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Abstract

Astrocyte Primary Cilia are Dynamic during Development
By Claire Wei

Astrocytes are the largest glial population in the brain, and their functions include regulating
neuron homeostasis and synapses. Despite growing research about astrocytes over the past
decade, astrocyte development remains a relatively unexplored field. Similar to neurons,
astrocytes extend a primary cilium from the membrane of the cell soma. Primary cilia are
singular projections critical to multiple developmental signaling pathways and are uniquely
linked to the cell cycle. Abnormal cilia cause a class of disease, called ciliopathies, that are found
to impact multiple cell types. However, little is known about primary cilia in astrocyte
development. This project aims to characterize primary cilia and their relation to the cell cycle in
the developing astrocyte lineage. To characterize astrocyte cilia, [ used a genetic mouse model to
mark cilia and determine the percentage of astrocytes with cilia. I used immunofluorescent
staining to visualize the expression of specific ciliary proteins, ARL13B and AC3, in astrocyte
primary cilia in vivo. I found changes in the percent of ciliated astrocytes as astrocytes progress
through development. Furthermore, I noticed changes in ARL13B and AC3 expression within
cilia over the same time period. Lastly, to explore the relationship between astrocyte primary
cilia and the cell cycle, I used a genetic mouse model to label astrocyte cilia and stages of the cell
cycle and live-imaged proliferating astrocytes in vitro. My results show the dynamic nature of
primary cilia in developing astrocytes as cilia frequency and protein composition change over
time, suggesting potential changes in primary cilia function over astrocyte development.
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Shortlist of abbreviations mentioned:

Term Abbreviation
glial fibrillary acidic protein GFAP
blood brain barrier BBB
central nervous system CNS
radial glia RG
neural progenitor cells NPCs
oligodendrocyte precursor cells OPCs
astrocyte-specific glutamate transporter Glast
aldehyde dehydrogenase 1 family, member L1 | Aldhil]
embryonic day E
postnatal day P
peripheral astrocyte processes PAPs
outer radial glia oRG
intraflagellar transport IFT
type III adenylyl cyclase AC3
cyclic AMP cAMP
G-protein coupled receptors GPCRs
Smoothened Smo
Sonic Hedgehog Shh
ADP-ribosylation factor-like 13B ARLI3B
Joubert Syndrome JS
prefrontal cortex PFC
somatostatin reporter subtype 3 SSTR3
neural stem cells NSCs

1. Background
1.1 Astrocytes

Astrocytes are one of the most abundant glial populations in the mammalian brain and are
diverse in morphology and function. In humans, astrocytes make up approximately 20% of the
neocortex (Pelvig et al., 2008). Originally thought to be a homogenous cell population and



overshadowed by their neuronal peers, more recent studies show that astrocytes are heterogenous
in form and function (Bayraktar et al., 2015; Endo et al., 2022; Miller & Raff, 1984; Vaughn &
Pease, 1967). Astrocytes have region-specific functions and exhibit differences like gene
expression, synapse association, and Ca** signaling (Batiuk et al., 2020; Chai et al., 2017; Holt,
2023). Morphologically, astrocytes can be broadly classified into two major types: fibrous and
protoplasmic astrocytes. Fibrous astrocytes exist in white matter tracts and extend long and
straight processes that associate with neuronal axons (Verkhratsky & Nedergaard, 2018). They
have many glial filaments that can be positively stained for glial fibrillary acidic protein (GFAP).
Protoplasmic astrocytes, on the other hand, mainly exist in grey matter and possess fewer glial
filaments. They have irregular morphology and sheet-like processes that fill up space between
other cells. Protoplasmic astrocytes mainly function to regulate neuronal synapses and their
endfeet help form the blood brain barrier (BBB) (Iadecola, 2017; Miller & Raff, 1984; Vaughn &
Pease, 1967). Most astrocytes fall under these two categories, but there are also specialized
astrocytes including Bergmann glia in the cerebellum that carry out additional unique functions
(Endo et al., 2022; Kettenmann & Verkhratsky, 2008). Contrary to previously thought, astrocytes
are no longer thought of as a general population of cells overshadowed by their neuronal peers.
Instead, astrocytes are now recognized as a heterogeneous population of cells that serve
important roles critical to the function of neuronal synapses and the development of the brain.

Function of astrocytes

Astrocytes serve important roles in the central nervous system (CNS), carrying out
functions such as maintaining the BBB, and supporting synaptogenesis and synapse refinement
(Allaman et al., 2011; Molofsky et al., 2012; Molofsky & Deneen, 2015; Sloan & Barres, 2014).
The endfeet of astrocytes contact blood vessels to maintain the BBB, a selectively permeable
barrier monitoring molecules moving in and out of the brain (Blanchette & Daneman, 2015;
Daneman & Prat, 2015). Astrocytes are also critically involved in the organization of synapses.
Astrocytes themselves are organized in individual non-overlapping domains that tile the brain. A
single astrocyte is responsible for regulating neuronal synapses within their territory (Bushong et
al., 2002; Halassa et al., 2007; Ogata & Kosaka, 2002). Notably, a single astrocyte can regulate
up to 100,000 synapses in mice and more than 2,000,000 synapses in humans (Bushong et al.,
2002; Oberheim et al., 2009). The positioning of astrocytes and their proximity to synapses
allows them to actively influence neural circuit development and function. During development,
astrocytes directly ensheath neuronal synapses where they prune synapses in response to
neuronal activity (Allen & Eroglu, 2017; Farhy-Tselnicker & Allen, 2018). Not only do
astrocytes assume important synaptic regulatory roles such as recycling released
neurotransmitters of synapses, but they also play a big part in the development of synapses and
the neural network. Studies show that astrocyte-derived cues enhance synapse formation and
activity (Pfrieger & Barres, 1997; Ullian et al., 2001). This reveals the importance of astrocytes
during neurodevelopment in establishing neural circuits and maintaining neuronal function.



Developmental timeline of astrocytes

In mice, astrocytes arise from specialized neural stem cells called radial glia (RG), which
also give rise to neurons and oligodendrocytes (Costa et al., 2009). During development, RG first
undergo neurogenesis, producing a wave of neural precursor cells (NPCs) that differentiate into
specific neuronal populations. Then, RG give rise to oligodendrocyte precursor cells (OPCs),
which differentiate into mature oligodendrocytes. Afterwards, RG undergo a switch to
astrogenesis, giving rise to astrocytes. This switch is driven by activation of the JAK/STAT
signaling pathway (Barnabé-Heider et al., 2005; He et al., 2005; Sloan & Barres, 2014).
Effectors of the JAK/STAT pathway and other transcription factors like Sox9 and Nfia, turn on
transcription of astrocyte genes like Gfap, astrocyte-specific glutamate transporter (Glast), and
aldehyde dehydrogenase 1 family member L1 (4/dhi1l1) (Foo & Dougherty, 2013; Molofsky et
al., 2012; Sloan & Barres, 2014; Y. Yang et al., 2013). In mice, astrogenesis begins on embryonic
day (E)16. Astrocyte precursor cells enter a period of proliferation, migration, and differentiation
to form immature astrocytes. Immature astrocytes begin to proliferate embryonically and will
continue to divide until postnatal day (P)7. (Clavreul et al., 2019; Farhy-Tselnicker & Allen,
2018). In fact, up to 50% of astrocytes are born postnatally from local symmetrical cell division
events (Ge et al., 2012). It is unknown whether the molecular signals driving embryonic and
postnatal proliferation are the same, and this remains an important area of investigation.

