening OL turnover by Olig2 ablation resulted in accelerated axon loss and retinal degeneration, and subsequently
impaired ON signal transmission, suggesting that OL turnover is an important mechanism to sustain axon survival and visual func-
tion. To test whether enhancing oligodendrogenesis can prevent age-related visual deficits, 12-month-old mice were treated with clem-
astine, a pro-myelination drug, or induced deletion of the muscarinic receptor 1 in oligodendrocyte precursor cells. The clemastine
treatment or muscarinic receptor 1 deletion significantly increased new OL generation in the aged ONs and consequently preserved
visual function and retinal integrity. Together, our data indicate that dynamic OL turnover in ONs is required for axon survival and
visual function, and enhancing new OL generation represents a potential approach to reversing age-related declines of visual function.
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Oligodendrocyte (OL) turnover has been reported in adult optic nerves (ONs), but the longitudinal change and functional sig-
nificance of OL turnover during aging remain largely unknown. Using cell-lineage tracing and oligodendroglia-specific manip-
ulation, this study reported that OL generation was active in adult ONs and the efficiency decreased in an age-dependent
manner. Genetically dampening OL generation by Olig2 ablation resulted in significant axon loss and retinal degeneration,
along with delayed visual signal transmission. Conversely, pro-myelination approaches significantly increased new myelin
generation in aging ONs, and consequently preserved retinal integrity and visual function. Our findings indicate that promot-
\ing OL generation might be a promising strategy to preserve visual function from age-related decline. j
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Introduction
Age-related decline in visual functions emerges irreversibly in
the elder population, such as impaired visual acuity and contrast
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sensitivity to visual signals (C. Zhang et al., 2008). The pathologic
changes underlying the functional damages are complicated and
remain elusive. The optic nerve (ON) is mainly made up of the
axons of the retinal ganglion cells (RGCs) from the retina. The
axons are susceptible to age and undergo irreversible degenera-
tion with a ~40% decrease in axon number throughout the life-
span regardless of species (Cavallotti et al., 2002; Neufeld and
Gachie, 2003; Harwerth et al., 2008; Calkins, 2013; Fortune et al.,
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2014; Attia et al., 2019). For instance, the rate of axon loss is
~25% per year in mouse ONs, and the rate is ~0.5% (~5000
axons) annually in humans and rhesus monkeys (Mikelberg
et al., 1989; Morrison et al., 1990; Neufeld and Gachie, 2003).
Meanwhile, the retinal thickness displays an age-dependent
decrease in the middle-aged and elderly population revealed
by the optical coherence tomography (OCT) test (Cavallotti
et al,, 2004; C. Zhang et al., 2008; Patel et al., 2014; Lin et al.,,
2016). Unfortunately, effective therapies to slow down or
reserve age-related axon loss and retinal degeneration are
still unavailable in clinics so far.

The ON axons are nearly completely myelinated by mature
oligodendrocytes (OLs) in adulthood (Skoff et al., 1976; Honjin
et al., 1977; Bartsch et al., 1997; Dangata and Kaufman, 1997).
Interestingly, newly generated OLs and myelin sheaths are con-
tinuously added to adult ONs from the differentiation of OL pre-
cursor cells (OPCs), indicating persistent OL turnover in adult
ONs (Young et al., 2013; Hill et al., 2018). In addition, abnormal-
ities of myelin sheaths have been repeatedly reported in the aged
ONs of humans, nonhuman primates, and rodents (Sandell and
Peters, 2001; Cavallotti et al., 2002; Attia et al.,, 2019), implying
the involvement of OLs and myelin in the age-related pathologic
changes of the visual system. In addition to ensuring the fast trans-
mission of an action potential by myelin sheaths, recent studies
have demonstrated that OLs can provide metabolic support for
maintaining axonal integrity (Nave, 2010a,b; Simons and Nave,
2015; Chamberlain et al., 2021). However, it remains unclear how
OL turnover contributes to the age-related changes of axons in ONs
and visual functions.

In this study, we have shown that OL genesis is active in adult
ONs but greatly diminished during aging, accompanied by axon
loss and impaired visual function. Genetic inhibition of oligo-
dendrogenesis in young mice by deleting transcriptional factor
Olig2 in OPCs causes ON axon loss and latency delay of visual-
evoked potentials (VEPs). Conversely, enhancing myelination by
muscarinic receptor 1 (MIR) deletion or clemastine treatment
promotes oligodendrogenesis in aging ONs, and consequently
reverses axon loss and VEP latency delay. Together, our data
indicate that dynamic OL turnover is required for RGC axon
survival and visual function. Enhancing new OL generation may
be a promising approach to reverse age-related visual function
decline.

Materials and Methods

Animals. The C57BL/6] mice (WT) were purchased from the
Laboratory Animal Center of the Third Military Medical University and
Yangzhou Youdu Biotechnology. All transgenic mouse strains were
maintained on a C57BL/6] background. The reporter gene mice, mT/
mG line (The Jackson Laboratory, catalog #007676) or Tau-mGEFP line
(The Jackson Laboratory, catalog #021162) were crossed with the NG2-
CreERT line (The Jackson Laboratory, catalog #008538) to obtain NG2-
CreERT; Tau-mGFP and NG2-CreERT; mT/mG mice, respectively. The
PLP-CreERT (The Jackson Laboratory, catalog #005795) was crossed
with the mT/mG line to generate PLP-CreERT; mT/mG mice. The
Olig2 floxed line and the MIR floxed line have been described previously
(Young et al., 2013; F. Wang et al., 2018, 2020; J. F. Chen et al,, 2021; L.
Chen et al,, 2021). The Olig2 floxed line was bred with the NG2-
CreERT; Tau-mGFP line to generate NG2-CreERT; Tau-mGFP; Olig2
fl/fl mice and littermates (NG2-CreERT; Tau-mGFP; Olig2 fl/+). The
MIR floxed line was crossed with NG2-CreERT; Tau-mGFP line to pro-
duce NG2-CreERT; Tau-mGFP; MIR fl/fl mice. Genotypes of all mice
were determined using PCR analysis of tail genomic DNA with appro-
priate primers. Male and female mice were used for all experiments
without bias. All animals were fed or bred in accordance with an
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approved protocol from the Laboratory Animal Welfare and Ethics
Committee of Third Military Medical University.

