Spatio-temporal dynamics in the anchoring
of cilia

Dissertation
for the award of the degree

""Doctor rerum naturalium®
(alternatively: ""Doctor of Philosophy'* Ph.D. Division of Mathematics and Natural Sciences)

of the Georg-August-Universitat Gottingen

within the doctoral program Genes and Development
of the Georg-August University School of Science (GAUSS)

submitted by

Shoba Kapoor

from Kabul - Afghanistan (place of birth)
Gottingen, 31.7.19



Thesis Committee

(Name/ Department/ Institution)
Prof. Dr. G. Eichele/ Genes and Behavior/ MPI for Biophysical Chemistry

Prof. Dr. S. Hoyer-Fender/ Entwicklungsbiologie/ GZMB
Prof. Dr. E. Bodenschatz/ LFPB/ MPI for Dynamics and self-organization

Members of the Examination Board

(Name/ Department/ Institution)

Reviewer: Prof. Dr. G. Eichele/ Genes and Behavior/ MPI for Biophysical Chemistry
Second Reviewer: Prof. Dr. S. Hoyer-Fender/ Entwicklungsbiologie/ GZMB

Further members of the Examination Board

(Name/ Department/ Institution)

Prof. Dr. E. Bodenschatz/ LFPB/ MPI for Dynamics and self-organization

Prof. Dr. A. Stoykova/ Molecular Developmental Neurobiology/ MP1 for Biophysical
Chemistry

Prof. Dr. E. A. Wimmer/ Entwicklungsbiologie/ GZMB

Dr. P. Lenart/ Cytoskeletal Dynamics in Oocytes/ MPI Biophysical Chemistry

Date of the oral examination: 20.9.19



Table of Contents

1 INEFOAUCTION ..ottt 4
1.1 Cerebral VENtrICUIAr SYSTEM ......ccviiiiiieieece et ene s 4
1.1.1  CSF production and COMPOSITION .........coueiierieiieiiesie e 4
1.1.2  CSF transport and fUNCLION ........c.coveiiiiiiice e 5
1.2 TRE VBV bbbt b e bbbttt 7
1.3 Cell types of the adult brain ventricular wall ..., 10
131 EPendymal CEIIS .....cooiieieee e 10
1.3.2  TANYCYLES ..ot 10
1.3.3 Bl CeIIS e 12
I | - S 13
141 Primary CllIa ..o 13
142 MOHE CHlIA ..o 14
1.5 Planar CEll POIAitY ......cc.coiiiiee e e 15
151  The FUDS/Hj PAtWAY ......ccccoviiiieiiiic et 15
152 The core PCP PatiWay ..........ccoeeiiiiiiiiiii e 16
1.6 Ependymal differentiation and polarization ...............ccccccveveiieiicii e, 18
1.6.1 RGC differentiate into ependymal CellS..........ccovvvieiiiiiiciiccce e, 18
1.6.2 Basal body formation and doCKiNg...........ccceieeieiiieiieiececeece e, 19
1.6.3  CHlIOGENESIS ...ttt 19
1.6.4  Translational and rotational POIArity ...........cccoeriiiniiniiiiice e 19
1.7  Possible changes in flow pattern due to circadian rhythm ..., 21
1.7.1  Period in mechanisms other than circadian clocK.............cccocoiviniiiiiiiinicninnn, 22

2 Materials and METhOUS ..........ooiiiiieie e 23
2.1 BUFfers and SOIULIONS ..........couiiiiiiiiieie e 23
2.1.1  PBS @GN0 PBST ..ottt ettt 23
2.2 ANIMAIS. ... 23



P BV A A VA o1 (< o 1= [0 o OSSPSR 24

2.4 Fluorescent bead tracking and generation of flow Maps ..........ccccovvvvvviieicniesiennen, 25
2.5 Preparation of the four Well PIate ..o 25
2.6 SHIOE PrePATatION .....c.itiitiiiieiiei ettt 25
2.7 IMMUNONISTOCNEIMISIIY ...t 25
2.8 CONTOCAl MICIOSCOPY ...cvevieiieiieieiesie sttt ettt 27
2.9 STED MICIOSCOPY ....veviiteitieiieiteieste sttt sttt ettt e ettt b e sb et 27
2.10 Image segmentation and data analysSiS..........cccceveriiiiiniinieice e, 28
2.10.1 Translational polarity and v3V architecture analysiS...........ccccoeveviveiieeneeiiennnn, 28
2.10.2 Rotational polarity analySiS.........ccccceiiieiiiiieiieir e 29
RESUIES ..t 32
3.1 Planar cell polarity establishes ciliary beating direction ............c.cccceeovvvveviiieieenenn, 32
3.1.1 Translational polarity correlates with the v3V flow-pattern ...............ccccccoen. 32
3.1.2  Vangl 1 expression varies in different v3V regions............ccccvevevevveieeiecciennn, 41
3.1.3  The rotational polarity presages the flow-pattern of ependymal cilia................ 43
3.1.4  The stereotypical pattern of apical area morphology ...........ccccocevvriiiniiniienenn. 51
3.2 Age-dependent changes in the v3V flow pattern...........cc.ccoovvviiniinennneseenn 61
3.2.1  Age-dependent Whirl fFOrmation ..........ccocooeiiiinininiicee e 61
3.2.2  The ventral V3V iS dYNAmIC .....cccoeiiiiiiiieiesieseesee e 62
3.2.3  Timed change of ciliary beating direction in module 6b.............ccccccervveivinnn. 64
3.2.4  Period INVOIVEMENT ......oouiiiiiiiiiiieieee e 68
3.25  Preliminary results for future inVestigation.............cccceovvevie i s 71
DISCUSSION ...ttt bbbttt bbbt 74
4.1  PCP gives rise to the complex flow pattern of the V3V........ccccooveiiiiicic i, 74
4.1.1 Translational and rotational polarity presage the flow pattern.............ccc.ccoce. 74
4.1.2  Vangll expression correlates with the flow pattern...........c.ccccoeveiieiii e, 77
4.2  Predetermined cellular morphology across the V3V.........ccccviiiiie e 78
4.3  Age-dependent changes in the V3V flow pattern.........ccccoccvvveieiinvieene e 80



4.4  Period involvement in the timing of postnatal Processes ...........cccvvveveriervereeieennn, 82

O SUMMEAIY .t b et b e bbb e n e 83
List Of figures and tables ...........ooiioiii e 85
LiSt OF @DDIEVIALIONS ...t 87
BIDHIOGIAPNY ... et nes 89
ACKNOWIBAGMENTS ...t 104
LG O TP UR PP OTRTPP 105



1 Introduction

1.1 Cerebral ventricular system

The ventricular system of the mammalian brain consists of four interconnected cavities, which
are filled with cerebrospinal fluid (CSF) that circulates (1). The largest ventricles are the two
lateral ventricles (LV) that stretch through the forebrain. Through the foramina of Monro, they
are connected with the third ventricle, which is located between the left and right hemispheric
thalamus and hypothalamus. The third ventricle is subdivided in a thalamic dorsal (d3V) and a
hypothalamic ventral (v3V) area. Caudally the d3V is connected to the fourth ventricle through
the aqueduct of Sylvius. The fourth ventricle is further connected to the subarachnoid space and
the central canal of the spinal cord. Our study focusses on the ventral third ventricle (v3V),

located just adjacent to the hypothalami of the left and right hemispheres (Fig.1 A).

