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Abstract

Primary cilia are microtubule-based sensory organelles that project from the apical surface of
most mammalian cells, including oligodendrocytes, which are myelinating cells of the central
nervous system (CNS) that support critical axonal function. Dysfunction of CNS glia is associated
with aging-related white matter diseases and neurodegeneration, and ciliopathies are known to
affect CNS white matter. To investigate age-related changes in ciliary profile, we examined

ciliary length and frequency in the retinogeniculate pathway, a white matter tract commonly
affected by diseases of aging but in which expression of cilia has not been characterized. We
found expression of Arl13b, a marker of primary cilia, in a small group of Olig2-positive
oligodendrocytes in the optic nerve, optic chiasm, and optic tract in young and aged C57BL/6
wild-type mice. While the ciliary length and ciliated oligodendrocytes cells were constant in
young mice in the retinogeniculate pathway, there was a significant increase in ciliary length in the
anterior optic nerve as compared to the aged animals. Morphometric analysis confirmed specific
increase in ciliation rate of CC1+/Olig2+ oligodendrocytes in aged mice compared with young
mice. Thus, the prevalence of primary cilia in oligodendrocytes in the visual pathway and the
age-related changes in ciliation suggest that they may play important roles in the white matter and
age-associated optic neuropathies.
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INTRODUCTION

Primary cilia are conserved microtubule-enriched organelles that are present on most
mammalian cell types, including neurons and glial cells}-10. Primary cilia serve as critical
signaling hubs to regulate tissue homeostasis and cellular events, such as proliferation

and differentiation®-2%, Impairment of ciliary structure and function has been linked to
many aging-associated neuronal disorders, including Alzheimer's disease, multiple sclerosis,
and glaucoma?4-34, Most research has focused on investigating the functions of neuronal
cilial2 3538 However, there is an increasing interest in elucidating the functions of glial
cilia, owing to their important roles in neurodegeneration—they affect neuronal synapse
formation, inflammation, and circuit function 2 3. 6. 3943 Recent cilia studies have focused
on their developmental roles in glial cells, but the distribution of ciliated cells in developed
optic nerves and aging eyes remains underexplored®: 40. 41,

Advanced age is a risk factor for most neurodegenerative disorders#4-49. The accelerated rate
of loss of retinal ganglion cells in aging is a hallmark of glaucoma, a neurodegenerative
disease of the optic nerve that leads to irreversible blindness®9-56, In the brain, in addition
to neuron loss, aging also significantly impacts the white matter, which predominantly
consists of myelinated axons®/-89, Previous studies have suggested that the degeneration
of myelin sheaths contributes to age-associated white matter volume decline, and further
results in demyelinating diseases in humans and rodents. In the central nervous system,
myelin is formed and maintained by mature oligodendrocytes, which are derived from
oligodendrocyte progenitor cells (OPCs). OPCs not only self-renew and maintain a

small population in adulthood, but also can proliferate and differentiate into mature
oligodendrocytes to sustain myelination and to modulate signal transduction. Despite the
self-renewing ability of oligodendrocyte lineage cells, aging still negatively influences
both OPCs and mature oligodendrocytes. Previous reports have demonstrated that aging
impairs mature oligodendrocytes, and causes a decrease in myelin and its production,

in mice and primates. In addition, aging has been suggested to degrade the ability

of OPCs to remyelinate, proliferate, differentiate, and mature into oligodendrocytes.
Overall, age-dependent changes in oligodendrocytes are prominent and may contribute to
neurodegenerative diseases.

