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Purroske. Primary cilia are conserved organelles found in polarized cells within the eye
that regulate cell growth, migration, and differentiation. Although the role of cilia in
photoreceptors is well-studied, the formation of cilia in other retinal cell types has
received little attention. In this study, we examined the ciliary profile focused on the
inner nuclear layer of retinas in mice and rhesus macaque primates.

MertHops. Retinal sections or flatmounts from Arl13b-Cetn2 tg transgenic mice were
immunostained for cell markers (Pax6, Sox9, Chx10, Calbindin, Calretinin, ChaT, GAD67,
Prox1, TH, and vGluT3) and analyzed by confocal microscopy. Primate retinal sections
were immunostained for ciliary and cell markers (Pax6 and Arl13b). Optical coherence
tomography (OCT) and ERGs were used to assess visual function of Vift88 mice.

Resurrs. During different stages of mouse postnatal eye development, we found that
cilia are present in Pax6-positive amacrine cells, which were also observed in primate
retinas. The cilia of subtypes of amacrine cells in mice were shown by immunostaining
and electron microscopy. We also removed primary cilia from vGluT3 amacrine cells in
mouse and found no significant vision defects. In addition, cilia were present in the outer
limiting membrane, suggesting that a population of Miller glial cells forms cilia.

ConcLusions. We report that several subpopulations of amacrine cells in inner nuclear
layers of the retina form cilia during early retinal development in mice and primates.
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rimary cilia are microtubule-based organelles that
P project from the surface in postmitotic mammalian
cells.!> In many cell types, primary cilia can function as
a cellular antenna to sense external cues and transduce
intracellular signaling involved in diverse cellular processes
during development.!:3-¢ Essential to central nervous system
development, primary cilia are required for tissue patterning,
neuronal migration, learning, and memory formation.”~1°
Defects of cilia in humans can result in a group of condi-
tions called ciliopathies, that present in the brain, kidneys,
and eyes.!' !> During eye development, cilia exhibit dynamic
behavior during early retinal differentiation and play roles
in proliferation and survival of retinal progenitors.'>'7 In
humans, disruption of key ciliary genes can result in anoph-
thalmia or microphthalmia.’®=?* It was also shown that
proper ciliogenesis is critical for eye patterning and morpho-
genesis in mouse.'%?!

In the eye, the connecting cilium of the photoreceptors
has garnered the most attention. Outer segments of photore-
ceptors are highly modified primary cilia responsible for the
trafficking of opsins to distal portions of rods and cones.?*?3
Defects in the structure and function of photoreceptor cilia
can result in progressive retinal degeneration, leading to
irreversible blindness.2*~2° Retinal ganglion cell (RGC) cilia
have recently been described as required for RGC formation
during development and can enhance cell survival after optic
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nerve crush.'”?” In early electron microscopy reports, other
retinal cells were also noted to express primary cilia in verte-
brate retinas.?8-3! Bipolar cells receive synaptic input from
photoreceptors and transfer visual information to amacrine
and ganglion cells**?3; primary cilia have been described in
bipolar cells in guinea pig and human retinas using electron
microscopy.?®?

Amacrine cells were also found to express cilia in cat and
rabbit retinas using the Richardson silver stain.?®?* Amacrine
cells are interneurons located in the inner nuclear layer
(INL), modulating and shaping the information transmitted
from bipolar to ganglion cells.>*3> Amacrine cells play a role
in encoding and integrating numerous complex features of
the visual world.>**” Many different types of amacrine cells
have been identified in the INL; the majority are inhibitory
interneurons, which release inhibitory neurotransmitters,
gamma-aminobutyric acid, or glycine.?®3° vGIuT3 amacrine
cells release both glutamate and glycine and respond to
object and image motion 4!

Another class of retinal cells is the Miller cells, whose
cell bodies reside in the INL. Miiller cells project across
the entire retina as structural, metabolic, and homeostatic
support structures.??%3 Isolated Miiller cells from rats have
been shown to have cilia and play a role in prolifera-
tion and dedifferentiation.** However, the temporal and
spatial distribution of primary cilia in the INL during retinal
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development in rodents is not clear, especially in the post-
natal development stage.