1.1.1 CSF production and composition

The CSF is mainly produced by the choroid plexus (CP), which, except for the v3V, resides
inside each of the cerebral ventricles and is a highly vascularized structure (2,3). In one day,
humans produce around 500 ml of CSF and mice around 460 ul (4). At any given point, around

100 ml of CSF can be found in humans and 35 pl in mice (4).

The cells of the CP epithelium are connected via tight junctions, which establish a diffusion
barrier between the blood capillaries in their vicinity and the CSF (3,5). This way,
macromolecules of the bloodstream can only enter the CSF via active transport through the CP
cells. Interestingly, a recent study showed that the CP of different ventricles varies in their gene
expression pattern. Furthermore, depending on their localization, the different CPs secrete

different molecules into the ventricular lumen (6).

However, when the CP was surgically removed in monkeys, it was observed that the CSF
volume only decreased to about 40 %. Additionally, the tracer sodium 2*Na was infused
intravenously in those monkeys that lack the CP. In these animals, ?*Na was distributed in the
CSF in a similar manner as in healthy individuals (7). Later studies pointed towards the
importance of microvessels in CSF secretion and reabsorption (8-10). However, whether
secreted from the CP or cerebral microvessels, the CSF contains a variety of components
including ions, proteins, hormones and extracellular vesicles (10). The concentration of these
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components can vary depending on the position in the brain, the day time or the age of an
organism (6,10-13).

1.1.2 CSF transport and function

Ependymal cells are cuboidal glial epithelia and are the main cell type that line the walls of the
adult brain ventricles and spinal cord canal. These cells possess motile membrane protrusions
called cilia on their CSF facing, apical side. In figure 1B we depict how directional movement
of these cilia enables the propulsion of CSF (14). While external parameters, such as breathing,
heartbeat, and cerebral pressure influence the CSF-flow, near the ventricular walls, it gets
transported by the whip-like movement of motile cilia on ependymal cells (14-16). Unlike the
CP epithelium, ependymal cells are connected via adherens junctions, which connect the cells
loosely and thus allow the transport of CSF between the cells. This way the CSF may exchange
fluid with the interstitial space, the area that surrounds neurons and is also filled with fluid
(interstitial fluid).

The major pathway describes how the CSF is propelled from the two lateral ventricles through
the foramina of Monro into the third ventricle and from there through the aqueduct of Sylvius
to the fourth ventricle. Then, the CSF leaves the ventricular system and is transported via the
foramina of Magendie and Luschka to the subarachnoid space or to the central canal of the
spinal cord (7,9). From the subarachnoid space, the fluid ends up in the lymphatic system or the

bloodstream via the perineural space and arachnoid villi, respectively (8,9,17).

The circulating fluid is thought to function as mechanical protection for the central nervous
system (CNS) but also as a drainage system for cerebral waste products (10). Whether the CSF
flow is involved in directed transport of substances from the CSF into the brain parenchyma

remains to be investigated.
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Fig. 1: A) Schematic illustration of the murine cerebral ventricles. The v3V is highlighted
in blue (Modified from www.jax.org). B) lllustration of how ciliated ependymal cells
separate the brain parenchyma from the CSF and each possess a bundle of motile cilia.



1.2 The v3V

Near the ventricular walls, the propulsion of CSF can be measured by tracking particle
movement that is mediated by directional cilia beating. When this bead tracking analysis was
performed to record the near-wall flow pattern of the v3V wall, a complex flow was revealed.
This flow pattern had eight different flow directions, including straight, bent, opposing, and
even whirl-shaped flows (18). In figure 2 we reproduced the findings of this study and use this
method of flow observation throughout this thesis. Faubel et al. subdivided the v3V into 8 flow
modules. The flow modules 3 and 4 are located near the dorsal center, where their flow pattern
opposes one another and forms the so-called separatrix (18). The area, where whirls occur most
consistently, is ventral from the separatrix. Studies on the lateral ventricles and tracheal cells
show that the direction of cilia beating is regulated by planar cell polarity (PCP) proteins. Planar
cell polarity refers to the asymmetric localization of particular proteins that polarize cells of a
plane. This polarization also occurs in ependymal cells and establishes the beating direction of
the cilia and thus influences the near-wall CSF flow pattern (19).

The basal side of v3V ependymocytes faces the hypothalamus. This anatomical position results
from the fact that the cells of the ventricular walls are descendants of radial glial cells (RGC)
(20). RGC are progenitors of the neurons in hypothalamic nuclei. This commonality in
progenitor makes the flow pattern of the v3V particularly interesting. It is possible, that the v3V
flow pattern could be related to the localization of particular hypothalamic nuclei. Furthermore,
the complex flow pattern of the v3V may develop to bring solutes to particular areas of the
hypothalamus. Examples of this are studies involving intraperitoneal (ip) or
intracerebroventricular (i.c.v.) injections of leptin, which regulates appetite and body weight
(21). It was found that leptin gets transported from the bloodstream into the CSF via the choroid
plexus and from the CSF to particular leptin reactive neurons in the brain parenchyma, such as
the neurons of the arcuate nucleus (ARC), the ventromedial hypothalamic nucleus (VMH), and
the dorsomedial hypothalamic nucleus (DMH) (21,22). The complexity of flow directions in
the v3V together with the above-mentioned studies on leptin may be an indication of directional
transport of substances to hypothalamic nuclei. In figure 3, we used the Keith B. J. Franklin
and George Paxinos brain atlas to reconstruct the areas where the v3V contacts sites of the
following hypothalamic nuclei: The median preoptic nucleus (MnPQO) and the organum
vasculosum of the lamina terminalis (VOLT) are located anterior to the anterior v3V wall. The
ventromedial preoptic nucleus/anterior-ventral periventricular nucleus (VMPO/AVPe) and
medial preoptic nucleus, med (MPOM) are situated on the basal side of the v3V anterior-
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dorsally. Anterior to the v3V midline that lies at around Bregma -1, the paraventricular nucleus
(PVN) is located dorsally and the Suprachiasmatic nucleus (SCN) ventrally. Next, the
ventromedial hypothalamic nucleus dorsomedial the (VMHDM) and the arcuate nucleus (Arc)
are positioned adjacent to the ventro-posterior v3V. The dorsomedial hypothalamic nucleus,
diffuse (DMD) and dorsomedial hypothalamic nucleus (DM) locate dorsal to the Arc, adjacent
to the dorso-posterior part of the v3V. Finally, the dorsal tuberomammillary nucleus (DTM),
and medial mammillary nucleus, med (MM) is positioned next to the most posterior end of the
v3V.
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Fig. 2: Flow map of the v3V, in which all modules are marked by blue arrows. The opposing flow directions
of module 3 and 4 that form the separatrix. A whirl is observed ventrally from the separatrix.
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Fig. 3: Schematic illustration of hypothalamic nuclei that are located adjacent to the v3V in the brain
parenchyma. This localization was determined by the anatomical structures illustrated in the Keith B. J.
Franklin and George Paxinos brain atlas. MnPO = Median preoptic nucleus; VOLT = Organum
vasculosum of the lamina terminalis; VMPO/AVPe = Ventromedial preoptic nucleus/Anterio-ventral
periventricular nucleus; MPOM = medial preoptic nucleus, med; PVN = Paraventricular nucleus; SCN
= Suprachiasmatic nucleus; VMHDM = Ventromedial hypothalamic nucleus, dorsomedial; Arc =
Avrcuate nucleus; DMD = Dorsomedial hypothalamic nucleus, diffuse; DM = Dorsomedial hypothalamic
nucleus; DTM = Dorsal tuberomammillary nucleus; MM = Medial mammillary nucleus, med



