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Abstract

The mammalian visual system is composed of circuitry connecting sensory input from the retina
to the processing core of the visual cortex. The two main retinorecipient brain targets, the superior
colliculus (SC) and dorsal lateral geniculate nucleus (dLGN), bridge retinal input and visual
output. The primary cilium is a conserved organelle increasingly viewed as a critical sensor for the
regulation of developmental and homeostatic pathways in most mammalian cell types. Moreover,
cilia have been described as crucial for neurogenesis, neuronal maturation, and survival in the
cortex and retina. However, cilia in the visual relay center remain to be fully described. In this
study, we characterized the ciliation profile of the SC and dLGN and found that the overall number
of ciliated cells declined during development. Interestingly, shorter ciliated cells in both regions
were identified as neurons, whose numbers remained stable over time, suggesting that cilia
retention is a critical feature for optimal neuronal function in SC and dLGN. Our study suggests
that primary cilia are important for neuronal maturation and function in cells of the SC and dLGN.
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In this study we show that both the number of primary cilia and the number of ciliated neurons
declines with age in major retinorecipient targets. Our data suggests that the maturation timing of
neuronal and non-neural cilia differs with maturation of neuronal cilia occurring over a longer
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INTRODUCTION

The superior colliculus (SC) and dorsal lateral geniculate nucleus (ALGN) comprise the two
main retinorecipient targets of the mammalian brain, receiving input from different retinal
ganglion cell (RGC) types and transmitting that signal to the primary visual cortex (V1)
(Ellis et al., 2016; Martersteck et al., 2017). Located in the midbrain, the SC is involved in
directing head and eye movements and discriminating moving objects, while the dLGN,
which is in the thalamus, acts as the primary source of innervation for V1 (Dhande &
Huberman, 2014; Felleman & Van Essen, 1991). While both the SC and dLGN receive
direct input from the retina, the superficial-most SC layers project first to the dLGN, where
thalamocortical relay neurons transmit signals from both collicular neurons and RGC axons
to the visual cortex to be processed as conscious perception (Beltramo & Scanziani, 2019;
Evangelio et al., 2018; Kerschesteiner & Guido, 2017, Piscopo et al., 2013).
Retinogeniculate and retinocollicular maps are defined and segregated by the time of natural
eye opening, followed by refinement after visual experience in combination with
spontaneous retinal wave activity (Huberman et al., 2008; Guido 2018). Thus,
developmental profile studies of SC and dLGN have contributed important insights into the
formation of visual maps, receptive fields, thalamic and midbrain circuitry, and the effects of
retinal spontaneous activity and visual experience in the retinofugal pathway.

The primary cilium, an antenna-like sensory organelle found in most mammalian cells, has
been identified as an essential component in mechano-transduction, signaling pathways, and
maintaining homeostasis in many organ systems. For instance, evidence of mechanosensory
function for primary cilia has been found in bone cells, kidneys, and eyes (Malone et al.,
2007; Kottgen et al., 2008; Luo et al., 2014). Moreover, the role of primary cilia in Sonic
hedgehog (Shh) and Wnt signaling has been thoroughly studied, including binding of Shh
ligand to Patched on the ciliary membrane and inversin protein regulation of the Wnt
pathway during renal development (Huangfu et al., 2003; Simons et al., 2005; Lee et al.,
2010). In fact, defects in primary cilia formation and function resulting from mutations of
ciliary proteins lead to serious ramifications throughout the human body, such as impaired
sight, kidney failure, and cognitive dysfunction. Lowe syndrome, an X-linked disease
characterized by congenital cataracts, glaucoma, developmental delay, and renal
dysfunction, is caused by a mutation in an inositol polyphosphate-5-phosphatase, OCRL,
that localizes to primary cilia; fibroblasts derived from Lowe syndrome patients exhibit
abnormal cilia, in addition to imbalances in phosphoinositide levels (Luo et al., 2012). Some
of these genetic disorders are classified as “ciliopathies,” where a mutation in a single cilia-
related gene causes a cascade of devastating health defects (Guemez-Gamboa et al., 2014;
Youn et al., 2017). For instance, some mutations in ARL13B, a small GTPase localized to
the primary cilium, manifest as a ciliopathy called Joubert syndrome; patients exhibit the
canonical “molar tooth” sign where MRI scans reveal abnormal midbrain-hindbrain
development: long, thick superior cerebellar peduncles, deep interpeduncular fossa, and
vermis hypoplasia/aplasia (Cantagrel et al., 2008; Doherty 2009). ARL13b-mutant variants
of Joubert syndrome have been found to disrupt the migratory rate of interneurons in the
developing cortex, implicating primary cilia in development of migratory patterns in the
brain (Higginbotham et al., 2012). The eye and brain abnormalities found in these disorders
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suggest that primary cilia play a critical role in preserving tissue homeostasis, emphasizing
the need to characterize primary cilia in these organs.