Despite the previous detection of cilia in other nonpho-
toreceptor retinal cells, a thorough characterization of cilia
on these cells during retinal development and in the adult
stage in rodents has yet to be conducted. We investigated the
localization and expression of primary cilia in neurosensory
retina of mice and primates. Using immunofluorescence with
ciliary markers and ultrastructural analysis of several types
of mammalian retinas, we show a differential expression of
cilia in mice and primates.

METHODS
Reagents

Details for antibodies and their conditions of use are
as follows: anti-Arl13b mouse antibody (IF: 1:2000) was
purchased from Antibodies Inc (Davis, CA; N295B/60);
anti-Pax6 mouse antibody (IF: 1:500), anti-Chx10 chicken
antibody (IF: 1:500), and anti-Sox9 rabbit antibody (IF:
1:500) were purchased from Abcam (kindly provided by
Dr Jeffrey Goldberg, Stanford, CA); anti-Calretinin rabbit
antibody (IF: 1:500) and anti-tyrosine hydroxylase (TH)
rabbit antibody (IF: 1:500) were purchased from Proteintech
(Chicago, IL; 12278-1-AP; 25859-1-AP); anti-choline acetyl-
transferase (ChAT) rabbit antibody (IF: 1:500), anti-GADG67
mouse antibody (IF: 1:500), anti-Calbindin mouse antibody
(IF: 1:500) and anti-Vglut3 Guinea Pig antibody (IF: 1:500)
were purchased from Millipore Sigma (Burlington, MA;
AB143; MAB54006; C9848; AB5421-1); anti-Prox1 rabbit anti-
body (IF: 1:500) was purchased from BioLegend (Dedham,
MA; 925202); The primary antibodies were detected using
AlexaFluor 488, 647 and 594 IgG secondary antibodies
(IF: 1:200, obtained from Life Technologies, Carlsbad, CA).
ProLong Gold Antifade Mount and DAPI were purchased
from Invitrogen (Waltham, MA).

Animals

Eyes from C57BL/6J and Tg (CAG-Arl13b/mCherry)1Kvand
Tg (CAG-EGFP/CETN2)3-136 4Jgg/Kvand] (referred to as
Arl13b-Cetn2 tg, Jackson Laboratory #027967) were used
in this study. Primary cilia are labeled with fluorescent
protein mCherry targeting Arl13b protein and GFP labeled
Centrin2 in Arl13b-Cetn2 tg mice.*> Vift88 mice were gener-
ated by breeding Vglut3-Cre (Vglut3-IRES2-Cre-D mice, Jack-
son Laboratory #028534) and IFT88f/f (Jackson Labora-
tory #022409) transgenic lines to create Vglut3-expressing
cells-specific IFT88 knockouts. Primers for genotyping were:
VGLUT3, forward: CATCAGAAACCTGGACTCTG; reverse:
AGGCTCCAGAAACAGTCTAACG; Internal Pos Ctrl CETN-
GFP, forward: CTAGGCCACAGAATTGAAAGATCT, reverse:
GTAGGTGGAAATTCTAGCATCATCC. Mice were maintained
under a 12:12 hour light-dark cycle in the animal facility.
All procedures followed the guidelines of the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research, and all animal experiments were approved by
the Institutional Animal Care and Use Committee (IACUC)
of Stanford University School of Medicine. All protocols
for the electron microscopy images of mouse retina were
in accord with Institutional Animal Care and Use proto-
cols of the University of Utah, the ARVO Statement for
the Use of Animals in Ophthalmic and Visual Research,
and the Policies on the Use of Animals and Humans in
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Neuroscience Research of the Society for Neuroscience.
Mice were sacrificed at different postnatal ages by CO,
inhalation before cervical dislocation. Eyes were enucle-
ated and fixed in freshly made 4% (w/v) paraformalde-
hyde (PFA), 10 mM sodium periodate, 75 mM lysine in
0.1 M sodium phosphate buffer for 1 hour at room tempera-
ture. Macaque monkey retinas were obtained from termi-
nally anesthetized macaque monkeys used in unrelated
experiments.®® The peripheral retina was then sectioned at
15 pm thickness using a cryostat (CM1860, Leica Biosystems,
Wetzlar, Germany).