Astrocyte maturation occurs from P7 to P21 of postnatal development. Initially, immature
astrocytes continue to express astrocytic genes and begin to extend finer processes called
peripheral astrocyte processes (PAPs) (Sloan & Barres, 2014; Y. Yang et al., 2013). PAPs make
up roughly 50% of a mature astrocyte’s volume and provide sufficient space for ion channels,
receptors, and transporters on the membrane of processes. The expression of Aldhil1, S100b,
Gfap, and Glast, and aquaporin 4 enables immature astrocytes to start carrying out functions like
maintaining the BBB and modulating neuronal signaling via glutamate transport (Hol & Pekny,
2015; Molofsky & Deneen, 2015). (Wolff, 1970; Y. Yang et al., 2013). By P21, astrocytes are
considered morphologically and functionally mature (Farhy-Tselnicker & Allen, 2018).
Astrocyte processes will continue to be refined after maturation depending on the surrounding
environment.

Astrocytes undergo a similar developmental mechanism in humans. In humans,
astrocytes also arise from RGs (L. Yang et al., 2022). However, due to greater cortical volume,
the cortex contains more layers, including a division of inner and outer subventricular zones.
Humans also have an additional population of RGs in the outer subventricular zone called outer
radial glia (0RG). oRGs possess large proliferative capabilities and act as the main source of
upper layer cortical neurons (Hansen et al., 2010). Similar to mice, oRGs undergo neurogenesis
before performing gliogenesis. White and grey matter astrocytes arise during gliogenesis, but,
unlike mice, an additional third group of astrocytes called interlaminar astroglia is also identified
as a unique astrocyte population in humans (Colombo & Reisin, 2004). Even though astrogenesis
is more complicated in humans, the general timeline and molecular mechanism behind it remains
between humans and mice.



1.2 Primary Cilia
Structure of cilia

Cilia are microtubule-based projections off the membrane surface of nearly all vertebrate
cells. They can be generally divided into two subgroups: motile and non-motile cilia. Structurally,
all cilia possess an axoneme made of nine outer microtubule doublets templated from a modified
centrosome called the basal body (Figure 1). Motile cilia are termed 9+2 cilia because of an
additional central pair of microtubules, as well as radial spokes and dynein arms that contribute
to their motility (Ishikawa & Marshall, 2011). Motile cilia generate force which can create the
flow of fluids and molecules (L. Lee & Ostrowski, 2021). Non-motile cilia, or primary cilia, lack
the central pair of microtubules and are referred as 9+0 cilia (Wheatley et al., 1996). Functionally,
primary cilia are immotile and regulate several signaling pathways. Each cell can only have one
primary cilium, whereas some cells can have multiple motile cilia. In addition, most vertebrate
cells possess primary cilia, but only certain cell types have motile cilia.

The cilium base is templated from a modified centrosome called the basal body, where
the central microtubule-based axoneme extends out of the cell membrane (Sorokin, 1962). The
basal body builds the axoneme by facilitating intraflagellar transport (IFT), which traffics cargo
proteins via kinesin and dynein motor proteins (Ishikawa & Marshall, 2011). The ciliary
membrane connects to the cell membrane and surrounds the axoneme to form a ciliary
compartment that is distinct from the rest of the cell (Ishikawa & Marshall, 2011). Since protein
synthesis is restricted to the cytoplasm, primary cilia depend on IFT to traffic ciliary proteins in
and out of the ciliary compartment (Taschner et al., 2012; Zhu et al., 2017). A protein complex at
the base of the cilium creates the transition zone, which regulates proteins moving in and out of
the cilium (Reiter et al., 2012). Since the cilium openly connects to the rest of the intracellular
space, the transition zone is pivotal to create an exclusive environment within the cilium.
Together, these structural components provide a specialized signaling environment within the
cilium to carry out its signaling functions.

Primary cilia contain high local concentrations of signaling components that define their
role as signaling hubs distinct from the rest of the cell. High concentrations of signaling
molecules like type 3 adenylyl cyclase (AC3) in cilia enable large fluxes of ciliary cyclic AMP
(cAMP), distinct from that of cytoplasmic cAMP, which enables precise coordination of ciliary
signaling (Tschaikner et al., 2020). The ciliary compartment localizes many signaling proteins,
which contribute to its functions in regulating many developmental pathways (reviewed in
Christensen et al., 2007). G-protein coupled receptors (GPCRs) make up a large group of
transmembrane signaling proteins expressed in cilia that help coordinate cellular signaling
(Schou et al., 2015). For example, Smoothened (Smo) is a GPCR enriched in the primary cilium
and transduces the Sonic Hedgehog (Shh) signaling pathway, a developmental pathway known
to require cilia for the dynamic movement of signaling components. Abnormal expression of
Smo disrupts Shh and causes lethal consequences in development (Aanstad et al., 2009; X. M.
Zhang et al., 2001). Gpr161, a member of the rhodopsin family, is another GPCR also localized
to primary cilia and regulates Shh with the cAMP signaling (Tschaikner et al., 2020). Similarly,
disruptions to Gpr161 expression results in alterations to Shh signaling patterns and lethal
phenotypes (Shimada et al., 2019; Tschaikner et al., 2020). In addition, small GTPases like ADP-
ribosylation factor-like 13B (ARL13B) are enriched in cilia and to carry out functions including
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maintaining ciliary structure and coordinating effector molecules (Higginbotham et al., 2012;
Larkins et al., 2011; Sterpka & Chen, 2018). Intraciliary proteins contribute to the primary cilia’s
ability to direct proper development. As a results, alterations to the composition of GPCRs and
signaling molecules in primary cilia can severely interrupt proper neurodevelopment and cell
survival (Guo et al., 2017, 2019; J. H. Lee & Gleeson, 2010; Yoshimura et al., 2011).

Non-motile (primary) cilia
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Figure 1. Schematic of primary and motile cilia structure. All cilia share the basic structures of a basal
body, microtubule-based axoneme, transition zone, and ciliary membrane. Motile cilia have an additional
central pair of microtubules and dynein arms that contribute to the motility of cilia, whereas primary cilia
are immotile due to the lack of such components. The simplified structures are reflective of the naming of
primary cilia as 9+0 and motile cilia as 9+2. (Figure adapted from Bear & Caspary, 2023)

Astrocytes, cilia, and neurodevelopmental disorders

Since primary cilia regulate signaling pathways that drive several developmental
processes, abnormalities in ciliary proteins and molecules can result in developmental anomalies
(Haycraft et al., 2005; Huangfu & Anderson, 2005; Suciu & Caspary, 2021). Mutations in ciliary
genes are linked to a class of human diseases called ciliopathies. Cilia are present in almost all
cell types, thus defects in cilia can result in a wide array of symptoms that can affect multiple
body systems such as the liver, kidney, eyes, and brain (Abdul-Majeed & Nauli, 2011;
Hildebrandt et al., 2011; Tuz, 2013; Zaghloul & Katsanis, 2009). In the brain, neurological
defects are often found with ciliopathies. Joubert Syndrome (JS) is a ciliopathy of the brain with
symptoms including ataxia, mental retardation, and cognitive disabilities (Boltshauser & Isler,
1977; Maria et al., 1997; Steinlin et al., 1997). Other ciliopathies affecting the brain include
Meckel syndrome and Orofaciodigital syndrome, which also exhibit many similar neurological
symptoms. Although the cause of many brain ciliopathies are still unknown, previous screens



indicate links to genes of ciliary proteins, offering a starting point to better understand the
mechanisms driving ciliopathies in the brain.