Past research has focused on characterizing primary cilia within the retina and brain.
Primary cilia have been found in specific retinal layers, such as the retinal pigment
epithelium (RPE), which requires functional primary cilia for complete maturation (May-
Simera et al., 2018). Additionally, photoreceptors, which detect light stimulation coming
from the cornea, have a modified primary cilium that connects the outer segment and inner
segment (Khanna et al., 2015). Furthermore, primary cilia have been identified in different
regions of the brain, such as the hypothalamus and hippocampus (Green et al., 2014; Wang
et al., 2011). The development and distribution of primary cilia in the neocortex have been
characterized (Arellano et al., 2011). However, the distribution of cilia within SC and dLGN
remains unknown.

In this study, we aimed to describe primary cilia over various stages of development in the
SC and dLGN, where cilia distribution and length were measured by immunofluorescence
and confocal microscopy. Furthermore, because loss of primary cilia has been found to
disrupt migration patterns of inhibitory neurons as well as extension of dendrites and axons
in excitatory neurons, we assessed the presence and length of primary cilia in neurons versus
non-neuronal cells (Higginbotham et al., 2012; Sarkisian et al., 2014). Thus, we
characterized the ciliation profile in the retinofugal pathway, including different neuronal
cell types, in order to expand our base knowledge of primary cilia in visual circuitry as a
whole.

MATERIALS AND METHODS

Animals

Antibodies

Experimental procedures were in accordance with NIH guidelines and approved by the
Institutional Animal Care and Use Committees at Stanford University School of Medicine.
Arl13b-mCherry; Centrin2-GFP double transgenic mice were obtained from Jackson
Laboratory (RRID:IMSR_JAX:027967); they have been previously reported (Higginbotham
et al., 2004; Bangs et al., 2015). GAD67-GFP mice were also previously reported
(Chattopadhyaya et al., 2004; RRID:IMSR_JAX:007677). Wild-type C57BI/6J mice were
obtained from Jackson Laboratory (RRID:IMSR_JAX:000664). Macaque monkey (Macaca
mulatta) samples were obtained as previously described (Dhande et al., 2019). A female
macaque monkey, DOB 1/28/09, was sacrificed and tissue gathered about 12/16/15.

Adenylate Cyclase I11 (AC3) was localized using a rabbit polyclonal antibody Adenylate
Cyclase 111 against AC3 (EnCor Biotechnology, Cat# RPCA-ACIII, RRID:AB_2572219),
and a rabbit polyclonal antibody A cyclase 111 (C-20) against AC3 (Santa Cruz
Biotechnology, Cat# sc-588, RRID:AB_630839). Neurons were identified using a mouse
monoclonal antibody NeuN (Millipore, Cat# MAB377, RRID:AB_2298772). GABAergic
neurons expressing parvalbumin (PV+) were identified using mouse monoclonal antibody
Parvalbumin (Sigma-Aldrich, Cat# P3088, RRID:AB_477329), and excitatory neurons using
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a monoclonal mouse antibody CaZ*/calmodulin-dependent protein kinase 11 alpha subunit
(CaMKIla) (Millipore, Cat# 05-532, RRID:AB_309787). Species-specific secondary
antibodies conjugated to Alexa Fluor 488, 594, or 647 (Invitrogen) were used. Rabbit anti-
AC3 (Santa Cruz) was used at a dilution of 1:2000. All other primary and secondary
antibodies were used at a dilution of 1:1000.

Histology & Immunohistochemistry

Brains from Arl13b-mCherry; Centrin2-GFP double transgenic mice were collected at P4,
P15, P33/38, and P77 to reflect relevant mouse visual development timepoints: P4 for early
postnatal events, P15 for eye opening, P33 for synaptic pruning that occurs 2-3 weeks after
eye opening, and P77 for adult developed mouse. GAD67-GFP mice were studied at P64,
and wild-type C57BI/6J mice at P38. Brains were perfusion fixed, harvested, and processed
for immunohistochemistry as previously described (Dhande et al., 2013; Huberman et al.,
2008). Briefly, mice were transcardially perfused with 1x PBS (phosphate buffered saline)
followed by 4% paraformaldehyde (PFA). Brains were harvested and postfixed overnight
(~12-18hrs) in 4% PFA at 4°C, then immersed in 30% sucrose for 2-3 days at 4°C, and
sectioned in the coronal plane at 45um on a sliding microtome. Tissue was incubated
overnight at 4°C in primary antibodies and incubated for 2hrs at room temperature with
appropriate secondary antibodies. After washing four times with 1x PBS, sections were
mounted with Vectashield antifade mounting medium with DAPI (Vector laboratories).

The macaque monkey was transcardially perfused with 4% PFA, then 4% PFA with 10%
sucrose, followed by 4% PFA with 20% sucrose. The brain was removed and immersed in
30% sucrose at 4°C for 1-2 weeks and sectioned at 40 um on a sliding microtome. Slices
were cleared with 5% (wt/vol) SDS in 0.1M PBS (pH 7.5) at room temperature for 2hrs,
with gentle rotational shaking (Xu et al., 2017). After clearing of brain slices, the SDS was
removed by washing in PBS followed by permeabilization, blocking and antibody
application as for mouse samples, using NeuN and AC3 (EnCor Biotechnology) antibodies.