Retinal Flatmount

For mouse retina flatmount experiments, eyes were enucle-
ated after perfusion with 4% PFA (in PBS) and immersed
in 4% PFA fixation for 1 hour before removal of the ante-
rior segment (cornea, iris and ciliary body, and lens). Four
radical cuts were generated from the edge of the retinal cup
to the equator. After careful removal of RPE/choroid/sclera
layer, the remaining retinal cups were thoroughly washed in
1x PBS and processed for immunofluorescence staining.

Immunofluorescence Staining

Fixed retinal cups were washed in PBS three times for
10 minutes each, then incubated in 30% sucrose in PBS
overnight at 4 °C on a nutator. After overnight incubation,
eyecups were embedded in OCT media and sectioned into
10- to 15-um slices for immunohistochemistry. Mounted reti-
nal sections or retina cups were washed with PBS three times
and incubated for 1 hour in blocking buffer containing 10%
goat serum and 0.3% Triton X-100 at room temperature. After
blocking, retinal sections or retinal cups were incubated
with primary antibodies at 4°C overnight. After washes in
PBS, sections or retinal cups were incubated in the blocking
buffer containing secondary antibodies for 1 hour at room
temperature. Nuclei were stained with DAPI stain. Slides
or flatmounts were then washed three times with PBS and
mounted with ProLong Gold (Life Technologies) on cover-
slips. Imaging was performed with a Zeiss LSM880 confo-
cal microscope. For subtype of amacrine cells, six retinas
were collected from perfused adult transgenic mice, Arl13b-
mCherry::Centrin2-GFP, in which the primary cilia are fluo-
rescently labeled. Each retina was cut into six fragments to
facilitate whole mount staining and analysis.

Electron Microscopy

Retinal tissue for electron microscopy was collected from a
5-month-old female C57BL/6] mouse. The mouse was euth-
anized with isoflurane followed by cervical transection, and
the eyes were enucleated. The eyes were injected with 2.5%
glutaraldehyde, 1% PFA, then immersion fixed overnight
in the same fixative. Tissues were dehydrated in graded
methanols and osmicated. Retinal tissue was subsequently
serial sectioned at 70- to 90-nm onto a polyvinyl formal
resin—coated gold slot grids. Each section was imaged by
automated transmission electron microscopy at 2.18 nm
resolution with more than 1000 image tiles per section
stored in 16- and 8-bit versions, creating image pyramids
for web visualization of a 0.25-mm diameter volume of
the mouse retina, viewed and annotated with the Viking
viewer. 4748
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Pattern ERG (PERG)

Mice were anesthetized by mixed xylazine (0.01 mg/g)
and ketamine (0.08 mg/g) as described elsewhere.* PERG
was measured by Miami PERG system (Intelligent Hearing
Systems, Miami, FL) according to published procedures.*>°
Briefly, rodent pupils were dilated with 1% tropicamide ster-
ile ophthalmic solution (Akorn, Somerset, NJ), followed by
application of a lubricant eye drop (Systane Ultra Lubricant
Eye Drops, Alcon Laboratories, Ft. Worth, TX). The reference
electrode, ground electrode, and active steel needle elec-
trode were placed as previously described.*” The stimulus
was generated by black and white moving contrast-reversing
bars that were aligned with the projection of the pupil. The
amplitude was measured between P1 to N2. Three mice per
group and 800 reads per eye were recorded. The mean of
the amplitude in the Vift88 mice was compared with that in
the age-compared control mice to calculate the amplitude
change.

SD-OCT Imaging

SD-OCT imaging (Heidelberg Spectralis SLO/OCT system;
Heidelberg Engineering, Heidelberg, Germany) was used to
visualize the retinal structure. The system has been intro-
duced in detail in previous publications.”’ Briefly, pupils
were dilated and covered with a customized +10-D contact
lens (3.0 mm diameter, 1.6 mm BC, PMMA clear, Advanced
Vision Technologies, Hod Hasharon, Israel). OCT scans were
performed to obtain high-resolution images. The average
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thickness of INL and RGC was measured separately and
manually with the assistance of the Heidelberg software.