Administration of tamoxifen. To induce Cre recombinase expres-
sion, tamoxifen (Sigma-Aldrich, catalog #T5648) was dissolved in corn
oil at a concentration of 30 mg/ml and administered to the mice at
100 mg/kg per day for 4 consecutive days by oral gavage.

Drug treatment. The 12-month-old mice were treated with clemas-
tine (SelleckChem, catalog #S1847) or an equivalent volume of vehicle.
Clemastine was dissolved in DMSO at a concentration of 30 mg/ml and
then diluted in drinking water. And the mice were proximately dosed at
10 mg/kg/day for 3 or 5 months continuously.

Frozen sections of ONs. Mice were deeply anesthetized with 1% pen-
tobarbital and then were flushed with 0.01 M PBS, pH 7.2, transcardially,
followed by 4% cold PFA in 0.1 m PB. ONs and retinas were collected for
frozen sectioning and whole-mount preparation, respectively. ONs were
postfixed in 4% PFA in 0.1 M PB overnight; then these tissues were dehy-
drated in 30% sucrose in 0.01 M PBS until submerged to the bottom.
ONs were embedded in optimal cutting temperature compound (Sakura
Finetek, 4583) and then sliced coronally or longitudinally at 10 um equi-
distant intervals with a cryostat microtome (Cyrostar NX50, Fisher
Scientific).

Immunofluorescence staining. For immunofluorescence staining, fro-
zen sections were blocked with 5% BSA and 0.5% Triton X-100 for 2 h at
room temperature, and then sequentially incubated with primary antibodies
overnight at 4°C and the fluorescent dye-conjugated secondary antibodies
for 2 h at room temperature. Primary antibodies included the following:
rabbit anti-NG2 (1:500; Millipore, catalog #AB5320), rat anti-MBP (1:200;
Millipore, catalog #MAB386), rabbit anti-NeuN (1:500; Abcam, catalog
#ab177487), rabbit anti-Nav1.6 (1:1500; Alomone Labs, catalog #ASC-009),
mouse anti-Caspr (1:1500; NeuoMab, catalog #75-001), mouse anti-
CC1 (1:500; Calbiochem, catalog #OP80), goat anti-PDGFRa (1:500;
R&D Systems, catalog #AF-1062), rabbit anti-neurofilament 200 (NF200)
(1:500; Sigma-Aldrich, catalog #N4142), mouse anti-3III-tubulin (1:200;
Abcam, catalog #ab231084), mouse anti-Brn3a (1:500; Millipore, catalog
#mab1585), and guinea pig anti-RNA-binding protein with multiple splicing
(RBPMS) (1:300; Millipore, catalog #abn1376). Appropriate AlexaFluor-con-
jugated secondary antibodies included donkey anti-mouse, donkey anti-rab-
bit, donkey anti-goat, and donkey anti-rat (1:1000; Invitrogen). Nuclei were
counterstained with DAPI at room temperature.

Whole-mount preparations of retina. The eyeballs were removed
gently by microscissors and transferred to a tissue culture plate filled
with 4% PFA immediately for 30 min at room temperature, and then
placed in PBS under a dissecting microscope for retina isolation. A radial
incision was made in the cornea, and the sclera was carefully dissected
toward the ON with forceps. The cornea, sclera, ON, retina pigment epi-
thelium, and lens were gently removed. Then, the retinal cup was
cleaned, and hyaloid vessels were removed.

Flash VEPs (F-VEPs) test. Mice were anesthetized via intraperitoneal
injection using a combination of xylazine (0.125 mg/kg) and ketamine
(0.375 mg/kg) diluted in PBS. After dark adaptation for 5min, the mice
were fixed to the stereotaxic apparatus and VEP stimulation and record-
ing began precisely 15 min after administration of anesthesia. One elec-
trode was located at the primary visual cortexes as the active (positive)
electrode, and another electrode was placed at the frontal cortex as the
reference (negative) electrode. The ground electrode was placed at the
base of the tail. The apparatus reduced interference from electrical noise
(60 Hz) and heartbeat. The contralateral eye was covered by a lightproof
patch while an eye was being tested. In each F-VEP experiment, 50 succes-
sive flash stimuli of 10 us duration and 1 Hz frequency were delivered (in-
tensity 120-200 m]) (Firan et al., 2020; Cordano et al., 2022). According to
the latencies, N1 was defined as the most reproducible negative peak
between 30 and 60 ms and P1 as the most reproducible positive peak fol-
lowing N1 between 70 and 120 ms. For each VEP recording, we analyzed
the latency and amplitude of N1/P1wave by referring to baseline (Mandel
et al., 2013; Creel, 2019; Castoldi et al., 2020).