The loss of myelin in optic nerves can result in optic neuritis and contribute to glaucoma
pathogenesis34 6163, Electron microscopic studies have characterized the degenerative
changes in the myelination sheaths of rat and primate optic nerves and shown them

to include dark cytoplasm and an increased number of paranodes®?: 64, However, to

the best of our knowledge, no direct evidence regarding the change in the number of
oligodendrocytes in aged optic nerves has been published. Recent /n vitroand in vivo reports
have demonstrated that OPCs in mouse brains harbor primary cilia but lose them when
differentiating into mature oligodendrocytes. Additionally, most ciliated oligodendrocytes
have been proven to be OPCs, with only very few differentiated oligodendrocytes
(promyelinating oligodendrocytes)8: 40 41 Interestingly, depletion in oligodendrocytes of
Kif3a transgenic mice has been observed to impair oligodendrocyte proliferation and
differentiation through Shh signaling, and reduce motor function0. Additionally, the
abnormal length of primary cilia in OPCs was found to be associated with impairment
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of oligodendrocyte differentiation®. However, the presence of ciliated oligodendrocytes and
their ciliary profile in the aged optic nerve have not been investigated.

In the present study, we aimed to characterize primary cilia in oligodendrocytes throughout
the mouse retinogeniculate pathway, from the anterior portion to the optic tract. The

ciliation and ciliary length were examined by immunofluorescence analysis. Since defective
primary cilia are tightly associated with aging, we further compared the cilia profile

of oligodendrocytes, both mature oligodendrocyte and OPCs, between adult and aged

optic nerves of C57BL/6 mice. Thus, for the first time, we thoroughly described the
oligodendrocyte cilia along the rodent visual pathway /n vivo, with the purpose of expanding
our knowledge of ciliated glial cells in the optic nerve and age-associated diseases.

MATERIALS AND METHODS

Reagents

Animals

The following are the working conditions for antibodies (Table 1): anti-Centrin3 mouse
antibody (IF 1:500) was purchased from Abnova (H00001070-M01); Myelin basic protein
(MBP) (1:1000, rat; catalog number MAB386, Millipore Sigma, Burlington, MA, USA);
Olig2 (1: 500, rabbit; catalog number AB9610, Millipore Sigma, Burlington, MA, USA),
CC-1 (1:500, mouse, catalog number OP80-100UG, Millipore Sigma), and PDGFRa
(1:150, CD140a, rat; catalog number 558774, BD Biosciences, San Jose, CA, USA). Anti-
Arl13b mouse antibody (IF: 1:2000) was obtained from Antibodies Inc (N295B/66). Anti-
IFT88 Rabbit Polyclonal Antibody (IF: 1:500) was obtained from Proteintech (13967-1-AP).
The AlexaFluor 488, 647 and 594 1gG secondary antibodies (IF: 1:200, obtained from Life
Technologies) were used to detect primary antibodies. DAPI and ProLong Gold Antifade
Mount were obtained from Invitrogen.

This study utilized eyes from Arl13b-Cetn2 transgenic mice (Jackson Laboratory #027967,
both female and male) and C57BL/6J mice (only male mice). The Arl13b-Cetn2 mouse
was on a mixed background of FVB, C3H, BALB/c and C57BL/6. Three-month-old C57
mice are considered young, whereas 20-month-old C57 mice are considered aged. In adult
Arl13b-Cetn2 transgenic mice, primary cilia were marked with mCherry labeling Arl13b
protein and GFP targeting Centrin2. The animal facility maintained a 12:12 hour cycle of
light and darkness for the mice. All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Stanford University School of Medicine.
All experimental procedures were conducted in compliance with the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines.

Tissue preparation

Inhalation of CO2 was used to sacrifice mice before cervical dislocation. In this procedure,
the eyes were removed, and the optic nerves were completely dissected. Dissection of

the globe was performed with a razor blade in two locations: (1) approximately 1-2 mm
behind the limbus, and (2) approximately 1 mm anterior to the optic nerve head. Using

fine dissection scissors, the dura surrounding the optic nerve was delicately removed. O.C.T
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Tissue-Tek (Sakura Finetek) was used to mount the optic nerve and chiasm on dry ice after
fixation in 4% PFA for 30 minutes. The cryopreserved optic nerves were cross-sectioned
longitudinally at a thickness of 10 um.