Statistical Analysis

All statistical analysis was performed using Graphpad8
(Prism) software. Results are displayed as mean values =+
SEM. Paired ¢t tests were used for statistical analyses in
comparisons of various treatments as indicated. A P value
of less than 0.05 was considered statistically significant. The
INL was viewed by confocal microscopy and three images
(500 ym from the edges) per retinal segment were captured
using a 63 x objective. Fifty marker-positive cells were exam-
ined. Arl13b-mCherry signal was counted as a cilium if one
end of the signal was directly adjacent to the Centrin2-GFP
signal. All research was conducted in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

RESULTS

Primary Cilia Are Expressed in the INLs of the
Mouse Retina

To determine the spatial and temporal patterns of primary
cilia expression in retinal cells, we analyzed the ARL13B
expression levels and distribution from PO to P21 retinas
in ARL13B-mcherry Centrin2-GFP double transgenic mice
(Fig. 1). We traced ciliated cells on retina sections by confo-
cal z-stack. Cilia appeared as elongated ARL13B-mcherry
staining adjacent to Centrin2-GFP centrioles. A clear layer of

FiGure 1.
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Primary cilia are expressed in INLs of the mouse retina. Localization by confocal microscopy of primary cilia in mouse retina during

development. Frozen sections of retinas (10 pm) from ARL13B-mcherry Centrin2-GFP double transgenic mice at the indicated developmental
stages. Nuclei are visualized with DAPI. Primary cilia are visualized by Arl13b (in red) and Centrin2 (in green). Magnified images are focused
on INL of retinas. GCL, RGC layer; ONL, outer nuclear layer; RP, retinal progenitor cell. Scale bars: small 20 pm; magnified images, 100 pum.

(Arrow marks the primary cilia).
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GFP-positive centrioles was connected to cilia and mcherry
positive outer segments on photoreceptors during develop-
ment. At PO, most primary cilia were detected in the ganglion
cell layer and the inner part of the neuroblastic layer (NL).
Few primary cilia were detected in the central NL (<10%;
data not shown). At P7, a distinct outer plexiform layer sepa-
rated the thick NL into the photoreceptor and INL. As at PO,
most of the primary cilia appeared in the inner part of the
INL. Cilia were also scattered in a nonspecific pattern in the
middle portion of the outer nuclear layer, and a few cilia
were present in the outer INL, close to the outer plexiform
layer (Fig. 1, arrow). By P21, the majority of primary cilia
were localized in the inner part of the INL. Taken together,
the expression profile of primary cilia in the inner part of the
INL and ganglion cell layer of mouse retina did not change
over the developmental stages that we analyzed.

PaxG6-Positive Cells Contain Primary Cilia at
Different Developmental Stages

Pax6 is a member of the Pax family of transcription factors
that is thought to play a crucial role in the development
of the eye, brain, and olfactory system.”!:>? Previous studies
indicated that Pax6 may regulate progenitor cell prolifera-
tion, the timing of differentiation, and the determination of
neural retina cell fate.”® Based on these earlier reports, we
hypothesized that the expression pattern of ARL13B would
be consistent with that of Pax6. To examine the primary
cilia distribution during retinal development, we immunos-
tained sections with Pax6 antibody at multiple time points
(Fig. 2). We observed that Pax6-positive cells consistently
formed primary cilia at PO and P7. Conversely, not all ciliated
cells in the retina expressed Pax6. Interestingly, we observed
that scattered primary cilia in the central NL were also Pax6
positive. We found no further changes in Pax6-positive cells
containing primary cilia at P14 or P21. Together, these results
suggested that primary cilia form in the INL in retinal Pax6-
positive cells and are retained at later stages.