Imaging & Quantification

Brain sections were imaged using a Zeiss LSM 880 scanning confocal microscope at 40x
with 1.6x optical zoom. Z-stacks were taken at 1 um steps. Two to three animals of either
sex were used for all analyses (at least two brains/age and two sections/brain). Only one
LGN from one hemisphere was analyzed per section, chosen as consecutive sections of the
same LGN. Central dLGN and SC sections were used because they include the largest extent
of dLGN and SC. Ventral-medial LGN and central SC were used for counting cells. The SC
area was within the SGS. Three dLGN sections per animal were used for quantification of
AC3 overlap with GAD67-GFP-expressing cells. For all other analyses, at least 2 dLGN and
2 SC sections per animal were used. Three dLGN sections were used for the macaque
sample quantification.

Cell counts and overlap were manually determined from the imaged stacks using

Neurolucida software (www.mbfbioscience.com/neurolucida, RRID:SCR_001775)). For
preliminary data analysis a volume of 100x100x30 um3 was used, and for all subsequent
analyses a volume of 50x50x15um?3 was used. About 50 cells/section were counted and a
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total of 2821 cilia were identified in mouse samples; ~50 cells/section were counted in the
parvocellular layers of the macaque dLGN. For computing percent cells with cilia in SC and
dLGN, Arl13b-mCherry signal was counted as a cilium if one end of the signal was directly
adjacent to the Centrin2-GFP signal. To control for age-dependent cell density changes the
total number of ciliated cells (Arl13b-labeled) was normalized to total number of DAPI
stained cells within the measured area. Cilia length was computed from 3D reconstructions
of cilia generated using Neurolucida Explorer software (www.mbfbioscience.com/
neurolucida-explorer, RRID:SCR_017348).

Statistical analysis

RESULTS

All statistical analysis was performed using Graphpad8 (Prism) software
(www.graphpad.com, RRID:SCR_002798). Results for total cell, neuron, and cilia counts
are expressed as mean values = SEM. Statistical analysis was performed using nested one-
way analysis of variance (ANOVA) followed by Tukey’s post-hoc test for comparison of
multiple age timepoints. Comparisons of cilia length between neuronal and non-neuronal
cells and between SC and dLGN were analyzed by two-tailed nested #tests. A p-value of
less than 0.05 was considered statistically significant. To compare developmental trends
between SC and dLGN, the mean values of total cilia, fraction of ciliated cells that are
neurons, fraction of neurons that extend cilia, and cilia length were normalized to P77. To
compare average cilia length of neuronal and non-neurons cells, values were normalized to
NeuN+.

Ciliation generally decreased and ciliary length altered in the superior colliculus of the
maturing mouse brain.

The two main retinorecipient brain targets in mammals are the superior colliculus (SC) and
the dorsal lateral geniculate nucleus (dLGN) (Figure 1a) (Martersteck et al., 2017; Seabrook
etal., 2017). Because Arl13b and Centrin2 are localized to primary cilia and basal bodies,
respectively, they have served as surrogate markers for those ciliary structures (Kasahara et
al., 2014; Paoletti et al., 1996). In mice, retinogeniculate and retinocollicular maps are
defined within the first postnatal week and completely segregated by the time of natural eye
opening (P12-P14) (Godement et al., 1984; Jaubert-Miazza et al., 2005; Huberman et al.,
2008). Furthermore, synaptic pruning occurs over 3 weeks after eye-specific segregation,
reducing the number of RGC inputs to a single dLGN neuron from more than 10 to 1-3
(Hong et al., 2011). Therefore, to investigate the full developmental profile of primary cilia
in the SC and dLGN, brain sections from Arl13b-mCherry; Centrin2-GFP double transgenic
mice at ages P4, P15, P33, and P77 were taken and analyzed under confocal microscopy.
Primary cilia in close proximity to Centrin2-labeled basal bodies were detected in the SC at
all timepoints (Figure 1b—f). Total number of ciliated cells gradually decreased with age,
from 73.6 £ 4.0% SEM at P4 to 37.5 + 6.3% SEM at P77 (p = 0.0992) (n = 381 P4, n = 146
P15, n = 372 P33, n = 647 P77 total cells counted) (Figure 1g). Throughout our analysis, we
noticed that some primary cilia were shorter at different stages of development. Therefore,
we subsequently quantified cilia length to examine the variance between each timepoint. We
found a general shift upward in the distribution of collicular cilia length from P4 to older
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timepoints: a greater number of short cilia (<6um) was observed in the SC of younger P4
mice with lower average length (P4 = 3.4 £ 0.1um, P15 =6.7 £ 0.3um, P33/38 = 4.5 =
0.3um, P77 = 5.8 + 0.3um [mean £ SEM]; p = 0.0722) (n = 115 P4, n =64 P15, n =83
P33/38, n = 89 P77 total cilia measured) (Figure 1h,i, Figure 5d).