Immunofluorescence staining

Mounted sections were washed three times in PBS before incubation for two hours at

room temperature in blocking buffer containing 10% goat serum and 0.3% Triton X-100.
Incubation with primary antibodies was conducted overnight at 4°C after blocking optic
nerve sections. The optic nerve sections were washed in 1XPBS (washed in blocking buffer
for all aging samples) and then incubated for 1 hour at room temperature with secondary
antibodies. DAPI was used to visualize nuclei. Afterwards, the slides were washed 3 times
with 1XPBS (washed in blocking buffer for all aging samples) and mounted with ProLong
Gold (Life Technologies). A Zeiss LSM880 confocal microscope was used for imaging (the
images were taken every 0.3 pm in the z-plane).

Quantification

Images of optic nerve and chiasm sections were captured using a Zeiss LSM 880 scanning
confocal microscope at 63x with 0.6x optical zoom. The maximum intensity projection
images were generated from the Z-stacks at 0.3 um intervals (around 20 slides per

image). At least five optic nerves per group were captured for all analyses. Using Zen
software, cell count and overlap were manually calculated from imaged stacks. Using Zen
software, fluorescent micrographs were digitally processed only for brightness and contrast
adjustment. Six different sites (from the globe to the chiasm) were examined for each of the
sections obtained. The findings were compared within themselves and between young and
aged eyes at various locations along the nerve.

Statistical analysis

Graphpad8 (Prism) was used for all statistical analyses in this study. Results are presented
as mean values with standard deviation of measurement (SD). An unpaired t-test or one-way
ANOVA was used for statistical analysis in comparisons of two or more groups as indicated.
Normality of data was analyzed by Kolmogorov-Smirnov test. For one-way ANOVA,
Turkey’s multiple comparison test was performed to compare among each selected zone.
P-values less than 0.05 were considered statistically significant. All animals were used for
research in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

Availability of Data and Materials

The datasets used and/or analyzed during the current study available from the corresponding
author on reasonable request.
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RESULTS

Arl13b-positive primary cilia are present in adult Olig2-positive oligodendrocytes in the
mouse anterior optic nerve.

To investigate whether adult oligodendrocytes expressed primary cilia in mouse optic nerves,
optic nerve sections were immunostained with antibodies to visualize oligodendrocytes and
primary cilia. Olig2 is considered a pan-marker for oligodendrocyte lineage cells; it is
present in both OPCs and mature oligodendrocytes®-70. Arl13b and IFT88 are employed as
ciliary markers that label the ciliary axoneme and basal body, respectively10: 24. 38, 71,72,
Anterior optic nerves from adult C57BL/6 mice were collected and prepared as

longitudinal and transverse sections (Fig. 1A-C, F). In longitudinal analysis, Olig2-positive
oligodendrocytes were found in the myelinated portion of the optic nerve, confirmed by

the positive myelin basic protein (MBP) signal. Two regions were chosen from the anterior
optic nerve by confocal microscopy with 63x objective: 200 um and 1000 um away from

the onset of myelination and named Intraorbital proximal and Intraorbital distal, respectively
(Fig. 1A, 1E). In both regions, only a few Olig2-positive oligodendrocytes were observed

to harbor Arl13b-positive primary cilia, which is consistent with previous studies®: 40: 41,
Most primary cilia were found in non-Olig2-positive cells of the mouse optic nerve’3. These
findings were also observed in transverse sections (Intraorbital distal region) using two
ciliary markers: Arl13b and IFT88 (Fig. 1C). Moreover, we further confirmed the presence
of ciliated oligodendrocytes in a transgenic mouse strain: Arl13b-mCherry;Centrin2-GFP
double transgenic mice, which genetically label the cilia® 9 38 74 Immunostaining analysis
similarly observed that few Olig2-positive cells were ciliated in the anterior optic nerves
(Fig. 1D). Taken together, our data showed that only a small population of Olig2-positive
oligodendrocytes expressed primary cilia in the adult mouse optic nerve, indicating that cilia
may play a role in oligodendrocyte homeostasis during adulthood (such as to generate and
maintain myelin).