Identification of a Population of Ciliated Retinal
Cells in the Outer Limiting Membrane

Miiller glia are retinal supporting cells that span the
entire retina from the inner limiting to the outer limit-
ing membrane.*> In mice, Miiller glia possess the capac-
ity for regeneration and act as retinal stem cells.*? In the
present study, we observed that the retina of ARL13B-
mcherry Centrin2-GFP double transgenic mice contained a
group of primary cilia located close to the outer limiting
membrane. Importantly, previous studies hypothesized that
this group of primary cilia belongs to Miiller glia.?>>* To test
this hypothesis, we used a glial cell marker, sox9, to show
Miiller glia distribution in P21 retinas.”>~>® We observed that
the number of primary cilia was less than the number of
respective Miller glial cells, indicating that not all Miiller
glia form cilia. Because it was difficult to distinguish primary
cilia in the outer limiting membrane at PO, we determined
ciliary length at later stages (P7, P14, and P21) of reti-
nal development (Fig. 3A). Interestingly, ciliary length was
significantly greater at P14 than at P7 and P21 (Fig. 3B).
To consolidate these data, we next analyzed the ciliation
profile of retinas derived from adult rhesus macaques. We
identified primary cilia in proximity to the outer limiting
membrane (Fig. 3C), but Miiller glia markers confirmed that
not all Miiller glia possess cilia. The average length of cilia in

IOVS | July 2021 | Vol. 62 | No. 9 | Article 15 | 4

primate retinas was 1.2 pm (Fig. 4C). Taken together, these
results suggest that a group of primary cilia close to the outer
limiting membrane is likely to be associated with Muller
glia and that the length of these cilia varies during retinal
development.

Mouse Amacrine Cells That Form Cilia Are PAX6
Positive

The INL houses the cell bodies of horizontal cells, bipo-
lar cells, amacrine cells, and Miuller glial cells. We next
wanted to investigate whether specific retinal cell types form
primary cilia in the INL after retinal maturation. Because the
distribution of horizontal cells is in the outer portions of
the INL, we hypothesized that the ciliated cells are either
bipolar or amacrine cells. All amacrine cells are thought to
express Pax6>; therefore, we used an anti-Pax6 antibody to
assess whether ciliated cells are amacrine cells (Fig. 4A). We
observed primary cilia in cells that were positive for Pax6,
suggesting that amacrine cells form primary cilia. In addi-
tion, the staining of rhesus macaque retina for Pax6 and
ciliary markers revealed the presence of primary cilia in
amacrine cells of adult primates (Fig. 4B). The average length
of amacrine cilia was 1.6 pm (Fig. 4C). Electron microscopy
also demonstrated the presence of primary cilia in amacrine
cells of adult mouse retinas (Fig. 4D). Interestingly, bipolar
cells, which are placed on the outer side of the INL and
characterized by Chx10 immunoactivity, were labeled with
anti-Chx10 antibody.®® The immunostaining analysis showed
that bipolar cells did not form primary cilia. In conclusion,
we identified amacrine cells containing primary cilia after
retinal maturation.