Because the presence of cilia and variance in length depend on the strength of the Arl13b-
mCherry signal, it was important to confirm that the fluorescence indeed corresponds with
the full length of primary cilia. In addition to Arl13b, type 111 adenylyl cyclase (AC3)
localizes to cilia throughout the mouse brain and is thus used as prominent marker for
primary cilia (Bishop et al., 2007). Brain sections from Arl13b-mCherry; Centrin2-GFP
mice were immunostained for AC3, and the Arl13b-mCherry signal was compared to the
AC3 staining (Figure 1j). We found that Arl13b-mCherry generally overlapped with AC3
staining at all developmental stages of the SC (n = 344 Arl13b, n = 348 AC3 total cilia
counted) (Figure 1k). It should be noted that co-expression was smallest at P33/38, when
25% of cilia expressing AC3 did not express Arl13b, and that this percentage dropped to a
low of 6% upon reaching adulthood. Likewise, the percentage of cilia that expressed only
Arl13b fell from 13% to 5% by P77. Additionally, cilia lengths identified by Arl13b and
AC3 signals were also compared: an AC3 to Arl13b ratio less than one would indicate that
Arl13b extended further along the axoneme than AC3 within the same cilia; a ratio
approaching 1 would represent an almost complete overlap between AC3 and Arl13b along
the entire length of the ciliary axoneme; and a ratio of 2 or greater would indicate cells in
which AC3 extended further than Arl13b. We found that the AC3 to Arl13b cilia length ratio
approached 1 as the mouse matured from P15 to P77: from 55% to 67% (n = 40 P15, n = 61
P77 cells compared) (Figure 11). P4 staining was not compared because AC3 signal was
inconclusive at this timepoint.

Ciliation decreased and ciliary length altered in the dorsal lateral geniculate nucleus of the
maturing mouse brain

In addition to the SC, sections of the dLGN from Arl13b-mCherry; Centrin2-GFP double
transgenic mice were also examined for ciliation at ages P4, P15, P33, and P77 (Figure 2a—
d). Total ciliation decreased as maturation increased: from 59.6 + 0.1% SEM at P4 to 28.5 £
3.2% at P77 (p < 0.05) (n = 382 P4, n = 87 P15, n = 211 P33, n = 574 P77 total cells
counted) (Figure 2e). Furthermore, the distribution of cilia length became wider in the
dLGN of older mice: the length of most cilia remained less than 9um at P4 but became more
widely distributed between 0 and 15um at P15, P33, and P77 (Figure 2f,g). Difference in
average cilia length between timepoints was not significant (p = 0.6842) (n =87 P4,n = 34
P15, n = 48 P33/38, n = 85 P77 total cilia measured) (Figure 5d). AC3 and Arl13b signals
were also compared in the dLGN of these mice (Figure 2h). AC3 and Arl13b overlapped
most of the time at all developmental stages (n = 169 Arl13b, n = 180 AC3 total cilia
counted) (Figure 2i). Co-expression was lowest at P15, when 21% of cilia expressing AC3
did not express Arl13b, and decreased to a more consistent level of 11-12% as the mouse
matured to P33 and P77. Moreover, comparison of ciliary lengths demonstrated by AC3 and
Arl13b revealed that more cells exhibited an AC3-Arl13b ciliary length ratio approaching 1
at P77 while the ratio was more widely distributed at P15 (n = 38 P15, n = 61 P46 cells
compared) (Figure 2j).
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Diverse types of neurons in the SC express primary cilia

To further characterize the expression profile of primary cilia in the SC, we aimed to
distinguish between neurons and non-neuronal cells associated with ciliation. Because
expression of NeuN protein has been found in most types of neurons throughout the nervous
system of vertebrates, including the SC of developing mice, NeuN has been used as a
specific marker for neurons (Mullen et al., 1992; Arellano et al., 2011). Brain sections from
the SC of Arl13b-mCherry; Centrin2-GFP mice were immunostained with NeuN at P15,
P33/38, and P77 and analyzed by confocal microscopy (Figure 3a). More than half of cells
with primary cilia were identified as neurons at all timepoints; the number decreased
gradually with age (P15 = 73.2 + 2.1%, P33/38 = 67.2 + 3.1%, P77 =52.4 + 1.8% [mean +
SEM]; p =0.1051) (n =91 P15, n = 374 P33/38, n = 218 P77 total cilia counted) (Figure
3b). In fact, the average number of ciliated neurons declined dramatically from 68.4 + 5.4%
SEM at P15 to 38.9 + 7.3% SEM at P77 (p = 0.0700) (n = 96 P15, n = 75 P33/38, n = 323
P77 total neurons counted) (Figure 3c). P4 was not analyzed because NeuN expression is
weak in immature neurons (Arellano et al., 2011).