Some ciliopathies share similar cognitive defects with neurodevelopmental disorders
linked to abnormalities in astrocytes (Alexander, 1949; Molofsky et al., 2012), raising the
question of potential links to the etiology of neurodevelopmental diseases. The dysregulation and
maldevelopment of astrocytes have been linked to multiple neurodevelopmental disorders, some
examples being Fragile X Syndrome, Alexander disease, autism spectrum disorder (Sloan &
Barres, 2014; Y. Yang et al., 2013). These neurodevelopmental disorders show symptoms
including cognitive impairment, malformation in brain development, and attention deficits
(Molofsky et al., 2012). The prefrontal cortex (PFC) is a brain region highly involved in
cognition and executive function and thus hypothesized to play a major role in
neurodevelopmental diseases (Friedman & Robbins, 2022; Schubert et al., 2015). Commonalities
in symptoms of neurodevelopmental diseases and ciliopathies suggest potential overlap in the
etiology of these diseases and involvement of the PFC in these diseases. However, little is known
about the characteristics and function of astrocyte primary cilia. Therefore, to determine the
function of astrocyte primary cilia, it is crucial to understand more about developing astrocyte
primary cilia and bridge the gap in knowledge between astrocytes and primary cilia.

1.3 Astrocytes and primary cilia

The entire radial glia lineage—including neurons, oligodendrocytes and astrocytes—
possess cilia (Bear & Caspary, 2023). Primary cilia function and composition is well studied in
neurons. Characteristics of neuronal cilia include the selective localization of somatostatin
receptor subtype 3 (SSTR3) and serotonin receptor 6 to neuronal cilia (Brailov et al., 2000;
Green & Mykytyn, 2010; Héndel et al., 1999). Cilia are present in OPCs, yet are lost during
differentiation to in oligodendrocytes as OPCs differentiate (Falcon-Urrutia et al., 2015).
Although primary cilia in astrocytes have been previously identified with ciliary markers, the
exact frequency of astrocyte cilia remains unknown (Kasahara et al., 2014; Sipos et al., 2018).

Primary cilia present different functions depending on cell type (Bear & Caspary, 2023; J.
H. Lee & Gleeson, 2010). Therefore, their function in astrocytes may share or differ from that of
their neuronal peers. For example, neuronal cilia are shown to take part in neuronal specification,
proliferation, and migration (Stoufflet & Caillé, 2022; Suciu & Caspary, 2021). It is critical to
study the function of astrocyte cilia during different stages of development to understand which
processes cilia regulate. For example, the frequency of primary cilia in developing astrocytes can
give potential insight to the role of primary cilia in astrocyte development. Fundamentally, there
remains a gap in our basic understanding of cilia in developing astrocytes.

Tools to examine astrocytes and primary cilia

Cilia have been studied in a range of model organisms such as C. elegans (Zhu et al.,
2017), Chlamydomonas (Meng & Pan, 2017; Pan, 2008; Salomé & Merchant, 2019; Stolc et al.,
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2005), and rodents (Brailov et al., 2000; Huangfu & Anderson, 2005; Kasahara et al., 2014).
Acetylated a-tubulin is commonly used in immunofluorescent staining to detect cilia in fixed
cells and tissue (Christensen et al., 2007; Deane et al., 2013; Rahimi et al., 2021; Tuz, 2013).
However, it cannot be used to visualize primary cilia in neural cell types because a-tubulin in the
brain does not get acetylated in cilia and acetylated tubulin also stains neurofibrils in the brain.
Instead, primary cilia in the brain are commonly visualized by immunofluorescent staining of
AC3, SSTR3, and ARL13B. AC3 (Bishop et al., 2007a) and SSTR3 (Héndel et al., 1999; Schulz
et al., 2000) are common markers to neuronal cilia, but there is a lack of markers that specifically
stain for astrocyte primary cilia. While the popular marker to stain for astrocytes primary cilia is
ARLI13B, since it is not specific to astrocytes, another astrocyte marker is required to identify
astrocyte primary cilia from the total stained population. A lack of tools to target astrocytes and
their cilia makes it hard to study astrocyte primary cilia in depth. Previous studies have
simultaneously stained ARL13B in combination with other astrocyte markers such as GFAP and
S100B (Sipos et al., 2018; Sterpka & Chen, 2018). However, these markers do not label entire
populations of astrocytes, thus, these reports are incomplete. For example, GFAP is poorly
detected in cortical astrocytes and mainly labels reactive astrocytes (Z. Zhang et al., 2019).
Additionally, S100p is only expressed in mature astrocytes and does not label immature
astrocytes. Recently, Aldh1l] has become a more popular marker to label astrocytes due to its
higher specificity in astrocytes, but this is the only astrocyte-specific marker used so additional
markers and tools are still needed to study astrocyte primary cilia.

1.4 Aim of study

This thesis project examines several fundamental characteristics of astrocyte primary cilia
to begin to bridge the gap in our understanding on these signaling organelles in astrocytes. The
project asks the following questions:

L. What is the frequency of astrocyte cilia over development?
II. What is the expression pattern of ARL13B and AC3 in cilia of developing astrocytes?

II1. What are the dynamics in cilia formation in astrocytes?

2. Methods
2.1 Mouse lines

All mice were cared for following NIH guidelines and approved by Emory’s Institutional Animal
Care and Use Committee (IACUC). Mouse lines used in experiments were Aldhl1l1-Cre**?
[MGI: 5806568] (Srinivasan et al., 2016), Gt{(ROSA)26Sor™!(tr3/CFPIBky (Sstr3-GFP) [MGI:
5524281] (O’Connor et al., 2013), and Gt(ROSA)26Sor™! (CAG-Cerulean/Arl13b,-Venus/GMNN.-
Cherry/CDTDRmort ( gy] | 3b-Fucci) [MGI: 6193732] (Ford et al., 2018). Genotyping was performed on
DNA extracted from ear punch, toe, or tail samples via PCR using the following primer
sequences and parameters:



Allele Forward primer(s) Reverse primer(s)

Aldh111-Cre®7? CTGTCCCTGTATGCCTCTGG AGATGGAGAAAGGACTAGG
(wildtype) CTACA (wildtype)
GGCAAACGGACAGAAGCA  CTTCAACAGGTGCCTTCCA
(mutant) (mutant)

Gt(ROSA)26Sor™ 53/ CTCGTGATCTGCAACTCCAG GCTGCATAAACCCCAGATGA

GFF)Bly CTCC (wildtype)

GCGGATGTGTTCCCCAGGGT
GG (“on”
GCGCATGCTCCAGACTGCCT
TG (“off”)

Gt(ROSA)26Sor™ (€4~ CAAAGTCGCTCTGAGTTGTT GGAGCGGGAGAAATGGATA

Cerulean/Arll 3b,-Venus/GMNN, - ATC AG TG AAG (Wll dtyp e)

Cherry/CDT1)Rmort TGGCGGCCGCTCGAGATGAA

TC (mutant)

PCR Parameters

(temperature, time [hour:minute])
95°C, 3:00

95°C, 0:30

60°C, 0:30

72°C, 1:00

Goto 2, 36X

72°C, 5:00

20°C, 0:00

Nk =

2.2 Tamoxifen injections

Tamoxifen (Sigma T5648) stock solution was made once a month at a concentration of 10mg/mL
in 100% EtOH and stored at -20°C. Tamoxifen for injections were freshly prepared at a
concentration of 3mg/40g (tamoxifen/animal weight) in corn oil and dissolved using a speed
vacuum centrifuge at 30°C for 12 minutes. To induce gene expression postnatally, tamoxifen was
administered intraperitoneally in a volume of 300uL using a ImL syringe and a 25G 5/8-inch
needle (BD Biosciences) at PO and P1. For mice used in astrocyte primary cell cultures,
tamoxifen doses at PO to P2 were administered intraperitoneally.