Identification of Primary Cilia in Subtypes of
Amacrine Cells in Mouse

Amacrine cells are classified into more than 30 morphologic
subpopulations in the mammalian retina.® Our data indi-
cated that amacrine cells form cilia in mouse and primate
retinas. Next, we decided to investigate the cilia profile in
subtypes of amacrine cells in mouse retinas at P33 when all
the retinal cell types have completed differentiation. Retina
flatmounts were stained using glutamic acid decarboxylase
67 (GADG7), calbindin, calretinin, ChaT, TH, and Prox1 anti-
bodies to determine the fraction of ciliated cells that express
various markers (Fig. 5A). The TH-positive subtype was the
most common ciliated subtype in adult mouse retina (54.2
+ 31.5%), followed by the calbindin-positive subtype (57.5
+ 3.4%). Less than one-half of the GAD67-positive subtype
amacrine cells (43.8 £ 6.6%), calretinin-positive subtype
amacrine cells (34.6 + 13.1%), and ChaT-positive subtype
amacrine cells (35.7 & 2.0%) expressed primary cilia. For
Prox1-positive amacrine cells, only 3.3 + 4.7% were cili-
ated. We further examined the ciliation in developmental
stage in different subtypes of mouse amacrine cells. We
observed significantly more ciliated TH-positive amacrine
cells and Prox1-positive amacrine cells at P14. Interestingly,
we observed significantly less ciliated Calbindin-positive
amacrine cells at P14. There are no significant differences
in ciliation of GADG7-positive, ChaT-positive, or Calretinin-
positive amacrine cells between P14 and adult stages,
although all of them have a trend of decreasing ciliation
during development (Fig. 5B). In summary, we described the
ciliary profile in different subtypes of amacrine cells both
in developmental and adult stages in mice. These findings
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Ficure 2. PaxG-positive cells contain primary cilia at different developmental stages. Representative images of ARL13B-mcherry Centrin2-
GFP retina sections costained with Pax6 antibody (in gray) at different postnatal developmental stages. Frozen retinal sections were prepared
(10 pm) at different stages during mouse retinal development (P0-P21). Pax6 (gray) immunohistochemical labeling of developmental retinas
reveals its expression pattern to be localized to inner side of INL. Primary cilia labeled by Arl13b (in red) and Centrin2 (in green) show the
expression pattern during retinal development with a focus on INL. Nuclei are visualized with DAPI. GCL, RGC layer; ONL, outer nuclear
layer. Scale bars: PO, P7 and P21, 10 um; P14, 20 pm. (Arrow marks the primary cilia).

indicate possible roles that cilia could play in retinal devel- and image motion.”%! To understand whether vGluT3
opment, homeostasis, and diseases. amacrine cells harbor cilia in mice and how cilia affect

mouse vision, we first performed immunostaining with an
Removal of Primary Cilia in leuT3-Expressing anti-vGluT3 antibody on the cilia-GFP mouse retina at P33.
Amacrine Cells Did Not Affect Retinal Function We detected vGluT3-positive cells in the INL and some of

the vGIuT3 positive cells were also Arl13b positive, indicat-
Previous reports have shown that vGluT3 amacrine cells ing that vGluT3 amacrine cells possess cilia in adult mice

Investigative Ophthalmology & Visual Science

released both glutamate and glycine and responded to object (Figs. 6A-C). To reveal possible retinal phenotypes arising
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Adult

Identification of a population of ciliated retinal cells in outer limiting membrane. Detection of primary cilia on the outer limiting

membrane. (A) High magnification images of developmental mouse retina sections (10 pm) from ARL13B-mcherry Centrin2-GFP mice show a
diverse ciliary pattern in outer limiting membrane. Primary cilia are confirmed in red by Arl13b and in green by Centrin2. (B) Representative
confocal micrographs of sections from ARL13B-mcherry Centrin2-GFP mouse retina sections at P21 costained with antibodies for Sox9
(Miller glial cell marker). Nuclei are visualized with staining by DAPI. The white dotted line with arrowbead indicates the possible affiliation
between Miiller glia and primary cilia. (C) Quantification of ciliary length in mouse Miller glial cells during development. Scale bar: 20 um.
(D) Confocal image of retina section from adult primate costained with Sox9 (purple), Arl13b (red), and Centrin2 (green). GCL, RGC layer;
ONL, outer nuclear layer. Statistical analyses were performed using the Student ¢ test; a P value of less than 0.05 was considered statistically

significant. (Arrow marks the primary cilia).

in the Vift88 mice, we measured the thickness of the RGC
and INL layers by OCT (Figs. 6D-F). Analysis confirmed
no detectable significant changes between Vift88 mice and
age-matched control mice. We also tested visual function by
performing PERG in living animals (Figs. 6E-F). The result
showed no significant difference in the P1 to N2 amplitude
of the two groups of mice, suggesting that no deficit in vision
occurred. In summary, we concluded that the absence of
primary cilia in vGluT3-expressing amacrine cells did not
affect retinal structures or function in adult mice.

DISCUSSION

In this study, we report the distribution of primary cilia in
mouse and macaque neuroretinas. We observed the pres-
ence of numerous primary cilia in the inner side of the
INL during postnatal mouse retinal development. Surpris-
ingly, the distribution pattern of cilia is consistent with that
of Pax6. These ciliated cells in adults have been identified

as amacrine cells by immunofluorescence staining and EM.
We also described different cilia profiles in six subtypes of
amacrine cells. Collectively, this study suggests the poten-
tially crucial role of primary cilia in amacrine cells during
development and adult homeostasis.