Because we previously noted shorter cilia in the total number of ciliated cells in the SC of
younger mice, we quantified cilia length with respect to NeuN to assess if a similar trend
was apparent in NeuN+ cells. The distribution of cilia length in ciliated NeuN+ cells was
lower at P33/38 (1.28<x<4.2um) than at P77 (2.65<x<7.45um), whereas non-neuronal
ciliary length distribution remained relatively consistent (P33/38 = 4.68<x<7.55um; P77 =
4.95<x<7.9um) (n = 18 NeuN—-, n = 38 NeuN+ P33/38 cilia; n = 44 NeuN-, n = 45 NeuN+
P77 total cilia measured) (Figure 3d). From another perspective, neuronal ciliary lengths at
P33/38 tended to concentrate over bins 0 and 3, representing cilia length less than 6um,
while that distribution shifted upward to between 3 and 9um in P77 mice (Figure 3e). On the
other hand, non-neuronal cilia length tended to concentrate between 3 and 9um at both
stages of development. Neuronal and non-neuronal cilia length differed at P33/38 (NeuN+ =
3.1+ 0.4um, NeuN- = 6.1 £ 0.4um [mean = SEM]; p < 0.0001) (Figure 5e).

Previous studies have demonstrated a role for primary cilia in migration and postmigratory
differentiation of inhibitory and excitatory neurons in the neocortex (Sarkisian et al., 2014).
The SC comprises several types of neurons that form a network for sensory input from the
retina and signal transduction to deeper layers of the SC, dLGN, and the neocortex (Byun et
al., 2016). Therefore, characterizing the different types of ciliated neurons in the SC would
further delineate the developmental profile of primary cilia in collicular neurons.
GABAergic neurons, for instance, have been shown to play a critical role in cortical
plasticity in mammals and constitute approximately 30% of the neuronal population (Jones
1993; Chattopadhyaya et al., 2007). Thus, we used GAD67, a glutamic acid decarboxylase
that synthesizes GABA, to identify GABAergic neurons. Quantitative analysis of brain
sections from GAD67-GFP mice at P64 immunostained with AC3 revealed that 68.6 + 0.5%
SEM of GABAergic neurons expressed primary cilia (n = 162 total GAD67+ cells counted)
(Figure 3f,g). However, GAD67 identifies only a portion of inhibitory neurons; GABAergic
neurons expressing parvalbumin (PV), a calcium-binding protein, also form inhibitory
circuits within the SC (Villalobos 2018). Sections from the SC of P38 wildtype mice stained
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for PV and AC3 revealed that 90.9 = 1.7% SEM of collicular PV+ neurons were positive for
primary cilia (n = 108 total PV+ cells counted) (Figure 3h,i).

Diverse types of neurons in the dLGN express primary cilia

In addition to studying the SC, we investigated the types of ciliated cells in the dLGN of
maturing mice. Using NeuN as a marker to stain neuronal cells in sections from Arl13b-
mCherry; Centrin2-GFP double transgenic mice, 53.8 + 10.1% SEM of all ciliated cells
were identified as neurons at P33/38; the number subsequently declined to roughly 37.9 £
8.5% SEM at P77 (n = 86 P33/38, n = 148 P77 total cilia counted) (Figure 4a,b).
Furthermore, these ciliated neuronal cells constituted 44.5 + 14.5% SEM and 27.9 + 9.6% of
all NeuN+ cells at P33/38 and P77, respectively (n = 43 P33/38, n = 248 P77 total neurons
counted) (Figure 4c). Comparison of the ciliary length of neuronal versus non-neuronal cells
in the dLGN showed a similar trend as in the SC: NeuN+ cilia had a smaller length
distribution in younger mice (P33/38 = 1.25<x<3.53um; P77 = 2.3<x<6.03um) while non-
neuronal cilia remained consistent at each developmental stage (P33/38 = 5.5<x<10.6um;
P77 = 4.5<x<11.05um) (n = 15 NeuN—-, n = 18 NeuN+ P33/38 cilia; n = 57 NeuN-, n = 28
NeuN+ P77 total cilia measured) (Figure 4d). Neuronal ciliary length tended to be less than
6um at P33/38 and increased to between 3 and 9um at P77, whereas non-neuronal cilia
length was distributed over 3 and 15um at both stages of development (Figure 4e). Average
neuronal cilia length was less than non-neuronal at both P33/38 (NeuN+ = 2.7 £ 0.5um
SEM, NeuN-=8.0 £ 0.8um; p = 0.1377) and P77 (NeuN+ = 4.5 £ 0.6yum SEM, NeuN- =
7.9 £ 0.5um; p = 0.0561) (Figure 5¢).

The portion of all types of neurons that GABAergic neurons constitute in the dLGN of
GADG67-GFP mice has been previously described (Evangelio et al., 2018). Therefore, we
used GAD67 together with AC3 to identify the number of GABAergic neurons with primary
cilia in the dLGN (Figure 4f). Quantitative analysis revealed that 75.4 + 0.1% SEM of
GABAergic neurons in the dLGN expressed primary cilia (n = 49 total GAD67+ cells
counted) (Figure 4g). However, identifying GABAergic neurons excludes a large population
of neuronal types in the dLGN, the excitatory neurons. Calmodulin-dependent protein kinase
Il (CaMKIlla) has been described as a critical mediator of neuronal plasticity and is known
to stain a subtype of dLGN neurons (Fink & Meyer 2002; Higo et al. 2000). Hence, we used
anti-CaMKIla as an excitatory neuronal marker alongside AC3 to investigate the expression
of primary cilia in excitatory neurons of the dLGN (Figure 4h). A great majority of
CaMKIla+ cells (90.7 + 1.1% SEM) expressed primary cilia at P38 (n = 104 total CamKlla+
cells counted) (Fig. 41).