2.3 Tissue harvesting

Methods of euthanasia performed to harvest brain tissue were in accordance with the American
Veterinary Medical Association (AVMA) euthanasia guidelines provided by Emory’s IACUC.
Mice of weaning age or older were euthanized by isoflurane inhalation immediately followed by
a trans-cardiac perfusion with ice-cold 1x phosphate-buffered saline (PBS) followed by ice-cold
4% paraformaldehyde (PFA). Mice of 1-week old (P7) or younger were euthanized by
decapitation. Brains were harvested following perfusion or decapitation and drop fixed in 4%
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PFA overnight (tissue used for primary cell culture and in situ hybridization were not fixed).
Fixed tissues were then washed in three 5-minute 1x PBS washes. Following the PBS washes,
tissues were incubated in chilled 30% sucrose in 0.1 M phosphate buffer overnight at 4°C until
tissue sank in solution. Samples were then placed in optimal cutting temperature compound
(Tissue-Tek OCT, Sakura Finetek), embedded and frozen on dry ice then stored at -20°C until
cryo-sectioning (tissue used for in situ hybridization stored at -80°C). All steps were performed
at room temperature unless noted.

2.4 Immunofluorescent (IF) staining

OCT-embedded tissues were sectioned at 40pum using a cryostat microtome (Leica CM1950) at -
20°C and processed on glass microscope slides (Fisherbrand SuperfrostPlus). For all experiments
in this thesis, the tissue from the PFC was sectioned and stored. Tissue was rehydrated in 1x Tris-
buffered saline (TBS) for 5 minutes, permeabilized in 1% SDS for 8 minutes, and blocked with
antibody wash (1% heat inactivated goat serum, 0.1% Triton X-100 in 1x TBS) for 10 minutes.
Each tissue section was incubated with 200uL of primary antibody solution overnight at 4°C,
washed in three 30-minute cold antibody washes, and then incubated with 200uL of secondary
antibody and Hoescht 33342 solution for 1 hour at room temperature in the dark. Then, tissues
were washed in three 30-minute cold antibody washes and mounted with ProLong Gold
(ThermoFisher) and a coverslip. Slides were imaged on a BioTek Lionheart FX microscope and
stored at -20°C after imaging.

Primary antibodies used were chicken anti-AC3 (1:500, EnCor Biotechnology), rabbit
anti-AC3 (1:500, EnCor Biotechnology), mouse anti-ARL13B (1:500, Neuromab N295B/66),
and rabbit anti-Sox9 (1:500, Millipore). Secondary antibodies used included AlexaFluor™ goat,
AlexaFluor™ goat anti-mouse 555 (IgG2a), AlexaFluor™ goat anti-rabbit 635, AlexaFluor™
goat anti-rabbit 647 (1:500, ThermoFisher) and Hoescht nuclear stain (1:500). See Table #1 for
more detailed information. All steps were performed at room temperature unless noted otherwise.

Table #1. Detailed information for primary and secondary antibodies

Antibody Source Identifiers Additional info
Anti-AC3 EnCor EnCor Biotechnology 1:500
(chicken Biotechnology Facility Cat # CPCA-
polyclonal) ACIII

RRID: AB_2744500
Anti-ARL13B Neuromab UC Davis/NIH NeuroMab  1:500
(mouse Clone: N295B/66
monoclonal) Facility Cat # 73-287

RRID: AB_11000053
Anti-GFP Abcam Abcam 1:3000
(chicken Cat #: ab13970
polyclonal) RRID: AB 300798
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Anti-Sox9 Millipore Millipore 1:500
(rabbit Facility Cat# AB5535

polyclonal) RRID: AB_2239761

Alexa Fluor™ ThermoFisher Thermo Fisher Scientific ~ 1:500
goat anti-chicken Cat #: A-11039

ToY (H+L) 488 RRID: AB_2534096

Alexa Fluor™ ThermoFisher Thermo Fisher Scientific ~ 1:500
goat anti-mouse Cat #: A-21137

IgG2a 555 RRID: AB_2535776

Alexa Fluor™ ThermoFisher Thermo Fisher Scientific ~ 1:500
goat anti-rabbit Cat #: A-31577

IgG (H-+L) 635 RRID: AB_2536187

Alexa Fluor™ ThermoFisher Thermo Fisher Scientific ~ 1:500
goat anti-rabbit Cat #: A-21244

IeG (H+L) 647 RRID: AB_2535812

2.5 BaseScope/Immunofluorescence co-detection

Mice were euthanized at the indicated age by isoflurane inhalation or decapitation. Brain tissue
was harvested and immediately frozen in optimal cutting temperature compound (Tissue-Tek
OCT, Sakura Finetek) in embedding molds and stored at -80°C until cryo-sectioning. Tissue from
the PFC was sectioned at 20 um using a cryostat microtome (Leica CM1950) at -20°C and
processed on microscope slides (Fisherbrand SuperfrostPlus) and immediately stored at -80°C
until use. BaseScope/IF co-detection is a two-day procedure that combines in situ hybridization

( Basescope RED Assay) with immunohistochemistry according to specific instructions provided
by the manufacturer for mouse fresh frozen tissue (Advanced Cell Diagnostics [ACD]).

On the first day, samples were fixed in pre-chilled 4% PFA in 1x PBS for 15 minutes at
4°C and dehydrated in a series of EtOH washes. A hydrophobic barrier was drawn around each
brain section with the ImmEdge hydrophobic barrier pen. Slides were incubated with 200uL of
primary antibody solution made with 0.01% PBS-T at 4°C overnight. On the second day, slides
were washed in three 2-minute fresh PBS-T (1x PBS [S0mL] with 0.01% Tween-20 [50uL])
washes to remove excess primary solution. In a fume hood, slides were subsequently placed in a
Tissue-Tek slide rack and submerged in 10% neutral buffered formalin (NBF) for 30 minutes at
room temperature and then washed in four 2-minute fresh PBS-T washes. Each section was
incubated with 2-4 drops of RN Ascope Protease IV for 30 minutes at room temperature. Then,
slides were placed in Tissue-Tek slide rack and submerged in dH>O 3-5 times for quick rinsing.
To hybridize the probe, slides were placed on the slide rack of the HybEZ oven and incubated
with 4 drops of the experimental probe in the HybEZ oven at 40°C for 2 hours followed by a
series of steps of amplification probe incubations and washes. Each section was then incubated
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with 100uL of a working solution of BaseScope Fast RED-B and RED-A (1:60, ACD) for 5
minutes at room temperature protected from light to detect probe signal and quickly rinsed in
two fresh dH,O washes after incubation. Then, to finish immunohistochemistry staining, slides
were blocked in four 2-minute wash buffer washes, incubated with secondary antibodies diluted
in PBS-T for 60 minutes at room temperature, then washed in two 2-minute fresh PBS-T washes.
Slides were mounted with ProLong Diamond Antifade mount (ThermoFisher) and a coverslip
then stored in 4°C in the dark overnight and imaged within 24 hours using the BioTek
LionheartFX microscope at 20x. The probe used was BaseScope™ probe BA-Mm-Aldh111-3EJ-
CI1 (ACD 1172101-C1). The primary antibody used was chicken anti-GFP (1:3000, Abcam) and
secondary antibody used was Alexa Fluor™ goat anti-chicken 488 (1:500, ThermoFisher) and
Hoescht 33342 nuclear stain (1:500).