Primary cilia are critical for the development of vertebrate
nervous systems by regulating early patterning, neuronal
cell fate, and migration.®® Primary cilia dysfunction leads
to ocular disorders, including retinitis pigmentosa, cone
dystrophies, and retinal degenerations associated with such
congenital syndromes as Usher syndrome and Senior-Loken
syndrome.!!:13:23.25 Defects in photoreceptor cilia are a major
cause of retinal degenerative disease.?*?° However, other
ciliated retinal cell types may participate in or contribute to
the progression of retinal diseases. Studies have shown that
primary cilia play a role in proper patterning and morpho-
genesis of the optic primordium during early eye develop-
ment.'® Although previous publications have demonstrated
the presence of primary cilia in the ganglion cell layer and
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FiGure 4. Mouse PAX6-positive amacrine cells that form cilia. Detection of primary cilia in mouse amacrine cells. (A) Representative confocal
micrographs of retinal sections (10 pm) from ARL13B-mcherry Centrin2-GFP mice at P21 costained with antibodies targeted to cell type-
specific markers. Chx10 is a well-accepted marker of bipolar cells. Pax6 is a pan-marker of all amacrine cells. Primary cilia are visualized by
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Arl13b (red) and Centriin2 (in green). Nuclei are visualized with staining by DAPI. (B) Confocal image of retina section from adult primate
(thesus macaque) co-stained with Pax6 (green) and Arl13b (red). Colocalization of ciliary marker and Pax6-positive cells. (C) Quantification
of ciliary length in Miiller glial cells and amacrine cells in adult primate retina. (D) Primary cilia from a 5-month-old female C57BL/6] mouse
GABAergic amacrine cell by EM (original magnification x5000). GCL, RGC layer; ONL, outer nuclear layer. Scale bars: (A) small 20 pm;
magnified images 100 pm; (B) 20 pm. (Arrow marks the primary cilia.) (D) 1 pm.

Ny S

120+
2
c 90
-]
5
G 60
30

TH Prox1 GAD67 ChaT Calretinin Calbindin

Ficure 5. Identification of primary cilia in subtypes of amacrine cells in the mouse. Retinal flatmounts from P33 and P14 ARL13B-mcherry
Centrin2-GFP mice were immunolabeled with different amacrine cells subtype-specific markers (all shown in gray). Confocal images were
acquired by z-stacks at 0.3 pm increments and compressed into one image. (A) Antibodies targeted on the INL (RGC layer side) of P33
retinas and co-expressed with cilia markers (Arl13b-mCherry; Centrin2-GFP; arrow marks the primary cilia). Inserts show the triple-labeling
at high magnification. Nuclei are visualized with DAPI. Scale bars: 20 um. (B) Quantification of ciliation of six subtypes of amacrine cells
both on P14 and P33 retinas (n = 3; n = 6). Statistics were analyzed using the Student # test; a P value of less than 0.05 was considered
statistically significant.
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Figure 6. Removal of primary cilia in vGluT3-expressing amacrine cells does not affect retinal function. (A, B) Confocal images of retina
flatmounts showing vGluT3+ amacrine cells (in gray) co-expressing cilia markers (Arl13b in red and Centrin2 in green) in adult ARL13B-
mcherry Centrin2-GFP mice. (C) Inserts show the triple-labeling at high magnification. Nuclei are visualized with DAPI. (C, D) Representative
OCT images of Vift88 retina and age-matched controls in adult mouse showing the retinal morphology. ONL; outer nuclear layer, GCL; RGC
layer. (F) Quantification of RGC thickness (z = 4) in both Vift88 retina and age-matched controls. (G) Representative waveforms of PERG in
both groups. (H) Quantification of P1 to N2 amplitude shows no significant difference between Vift88 and control mice (nz = 4). Statistical
analyses were performed using the Student ¢ test; a P value of less than 0.05 was considered statistically significant. Scale bars: 20 pm.