Primary cilia are expressed in adult Olig2-positive oligodendrocytes throughout the mouse
optic pathway.
To further determine the distribution of ciliated oligodendrocytes along the visual pathway,
the primary cilia profile was assessed in the posterior optic nerves, including the optic
tract, in adult C57BL/6 mice (Fig. 2A-2B). In this study, several areas were captured to
represent cilia features along optic nerves: intracranial (1000 um away from pre-chiasmal),
pre-chiasmal (an area just adjacent to optic nerve chiasm), optic chiasm and optic tract
(an area just posterior to the optic chiasm, Fig. 2B, Fig. 1E). Olig2 and Arl13b antibodies
were employed to visualize oligodendrocytes and primary cilia on longitudinal sections
of posterior optic nerves. Ciliated Olig2-oligodendrocytes, though very few, were present
throughout the optic nerves towards optic tract. The percentage of Olig2-positive cells that
contained primary cilia (ciliation) and their ciliary length in each region, from the anterior
optic nerve to the optic tract, were quantified. Quantitative analysis revealed that ciliation
was greatest in the Intraorbital proximal region (8.06 + 3.02%), and least in the optic tract
region (4.06+3.45%), showing a trend of decreased ciliation from anterior to posterior.
However, there were no significant differences in ciliation (n= 5-10, one-way ANOVA, F(5,
43)=1.350, P=0.2618, Fig. 2C) or ciliary length (1.18+0.62 pm in Intraorbital proximal
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region and 1.14+1.04 pm in optic chiasm, n=5-10, F(5, 36)= 0.3273, one-way ANOVA,
P=0.8932, Fig. 2D) between any region. In summary, these results revealed that a subset of
Olig2-positive oligodendrocytes expressed primary cilia along the visual pathway in adult
mice, but it accounted for less than ~10% of the total population.

Increased ciliary length in Olig2-positive oligodendrocytes of aged anterior optic nerve.

Previous studies have demonstrated that mature oligodendrocytes have a reduced capacity to
maintain sufficient myelinogenesis in aging®%: 7> 76, Given that defective cilia contribute
to age-associated brain diseases, we sought to explore oligodendrocyte cilia in aging

optic nerves. Longitudinal optic nerve sections from aged C57BL/6 mice were prepared
and immunostained for Olig2 and Arl13b antibodies. Additionally, their ciliation and
ciliary length from each captured region (same as adult C57BL/6 mice) were compared
with those of young C57BL/6 mice. Immunostaining images revealed that Olig2-positive
oligodendrocytes contained primary cilia in all areas of the visual pathway in aged nerves
(Fig. 3A). Therefore, ciliation and ciliary length were compared among different regions
within the aging nerves. As in adult C57BL/6 mice, a trend of decreased ciliation was
observed in aging nerves, from anterior to posterior (Intraorbital proximal region: 9.45 +
4.21%; Optic tract: 4.79+3.57%, Fig. 3B). However, there were no significant differences
between any regions (n=8, one-way ANOVA, F(5, 42) = 1.678, P=0.1611, Fig. 3B).
Interestingly, the ciliary length in the anterior portion of the optic nerve was significantly
greater than that of the posterior portion (n=8, one-way ANOVA, F(5, 37)= 2.944, P=0.0246,
Fig. 3C): the ciliary length in Intraorbital proximal was 1.63+£0.94 um, and 0.87+0.38 um
in the optic chiasm. Turkey’s multiple comparison test further indicated that none of the
intergroups were significantly differences. Additionally, the cilia profile in each region was
compared between young and aged optic nerves (Supplemental figure). Surprisingly, there
were no significant differences in any regions, even for the ciliary length in the anterior
portion of nerves, indicating that aging may have a limited effect on the primary cilia of
oligodendrocytes along the visual pathway.

Decreased number of Olig2-positive oligodendrocytes and increased ciliation in CC1-
positive oligodendrocytes in aged anterior optic nerve.