2.6 Imaging of IF stained slides

The ProLong Gold/Diamond mounting media was allowed to set overnight at room temperature
before storing the immunofluorescent stained microscope slides at 4°C until the initial imaging
session (within 48 hours of stain). Imaging was performed on the BioTek Lionheart FX
microscope with 20x objective. Multiple Z-stack images were taken from each sample. Each Z-
stack was taken with a step size of 1 um to capture the full length of cilia present in a field of
view. Images were saved as maximum projection TIFF files and loaded into the ImagelJ software
for processing and quantification. The following BioTek Lionheart FX filter cubes were used to
image: DAPI (#1225100, 377 nm/447 nm), GFP (#1225101, 469 nm/525 nm), RFP (#1225103,
531 nm/593 nm), Texas Red (#1225102, 586 nm/647 nm), Cy5 (#1225105, 628 nm/685 nm).

2.7 Quantification of IF images
Images were quantified using ImageJ software.

Cilia protein expression: The number of astrocyte primary cilia was quantified by counting the
number of GFP+ cilia. Then, the number of AC3+, ARL13B+, or AC3+ARL13B+ astrocyte cilia
were quantified and percents were calculated using the total number of GFP+ astrocyte cilia.
Percents were averaged from several images for each sample and then averaged across 3
biological replicates for each timepoint.

Ciliation frequency with SOX9: Astrocytes were quantified by counting the number of SOX9
cells. Then, the number of ciliated astrocytes was quantified by counting the number of GFP+
cilia with SOX9+ and percents were calculated using the total number of SOX9+ cells. Percents
were averaged from several images for each sample and then averaged across 3 biological
replicates for each timepoint.

Ciliation frequency with A/dh1l1: Images were processed in HALO software before
quantification. Brain regions near the midline were excluded from quantification due to dense
overlapping of nuclei that may result in inaccurate results. The number of astrocytes was
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quantified with a threshold number of A/dhil1 transcripts (red puncta) per image (6 for P7 and 3
for P21 timepoints). Then, the number of ciliated astrocytes was quantified by counting GFP+
cilia and percents were calculated using the number of detected astrocytes by A/dhll1 transcripts.
Percents were averaged from several images for each sample then averaged across 3 biological
replicates for each timepoint.

2.8 Astrocyte primary cell culture

The primary cell culture protocol used was adapted from the protocol described by Goshi et al.
(Goshi et al., 2020). 35-mm glass-bottom petri dishes (MatTek P35G-1.5-20-C) were used for
the astrocyte primary cell culture. Petri dishes were coated with a poly-L-lysine solution (0.5
mg/mL poly-L-lysine, 3.1 mg/mL boric acid, and 5.75 mg/mL borax in sterile dH20) at 37°C 5%
CO; for 4 hours, gently washed with sterile dH>O, and stored in sterile environment at room
temperature. Plating media consisted of Neurobasal A media (ThermoFisher 1088022)
supplemented with 2% B27 supplement (ThermoFisher 17504001), 1x Glutamax (ThermoFisher
35050-061), 10% heat-inactivated fetal bovine serum (HI-FBS), and 0.025M HEPES at pH7.5,
while the growth media consisted of Neurobasal A media supplemented with 2% B27
supplement and 1x Glutamax.

Primary cell cultures were prepared from P3 mice pups postnatally treated with
tamoxifen from PO to P2 (3 doses total). The neocortex of each pup was individually dissected
and harvested over ice and washed three times in cold distilled PBS. Cortical tissues were diced
up with a sterile blade and each processed in 3mL 0.25% trypsin-EDTA at room temperature for
15 minutes. 3mL plating media was added to each tissue solution to stop trypsin reaction and the
supernatant was transferred to a new tube to pellet free-floating neocortical cells via centrifuge at
500G for 5 minutes at room temperature. Each pellet was then resuspended in 2mL plating media
and 2mL cell suspensions, at a density of 100,000 cells/mL, were plated on individual poly-L-
lysine coated 35-mm dishes and incubated at 37°C 5% CO; for 4 hours. Plating media was then
removed and replaced with 3mL growth media. Media changes with fresh growth media were
performed approximately every 2-3 days in vitro (DIV) and cultures were given at least 72 hours
to acclimate before being live-imaged on the Nikon A1R HD 25 Confocal microscope to record
astrocyte cell cycle within a week in vitro.

2.9 Live imaging of astrocyte cell culture

Prior to live imaging, NucBlue solution (ThermoFisher) was directly added to the growth media
at a volume of 2 drops/mL and incubated at 37°C 5% CO: 15 minutes. Then, the media was
aspirated and three 1x PBS quick washes were performed to remove any remaining phenol red
and NucBlue on the cells. 3 mL of phenol red-free growth medium (phenol red-free Neurobasal
A with 2% B27 supplement and 1x Glutamax) was added to the cells and left in the incubator
until live imaging (same-day). Imaging was performed on the Nikon AIR HD25 Confocal
microscope using a 60x oil objective; cells were kept at 37°C and 5% CO». A timed multi-point
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experiment was set up to capture proliferative astrocyte cells every 15 minutes over a 24-hour
period. A custom optical configuration was created using the following A1R lasers to image:
DAPI (405 nm), EGFP (471 nm), Alx546 (514 nm), and Alx633 (561 nm). Time lapse imaging
data for each point was exported as a .mp4 file.