Ciliation in the dLGN of the macaque monkey

The mouse visual system has been the predominant model for mammalian visual circuitry
due to its highly conserved neuronal architecture. For instance, the shell region of the mouse
dLGN, which receives projections from the SC, resembles other mammalian brain regions
like the C-laminae of cats and the koniocellular division of some primates (Guido 2018).
However, key differences between mice and primates exist. For example, eye-specific
segregation and spontaneous retinal wave activity occur prenatally in monkeys in contrast to
before eye-opening in mice, indicating a species-dependent difference in axon mapping and
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rearrangement in the dLGN during development (Huberman et al., 2008; Hong et al., 2011).
Furthermore, about 10% of RGCs project to the SC in primates compared to about 90% in
mice, a striking contrast (Perry et al., 1984; Seabrook et al., 2017). Such differences in
visual circuitry between species necessitate analysis of primary tissue from primates. We
stained sections from a macaque monkey for AC3 and NeuN to identify primary cilia in the
parvocellular layer of the dLGN (Figure 6a,b): 31.8% of all cells were ciliated, most of these
ciliated cells (81.2%) were neurons, and most neurons (72.3%) were ciliated (n = 145 total
cells counted) (Figure 6¢).

DISCUSSION

The ciliation profile of SC and dLGN cells undergoes similar alterations during brain

maturation

Primary cilia are thought to play a critical role in development and tissue homeostasis in the
retina and cortex of the visual system. Characterizing the primary cilia profile of sensory
relay centers for this visual pathway, such as the SC and dLGN, provides a foundation for
understanding cilia at this intersection. We found that the number of primary cilia
significantly declined with advancing stages of development in dLGN, similar to a general
decrease in SC, suggesting that maturation of primary cilia is associated with the general
maturation process in these tissues (Figure 5a). We also noted that AC3/Arl13b co-
expression increases as a mouse matures to P77 while the subset of primary cilia expressing
neither AC3 or Arl13b declines. We hypothesize that the general decrease in ciliation levels
observed in the SC and dLGN primarily affects this subset of ciliated cells lacking either
AC3 or Arl13b. In this context, cilia co-expressing Arl13b and AC3 are retained and
increase further into adulthood while other cilia are gradually removed, indicating that co-
expression of both these proteins might be important for cilia stability.

The ciliary profile of SC and dLGN neurons diverges slightly during brain maturation

The fraction of ciliated cells that are neurons is higher in dLGN tissue at P33/38 than at P77,
and the total number of ciliated neurons in the dLGN declines as development proceeds
(Figure 4b, c). Similarly, the fraction of neurons that are ciliated declines with maturation in
SC, but at a lower relative value than in dLGN (1.29 and 1.59) (Figure 5c). The reduction of
cilia in SC and dLGN neurons may partially contribute to the general decline in primary
cilia observed over the stages of maturation, but the rate of reduction is somewhat higher in
dLGN, suggesting that dLGN tissue may need more time to complete maturation than SC. It
is also notable that neurons constituted the greatest proportion of ciliated cells in the SC, but
not the dLGN, at every timepoint (Figure 3b, Figure 4b) Taken together, the faster
maturation and higher retention rate in the SC suggest that primary cilia may be critically
important in neuronal development and function in the SC.

Ciliary length patterns remain consistent between SC and dLGN

Some genetic disorders manifest themselves in shorter cilia resulting from the lack of proper
cilia formation. For instance, fibroblasts derived from Lowe syndrome patients exhibit
shorter cilia than normal, and individuals with Joubert syndrome variants expressing
abnormal cilia demonstrate disrupted migratory and positional potential of interneurons in
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the developing cortex (Guemez-Gamboa et al., 2014; Youn et al., 2017; Luo et al., 2012;
Higginbotham et al., 2012). Therefore, characterizing not only the presence of cilia but also
ciliary length in the maturing mouse brain is critical in determining the role of primary cilia
in the SC and dLGN. We observed shorter cilia in all cells during early stages of
development than at later stages, an almost 2-fold increase in average cilia length from P4 to
P77 in the SC (Figure 5d). Interestingly, non-neuronal cells exhibited longer primary cilia
than neuronal cells at all developmental stages in both the SC and dLGN, yet ciliary length
in NeuN+ cells increased over time. Maximal extension may be a sign of final maturation,
and these results suggest that neurons in these regions may need more time to terminally
extend primary cilia and develop into mature neurons (Figure 5e). Similar observations were
found for primary cilia in the neocortex, where cilia elongation starts at P4 and continues
postnatally for up to 3 months to reach maximum average length (Arellano 2011). This
observation across different parts of the visual pathway suggests that primary cilia play
similar roles in neurons of the neocortex and retinofugal pathway. Because inhibition of
ciliogenesis through Arl13b, IFT88, and Kif3a has been found to disrupt both dendritic and
axonal outgrowth involved in excitatory neuron connectivity and the migratory patterns of
inhibitory interneurons in neocorte, it would be interesting to examine how disruption in
cilia elongation affects different neuronal types in the SC and dLGN (Sarkisian et al., 2014;
Kerschesteiner & Guido, 2017; Piscopo et al., 2013). Furthermore, the observed decline in
ciliation of non-neuronal cells could be attributed to a number of different types of cells,
including glia, which have been implicated in proper brain development and function
through neuronal-glial interactions (Nedergaard et al., 2003; Tasker et al., 2012).