OCT test. The pupils were dilated using a 1% tropicamide solution.
OCT image acquisition and analysis obtained by Heidelberg Spectralis
and Bioptigen Envisu system averaged transverse scan images were used
as a measure of retinal thickness (Galetta et al., 2011; X. Zhang et al,,
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Figure 1.  Age-related functional decline and myelin loss in ONs. A, Waveforms of VEP and quantification of wave latencies and amplitudes of N1 and P1 components in 3-, 13-, and 20-
month-old mice. n=>5 (3 month), 9 (13 month), and 13 (20 month) mice. Error bars indicate mean =+ SEM. ***p < 0.005; ****p < 0.0001; multiple comparisons of ANOVA. B,
Representative images showing CC1™ OL (red, left panels) and Nav1.6™* nodal (green) and Caspr* (red) paranodal regions (right panels) on the longitudinal sections of ONs at the age of 3,
13, and 20 months. Insets: top, node; bottom, heminode. Scale bars: left panels, 40 m; right panels, 10 m. €, Numbers of CC1™ cells and Nav1.6™/Caspr™ nodes/heminodes were quantified
in the ONs, respectively. n = 4 or 5 mice in each group. Error bars indicate mean == SEM. *p << 0.05; **p << 0.01; ***p < 0.005; ****p < 0.0001; multiple comparisons of ANOVA. D-F,
Representative EM images of 3-month and 13-month ONs (D). Numbers indicate unmyelinated axons (1), degenerating axon (2), empty sheath (3), redundant myelin (4), dense cytoplasm (5),
and miswrapping myelin (6) in 13-month-old ONs (E). Myelinated, unmyelinated, and abnormal axons were quantified (F). Scale bar, 1 pm. n = 8 ONs in each group. Error bars indicate mean
= SEM. **p < 0.01; ***p < 0.005; t test.

2019). To minimize the time for scanning, we chose to scan four areas of
each eye (1.2 mm from the optic disk in both vertical and horizontal
directions). The average of the four measurements was considered to be
the retinal thickness of each eye. The inner retinal layer (IRL, the combi-
nation of the retinal nerve fiber layer and the ganglion cell plus the inner
plexiform layer) thickness was measured to assess retinal degeneration.
Electron microscope. For electron microscopy, ONs were dissected
after transcardial perfusion and postfixed with 4% PFA and 2% glutaral-
dehyde in cacodylate buffer for at least a week at 4°C. The tissue was

osmicated, dehydrated, and embedded in Epon resin. Semithin (1 um)
or ultrathin (90 nm) sections of the ON were stained with lead citrate.
Micrographs were acquired using a JEM-1400 electron microscope with
a Gatan camera. The myelinated fibers were calculated using Image]
software.

Image acquisition and quantification. Fluorescent images were cap-
tured using a confocal laser-scanning microscope (Olympus, FV 3000)
or a spinning disk confocal super-resolution microscope (Olympus,
SpinSR10) with excitation wavelengths appropriate for AlexaFluor-488
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(488 nm), -594 (568 nm), or -647 (628 nm) or A
DAPI (380nm). For the statistical analysis, at
least seven images were recorded from each

ON. At least four areas of each eye (1.2 mm from Ols ===
the optic disk in vertical and horizontal direc- mGFP on
tions) were recorded on the retina. Quantification OPCs s»a—
was performed using Image-Pro Plus 5 (Media MGFP off

Cybernetics).

Statistical analysis. All graph data are pre-
sented as mean = SEM, and points represent D
individual animals. Mice were randomly assigned -
to different time points or treatments. Two-tailed
unpaired ¢ test or one-way ANOVA followed by
Bonferroni’s test was used to determine the statis-
tical difference between the normally distributed
data. Significance and nonsignificant p values are
reported in the figures.

Results

Age-related OL and myelin loss in ONs
To understand age-related changes in visual
functions, we set out to use the VEP test on
mature adult (3-8 months), middle-aged
(13-18 months), and old (20-22 months)
mice (Fig. 1A4). Upon visual stimuli, electric
signals were recorded from the visual cortex
accordingly (Creel, 2019). The latency of
the VEP waves mirrors the transmission
speed in the optical system (Iliescu et al.,
2018). The waves were reproducible in
adult healthy controls (data not shown).
We found that the latencies of both N1 and
P1 waves were significantly delayed in the 13-month-old mice
compared with the 3-month-old mice, and the N1 wave was fur-
ther prolonged in the 20-month-old mice (Fig. 1A). Meanwhile,
the amplitude of N1 or P1 wave was also dramatically decreased at
an advanced age (20 months) compared with the mature adults (3
months) or the middle-aged mice (13 months) (Fig. 14), reflecting
inhibited excitability of the visual pathway in the old mice. These
results manifest an age-related decline in visual function.

The VEP latency is considered as a sensitive biomarker for
myelin changes in the visual system, and the extent of latency
delay is closely associated with the degree of myelin loss in the
ONs of demyelinating animal models (Mozafari et al., 2010;
Farley et al., 2019; Heidari et al., 2019; Cordano et al., 2022). We
reasoned that the decreased latency in the middle-aged and old
mice may be attributed to oligodendroglia and myelin impair-
ment. Thus, we assessed the changes in oligodendroglia and
myelin in ONs at different ages (Fig. 1B-F). As expected, the
CC1" mature OL density exhibited an age-dependent decrease
in the middle-aged and the old ONs compared with the mature
adult mice (Fig. 1B,C). In support of this finding, the number of
nodes of Ranvier revealed by immunostaining for Caspr (a para-
nodal marker) and sodium channel 1.6 (Nav1.6, a nodal marker)
was significantly decreased in the middle-aged mice in contrast
to the adult mice and was further declined in the old mice
accompanied with a higher density of heminodes (Fig. 1B,C).
Under transmission electron microscopy, the axons were almost
fully myelinated in the 3-month-old ONs and the myelinated
axon density was significantly decreased in the 13-month-old
mice (Fig. 1D,F). In addition, unmyelinated axons and abnormal
myelinated axons, including empty sheaths, redundant myelin,
dense cytoplasm, and miswrapping, were more frequently seen
in the 13-month-old ONs (Fig. 1E,F), in contrast to the 3-