3. Results
3.1 Determining the frequency of astrocyte cilia over development

Primary cilia are present on astrocytes, yet the exact frequency of astrocytes possessing cilia is
unknown (Kasahara et al., 2014). To quantify the ciliation frequency of astrocytes, I crossed the
Sstr3-GFP mouse line with the Aldh111-Cre*®™ mouse line to create a mouse line in which we
could administer tamoxifen to specifically induce Sstr3-GFP expression in astrocyte cilia (Figure
2). We administered tamoxifen two times, at PO and P1to drive Sst»3-GFP expression in
astrocyte primary cilia. I used two separate approaches to determine the percent of ciliated
astrocytes during development. The first approach combined fluorescent in situ hybridization and
immunofluorescent staining (BaseScope/IF co-detection). BaseScope/IF co-detection labels
Aldh1l1 transcripts to visualize astrocytes and IF stains for SSTR3-GFP+ cilia with a GFP
antibody. Each Aldhl1!1 transcript is represented by a single fluorescent punctum. I applied a
threshold number of puncta and quantified astrocytes by counting the number of cells that met
the threshold criteria. I then quantified the number of ciliated astrocytes by counting SSTR3-
GFP+ cilia (Figure 3A). We found that 27.7% and 15.9% of Aldh1l1+ astrocytes possessed
SSTR3-GFP+ cilia at P7 and P21, respectively (Figure 3B). The BaseScope/IF co-detection
results show a decrease in astrocyte ciliation as astrocytes mature.
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Figure 2. Schematic of Aldh111-Cre®?:Sstr3-GFP mouse line for visualizing astrocyte primary
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cilia. The Aldh111-Cre®®? mouse line is crossed with the Sstr3-GFP mouse line to create a
tamoxifen-inducible mouse line to selectively induce Ss##3-GFP expression in astrocyte primary
cilia. Aldhl1ll promoter restricts tamoxifen-induced Cre recombinase expression to astrocytes,
endogenously overexpressing GFP-tagged SSTR3 in astrocyte primary cilia after two tamoxifen
doses at PO and P1. This system helps visualize astrocyte primary cilia without additional IF
staining.
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Figure 3. Percent ciliation of astrocytes decreases in mature astrocytes. (A) Arrowheads point to
cilia (SSTR3-GFP+) of astrocytes (4/dh1l1+) in P7 and P21 mice and (B) quantification
presented as the percentage of ciliated astrocytes normalized to total astrocytes observed +
standard error of mean (SEM). N=3, 140+ cilia/animal.
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My second approach employed a different astrocyte marker, SOX9, which is a
transcription factor expressed in astrocytes that localizes to the nucleus (Sun et al., 2017). Tused
IF with an antibody against GFP to detect SSTR3-GFP+ cilia and an antibody against SOX9 to
label astrocytes. I quantified the total number of SOX9+ cells and the number of SOX9+ cells
with GFP+ cilia (Figure 4A). I found that 26.8%, 27.6%, and 23.9% of SOX9+ astrocytes ciliate
at P4, P7, and P21, respectively (Figure 4B). The frequency of astrocyte cilia remained relatively
constant over development. This contrasts with the result from the BaseScope/IF co-detection
method. These two staining experiments yield different results for astrocyte ciliation frequency at
P21. However, the ciliation frequency detected at P7 of the BaseScope/IF co-detection approach
is similar to the ciliation frequency found in the SOX9 experiment. The comparable numbers
suggest that the decrease in percentage may be due to a change in Aldhil] transcripts or the
quantification parameters, rather than a change in the number of ciliated astrocytes. From the two
results, about 1 in 4 astrocytes are ciliated at P7, and it is likely that the same frequency persists
over development as well.
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Figure 4. Percent ciliation of astrocytes remains constant over development. (A) Arrowheads
point to cilia (SSTR3-GFP+) of astrocytes (SOX9+) in P4, P7, P21 mice indicating ciliated
astrocytes (B) Ciliated astrocytes are quantified by the number of ciliated astrocytes normalized
to total astrocytes observed + SEM. N=3, 400+ cilia/animal at every timepoint.

3.2 Expression of ciliary proteins decreases as astrocytes mature

ARLI13B and AC3 are proteins enriched in cilia and are used as ciliary markers in the brain for
neurons and astrocytes (Sterpka & Chen, 2018). The exact percentage of astrocyte primary cilia
expressing ARL13B and AC3 is unknown. With the same mouse model (Figure 2), I performed
immunofluorescent staining with ARL13B and AC3 antibodies in tissue sections from the PFC
(Figure 5A, Appendix Figure 1). I quantified the total number of SSTR3-GFP+ cilia, as well as
the number of SSTR3-GFP+ cilia that were ARL13B+ and/or AC3+. I then calculated the
percentage of SSTR3-GFP+ cilia positive for ARL13B or AC3. From my results, I found a
decrease in astrocyte cilia positive for ARL13B+ or for AC3+ over development. The number of
astrocyte cilia expressing ARL13B was relatively constant within the first postnatal week (95.2%,
91.6% at P4 and P7, respectively). Then, there was a statistically significant decrease from
91.6%, to 41.3% between P7 and P21 (Figure 5B). Furthermore, the number of astrocyte cilia
expressing AC3 showed a decreasing trend in expression from P4 to P21 (17.3%, 11.7%, and
3.20% at P4, P&, and P21, respectively) (Figure 5B). Surprisingly, AC3+ cilia at P7 and P21 also
expressed ARL13B+; therefore, only AC3+ or ARL13B+ cilia percents were shown in the final
graph.
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Figure 5. Expression of ARL13B and AC3 in astrocyte primary cilia at postnatal days 4,7, and 21.
(A) Examples of ARL13B+ (red) and AC3+ (cyan) expression in astrocyte cilia (SSTR3-GFP+)
in the developing brain. (B) The percent of ARL13B+ or AC3+ astrocyte cilia observed at each
timepoint (P4, P7, and P21) +£ SEM. There is a significant decline in the detection of ciliary
proteins in astrocyte primary cilia after P7 (*p<0.01, **p<0.05, unpaired t-test). N=3, 400+
cilia/animal at every timepoint.
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3.3 Arl13b-Fucci system allows visualization of astrocyte primary cilia in the cell cycle

The Fluorescent Ubiquitination-based Cell Cycle Indicator (Fucci) system is a popular way to
study proliferating cells including applications in stem cells to cancer cells (Murganti et al., 2022;
Sakaue-Sawano et al., 2008; Singh et al., 2016; Yano et al., 2020). Now, an in vivo biosensor
exists to study cilia dynamics thatis integrated with Fucci system enabling visualization of cilia
dynamics and cell cycle stage(Ford et al., 2018; Van Kerckvoorde et al., 2021)). The biosensor
fuses mCerulean to ARL13B followed by the Fucci reporters alongside (Figure 6A, 6B).
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Aldh111
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Figure 6. Schematic of Arl13b-Fucci mouse model and its expression patterns in the cell cycle.
(A) Biosensor for cilia and cell cycle uses a construct with cell cycle and cilia-specific genes
linked to fluorescent reporters. It fuses full-length Ar/13b with the Cerulean reporter (cyan) and
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mCherry-hCdtl (red) and mVenus-hGem (yellow). Expression is driven via a universal CAG
promoter and a floxed STOP site deleted upon Cre-mediated recombination. The Aldhili-
Cre®®? mouse line is crossed with the Ar/13b-Fucci mouse line to create a tamoxifen-inducible
mouse line to selectively induce Arl13b-Fucci expression in astrocytes and their primary cilia.
after three tamoxifen doses at PO, P1, and P2. (B) Schematic indicating the specific stages of the
cell cycle during which each fluorescent-tagged gene is expressed: mCherry-hCdtl expressed
during G1 and mVenus-hGem expressed from S through mitosis. Arl13b-Cerulean is always
expressed in astrocyte primary cilia.

To study the relationship between primary cilia and the cell cycle in proliferating
astrocytes, I crossed mice carrying the cilia-cell cycle biosensor with an astrocyte-specific Cre
line, biosensor in astrocytes, cultured primary astrocytes, and performed live-imaging. We
administered tamoxifen doses to the Aldh111-Cre®™?; Ari13b-Fucci mice from PO to P2 to
selectively induce expression of cilia-cell cycle biosensor in astrocytes (Figure 6C). I grew
astrocyte primary cell cultures from the neocortex of P3 pups for at least 72 hours before live-
imaging the cells over a 24-hour period. Under the confocal microscope, I saw cells expressing
mCherry-hCdtl and mVenus-hGem with Arl13b-Cerulean cilia (Figure 7A). Over the 24-hour
period, I also saw cells leaving the G1 of the cell cycle (Figure 7B), verifying the on and off
expression of cell cycle reporters in the astrocyte primary culture. It was harder to observe
mVenus-hGem cells progressing through the cell cycle due to higher background in the mVenus
channel. However, my results show the great potential of the system when fully optimization.
The system can be useful to visualize astrocytes and their primary cilia in real time.
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Figure 7. Live-imaging of primary astrocytes cells expressing Arl13b-Fucci markers in vitro. (A)
Examples of primary astrocytes expressing mCherry-hCdtl (G1), mVenus-hGem (S-G2) with
ARL13B-Cerulean (cilia). (B) Merged images of Ar/13b-Fucci astrocytes with DAPI exiting G1
phase of cell cycle.
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4. Discussion
4.1 Percent of ciliated astrocytes remain the same over development