Ciliated cells in primate dLGN identified as neurons, and primate dLGN neurons expressed

primary cilia
Primate visual circuitry such as that of the macaque monkey has been thoroughly studied,
from the distribution of cortical maps in the cerebral cortex to the determination of direction
selectivity by the connectivity of RGCs (Felleman & Van Essen, 1991; Dhande et al., 2019).
However, the retinofugal pathway remains to be further investigated. \We observed that,
although most cells in the parvocellular layer of the macaque dLGN were not ciliated, the
ciliated cells were mostly neuronal (81.2%). Moreover, a majority of neurons exhibited
primary cilia (72.3%) (Figure 6¢). Thus, primary cilia appear to be important in neurons of
the primate dLGN. Because primary cilia are necessary for proper brain development and
neuronal differentiation, it is plausible that the large number of ciliated neurons indicates an
important developmental role for primary cilia in primate dLGN, including the laminar
organization of magnocellular and parvocellular layers. Furthermore, because these layers
comprise the two major pathways (M and P) for relaying visual information to the cortex,
primary cilia in neurons of these M and P pathways may contribute to delivering these
signals for cortical processing.

Visual circuitry differs across species, and here we note some interesting distinctions
between the ciliation profile of mice and primates. In both species, most cells did not have
primary cilia. However, in our primate dLGN sample, most ciliated cells were neurons and
most neurons had primary cilia, whereas in mouse dLGN most ciliated cells were
nonneuronal and less than half of all neurons had primary cilia. This disparity in neuronal
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cilia suggests that primary cilia in neurons may play role in primate dLGN development and
function and necessitates further investigation. Furthermore, the functional relevance of
primary cilia may also extend to neurons in the SC.
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Figure 1.
Developmental profile of cilia in the superior colliculus.

(a) Schematic of two major retinorecipient brain targets, the SC and the dLGN.

(b) Photomicrograph of primary cilia visualized using the Arl13b-mCherry; Centrin2-GFP
double transgenic mouse. Arl13b (magenta, arrowhead at distal end) is expressed by primary
cilia, and Centrin2 (white, dotted ellipse) labels centrioles (basal bodies). Nuclei are stained
with DAPI (blue).

(c-f) Representative photomicrographs of cilia in the SC at P4 (c), P15 (d), P33 (e), and P77
().

(9) Bar graph shows the average + SEM percent of ciliated cells in the SC at the indicated
ages. n =381 P4, n = 146 P15, n = 372 P33, n = 647 P77 total cells counted
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(h) Quantification of cilia length of SC cells. n = 115 P4, n = 64 P15, n = 83 P33/38, n = 89
P77 total cilia measured

(i) Binned distribution of cilia length in the SC. The x-axis represents bin centers.

(j) Photomicrographs of SC cells immunostained for AC3 (green) and Arl13b (mCherry,
magenta). Arrowheads indicate co-expression of AC3 and Ar13b, and dotted ellipse
indicates lack of overlap.

(k) Schematic representation showing percent co-expression of Arl13b and AC3 in the SC. n
= 344 Arl13b, n = 348 AC3 total cilia counted

(I) Binned distribution of AC3 to Arl13b ratio on a cell-by-cell basis in the SC. n =40 P15, n
=61 P77 cells compared

Scale bar: All; 5 um.

OC: optic chiasm; VLGN: ventral lateral geniculate nucleus; IGL: intergeniculate nucleus;
dLGN: dorsal lateral geniculate nucleus; SC: superior colliculus
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Figure 2.

Developmental profile of cilia in the dorsal lateral geniculate nucleus.

(a-d) Representative photomicrographs of cilia (Arl13b-mCherry, magenta) in the dLGN at
P4 (a), P15 (b), P33 (c), and P77 (d). Centrioles labeled with GFP (white) and nuclei labeled
with DAPI (blue).

(e) Bar graph shows the average = SEM percent of ciliated cells in the SC at the indicated
ages; * P<0.05, *** P<0.001; Nested ANOVA, Tukey’s multiple comparison test. n = 382
P4, n =87 P15, n = 211 P33, n = 574 P77 total cells counted

(f) Quantification of cilia length of dLGN cells. n = 87 P4, n = 34 P15, n = 48 P33/38, n =
85 P77 total cilia measured

(9) Binned distribution of cilia length in the dLGN. The x-axis represents bin centers.

(h) Photomicrographs showing dLGN cells immunostained for AC3 (green) and Arl13b
(mCherry, magenta). Arrowheads indicate co-expression of AC3 and Ar13b.