1.3 Cell types of the adult brain ventricular wall

1.3.1 Ependymal cells

Ependymocytes were first discovered by Purkinje in 1836 and later described in more detail as
cuboidal epithelia (23). Their surface is extended due to microvilli and around 30 — 60 motile
cilia, which protrude apically to propulse the CSF, as shown in figure 1 and 4 (1,23).

Ependymal cells are a type of glial cell, which in adults function as a barrier between the CSF
and brain-parenchyma and maintain the brain homeostasis by their contribution to the CSF
circulation (24,25). The lack of tight junctions between these cells enables the transport of
molecules from the CSF to the brain parenchyma or vice versa (10). Furthermore, the
expression of secretory molecules like noggin, which promotes neurogenesis, has led to the
postulation that ependymal cells may also have secretory functions (26,27).

The ependymal cells are generated from RGC, pluripotent progenitors that during
embryogenesis initially produce neurons and later on glial cells (28). Finally, the RGC
transform into ependymocytes, expressing the transcriptional factor Foxjl (20,28). After
differentiation, ependymal cells can regain RGC properties upon for example stroke-induced
damage or can re-enter cell cycle by the downregulation of Foxj1 (29,30). This indicates that

ependymal cells retain some fate-plasticity.

1.3.2 Tanycytes

Another cell type in the v3V are the tanycytes that are a specialized RGC. Morphologically
they form cuboidal epithelia with only one or two primary cilia facing the CSF. In figure 4 we
illustrate how their basal side forms long processes that reach into the brain parenchyma
contacting neurons of the hypothalamus (31,32). Depending on their localization and
expression profile, tanycytes are classified in 4 subtypes: al, a2, B1, B2 (33-35). Each type of
tanycyte contacts different nuclei of the hypothalamus (Fig. 5). In the v3V, the processes of the
al — tanycytes contact neurons of the ventromedial hypothalamic nucleus. The a2 — tanycytes
are located ventral from al — tanycytes with basal extensions that reach into the ventromedial
and the arcuate nucleus. Further ventral are the 1 — tanycytes. They contact neurons of the
arcuate nucleus and capillaries of the median eminence (ME), which is one of the secretory
CVOs involved in the secretion of hypothalamic hormones. The B2 — tanycytes are located in

the v3V floor and possess processes that also reach to the ME blood vessels (33). Some v3V
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tanycytes (like the ones connected to the ME) are part of the so-called circumventricular organs
(CVO), which are either sensory or secretory organs with blood capillaries lacking the blood
brain barrier (31,33). The intercellular tight junctions between the tanycytes function as a
diffusion barrier. Thus tanycytes are key regulators of blood — hypothalamus and blood — CSF
communication (31,36). For example, fasting-induced reduction of the glucose level in the
blood is sensed by tanycytes, which in response alters the barrier between the blood and arcuate
nucleus (37). Remarkably, recent data indicate that hypothalamic tanycytes are neurogenic
progenitors in adult brain neurogenesis. Thus, in addition to the subventricular zone (SVZ) of
the lateral ventricles or subgranular zone (SGZ), the tanycytes of the third ventricle define as a
new stem cell niche for cerebral injury repair in adults (38).

Ventricular lumen

Fig. 4: Schematic illustration of the ventricular wall in the posterior v3V, where ependymal cells meet tanycytes.
While ependymal cells are connected loosely via adherence junctions, tanycytes are additionally connected via tight
junctions. On the basal side, tanycytes connect to neurons (dark brown) and blood vessels (red). In this region,
astrocytes (blue) are also present.
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Fig. 5. A simplified scheme of the posterior v3V, where tanycytes contact
hypothalamic nuclei and capillaries of the ME . In this region, al tanycytes (green)
contact the VMH, o2 tanycytes (violet) contact the VMH and the ARC, 1 tanycytes
(blue) contact the ARC and capillaries of the ME, while 32 tanycytes (orange) only
contact the blood capillaries (red) of the ME. Ependymal cells are shown in taupe.

1.3.3 B1 cells

As noted above, during development RGC reside in the ventricular zone (VZ) and differentiate
into neurons and glial cells, including the ependyma (20,39,40). One of the regions, where adult
neurogenesis takes place, is the subventricular zone (SVZ) of the lateral ventricles. In this
region, primary neuronal progenitors reside, which give rise to neuroblasts that migrate to the
olfactory bulb via the rostral migratory stream (41-45). These cells are termed type B1 cells or
astroglia and are surrounded by ependymal cells in a pinwheel-like structure and contact the
CSF via a small apical surface and one or two primary cilia (35,46,47). On their basal side, they
contact blood vessels via basal processes and have gap junctions with the proliferative
astrocytes called B2 cell (48,49). B2 cells are also generated by B1 cells but their function
remains elusive (50). Additionally, B1 cells can also give rise to oligodendrocytes (51). The
cues B1 cells receive in order to proliferate can originate from cells in their immediate vicinity,
the CP, the CSF, the blood stream, and through neurons (46). The SVZ could be a model of

how one could picture the tanycyte nice in the v3V.
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1.4 Cilia

Cilia are microtubule based membrane protrusions of cells that have been found across species
fulfilling various functions (52). They are docked at a cylindrically shaped basal body on the
apical surface of the cell with a microtubule based membrane extension called the axoneme.
Figure 6 shows a scheme of axoneme cross sections that enabled the classification of cilia into
two types. The axonemes of primary cilia have a 9+0 structure of microtubule doublets, where
9 pairs of alpha and beta tubulin surround the inner mass of the axoneme. In motile cilia, a 9+2
microtubule structure is observed, which besides the 9 surrounding microtubule doublets, also
have an additional central microtubule doublet. The central doublet is thought to interact with
radial spokes, which connect the central microtubule doublet with the 9 outer doublets (53-56).
Additionally, inner and outer dynein arms are located at the alpha microtubule of the
surrounding 9 microtubule doublets. Together with the inner microtubule doublet, the inner and

outer dynein arms form the core structures required for ciliary motility (16,53,57,58).