In the central nervous system, OPCs are maintained in adulthood, proliferating and
differentiating through their lives to provide a continuous source of new mature
oligodendrocytes® 40: 41, To investigate whether the number of oligodendrocytes changed

in the aged optic nerve, we assessed the number of Olig2-positive oligodendrocytes in the
anterior portion of the optic nerve (Intraorbital distal area). The quantitative analysis showed
a significant decrease of Olig2-positive oligodendrocytes in the aged optic nerves compared
to the adult group (n=4, unpaired t-test, distal area: t(6)= 2.607, P=0.0403, Fig. 4D). The
ciliary profile in mature oligodendrocytes and oligodendrocyte precursor cells (OPCs) was
also examined in two groups. CC1 is a well-known marker for mature oligodendrocytes,
whereas PDGFRa is an OPC marker86. 67. 70: antibodies were co-stained for CC1, Olig2,
and Arl13b to investigate the cilia profile in mature oligodendrocytes, and for PDGFRa,
Olig2 and Arl13b in OPCs. We studied longitudinal optic nerve sections from young adult
and aged C57BL/6 mice (anterior portion, Intraorbital distal area). Interestingly, quantitative
analysis showed a significant increase in ciliation of CC1*; Olig2* oligodendrocytes in
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aged nerves compared to the young adult group (n=3, unpaired t-test, t(4)= 3.373, distal
area: P=0.0280, Fig. 4C). However, there were no significant differences in the ciliation

of PDGFRa+;0lig2+ OPCs between the aged and young adult groups (n=3, unpaired t
test, t(4)= 2.638, proximal area: P=0.0577, distal area: t(4)= 0.4630, P=0.6675, Fig. 4B).
Taken together, we observed fewer Olig2-positive oligodendrocytes and increased ciliation
in CC1-positive oligodendrocytes in the aged anterior optic nerve.

DISCUSSION

In this study, we describe the primary cilia found on oligodendrocytes of mouse optic
nerves. We observed a small population of ciliated oligodendrocytes in young adult and
aged mouse optic nerves /in vivo. In the aged optic nerves, ciliary length was greater in the
anterior than the posterior portion. Surprisingly, the number of cilia did not differ between
aged and young adult oligodendrocytes in any of the regions examined’’. Furthermore, we
discovered that most of these ciliated oligodendrocytes were OPCs, which is consistent with
previous /1 vitro studies®. Collectively, this study suggests the potentially important role of
primary cilia in oligodendrocytes in adulthood and age-associated optic neuropathies.

Primary cilia are postulated to be involved in the differentiation of myelinating cells®: 40. 41,
Previous studies have indicated that primary cilia may promote the myelination process
through regulating hedgehog signaling in Schwann cells, which produce myelin in the
peripheral nervous system’8. Interestingly, disassembly of primary cilia was also found in
mature Schwann cells, as they were found to be assembled only in immature Schwann cells.
In the central nervous system, most ciliated oligodendrocytes were OPCs in mouse brain

(/n vivo and vitro) and rat optic nerves (/n vitro), which is consistent with our results from
mouse optic nerve tissue® 4041 Moreover, primary cilia in oligodendrocytes play important
roles in OPC differentiation. Specifically, an /n vitro study has shown that the sonic
hedgehog signaling pathway regulating cilia, is involved in OPC proliferation in rat cultured
OPCs*L. Another recent study has shown that impaired cilia assembly in mouse OPCs
(deletion of Kif3a) can result in defective OPC proliferation and oligodendrogenesis©.
Interestingly, the association between defective oligodendrocyte differentiation and aging
and multiple sclerosis, a classic demyelinating disease, may imply the involvement of
primary cilia in its pathogenesis®. To best of our knowledge, there are no direct data to
support the role of primary cilia in differentiated oligodendrocytes in age-associated diseases
in CNS. Our present study provided evidence of ciliated oligodendrocytes, most of them
OPCs, in young adult and aging optic nerves. Additionally, we observed that approximately
10% of CC1-positive mature oligodendrocytes are ciliated, indicating a potential role of cilia
in adulthood. Therefore, ciliary length as well as control of ciliary biogenesis, including
assembly and disassembly during oligodendrocyte differentiation, provides a potential target
for the treatment of demyelinating disorders.