Figure 2.
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OL turnover in ONs during aging. A, B, Schematic diagram represents mGFP expression by preexisting OLs
(MBP™/mGFP™) but not by newly generated OLs from OPC differentiation (MBP™/mGFP") after induction (4) and the time
course of tamoxifen induction and histology examination in the PLP-CreERT; mT/mG mice (B). C, Representative images of
mGFP ™" myelin (green) and NF200-positive axons (red) on cross-sections of ONs at 2 + 1 months after induction. Scale bar,
5um. D, Representative images of mGFP (green) and MBP (red) positive myelin in ONs 2 + 1 and 2 + 17 months after
induction. Arrows indicate MBP/mGFP™ myelin. Scale bar, 5 um. E, Quantifications of the mGFP™/MBP™ percentage mye-
linin 24+ 1-, 2+ 11, and 2 + 17-month-old ONs. n = 6 mice in each group. Error bars indicate mean =+ SEM.
*p < 0.05; ****p < 0.0001; multiple comparisons of ANOVA.

month-old ONs. These results indicate age-related OL and mye-
lin loss in ONGs.

Ratio of OL turnover in adult ONs

Given the age-related loss of OLs and myelin, we sought to
understand the dynamic change of myelin during aging. OLs are
a type of terminal cell, and the preexisting OLs can be replaced
by newly generated OLs from OPC differentiation, when preex-
isting OLs undergo cell death (Baumann and Pham-Dinh, 2001;
Young et al., 2013; Stadelmann et al.,, 2019). Numerous studies
have well-documented continuous new OL addition in adult
brain and ONs (Young et al., 2013; Hill et al., 2018; Hughes et al.,
2018; Yang et al., 2020), but the ratio of myelin replacement in
ONs remains unclear during aging. Thus, we sought to assess the
ratio of OL turnover by labeling preexisting OLs and associated
myelin sheaths in the PLP-CreERT; mT(omato)/mG(FP) mice
(Fig. 2A). Technically, the preexisting OLs start to express mem-
brane-bounded GFP (mGFP) on induction, and the MBP and
mGFP double-positive (MBP"/mGFP™) structures are the mye-
lin sheaths generated by preexisting OLs (Fig. 2A). Because the
Cre recombinase is not expressed by OPCs, the newly added OLs
from OPC differentiation after induction do not express mGFP,
and can be identified as the MBP"/mGFP™ area (Fig. 2A). The 2-
month-old PLP-CreERT; mT/mG mice were induced by tamoxi-
fen, and the mice were killed at the age of 2+ 1, 2+ 11, or
2 + 17 months for histology examination (Fig. 2B). Nearly all the
NF200-positive axons were closely associated with the mGFP*
structures on the cross sections of ONs (Fig. 2C). Indeed, ~95%
MBP™ area was also mGFP™ in the 2 + 1-month ONs, indicating
a high recombination rate driven by the PLP-CreERT (Fig. 2D,E).
Remarkably, ~38% MBP " area was mGFP™ in the 2 + 11-month
ONg, suggesting that ~33% of myelin was newly generated within
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Age-dependent decline of oligodendrogenesis in ONs. A, Schematic diagram represents the time course of tamoxifen induction and histology examination, and mGFP expression in

the NG2-CreERT; Tau-mGFP mice. B, Representative images of mGFP™ cells (green, arrowhead) express CC1 (red) in the 4 + 3-month-old ONs. Right panels are enlarged images. Scale bar,
10 um. €, Representative images and quantifications of mGFP™ new myelin in the ONs 3 months after induction at the age of 4 or 13 months. n = 6 mice in each group. Areas of mGFP™*
myelin sheaths were quantified. Scale bars: left panels, 100 m; right panels, 30 pum. Data are mean = SEM. **p << 0.01 (¢ test). D, E, Schematic diagram represents the time course of ta-
moxifen induction and histology examination, and recombination in OPCs (D). Representative images of mGFP/NG2 double-positive cells (arrowheads) in the 4- and 13-month-old ONs (E). n =
3 mice in each group. Scale bar, 40 im. F, Representative images of NG2™ OPCs on the longitudinal sections of ONs at the age of 4 and 13 months. Scale bar, 40 um. G, Fold change of
mGFP/NG2 double-positive cells (left) and NG2™ cell number (right) were quantified. Left, n = 3 mice in each group for the mGFP™ /NG2™ cell number. Right, n = 5-8 mice in each group for

the number of NG2 ™ cells. Error bars indicate mean == SEM (t test).

10 months compared with the 2+ 1-month ONs (5% mGFP~
area) (Fig. 2D,E), and this result implies that OL turnover is
actively going on in adult ONs. Interestingly, the ratio was slightly
decreased to ~31% at the age of 2 + 17 months (Fig. 2E). Since
this ratio change may attribute to a number of factors in a compli-
cated manner, including the survival rate of axons and myelin,
and the speed of new myelin generation, the exact mechanisms
underlying the ratio change remain undetermined. Regarding that
the capacity of OPCs to differentiate into mature OLs declines
steeply in aging brains, it is plausible that oligodendrogenesis may
contribute to the rate of OL/myelin turnover during aging
(Neumann et al., 2019; Segel et al., 2019; Iram et al., 2022).