1.4.1 Primary Cilia

Primary cilia are slender membrane protrusions and are found on the surface of most
mammalian cells (59,60). Anchored at an existing basal body, the axoneme extends from the
cell surface and functions as a chemo- or mechanosensory organelle (61). The cilium is attached
to the cytoskeleton via a basal body, sub-distal appendages, and a rootlet (62-64). Further
apically, cilia possess a transition zone, which functions as a gate for molecules into and out of
the axoneme. Inside the axoneme, these molecules are transported via anterograde and
retrograde transport, termed intraflagellar transport (IFT). Since protein biosynthesis only
occurs in the cytoplasm, the transition zone and IFT play a major role in axon elongation during

ciliogenesis and the subsequent homeostasis of ciliary function (65).

The correct composition of proteins in a primary cilium can be essential for the intact function
of entire organs. For example, renal cilia possess the mechanosensory transmembrane proteins
polycystic kidney disease (Pkd) 1 and Pkd2 to sense fluid flow (66—69). Disruption of pkdl or
pkd2 expression results in the autosomal dominant polycystic kidney disease (ADPKD),

resulting in cyst formation and thus enlarged kidneys (70).

Interestingly, pkdl and pkd2 are also found on primary cilia of the neuronal and glial

progenitors RGC. Ohata and collegues propose that RGC sense the external CSF flow prior to

13



the differentiation into ependymal cells, which may play a role in determining the beating
direction of the motile ependymal cilia (71). This flow that exists before ependymal

development may also carry directional cues that polarize ependymal cells.

1.4.2 Motile Cilia

Motile cilia are motile membrane protrusions and are structurally the same as flagella in
eukaryotes. While flagella can be up to 50 um long and differ in their beating pattern, motile
cilia show a whip-like beating, are around 10 — 15 pum long, and occur in bundles on epithelial
cells (53,72,73). Cells with multiple motile cilia are termed multiciliated cells (MCC).

Prior to the formation of motile cilia on MCC, basal bodies are synthesized de novo and dock
to the apical surface (59,74,75). These basal bodies are connected to one another and the
cytoskeleton via a basal foot, the position of which correlates with the beating direction of the
cilium (76-78). After docking, the basal bodies are aligned to each other so that the basal foot
of each cilium in a bundle points to the same direction. This way, all cilia in a cell beat in one
direction and ensure fluid transportation through their whip-like movement (77,79).
Additionally, MCC are connected to the cytoskeleton via a rootlet, which is oriented in the
opposite direction of the ciliary beat (76,80). Like in primary cilia, the IFT machinery regulates
axoneme extension and homeostasis of ciliary protein composition. How exactly the central
microtubule doublet is formed and which cell type specific functions cilia fulfill is not
understood (56,58).

Depending on the organ, 30 — 300 motile cilia protrude from epithelial cells such as tracheal
cells, ciliated fallopian tube cells, or ependymal cells (14,81-83). In the trachea, MCCs
transport the mucus produced by secretory cells and clear the respiratory tract from pathogens
(81,84). In the fallopian tube, cilia transport the ova to the oviduct, and ependymal cilia ensure
CSF circulation (72,79).

Loss of ciliary motility results in numerous diseases, one of which is an autosomal recessive
disease called primary ciliary dyskinesia (PCD). Patients suffering from this disease show
laterality defects, an impaired respiratory function, infertility, and cognitive disabilities (85—
88). In the brain, loss of ciliary motility leads to impaired CSF circulation and thus

hydrocephalus, resulting in severe cognitive impairments or even death (16,83,87,89,90).
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Fig. 6: Schematic illustration of axonemal cross sections of primary (left) and motile (right) cilia.
More description. The motile cilium has a more coplex structure, containing a central
microtubule doublet, radial spokes and dynein arms.

1.5 Planar cell polarity

Planar cell polarity (PCP) is the polarization of cells along an axis in the same direction. PCP
is involved in a wide range of processes including directional cell migration and
mechanosensation and transduction (91-94). It is extensively studied in Drosophila
melanogaster (94-97). Decades of research established that the asymmetric expression of
particular transmembrane and cytosolic proteins and their interaction with each other polarizes
each cell in a plane (94,98-100). This polarization is a conserved phenomenon in vertebrate
and invertebrate tissues involving two main mechanisms: One is the Ft/Ds/fj pathway and the
other is the core PCP pathway (98,101,102).

1.5.1 The Ft/Ds/fj pathway

The Ft/Ds/fj pathway was termed the global module, in which the atypical cadherins Fat (Ft)
and Dachsous (Ds) are located on either side of the cell (98,102). Heterodimers of Ft and Ds
form between cells and thus communicate the global polarization from cell to cell. Four-jointed
is a golgi ectokinase, which interacts with Ft and Ds and modifies their binding affinities to one
another (103). In a plane of cells, Fj and Ds are expressed in complementary gradients (104).
This tissue wide gradient of expression enables a cellular gradient of Fat (Ft) activity, which
together establish tissue wide polarity (98). Ma et al. showed in 2003 that loss of Ft can affect
the core PCP pathway in wings of drosophila, which led to the postulation that the Ft/Ds/fj
pathway acts upstream of the core pathway (see below). In this view, the global pathway
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establishes a tissue wide polarization, which is then further enhanced by the core PCP pathway
acting on a cellular level (105). In contrast, Casal et al. demonstrated that both pathways act
independently in the Drosophila abdomen (106). Taking together, the Ft/Ds/fj pathway
probably provides a global cue for tissue wide polarization in some tissues, but depending on

the cell type it may or may not act upstream of the core PCP pathway.