The presence of primary cilia in astrocytes is established, but the details such as the percent of
astrocytes possessing cilia remains incomplete. (Bishop et al., 2007b; Sterpka & Chen, 2018;
Yoshimura et al., 2011). Previous research stained for S100p and GFAP to identify astrocytes
(Bushong et al., 2002; Z. Zhang et al., 2019) and ARL13B to identify cilia (Sipos et al., 2018),
but a major limitation of these approaches is the difficulty to label entire astrocyte populations
and lack of astrocyte specificity in the staining. GFAP preferentially labels white matter
astrocytes over grey matter astrocytes (Bushong et al., 2002; Cahoy et al., 2008), and while
S100p labels astrocytes of both areas, studies have shown that it is only expressed in mature
astrocytes and also labels mature oligodendrocytes (Hachem et al., 2005; Rickmann & Wollff,
1995). Similarly, even though ARL13B is commonly used to label astrocyte cilia (Kasahara et al.,
2014; Sipos et al., 2018), ARL13B is present in all primary cilia, and therefore also label non-
astrocyte primary cilia, making it hard to differentiate astrocyte primary cilia from primary cilia
of other neural cell types. The lack of tools to specifically label astrocytes and their primary cilia
largely limits our ability to study them. Novel approaches are needed to improve available tools
to study astrocyte primary cilia.

To assess astrocyte ciliation during development, we genetically labeled cilia in the
astrocyte lineage and used two approaches to label the astrocyte population. The Aldhili-
Cre®1?;Sstr3-GFP mouse line is a tamoxifen-inducible mouse line that allows us to selectively
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overexpress GFP-tagged Sstr3 in astrocyte primary cilia and visualize astrocyte primary cilia in
vivo (Figure 2). Then, to identify astrocytes, we took two different approaches: detecting
expression of Aldh1l] transcripts or SOX9 protein. In the first approach, BaseScope/IF co-
detection of Aldhil1, 1 observed a decrease in the ciliation frequency of mature astrocytes
compared to immature astrocytes (Figure 3B). This observation suggests that astrocytes may lose
cilia while maturing. In fact, oligodendrocyte precursor cells lose cilia as they differentiate into
mature oligodendrocytes (Falcon-Urrutia et al., 2015). On the other hand, in my second approach
that identified astrocytes via SOX9 expression, I found that that the ciliation frequency in
astrocytes is constant across development, suggesting that a proportional number of astrocytes
retain their cilia even as they mature (Figure 4B). The two approaches yielded different trends
over development (Figure 8).

The discrepancy between the results spurs an evaluation of the accuracy of each approach.
The BaseScope/IF co-detection of Aldhll1 effectively labels all present transcripts in the
astrocyte cell, yet a major limitation to the BaseScope/IF co-detection is the variability in the
number of Aldhl1l] transcripts present in astrocytes. Aldhl/1 transcript and protein expression
remains constant throughout development (Cahoy et al., 2008; Rurak et al., 2022). However,
most detected astrocytes at P7 had an average of 3 transcripts in the nuclei, while astrocytes at
P21 had an average of 6 transcripts. In addition, the averages for P7 and P21 astrocytes do not
account for the transcripts detected in the astrocyte processes. The excluded transcripts could
have contributed to the lower number of transcripts detected in a few P7 astrocytes as well. The
threshold for the number of transcripts that represent an astrocyte may have biased the number of
astrocytes detected at each timepoint. On the other hand, SOX9 expression is not entirely
specific to astrocytes in certain brain regions. SOX9 is found in neural stem cells (NSCs) in the
adult mice brain as well as OPCs (Sottile et al., 2006; Sun et al., 2017). However, since NSCs are
mostly found in the subdentate gyrus region of the hippocampus and subventricular zone of the
lateral ventricles; therefore, SOX9 staining in the PFC is likely specific to astrocytes. My results
suggest the need for further improvement in the BaseScope/IF co-detection quantification
parameters — to account for variability in A/dh1l] transcripts — and a potential follow-up
experiment to confirm the constant ciliation frequency seen with SOX9. A follow-up experiment
to test these results can include a second in situ experiment quantifying ciliation frequency in
developing astrocytes using separate markers for “immature” and “mature” astrocytes. We can
identify multiple astrocyte genes based on expression levels and use them as markers for
developing astrocytes. For example, glutamine synthetase and neurotensin receptor 2 could be
potential markers for immature and mature astrocytes, respectively, based on their expression
level during astrocyte development (Cahoy et al., 2008). Future experimentation can involve
staining of ALDHI1L1 protein in addition to the BaseScope/IF co-detection to verify astrocyte
identity and validate my results more accurately.

Astrocytes possess region-specific functions; thus, astrocyte heterogeneity may extend to
the ciliation rates of astrocytes in different brain regions (Batiuk et al., 2020; Khakh & Deneen,
2019; Khakh & Sofroniew, 2015). Quantification of astrocyte ciliation frequencies in different
brain regions display significant differences in the numbers of ciliated astrocytes between brain
regions (Kasahara et al., 2014; Sipos et al., 2018). These studies use S100p and GFAP, so the
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specific percentages reported may not be reflective of true ciliation frequencies of astrocytes.
However, different ciliation frequencies give insight to the heterogeneity of astrocyte cilia in
specific brain regions. This suggests that the reported values from this study may be specific to
PFC. Future experiments should be conducted in different brains regions to determine whether
astrocyte ciliation frequency changes during development. This will help expand our
understanding of astrocyte heterogeneity to include rates of ciliation.

4.2 Ciliary ARL13B and AC3 have greater function earlier in development

ARLI13B and AC3 are popular markers in the field of ciliary biology. However, in addition to
their value in visualizing primary cilia, it is also important to recognize their molecular functions.
ARLI3B is a regulatory GTPase enriched in cilia and a member of the ADP-ribosylation factor
family proteins, known to regulate membrane trafficking and cytoskeleton dynamics (D’Souza-
Schorey & Chavrier, 2006). ARL13B plays a role in the maintenance of ciliary structure and
coordination of signaling molecules (Caspary et al., 2007; Larkins et al., 2011). AC3 is a
signaling molecule linked to the cAMP pathway, known as an effector molecule associated with
functions like odor detection (Bakalyar & Reed, 1990). AC3 also plays a role in obesity and
major depression (Qiu et al., 2016). The presence of GPCRs and signaling molecules like
ARLI13B and AC3 are important for primary cilia to carry out important signaling roles in
development. Without them, development is severely disrupted and potentially lethal.

In neuronal development, ARL13B and AC3 both play important roles in neuronal
migration (Guo et al., 2017; Higginbotham et al., 2012; Stoufflet & Caillé, 2022) and regulation
of synapses (Tereshko et al., 2021). Deletion of either ARL13B or AC3 in cilia leads to abnormal
neuron migration patterns, illustrating their importance in establishment of neural networks
(Higginbotham et al., 2012; Stoufflet et al., 2020). In addition, both ARL13B and AC3 also play
in a role in cell proliferation (Luo et al., 2015; Van Kerckvoorde et al., 2021). Ablation of either
protein results in significant abnormalities in developmental patterns. As regulators of neuronal
developmental processes, ARL13B and AC3 may play similar developmental roles in astrocyte
cilia.