Diminished oligodendrogenesis in aging ON's

To understand whether oligodendrogenesis is changed in aging
ONs, we used the NG2-CreERT; Tau-mGFP mice to label newly
formed OLs and associated myelin sheaths (Fig. 3A,B). Because
the expression of mGFP is under the control of the Tau pro-
moter, newly formed myelin sheaths and OLs can be visualized
for highly expressing Tau (mGFP) (Fig. 3A,B), while the OPCs
are mGFP"~ for a very low level of Tau expression (Young et al.,
2013; McKenzie et al.,, 2014; Xiao et al,, 2016; F. Wang et al,
2020; J. F. Chen et al, 2021). The 4- and 13-month-old mice
were induced by tamoxifen and were killed 3 months later. A

large amount of mGFP-expressing myelin sheaths was visualized
in the 4 + 3-month-old ONS; in contrast, new myelin was greatly
diminished in the 13 + 3-month ONs (Fig. 3B,C). To exclude the
possibility that the recombination efficiency was altered by age,
we crossed the NG2-CreERT line with the mT/mG line. Upon
recombination, the NG2™ cells started to express mGFP in the
NG2-CreERT; mT/mG ONs (Fig. 3D). The recombination effi-
ciency was examined 2 weeks after induction by counting the ra-
tio of mGFP ™" cells in NG2" OPCs. Our results showed a similar
recombination rate between the 4- and 13-month-old ONs (Fig.
3E,G), suggesting that age does not alter recombination effi-
ciency. In addition, the NG2" OPC density was not significantly
different between the 4- and 13-month-old ONs (Fig. 3F,G),
indicating that the diminished oligodendrogenesis is because of
inhibited differentiation but not insufficiency of OPCs during

aging.

Age-related axon loss and retinal thinning

Since OLs play a crucial role for maintaining axon integrity, we
next wanted to know how the ON axons are affected by age.
Immunostaining for NF200 on cross sections of ONs revealed
that the axon density was evidently decreased in the 13-month-
old ONs compared with the 3-month-old ONs, and it was fur-
ther declined at the age of 20 months (Fig. 4A). Notably, the
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Figure 4.  Age-related RGC axon loss and retinal degeneration in aging ONs. A, Representative images and quantification of NF200-positive axons on cross-sections of ONs at the age of 3,
13, and 20 months. Bottom panels correspond to the boxes in the top panels. n = 5 or 6 mice in each group. Scale bar, 10 um. Error bars indicate mean == SEM. *p < 0.05; **p < 0.07;
¥¥%¥p < 0.005; ****p < 0.0001; multiple comparisons of ANOVA. B, C, Representative images (B) and quantifications (€) of S31ll-tubulin (red) positive RGC axons, respectively, on whole-
mount preparations at the age of 3, 13, and 20 months. Left panels, Boxes represent the sampling regions. n = 6-9 mice in each group. Scale bars: left panels, 500 ptm; middle and right pan-
els, 20 pm. n = 5-9 mice in each group. Data are mean = SEM. *p << 0.05; ***p < 0.005; multiple comparisons of ANOVA. D, Representative images of OCT showing the retina and quantifi-
cation of the thickness of IRL at the age of 8, 13, and 20 months. INL, Inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. n = 9-11 mice in each group. Scale bar,

300 pum. Error bars indicate mean == SEM. *p << 0.05; multiple comparisons of ANOVA.

estimated total number of axons in the ONs decreased by ~15%
in the 13-month-old ONs followed by a steep decline of axon
number by ~40% in the 20-month-old ONs compared with the
3-month-old ONs, respectively (Fig. 4A), indicating progressive
and massive axon loss in ONs during aging (Sandell and Peters,
2001; Cavallotti et al., 2002; Calkins, 2013).

Since all the axons in ONs are projected from the RGCs of
the retina, we wanted to understand the changes of RGC axons
in the retina. To assess RGC axon density, we conducted immu-
nostaining for BIII-tubulin on whole-mount preparations of the
retinas at different ages (Fig. 4B). Consistently, our results indi-
cate that the BIII-tubulin™ area was significantly decreased in
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Figure 5.

RGC axon loss and functional deficits in Olig2 cKO ONs. A, Schematic diagram represents the time course of tamoxifen induction, histology, OCT, and VEP. B, Representative images

showing Olig2 expression (red) in PDGFRa:* OPCs (green, arrows) of the control and Olig2 ckO ONs. Scale bar, 20 um. €, Confocal images and quantification of mGFP™ cells and myelin
sheaths on longitudinal sections of controls and 0lig2 cKO ONs. Areas of mGFP™ myelin sheaths in each group were quantified. Scale bars: left panels, 100 um; right panels, 30 pm. n =79
mice in each group. Data are mean = SEM. *p << 0.05 (t test). D, Waveforms of VEP and quantification of wave latencies and amplitudes of N1 and P1 in control and Olig2 cKO mice. n=
9-12 mice for each group. Error bars indicate mean == SEM. *p << 0.05; ****p < 0.0001 (two-tailed unpaired t test). E, Representative images of 3 lll-tubulin (red, top panels) positive RGC
axons and NeuN™ (green, bottom panels) RGC neurons (Extended Data Fig. 5-1) on whole-mount preparations of control and Olig2 cKO eyes. Scale bar, 20 m. F, Quantification of the Sll-
tubulin™ area and NeuN™ number in retina. n = 7-9 mice in each group. Error bars indicate mean =+ SEM. *p << 0.05. ****p << 0.0001. G, Representative images of OCT showing the retina
and quantification the thickness of IRL in control and Olig2 cKO mice 5 months after induction at the age of 4 months. n =10 or 11 mice in each group. Scale bar, 200 pm. Error bars indicate

mean == SEM. *p << 0.05 (two-tailed unpaired t test).