1.5.2 The core PCP pathway

The core PCP pathway consists of transmembrane and cytosolic proteins that interact with each
other at the apical side of the cell (Fig. 7). In mammals, this pathway involves the asymmetric
localization of VVang gogh like 1-2 (Vangl 1-2), Frizzled 3 and 6 (Fzd 3,6), Cadherin EGF LAG
Seven-Pass G-Type Receptor 1-3 (Celsr 1-3), Dishevelled 1-3 (Dvl1-3), Prickle 1-2 (Pk 1-2),
and Ankrd6. Vangl 1-2 and Celsr 1-3 are transmembrane proteins that are located on one side
of the cells, whereas Fzd 3/6 and Celsr 1-3 are restricted to the opposite side (98,107-110). Ds,
Pk and Ankrd6 are cytosolic proteins, which are also expressed asymmetrically. Pk 1-2 and
Ankrd6 are located on the Vangl 1-2 side, whereas 1-3 interact with Fzd 3/6 on the opposite
side. Due to monodimers of Celsr 1-3 and heterodimers of the extracellular parts of VVangl and
Fzd at cell boundaries, tissue wide polarity is maintained in mammalian epithelia. Within a cell,

PCP proteins maintain cellular polarity (19,108,111).

16



PCP signaling

Proximal Distal

Vangl 1-2

Fzd 3/6

C

ili
%*

Fig. 7: A simplified scheme of the localization of core PCP proteins. Celsr
1-3 (blue) are transmembrane proteins, present on both sides. Vangl 1-2
(brown) are located on the proximal side and Fzd 3 and 6 (green) on the
distal side. Pk1-2 and Ankrdb6 are the cytosolic proteins of the proximal
side, Dvl 1-3 are located distally. This asymmetric distribution leads to a
negative feedback, which propagates PCP in neighboring cells.

1.5.2.1 PCP in multiciliated cells

In multiciliated cells, PCP signaling results in the directional beating of their motile cilia and is
the key mechanism in generating a unidirectional flow (19,110,112,113). Figure 8 shows how
in these cells, each cilium is polarized and possesses a basal foot at its basal body. The beating
direction of each cilium correlates with the position of the basal foot and was termed rotational
polarity (108,114-117). Whether in the Xenopus epidermis, mammalian trachea or ependymal
cells, all cilia of a cell and all cells of a plane are oriented in the same direction, showing tissue
wide polarity (19,118,119). In addition to the rotational and tissue wide polarity, ependymal
cells also show an additional polarization, in which bundles of ependymal cilia are localized on
one side of the apical surface. This polarity was termed translational polarity (Fig. 8), the
direction of which is determined by drawing a vector from the cell centroid to the centroid of
the cilia bundle (120).

17



] ) Rotational polarity
Translational polarity
—

Cell boundary (Beta Catenin) @ Top view
CC vector 0°
Center of cilia bundle 270°+ 90°
180°
Basal body (Gamma Tubulin) —
_F Basal foot (Centriolin)
Cell center Basal body (Odf2)
RX
ootlet

Fig. 8: Schematic illustration of the translational (left) and rotational polarity (right) in ependymal cells. A red

vector (C_C) vector) drawn from the cell centroid to the centroid of the cilia bundle defines the translational
polarity direction of a cell. The rotational polarity direction of a cilium is defined by the basal foot position.
The top view illustrates that the rotational polarity of the depicted cilium is in the direction of 90°.

1.6 Ependymal differentiation and polarization

1.6.1 RGC differentiate into ependymal cells

In figure 9 we illustrate the process of ependymal differentiation and polarization in the lateral
ventricles. RGC are progenitors that first give rise to neurons that migrate into the cortical plate
but at later stages of development differentiate into ependymal cells (121). In the lateral
ventricles, this differentiation occurs between embryonic day 12 (E12) and postnatal day (P) 21
(20). The RGC possess one primary cilium, which is initially located in the center of their apical
surface. When these cells become postmitotic, their cilium relocates to one side of the cell and
thus establishes the translational polarity (120). It is yet unclear, whether the relocation of the
cilium itself could signalize core PCP proteins to be expressed asymmetrically (27). Following
the known differentiation gradient in the brain, in the lateral ventricles, the most caudally
located RGC differentiate into pre-ependymal cells at around E12 and by P4 the ventricular
whole wall is decorated with pre-ependymal cells (20). In this time, these cells express both the
radial glial marker GLAST and the ependymal marker S100p and CD24 (20).
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1.6.2 Basal body formation and docking

In the course of maturation, BBs are formed de novo by deuterosomes/procentrioles, which are
proposed to be derived from the nuclear membrane of the pre-ependymal cells (20,59). A recent
finding shows that even though RGC differentiate into ependymal cells and do not undergo
mitosis, the mitotic oscillators mediate BB formation. Al Jord et al. divide this procedure into
3 phases. In the amplification phase (A phase) procentrioles are formed, during the growth
phase (G phase) these centrioles grow, and during the disengagement phase (D phase), they
detach from the nuclear membrane (122,123). Mediated by the activation of the hexameric
protein non-muscle myosin 11 (NMII), the BB then migrate and dock to the apical surface (124).
Another factor involved in the docking is the transcriptional factor forkhead box protein J1
(Foxj1). Gomperts et al. ablated Foxj1 in pulmonary cells, which lead to defects in basal body
docking. Interestingly, these mutants also showed a defect in ciliogenesis (125). The link
between basal body docking and PCP was, among others, provided by Park and colleagues
where they show that DvI2 is located at basal bodies, which together with the PCP effector
protein inturned activates the rho GTPase. This mediates the interaction of the basal bodies and
membrane bound vesicles and thus the apical membrane docking (126,127). Although these
studies were performed on MCC of the pulmonary system, these mechanisms probably also

describe the basal body docking in ependymal cells.

1.6.3 Ciliogenesis

As mentioned above, the process of ciliogenesis involves the activation of Foxj1, which is also
known as H4H-4 and is expressed in ciliated tissues including ependymal cells (125,128-131).
Avasthi and Marshall discussed in 2012, how hundreds of proteins are expressed and
accumulate at the ciliary base to initiate ciliogenesis (132). Via intraflagellar transport, these
proteins then selectively enter into the growing axoneme (65). At this point, the basal foot of
each cilium in an emerging bundle points towards a different direction, which means that the

newly formed cilia do not yet beat in an aligned manner.

1.6.4 Translational and rotational polarity

Once the cilia are formed, they translocate to that side of the cell, where the transmembrane
PCP protein Fzd is located and where initially the RGC primary cilium was displaced (19,120).
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Furthermore, all cilia also align to one another in order to achieve the same beating direction
(rotational polarity). These polarities are mediated by the interplay of actin and microtubule
dynamics with the core PCP proteins (76,108,120,124,133-135).