Ciliary proteins in neurons regulate signaling pathways that are linked to development,
but little is known about astrocyte primary cilia and their contributions to astrocyte development.
Our results show a greater percentage of astrocyte primary cilia expressing ARL13B and AC3 at
early stages of astrocyte development (Figure 5B). This overlaps with periods of astrocyte
proliferation and migration. Given the role of ARL13B and AC3 in neuronal migration and cell
proliferation, it is possible that astrocyte primary cilia influence astrocyte migration. Furthermore,
co-expression of AC3 and ARL13B in small percentages of astrocyte primary cilia raises the
question whether AC3 requires the presence of ARL13B in astrocyte primary cilia but not vice
versa (Figure 5B). These results suggest that ARL13B is the more prevalent ciliary protein in
astrocyte primary cilia and may play a greater function earlier in astrocyte development. Future
studies can look to ablate ARL13B in astrocytes to determine whether they have functions during
astrocyte development processes (Figure 8).
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In addition to autonomous roles in astrocyte development, ARL13B in astrocyte primary
cilia may also have non-autonomous functions in neural development. Astrocytes play major
roles neuron migration, synaptogenesis, and synaptic refinement (Allen & Eroglu, 2017; Kaneko
et al., 2010; Pfrieger & Barres, 1997; Ullian et al., 2001). The first postnatal week corresponds to
a period where neurons actively form neural maps and create synapses (Farhy-Tselnicker &
Allen, 2018). Nearly ubiquitous expression of ARL13B in astrocyte primary cilia during this
period (Figure 3B) may suggest an active role for ARL13B in guiding neuron migration and
synaptogenesis (Tereshko et al., 2021). This raises the question of whether astrocyte cilia are key
contributors to astrocyte-neuron interactions during development. An experiment can involve an
astrocyte-neuron primary co-culture mimicking brain development in vitro to test this hypothesis.
Cultures can be grown from mice with ablated ARL13B from astrocyte cilia and observe any
differences in early astrocyte proliferation and tiling.

4.3 Arli3b-Fucci can be a useful system to live image primary cilia in proliferating astrocytes

Primary cilia dynamics are closely linked to the cell cycle. The basal body of primary cilia is a
modified centrosome, which not only supports ciliogenesis, but also actively participates in cell
division (Doxsey et al., 2005; Nigg & Raff, 2009). The basal body is a modified centrosome;
prior to mitosis, proliferating cells disassemble the primary cilia and release the basal body,
which will undergo modification and replication as the cell enters mitosis phase (Rieder et al.,
1979, p. 3; Tucker et al., 1979). Primary cilia are then reassembled after completion of mitosis
(Plotnikova et al., 2009; B. Zhang et al., 2015). As ciliogenesis and cilia disassembly coincide
with cell cycle phases, alterations to cilia structure also impact cell cycle progression (Bielas et
al., 2009; Jacoby et al., 2009). Abnormal cell cycles can disrupt cell proliferation, which can lead
to disease states such as cancers and ciliopathies. Studying cilia dynamics during the cell cycle in
astrocytes can provide insight on links between primary cilia, the cell cycle, and
neurodevelopmental disorders.

Primary cilia have been studied in several proliferating cell types, yet its role in
proliferating astrocytes is unknown. Primary cilia control OPC proliferation and actively
participate in OPC differentiation (Hoi et al., 2023). As OPCs differentiate into mature
oligodendrocytes, they lose their proliferative abilities and, eventually, primary cilia as well
(Bradl & Lassmann, 2010; Cullen et al., 2021). In NSCs, primary cilia also regulate neurogenesis
in the adult brain (Amador-Arjona et al., 2011). Astrocytes also possess primary cilia, but their
function in proliferation remains unexplored. In mouse, astrocytes begin to proliferate
embryonically and continue to proliferate until P7. (Ge et al., 2012). If primary cilia function as a
checkpoint for cells to re-enter G1 the cell cycle, then most proliferating astrocytes should
possess cilia. However, factors like cell cycle duration and time spent in each stage also affects
cilia behavior, and since these times are unknown for astrocytes, primary cilia could behave
differently in the astrocyte cell cycle. In fact, since only subpopulations of astrocytes possess
primary cilia during astrocyte proliferation (Figure 3B, 4B), primary cilia may not be required
for astrocyte proliferation. Therefore, to visualize primary cilia and astrocyte proliferation, live
cell imaging is a valuable tool to study the cilia dynamics of astrocyte primary cilia. I crossed the
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Arl13b-Fucci mouse line with Aldh111-Cre®®? mouse line to see cilia in proliferating astrocytes.
The current results confirm that this mouse line can be useful in visualizing changes in primary
cilia as astrocytes undergo the cell cycle (Figure 7B). If fully optimized, the genetic model can
not only be used to study dynamics of astrocyte primary cilia, and also give insight on the
duration of astrocyte cell cycle in vitro (Figure 8).

Understanding the dynamics of cilia formation in astrocytes will provide key
foundational knowledge to study the role of primary cilia in astrocyte development. The Aldhll1-
Cre®™®2: Arl13b-Fucci mouse line portrays the relationship between cilia and the cell cycle during
normal astrocyte development. Next steps to determine the role of cilia in astrocyte proliferation
can compare the duration for astrocytes to complete one cell cycle in cilia-ablated mice such as
Ift88 mutants. Live cell imaging also enables us to observe astrocyte behavior, in real time, when
primary cilia are ablated. A caveat of the system lies in its ability to accurately reflect the
proliferative window of astrocytes in vivo — since the system visualizes astrocytes in vitro — but it
could be useful to determine relative effects of ablating primary cilia on astrocyte proliferation.
These conclusions can then be compared to in vivo studies to look for congruencies.

I Combine IF and in situ
ciliation/ == hybridization to identify
in situ hybridization astrocytes

ARL13B

AC3 » determine function

early development late development
| | | |
| | | |
E16 PO P7 P21
astrogenesis immature mature
| I
postnatal proliferation %~ . ¢

u Study cilia dynamics
= V —p i1 astrocyte
‘,,

proliferation

Figure 8. Schematic of findings relative to developmental timeline of astrocytes and future
directions. Summary figure of results from each experiment (ciliation frequency, protein
composition, primary cilia and cell cycle dynamics). Arrows indicate next steps following
experiments.
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5. Conclusion

Astrocytes are one of the largest populations in the mammalian brain, yet it is only in the last
couple decades that revealed their critical functions throughout the CNS. Primary cilia are tiny
organelles that play important roles in cellular development. Primary cilia are present in most
vertebrate cells, including astrocytes, yet very little is known about astrocyte primary cilia. The
lack of tools poses difficulties to study them. Fundamental characterization of primary cilia in
astrocytes is necessary to understand their role in astrocyte development. This project
characterizes several features of astrocyte primary cilia: examining astrocyte ciliation frequency,
astrocyte cilia protein composition, and the relationship between astrocyte cilia and the cell cycle.
This work lays the foundation to understand more about the function of these critical signaling
organelles in astrocytes. Future work with expand our knowledge of the links between cilia,
astrocytes, and neurodevelopmental diseases.
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6. Appendix

MERGE SSTR3-GFP ARL13B

Figure 1. Secondary control for IF staining using Aldh111-Cre*R"2; Sstr3-GFP mice. Presence of
astrocyte (SSTR3-GFP+) with 2 tamoxifen doses from P0O-P2. No background or positive
staining in ARL13B and AC3 channels verify specificity of antibody.

Figure 2. Verification of presence of astrocytes and neurons in co-culture. Examples of GFAP+
astrocyte (green) and NeuN+ neuron (red) presence in the astrocyte primary cell culture. The
presence of both astrocytes and neurons mimics the brain environment to encourage normal
astrocyte growth.
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