INL in both guinea pig and human retina, the clear origin
and cell types from which these cilia arise are not clear.?®
Here, we described the presence of cilia during postnatal
development in the neuroretina of mice and primates.

We found that the majority of cilia are present in a group
of Pax6-positive cells found in the inner part of the NL or INL
during retinal development, and in amacrine cells in adult-
hood. Pax6 is a pleiotropic transcription factor and has been
reported to be a key regulator of eye development. Dissect-
ing the relationship between Pax6 and cilia in retina devel-
opment will be an important future study. Because Pax6
is thought to be expressed in all amacrine cells as a pan-
marker,”” we then investigated whether ciliated cells are
restricted to certain types of retinal cells. Our analysis of
diverse types of retinal cells revealed, for the first time, that
amacrine cells are distinct in expressing cilia in both mouse
and macaque tissues, which is in accordance with findings

in other species.?®3° In mouse retinas, both immunostain-
ing and EM data have shown numerous ciliated amacrine
cells. In addition, our EM results have shown a few ciliated
bipolar cells in mouse retinas. However, probably owing to
microscope limitations, we failed to visualize cilia from bipo-
lar and horizontal cells in mouse retina by immunostaining.
It is possible, because of the features of cilia, that they are
tiny and constantly disassemble and reassemble along the
cell cycle. Hence, we cannot conclude that bipolar and hori-
zontal cells are not ciliated.

In the inner retina, more than 45 different amacrine
cell classes influence excitatory connections and postsy-
naptic inhibition.?> We compared cilia profiles in differ-
ent subtypes of amacrine cells in mice. The highest cilia-
tion of amacrine cell subtypes is present in Prox1-positive
amacrine cells, which is a marker for AIl amacrine cells.
AIl amacrine cells transfer visual information from rod



Investigative Ophthalmology & Visual Science

Distribution of Primary Cilia in Amacrine Cells

to ganglion cells.®" Interestingly, different subtypes show
different ciliation. We expected it might be based on the
different functions of subtypes. Because ciliary proteins
and related signaling pathways are required for embry-
onic patterning in mouse brain®? we hypothesize that
cilia in the INL may also play a role in retinal patterning
during development, especially for amacrine cells. However,
retinal structure analysis by OCT in Vift88 mice showed
normal retinal structure and normal vision, tested by ERG.
There may be several explanations as to why we did not
observe any defect, the most obvious being the limita-
tion of populations of vGluT3-expressing amacrine cells in
mice. The total number of vGluT3-expressing amacrine cells
varies across the mouse strains, from a low of approxi-
mately 10,400 cells per retina to a high of approximately
14,900 cells, as previously reported.®? In rat retina, vGluT3-
expressing amacrine cells are account for around 1% of the
total amacrine cells.®> We hypnotized that may be due to
the small population of vGluT3-expressing amacrine cells,
so that the phenotypes were not obvious in Vift88 mice.
Removing cilia from more types of amacrine cells, such as
AIl amacrine cells may have more of an impact, because
their populations were five to eight times more than the
vGluT3-expressing amacrine cells population.®? In addition,
the unique function of VG3-amacrine cells is object motion
detection, which may indicate that cilia have participated
in part of the process. The further experiments related to
direction and neuron processing are necessary to solve the
puzzle.

A surprising finding here is that the ciliation profile of
Miiller glial cells varied significantly during different stages
of development in the mouse eye, suggesting that primary
cilia regulate the terminal differentiation and proliferation of
this cell type. Miiller glial cells are a unique retinal cell type
because they are the only retinal cell known to have stem
cell-like properties.”? They may play a critical role in the
regeneration of neuronal lineages, for example, after reti-
nal injury. Thus, primary cilia, as known gatekeepers of the
cell cycle, might contribute significantly to regulating these
mechanisms.

Collectively, our study provides a comprehensive initial
characterization of cilia distribution in the developing and
mature mouse retina. Our findings highlight a possible role
for the primary cilia of amacrine cells in regulating reti-
nal development and maintenance. They may play a critical
regulatory function in integrating visual signals, thus provid-
ing a platform for the development of potential future ther-
apeutic approaches.
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