Tyrosinated microtubules (tyr — MT) are polarized in developing tracheal MCC, where their
plus end is enriched at the distal side of the cell and regulates the asymmetric localization of
core PCP proteins (109). In Xenopus MCC it was demonstrated, how polarized cells refine actin
and microtubule lattices, which connect each cilium to one another and are key factors for the

establishment of rotational polarity (76,80).

In ependymal cells, the relationship between PCP and cytoskeletal elements was recently
demonstrated in a study, where the authors show that perturbation of a Dvl associated protein
called Daple affects the translational and rotational polarization (133). In developing
ependymal cells, polarized tyr — MT are found in wild-type individuals but are absent when
Daple is perturbed. Loss of microtubule dynamics affects the ependymal polarity in two ways:
First, it disrupts the displacement of the primary cilium in the post-mitotic RGC, which is
thought to lead to a misplacement of the later developing motile cilia. Second, core PCP
proteins Fzd 6 and Dvl 2 are disarranged, which is suggested to cause the loss of rotational
polarity (133). Dvl interaction with microtubules and Fzd is a key factor in the establishment
of rotational polarity. For example, in tracheal MCC, Dvl 2 was found to be located at the ciliary
base and Dvl 1 and 3 on the distal side of the cell interacting with Fzd 3 and 6 (109,126). In
addition, time-lapse imaging of developing ependymal cells in Dvl 2 morphants showed defects
in the rotational polarity. Furthermore, triple knockout of Dvl 1-3, was demonstrated to perturb

the rotational polarity in ependymal cells (108).

Another interesting study on the lateral ventricles in PCP mutants showed that the molecular
machinery of the cilia bundle displacement is not affected when the transmembrane proteins
Celsr 1 and 3, Fzd 3, and VVangl 2 were depleted. They show that each cell develops translational
polarization but cells in the vicinity are not polarized in the same direction (19). In this study,
the rotational polarity was only affected when Celsr3 and Vangl2 were absent.

Although the core PCP pathway and cytoskeletal dynamics are probably the main mechanisms
behind defining the direction of ciliary beating, ependymal polarity seems to be affected by
additional parameters as well. For example, Matsuo et al. showed that disruption of ciliary

motility affects both the tracheal and ependymal cilia but interestingly, the rotational polarity
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is only perturbed in the ependyma (77). However, once the ciliary beating direction is
determined, a change of polarization and thus beating direction is not expected.

E11 E12-P4 P5-P21
Differentiation & Basal body synthesis, Ciliogenesis Establishment of trans-
translocation of migration lational and rotational
primary cilium and docking polarity

N——
RGC Postmitotic RGC/ Immature Immature Mature
pre-ependyma ependyma ependyma ependyma

Fig. 9: Schematic illustration of ependymal development in the lateral ventricle. At E11, RGC have a centrally
located primary cilium. Between E12-P4, all RGC differentiate into pre-ependymal cells and basal bodies are
generated de novo to migrate and dock at the apical surface. Immature ependymal cells then start to form motile cilia,
which in the course of maturation get translocated to one side of the cell and are aligned to one another. Cilia (black
lines), basal bodies (red dots), basal feet (green triangle).

1.7 Possible changes in flow pattern due to circadian rhythm

When the complex flow pattern of the v3V was discovered, the authors also reported whirl
formation at a particular site of the v3V. They proposed that the whirl formation may be
regulated by the mechanisms that govern the regulation of the circadian rhythm (18). The
circadian rhythm describes the cyclic activity and rest pattern of the earth, which takes place in
a period length of about 24 h. In organisms, this rhythmic behavior is regulated by the so called
circadian clock, an endogenous biological system that is synchronized by the circadian rhythm
of the earth. The master regulator of this system is the suprachiasmatic nucleus (SCN), one of
the hypothalamic nuclei that is located on the basal side of the v3V wall (136). The neurons of
this nucleus receive information on the external light and dark cycle through the
retinohypothalamic tract (RHT) and function as a pacemaker of peripheral clocks (137). The
key genes and their protein products that govern the circadian clock interact with each other in
a transcriptional — translational loop (TTL) of activation and inhibition and thus control each
other’s expression. One of the genes of this TTL is Period 1-3 (Per1-3), which despite its role

in the circadian clock regulation, was linked with other functions.
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1.7.1 Period in mechanisms other than circadian clock

More than a decade ago, it was shown that the circadian clock machinery affects the cell cycle
in adult mice by regulating the expression of cell cycle control genes like weel. The authors
showed a strong correlation between the expression of clock genes with the timing of cell cycle
events (138). PER was later shown to interact with the RNA binding protein Nono (139). This
interaction controls the expression of the cell cycle checkpoint gene p16-link4A in a circadian
manner (140). P16-INK4A regulates cellular senescence, which is a state of cell division arrest
after proliferation (141). PER and Nono were shown to bind to the promoter of p16-link4A and
activate its transcription. Mice that lack Period, show a decreased expression of p16-link4A,
which was postulated to decrease senescence in dividing cells. This was tested by wounding
wild type and Perl”Per2” double mutant mice to observe wound healing. 20 days post
wounding, wild type mice recovered both dermal and epidermal cells, whereas Period mutants,
showed significant defects in wound healing. The dividing cells of these mice could only give
rise to epidermal cells that were immature and dysfunctional. Additionally, their healing was
impaired due to a chaotic organization of the granulation tissue underneath (140).

Although the above mentioned studies show the involvement of PER in cell cycle control in
mammalian adults, there is no evidence for its involvement in the timing of postnatal
developmental processes that may involve the timing of cell division. However, the
Caenorhabditis elegans (C. elegans) orthologue of period, lin42, has been shown to be involved
in the timing of such processes (142-145). During larval maturation, C. elegans goes through
four stages of molting. Lin 42 regulates the heterochronic miRNA expression in these stages
and its mutation leads to premature terminal differentiation of hypodermal seam cells
(143,146).
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2 Materials and Methods

2.1 Buffers and Solutions

2.1.1 PBSand PBST

To prepare a 10 x PBS solution the ingredients mentioned in table 1 were added to 900 mL of
distilled water. After mixing the solution, distilled water was added until the volume reached 1
L. This solution was diluted 1:10 in distilled water to obtain a 1 x PBS solution. After the
dilution, the pH is at around 7.4. Minor pH adjustments can be performed by adding 1 N HCL
or 1 N NaOH to decrease or increase the pH, respectively.

PBST was prepared by adding 2 mL of Triton X-100 (Merck KGaA) to 998 mL of 1x PBS

solution.