The alteration of ciliary length can be an indicator of downstream signaling events in
various cell types3® 79-82_ For instance, it has been shown that the length of primary
cilia, which are known to be mechanosensory, reflects the ratio of the Ca2+ signaling
response. Ciliary length reductions are associated with compression in chondrocytes,
flow in endothelial cells, and necrosis in kidney cells3® 79-82_|n oligodendrocytes, the
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increased length of primary cilia in OPCs is suggested to be linked with impairment of
oligodendrocyte differentiation®. The process of OPCs proliferation and differentiation is
fine-tuned by intrinsic and extracellular signals. The unique receptors embedded especially
on the ciliary membrane allow cilia to detect and transduce extracellular signals into cells
and coordinate cell signaling pathways!!: 13-23_ |n the present study, we found an increased
ciliary length of oligodendrocytes localized in the anterior portion of the aged optic nerve.
We hypothesize that increased length of primary cilia in the aged optic nerve may function
to improve sensitivity and correctly detect extracellular cues, such as signaling by Ca2+ or
Shh pathways. Based on previous studies*®: 41, increased ciliary length may also indicate
impairment of myelination in aged oligodendrocytes, especially in the anterior portion of
aged optic nerves. To test this hypothesis and further investigate the molecular mechanisms
involved in ciliary length regulation in oligodendrocytes caused by aging, future studies
are needed to elucidate the mechanisms for the key roles played by primary cilia in adult
glial cells and demyelinating diseases. In addition to the alterations associated with aging,
future studies should investigate demyelinating diseases that involve optic nerves, such as
glaucoma induced by ocular hypertension and optic nerve crush. Since previous studies
have demonstrated that activated Shh signaling plays a critical role in remyelination of
oligodendrocytes in multiple sclerosis®, the sonic hedgehog signaling pathway appears to
be a promising candidate mechanism causing demyelination and remyelination of the optic
nerve.

In summary, this study provides a thorough characterization of ciliated oligodendrocytes

in adult and aged mouse optic nerves. Our findings provide insight into the potential

roles of primary cilia for maintaining myelination in differentiated oligodendrocytes in age-
associated diseases, especially in the anterior portion of optic nerves. Future investigations
should be performed to determine the molecular mechanisms of ciliary length regulation and
their role in demyelinating diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

This study provides evidence of the presence of primary cilia in mature oligodendrocytes
within the mouse optic nerve. We further demonstrate alterations in the ciliary profile

of oligodendrocytes in the aged mouse optic nerve, suggesting their involvement in
aging-associated neuropathies.
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Figure 2.
Primary cilia are expressed throughout in adult Olig2-positive oligodendrocytes along mouse

optic track.
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Figure 3.
Increased ciliary length in Olig2-positive oligodendrocytes of aged anterior optic nerve.
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Decreased number of Olig2-positive oligodendrocytes and increased ciliation in CC1-
positive oligodendrocytes in aged anterior optic nerve.
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Tablel
Antibody Immunogen Host Source RRID Concentration
Anti-Centrin3 CETN3 (AAH05383, 1 a.a. ~ 100 a.a) Mouse  Abnova H00001070-M01  1-500
Anti-Myelin basic Bovine myelin basic protein Rat Millipore Sigma MAB386 1-1000
protein (MBP)
Anti-Olig2 Recombinant mouse Olig-2 Rabbit  Millipore Sigma  AB9610 1-500
Anti-CC-1 a recombinant protein consisting of amino Mouse  Millipore Sigma  OP80 1-500
acids 1-226 of APC
Anti-PDGFRa Mouse PDGF Receptor a chain Rat BD Biosciences 558774 1-150
Anti-Arl13b Fusion protein amino acids 208-427 (C- Mouse  Antibodies Inc N295B/66 1-2000
terminus) of mouse Arl13b
Anti-IFT88 IFT88 fusion protein Ag4980 Rabbit  Proteintech 13967-1-AP
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