the 13-month-old retina in contrast to the 3-month-old retina,
although there was no significant change between 13-month-old
mice and 20-month-old mice (Fig. 4C). This indicates age-de-
pendent loss of RGC axons in the retina and ONs. The retina is a
multiple-layer nervous structure that is responsible for translat-
ing light into neuronal impulses (Eliasieh et al., 2007; Sugita et
al., 2020). To understand whether retina undergoes degeneration
during aging, we next measured the IRL (the combination of the
retinal nerve fiber layer and the ganglion cell plus the inner plexi-
form layer) thickness using OCT (Fig. 4D) (Cruz-Herranz et al,,
2019). OCT is a noninvasive and noncontact method to give a
cross-sectional image of the retina (Podoleanu, 2012; Theelen
and Teussink, 2018). In line with these findings, our results dem-
onstrated a significant decrease in IRL thickness in the middle-
aged mice compared with the adult mice, while no significant

change was found between the old and middle-aged IRL (Fig.
4D) (Hsu et al.,, 2012; Fortune et al,, 2014; Jorge et al, 2019).
These results indicate massive RGC axon loss and evident retinal
degeneration during aging.

New OL generation is required for axon survival and retinal
integrity

Given the coincidence of declining OL genesis and axon loss, we
hypothesized that OL turnover is required for axonal and retinal
integrity. To test this possibility, we induced Olig2 deletion spe-
cifically in the PDGFRa ™ OPCs of the NG2-CreERT; Olig2 fI/fl;
Tau-mGFP line (Fig. 5A,B). Olig2 is a transcriptional factor that
is selectively expressed by oligodendroglia and essential for OPC
differentiation (Zhou et al., 2001; Mei et al., 2013; Yu et al., 2013;
F. Wang et al,, 2020). As expected, the mGFP " new myelin was
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Figure 6.

Enhanced oligodendrogenesis preserves axons from age-related degeneration in MTR cKO ONs. A, Schematic diagram represents the time course of tamoxifen induction and histol-

ogy. B, Confocal images and quantification of mGFP™ cells and myelin sheaths on longitudinal sections of control and M1R cKO ONs. Scale bars: left panels, 100 um; right panels, 20 pm.
n=6 mice in each group. Data are mean = SEM. **p << 0.01; ****p << 0.0001 (t test). , Representative images and quantifications of CC1™ OL (red, left panels), and Nav1.6(green)/Caspr
(red) positive nodes/heminodes (right panels) on the longitudinal sections of the control and M1R cKO ONs 5 months after induction at the age of 12 months. n = 10-12 mice in each group.
Scale bars: left panels, 30 pum; right panels, 10 m. Error bars indicate mean == SEM. ***p << 0.005; ****p < 0.0001 (¢ test). D, Representative images and quantification of NF200-positive
axons on cross-sections of the control and M1R cKO ONs 5 months after induction at the age of 12 months; the right panels are corresponding to the boxes in the left panels. n = 6 mice in
each group. Scale bars: left panels, 20 ptm; right panels, 2 pum. Error bars indicate mean == SEM. *p << 0.05; ***p < 0.005; ¢ test.

significantly decreased in the Olig2 cKO ONs compared with the
age-matched controls (Olig2 heterozygotes), 3 months after
induction of recombination at the age of 4 months (Fig. 5C).
Therefore, the Olig2 cKO mice are suitable to model insufficient
OL turnover in aging ONs and assess whether active OL turn-
over is required for the structural and functional integrity of the
visual system (Fig. 5D,E). The VEP test manifested that the laten-
cies of both N1 and P1 waves were significantly prolonged in the
Olig2 ¢KO mice 5months after induction compared with the
controls, and the P1 amplitude was significantly inhibited (Fig.
5D). Thus, inhibiting OL turnover resulted in decreased signal trans-
mission of the visual system. This is probably because of decreased
myelinogenesis induced by Olig2 deletion. We next asked whether
OL turnover is required for RGC axon survival. We examined the
neuronal and axonal densities by immunostaining for NeuN and
B1II-tubulin on the whole-mount preparations of retina, respectively
(Fig. 5E). Interestingly, the densities of NeuN " neurons and B1II-
tubulin* axons were significantly decreased in the Olig2 cKO ret-
ina compared with the controls (Fig. 5F). The majority of NeuN "
neurons are RGC bodies, since >90% of NeuN™ cells coexpress
Brn3a and RBPMS, two specific RGC markers (Extended Data
Fig. 5-1). These results indicate that active OL turnover is required
for RGC axon survival in the retina. In support of these findings,
we found that the thickness of IRL was significantly decreased in
the Olig2 cKO mice compared with the controls revealed by OCT

(Fig. 5G). Therefore, it is evident that active OL turnover is
required for axon integrity and insufficient OL turnover contrib-
utes, at least partially, to age-related functional deficits.