Table 1 10 x PBS

Ingredients Quantity Company

NaCl 80¢ Merck KGaA

KCI 29 Merck KGaA

NaxHPO4 144¢ Merck KGaA

KH2PO4 249 Merck KGaA

Distilled water Fillupto 11 Millipore
2.2 Animals

All experiments of this study were performed on wild type C57BL/6N male mice at either P20-
24, 10-12 weeks, 4 months, 6 months, 9 months, or 1.5 years of age. The mice were sacrificed
by cervical dislocation and whole mounts of the v3V were isolated. All experiments were
performed according to the German Law on Animal Welfare and were authorized by the Office

for Consumer Protection and Food Safety of the State of Lower Saxony.
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2.3 V3V preparation

The v3V whole mounts were prepared by first isolating the brain, which was placed in a coronal
brain matric (Plano GmbH). To obtain a 3 mm section, the brain was adjusted in the matric so
that the first razor blade was placed at the optical chiasm and the second razor blade 3 mm
posterior from the first. Both blades were pressed simultaneously to cut the tissue with the least
possible deformation. Subsequently, the coronal section was placed in a Petri dish containing
DMEM 21063 medium (Merck KGaA) with the anterior part facing upwards. The v3V was
isolated in an open book preparation under a stereomicroscope (Fig. 10). An electrolytically
sharpened tungsten needle was utilized to make the first cut through the midline of the tissue.
This cut must be performed carefully so that the needle does not touch the walls of the v3V. To
obtain v3V walls of both hemispheres, additional cuts were made on either side of the first cut.

Next, both walls were separated like opening a book leaving the v3V wall facing upwards.

posterior

/ anterior

lateral ventricles

corpus callosum

dorsal third ventricle

anterior commissure

ventral third ventricle I

open book preparation

[

Fig.10: Schematic illustration of the 3mm thick coronal section of a mouse brain. To obtain the left
and right hemisphere ventral third ventricle (v3V) walls, the first cut was made along the midline
(dashed red line in the center). Parallel cuts were made left and right of the first cut (left and right
dashed blue lines). Finally, the v3V was isolated and opened like a book with the cilia side facing
upwards.

posterior
I

| anterior
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2.4 Fluorescent bead tracking and generation of flow maps

The method of fluorescent bead tracking has been described previously (18). The resulting
images of color-coded bead tracks were stitched together with a custom made graphical

interface (GUI). For this, stationary beads were used as reference points in overlapping regions.

2.5 Preparation of the four well plate

The tissue was pinned on the surface of a four-well plate dish containing a layer of agarose
(Biozym LE Agarose, Article number 840004). For this, a 2% agarose solution was prepared
in 1x PBS. This solution was added in the wells of a four well-plate leaving space for at least
500 pl of volume for solutions. Once the agarose polymerizes, the four-well plate is ready to

be used for the staining procedure.

2.6 Slide preparation

The tissue is mounted on a round slide (Asylum Research, 35 x 1 mm disk) to facilitate position
correction for the tile scans. Furthermore, the prepared whole mount has a thickness of
approximately 300 um, therefore a round spacer with a thickness of 500 pum, with an overall
diameter of 22.5 mm and an 8 mm inner pinhole was custom made and glued on the slide. To
reduce the later distance of the sample to the microscope objective, low melting agarose
(Agarose low melt, Roth, Article number 6351.1) was prepared and a drop was poured into the
8 mm pinhole of the spacer. A 2% solution was prepared and a painting brush was used to
collect a drop and place into the 8 mm diameter pinhole of the spacer. After around 10 min at
4°C, the low-melting agarose polymerizes and the slide can be used to for mounting. The

mounting procedure is carried out by placing the tissue in the pinhole of the spacer.

2.7 Immunohistochemistry

The whole mounts were pinned to the previously prepared four-well plate while the ependymal
cells were placed facing upwards. Then, the tissue was fixed in methanol for 10 min at -20° C.

After two quick rinses with 1x PBS (pH 7.4), the tissue was submerged in blocking solution
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(10% goat serum in PBST (1x PBS; pH 7.4; 0.2% Triton X)) for one hour at room temperature.
The primary antibody (Table 3) was diluted in blocking solution and incubated overnight at
4°C. Subsequently, the whole mount was rinsed once and washed 4 times for 4 min in PBST.
The secondary antibody (Table 4), diluted in blocking solution, was added and incubated for
1h at room temperature at 70 rpm on the shaker or overnight at 4°C. After another washing step
like described above, the tissue was mounted on a previously prepared slide in mounting
medium (Vectashield H1500) and covered with a coverslip (Thermo scientific, 12mm #1.5).
The coverslip was gently pressed on the tissue and glued with commercially available nail
polish. Before imaging, the tissue was kept at 4° C overnight to ensure the hardening of the

mounting medium.

Table 2 Primary antibodies:

Antibody Concentration Catalog number and Company
vy tubulin (mouse) 1:1000 T6557 Sigma

B catenin (mouse) 1:2000 G10154 BD Biosciences

B catenin (rabbit) 1:200 D10AS8 Cell signaling

Vangl1 (rabbit) 1:1200 HPAO025235 Sigma

Odf2 (rabbit) 1:200 ab198189 abcam

Centriolin (mouse) 1:1200 sc-365521 Sigma

Ki67 1:500 VVP-RMO04 Vector Laboratories
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Table 3 Secondary antibodies:

Antibody Concentration Catalog number and Company
Alexa488 anti mouse 1gG1 1:400 A-21121 Invitrogen

Atto633 anti rabbit IgG 1:300 411036 Sigma

Alexa568 anti rabbit 1gG 1:300 A 11036 Thermo Fischer
Alexa594 anti rabbit 19G 1:100 A-11012 Thermo Fischer
Abberior STAR RED anti 1:100 Abberior Systems

mouse 1gG

Abberior STAR580 anti rabbit 1:100 Abberior Systems

IgG

2.8 Confocal Microscopy

Tissue stained for § catenin and y tubulin or Vangl1 was imaged using a Spinning disk confocal
microscope (Olympus, Yokogawa). A single image covers a size of 136 um x 136 um (Andor
iXon Ultra camera, chip size 512 x 512 pixel) and the ventricular surface was recorded in tiles
with 20% overlap with a PlanApo N 60x/1.45 Oil (Olympus). 23 x 8 stacks were recorded per
ventricular wall and the fluorescence was excited with 488 nm and 633 nm diode lasers (60

mW and 150 mW, respectively; Phoxx series; Omicron) with an exposure time of 200 ms.

Tissue stained for Odf2/centriolin was excited at 488 nm (Argon, 35 mW) and 561 nm (DPSS,
20 mW) and recorded by a point scanning confocal microscope with GaAsP-PMT. (Zeiss
LSM880 with AiryScan) with a Plan-Apochromat 63x/1.4 Oil DIC M27 (Zeiss). One image
has a size of 48.83 um x 48.83 um (43 nm x 43 nm per pixel). To record the largest area possible

that could be stitched together, tile scans of z-stacks were acquired with a 10% overlap.