(i) Schematic representation showing percent co-expression of Arl13b and AC3 in the
dLGN. n =169 Arl13b, n = 180 AC3 total cilia counted
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(j) Binned distribution of AC3 to Arl13b ratio on a cell-by-cell basis in the ALGN. n = 38
P15, n = 61 P46 cells compared
Scale bar: All: 5 um.
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Figure 3.
Different types of neurons in the SC have cilia.

(a) Example of a P15 SC neuron (NeuN, cyan) extending a cilium (Arl13b, magenta).
Centrioles labeled with GFP (yellow) and nuclei labeled with DAPI (white). Arrowhead
indicates neuronal primary cilia.

(b) Quantification of ciliated SC cells that express the neuronal marker NeuN. Mean + SEM.
n =91 P15, n = 374 P33/38, n = 218 P77 total cilia counted

(c) Quantification of SC neurons that have cilia. Mean = SEM. n = 96 P15, n = 75 P33/38, n
= 323 P77 total neurons counted

(d) Quantification of cilia length in non-neuronal cells and neurons in SC. n = 18 NeuN—, n
= 38 NeuN+ P33/38 cilia; n = 44 NeuN—-, n = 45 NeuN+ P77 total cilia measured
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(e) Binned distribution of cilia length in non-neuronal cells and neurons in SC. The x-axis
represents bin centers.

(f) Representative photomicrograph showing a cilium (AC3, magenta) extending from a P64
gabaergic SC neuron (GFP, green). Nuclei labeled with DAPI (blue). Arrowhead indicates
co-expression of GFP and AC3.

(9) Percent of gabaergic neurons with cilia at P64. n = 162 total GAD67+ cells counted

(h) Representative photomicrograph showing cilia (AC3, green) extending from P38
parvalbumin (PV) neurons (magenta). Nuclei labeled with DAPI (blue). Arrowheads
indicate co-expression of PV and AC3, and dotted ellipse indicates lack of overlap.

(i) Percent of parvalbumin (PV) neurons in the SC with cilia at P38. n = 108 total PV+ cells
counted

Scale bar: (a,f): 5um; (h): 10pm
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Figure 4.
Different types of neurons in the dLGN extend cilia.

(a) Example of a dLGN neuron (NeuN, cyan) extending a cilium (Arl13b, magenta).

Centrioles labeled with GFP (yellow) and nuclei labeled with DAPI (white). Arrowhead
indicates neuronal primary cilia.
(b) Quantification of ciliated dLGN cells that express the neuronal marker NeuN. Mean *
SEM. n =86 P33/38, n = 148 P77 total cilia counted
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(c) Quantification of ALGN neurons that have cilia. Mean + SEM. n = 43 P33/38, n = 248
P77 total neurons counted

(d) Quantification of cilia length in non-neuronal and neuronal dLGN. n = 15 NeuN-, n = 18
NeuN+ P33/38 cilia; n = 57 NeuN—, n = 28 NeuN+ P77 total cilia measured

(e) Binned distribution of cilia length in non-neuronal cells and neurons in SC. The x-axis
represents bin centers.

(f) Representative photomicrograph showing a cilium (AC3, magenta) extending from a P64
gabaergic dLGN neuron (GFP, green). Nuclei labeled with DAPI (blue). Arrowheads
indicate co-expression of GFP and AC3.

(9) Percent of gabaergic neurons with cilia at P64. n = 49 total GAD67+ cells counted

(h) Representative photomicrograph showing cilia (AC3, green) extending from P38
CamKIlla expressing neurons (magenta) in the dLGN. Nuclei labeled with DAPI (blue).
Arrowheads indicate co-expression of CamKIlla and AC3.

(i) Percent of CamKIla neurons in the dLGN with cilia at P38. n = 104 total CamKlla+ cells
counted

Scale bar: (a, f): 5um; (h): 10um
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Figure5.

Comparative analysis of the development of cilia in SC and dLGN.

(a-d) Normalized mean values (normalized to P77 of SC or dLGN, respectively) of total cilia
in SC and dLGN (a), ciliated cells in dLGN and SC that are neurons (b), dLGN and SC
neurons that extend cilia (c), and cilia length of dLGN and SC cells (d).

(e) Normalized mean values (normalized to NeuN+ at each age of SC and dLGN,
respectively) of cilia length in non-neuronal cells and neurons; **** P<0.0001; Nested #test
(two-tailed).
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Figure®6.

Primary cilia profile in the dorsal lateral geniculate nucleus of the macaque monkey.

(a) Overview of dLGN section marked with NeuN, AC3, and DAPI.

(b) Example of a dLGN neuron (NeuN, cyan) extending a cilium (AC3, magenta). Nuclei
labeled with DAPI (white). Arrowhead indicates co-expression of NeuN and AC3.

(c) Percent of ciliated cells, ciliated cells that are neurons, and neurons that have cilia in the
parvocellular layer of macaque dLGN. n = 145 total cells counted

Scale bar: (a): 50um; (b): 5um.
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