Enhancing OL turnover preserves axons from age-related
degeneration

Since active OL turnover is required for RGC axon integrity and
visual function, we next wanted to examine whether enhancing
oligodendrogenesis can rescue age-related axon degeneration in
ONs. Previously, we have identified M1R as a negative regulator
for OPC differentiation, and OPC-specific deletion of M1R
accelerates myelinogenesis in aged and neurodegenerative brains
(Mei et al., 2016; F. Wang et al,, 2018; J. F. Chen et al.,, 2021).
Thus, we induced conditional deletion of M1R in the 12-month-
old NG2-CreERT; MIR flI/fl; Tau-mGFP mice, and examined
whether silencing M1R signaling in OPCs can promote oligo-
dendrogenesis in the aging ONs (Fig. 6A). Excitingly, the M1R
deletion driven by NG2-CreERT resulted in increased mGFP ™"
myelin 3 months after induction, indicating that M1R deletion is
sufficient to enhance oligodendrogenesis in the aging ONs (Fig.
6B). In support of these findings, the M1R deletion in OPCs
resulted in a significant increase of CC1" OL density and
Caspr ' /Navl.6" node number in the MIR cKO ONs compared
with the age-matched controls, along with a decreased heminode
density (Fig. 6C). These results demonstrate that M1R antagonism
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(lemastine rescues age-related retinal degeneration and functional deficits. A, Schematic diagram represents the time course of tamoxifen induction, clemastine treatment, histology, OCT,

and VEP. B, Confocal images and quantification of mGFP™ cells and myelin sheaths on longitudinal sections of the vehicle or clemastine-treated ONs. n = 7 or 8 mice in each group. Scale bars: left panels,
50 um; right panels, 20 um. Data are mean = SEM. *p << 0.05 (t test). €, D, Representative images of CC1™ OL and Nav1.6 (green)/Caspr (red) positive node and heminodes on the longitudinal sections
of the vehicle and clemastine-treated ONs (C), and quantifications of OL number, node, and heminode densities (D). n = 6 mice in each group. Scale bars: left panels, 40 pm; right panels, 10 um. Error
bars indicate mean == SEM. *p << 0.05; ****p <C 0.0001 (t test). E, Waveforms of VEP and quantitation of P1 wave latency in vehidle and clemastine-treated mice. n = 14-19 mice for each group. Error
bars indicate mean == SEM. *p <C 0.05; ****p < 0.0001 (¢ test). F, Representative images and quantification of the thickness of IRL in vehicle and clemastine-treated mice by OCT. n = 14-19 mice for
each group. Error bars indicate mean == SEM. Significance is based on two-tailed unpaired ¢ test. G, Representative images and quantifications of NeuN (green) and 3 lll-tubulin (red) positive RGC neu-
rons and axons on whole-mount preparations of eyes treated with vehicle or clemastine. Scale bar, 20 pm. n = 10-13 mice in each group. Error bars indicate mean == SEM. *p << 0.05 (t test).

can rejuvenate endogenous oligodendrogenesis and promote mye-
lin regeneration in aging ONs. Then, we assessed axon density on
cross-sections by immunostaining for NF200, and our results indi-
cated that axon density was significantly increased in the MIR ¢KO
ONs compared with the age-matched controls (Fig. 6D). These
results demonstrate that silencing M1R signaling enhances oligo-
dendrogenesis and consequently preserves axons from age-related
degeneration in ONs.

Clemastine treatment reverses age-related RGC axon loss
and visual deficits

Since muscarinic antagonism is effective to rejuvenate oligoden-
drogenesis in aging ONs, we next assessed whether clemastine, an
FDA-approved anticholinergic drug, can promote OL turnover,

and preserve retinal integrity and visual function (Fig. 7A). To
confirm that clemastine can improve oligodendrogenesis in aging
ONs, we treated the 12-month NG2-CreERT; Tau-mGFP mice
with clemastine or vehicle for 3 months after induction (Fig. 7A).
As expected, the mGFP ™" myelin was significantly increased by the
clemastine treatment compared with the vehicle-treated mice (Fig.
7B). As a result, the CC1" mature OL density and the number of
nodes were both increased remarkably in the clemastine-treated
12 + 5-month-old ONs with a decrease of heminodal density in
contrast to the vehicle-treated mice (Fig. 7C,D). These results indi-
cate that clemastine is effective in promoting OL turnover.
Strikingly, the VEP test revealed that both N1 and P1 latency were
significantly shortened with dramatically elevated N1 amplitude,
in the 12 + 5-month-old mice treated with clemastine (Fig. 7E),
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suggesting that clemastine can reverse
age-related visual function decline. To v
examine the retinal integrity, the retinas
were examined by OCT, and our result

manifested that the IRL thickness was Young
not significantly changed in the clemas-

tine-treated mice compared with the ve-

hicle-treated controls (Fig. 7F), while

the neuron and axon densities in the retina old

were better preserved compared with the
vehicle-treated mice, revealed by immuno-
staining for NeuN and BIII-tubulin,
respectively, on whole-mount prepara-
tions (Fig. 7G). These results indicate
that clemastine treatment promotes oli-
godendrogenesis, and consequently pro-
tects RGC axons and visual functions
from age-related degradation.

Together, our results demonstrate that
OL turnover is required for axonal integ-
rity and visual function. Enhancing OL
turnover by pro-myelination approaches
can rescue age-related axon loss and func-
tion deficits (Fig. 8).

Young + Olig2 cKO

Clemastine

Old + \11R cKO

visual function declines.

Discussion

The ON axons are sensitive to age and undergo degeneration
inevitably during aging (Cavallotti et al., 2004; Eliasieh et al,,
2007; Samuel et al., 2011; Patel et al., 2014). Thus, it becomes an
unmet need to develop effective approaches to slow down axon
degeneration and preserve visual function. The RGC axons are
almost completely myelinated in ONs (Skoff et al., 1976; Honjin
et al,, 1977; Bartsch et al.,, 1997; Dangata and Kaufman, 1997),
and noticeably adult-born OLs are continuously added to ONs
to replace preexisting OLs (Young et al,, 2013; Yang et al., 2020).
In this study, we have shown that active OL turnover is required
for preserving axon density and visual function and the effi-
ciency is declined evidently in aged ONs. Increasing oligo-
dendrogenesis by M1R antagonism can protect RGC axons
from age-related degeneration and preserve visual func-
tions in aged mice. Together, our findings indicate promot-
ing endogenous oligodendrogenesis as a potential approach
to reverse age-related visual deficits.

Myelin sheaths are comparably stable once formed and undergo
degeneration slowly in adult brains (Young et al., 2013; Yeung et
al., 2014; Tripathi et al., 2017; Hill et al., 2018). It has been demon-
strated that >90% of myelin can survive for >18 months in mouse
corpus callosum by tracing sparsely labeled preexisting myelin
(Tripathi et al., 2017; Hill et al., 2018). Similarly, our previous study
estimated ~10% of preexisting myelin in the layer I to III of the
mouse cortex undergo degeneration within 10 months (F. Wang et
al., 2020). Notably, the degenerative rate of preexisting OL is much
higher in ON, it is estimated that ~30% OLs undergo degenera-
tion within 12 months (Tripathi et al., 2017). Consistent with this
finding, our results indicate that ~38% of preexisting myelin was
replaced by new myelin in ONs within 11 months. These findings
suggest that the degenerative rate of myelin is region-dependent,
although the underlying mechanisms remain undefined. Previous
studies have demonstrated OLs are heterogeneous in the adult and
neurodegenerative brains (Marques et al., 2016; Foerster et al,
2019; Jdkel et al., 2019; Sadick et al., 2022). It is possible that the
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heterogeneity of OLs may contribute to the variable susceptibility
to age.

Active OL turnover has been reported previously by using ei-
ther BrdU/EdU incorporation or cell-lineage labeling and tracing
(Kang et al., 2010; Hughes et al., 2013; Baxi et al., 2017; Hill et al.,
2018). OL turnover is an important mechanism to replace apo-
ptotic OLs and degenerating myelin sheaths (Hughes et al,
2013). As OPCs are capable of differentiating into mature OLs
and generating myelin sheaths throughout the lifetime, the per-
sistent existing OPCs become a convenient precursor reservoir
for OL turnover in ONs (Young et al., 2013; Tripathi et al., 2017;
Yang et al., 2020). It is important to note that a large number of
axons remain unmyelinated and partially myelinated in adult
brains, allowing for intercalating new myelin sheaths (Baumann
and Pham-Dinh, 2001; Foerster et al., 2019; Stadelmann et al,,
2019; Chapman and Hill, 2020). Previous studies have demon-
strated that new OL generation in adult brains is required for
adapting to new environments, new skill learning, and memory
consolidation (McKenzie et al., 2014; Xiao et al., 2016; Hughes et
al., 2018; Pan et al., 2020; Steadman et al., 2020). In contrast,
>95% of axons are myelinated in adult ONs; thus, the newly
formed OLs are presumably to replace apoptotic OLs. Noticeably,
the OL turnover rate decreases significantly in the ONs and brains
older than 13 months because of insufficient OPC differentiation
in aging CNS (F. Wang et al., 2020).

Regarding the coincidence of myelin loss and axon degenera-
tion in aging ONs, we report that OL turnover is an important
mechanism to sustain RGC axon integrity and visual function.
Olig2 is a transcriptional factor that is important for OPC differ-
entiation but not required for OL survival or axon integrity
(Zhou et al., 2001; Mei et al., 2013). Genetically dampening OPC
differentiation leads to RGC axon loss and visual impairments,
suggesting that active oligodendrogenesis is required for retinal
integrity and visual functions. Recent studies have shown that
OLs are essential for maintaining axonal integrity by providing
metabolic support for axons (Nave, 2010a,b). For example, OLs
fuel axons by transporting lactates and SIRT2 (Nave, 2010a;
Chamberlain et al., 2021). It remains unclear why ON axons are
nearly fully myelinated and whether it is related to the demand
of energy. Nevertheless, it is important to note that OL turn-
over in adult ONs is essential to preserve RGC axons from
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degeneration. Thus, the impaired visual functions are attrib-
uted, at least partially, to the declining OL turnover in aged
mice.

The endogenous abilities to generate new OLs steeply decline
in aged ONs and brains. The mechanisms that dampen OPC dif-
ferentiation during aging remain elusive, and overactivated inhibi-
tory signals and declining capacities to differentiate have been
implicated (Ruckh et al., 2012; Young et al., 2013; Neumann et al.,
2019; Segel et al., 2019; Rivera et al., 2021). One possible strategy
to overcome the inhibitory mechanisms is to enhance endogenous
myelination through pro-myelination approaches. M1R has been
identified previously as a negative regulator for OPC differentia-
tion, and the MIR antagonism is effective in promoting myelino-
genesis in the aged and neurodegenerative brains (Mei et al., 2014,
2016; F. Wang et al., 2018, 2020; L. Chen et al., 2021). We found
that MIR deletion in OPCs can promote OL generation in aging
ONs, and more importantly, preserve axon density from declin-
ing. In support with this notion, we found that clemastine can pro-
mote OL turnover in aged ONs and subsequently rescue visual
impairments. Clemastine is an FDA-approved drug with antimus-
carinic properties and is powerful in promoting myelinogenesis in
multiple sclerosis patients (Green et al., 2017). Our results imply
that pro-myelination therapies as a potential approach to protect
visual function from age-related decline.
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