2.9 STED Microscopy

Super-resolution fluorescence microscopy (two-color Abberior STED 775 Quad scanning
microscope, Abberior Instruments GmbH) was performed for Odf2-centriolin stainings using a
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UPlanSapo 100x0/1.4. The STED high-power lasers 595 nm (up to 1000 mW) and 775 nm (up
to 3000 mW) were used to excite the fluorescent signal of the specimen. The images were

acquired with a widefield monochrome camera (1/2 inch CCD chip, 1280 x 960 pixels).

2.10 Image segmentation and data analysis

The following description of the algorithm, developed by Dr. Christian Westendorf using the
MATLAB software, will focus on the main functions and principles and does not cover all

details of the image binarization a subsequent data analysis.

2.10.1 Translational polarity and v3V architecture analysis

In order to determine the translational polarity directions of all cells in the v3V, the z-stacks of
B catenin (cell boundary) and y tubulin (basal body) staining were acquired by a confocal
spinning disk microscopy. All stacks first underwent a flat field correction to rectify uneven
illumination of the specimen. Then, every stack was maximum projected in order to obtain a
2D image of each 3D stack. Using the MATLAB routine normxcorr2, these images were then
2D cross-correlated and, the direct neighbors were aligned to one another and a stitched image
was created. In this image, the overlapping regions are the average of all respective maximum
intensity projections located in the overlap. Then, image smoothing was performed and the
image was binarized by thresholding it via the k-means algorithm using the MATLAB internal
k-means routine. Afterward, objects smaller than 10 pixels were removed from further analysis.
The fluorescent signal of B catenin was next enhanced by using a vesselness filter (147). The
segmentation of each channel's signal was carried out with a marker based watershed
transformation, where the y tubulin mask acted as the marker and the [ catenin as the watershed.
The resulting binarized mask enabled the computation of the translational polarity that is
defined as the vector from the centroid of the cell to the cilia bundle (CC vector). The angle of
this vector is then calculated with respect to the image coordinates. The length of this vector
was used to determine the degree of translational polarization. Furthermore, this segmentation
also enabled the computation of the area that is surrounded by 3 catenin (apical surface area/
cell size) and y tubulin (size of cilia bundle). Moreover, we determined the eccentricity of each
cilia bundle by using the MATLAB routine regionprops. For the eccentricity, the value 0 depicts
a circular bundle, while 1 represented a cilia bundle in the shape of a line.
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Tissue stained for Vangll one was also acquired with a spinning disk confocal microscope. The
same image processing algorithms were used as described above, except that the signal of

Vangl1l was not subject to binarization and subsequent analysis.

2.10.1.1 Human verification of analysis method

The CC vectors that were calculated by our algorithm were next compared with vectors that
were drawn manually using a custom made graphical user interface (GUI). Such vectors were
annotated for 50 cells in 3 animals. While the human eye can recognize every cell and designate
a translational polarity vector to it, the computer may not always recognize a cell and its
boundaries. In such a case, no CC vector is drawn by the computer. On average, the manually
drawn vectors and those defined by our algorithm deviate by less than 15° in angle.

2.10.2 Rotational polarity analysis

To determine the rotational polarity direction of each cilium of a cilia bundle (Odf2 and
centriolin), z-stacks. These z-stacks were first stitched and maximum projected by using the
Zeiss Zen black software 2.3 SP1. Then, the images were segmented into fore- and background
by kmeans clustering. Next, the watershed transformation was used to distinguish individual
cilia bundles. Subsequently, the signals of Odf2 and centriolin were dilated, so that additional
pixels were added to each signal and ensured an overlap between objects. This way the program
recognizes individual cilia bundles. Then, local intensity maxima of the Odf2 and centriolin
signals were computed using the MATLAB routine imregionalmax. The program next searched
for overlaps or closest proximity between Odf2 and centriolin signal in order to detect the most
likely pairs of the basal body and basal foot. It is important to note that with this imaging method
we reach the resolution limit and due to the structure of basal bodies and basal feet, each signal
can have multiple local intensity maxima. Finally, the directions of all resulting vectors were

averaged into one vector that depicts the rotational polarity of a cilia bundle.
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2.10.2.1 Human verification of analysis method

The accuracy of our algorithm was tested by manually annotating vectors from the basal bodies
to their respective basal feet using a custom made GUI using MATLAB. This annotation was
performed for 655 basal body and basal foot pairs in one sample, 689 pairs in a second sample
and 724 pairs in a third sample that are part of 20 — 25 cilia bundles per sample. An average of
these manually drawn vectors was then calculated for each cilia bundle, which displays the
beating direction of a cilia bundle. Finally, we computed the deviation between the human and
computer-generated directions of each bundle's rotational polarity.
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Fig.11: Summary of both the experimental and data analysis methods to evaluate translational

and rotational polarity of v3V ependymal cells.
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3 Results

3.1 Planar cell polarity establishes ciliary beating direction

In tissues such as the Xenopus larval skin, mammalian trachea, or the oviduct, where the beating
of motile cilia is unidirectional, the cilia bundles of all cells beat in the same direction
(113,148,149). In contrast, the near-wall flow pattern of the v3V is complex, containing
straight, bent, opposing and whirl shaped flows. Furthermore, this flow pattern is dynamic and
can change its direction, namely in the case of whirls that occur in the center of the v3V (18).
We investigated if the complex pattern, observed in explants, is determined by PCP signaling
and would therefore, resemble the in vivo near-wall flow. For this, we checked the translational
polarity, the expression of the core PCP protein VVangl 1, and the rotational polarity in all areas
of the v3V.

3.1.1 Translational polarity correlates with the v3V flow-pattern

To investigate how the translational polarity is correlated with the flow pattern in the v3V, we
first prepared v3V whole mounts from a freshly dissected brain and submerged it in medium
containing homogeneously dispersed fluorescent latex-beads. The bead movement near the
ependymal wall that is caused by ciliary beating was recorded and tracked to create v3V flow
maps as described previously (18). Since the flow pattern shows nine different directionalities
of bead movement, we subdivided the v3V into nine modules (Fig. 12 A). It should be noted
that we subdivided the modules in a slightly different manner that the subdivision carried out
by Faubel et al., 2016. The changes we made in dividing the modules were in modules 1, 2 and
6. Module 1 is marked as the area, where the CSF enters the v3V at the foramen of Monro and
merges into module 3. Module two is located ventral to module one, in which anteriorly the
flow fans out towards the anterior v3V boundary but is posteriorly directed towards 100° to
200° (according to the legend in Fig. 12 A) and joins module 8. Module 3 and 4 are located
near the dorsal center, where their flow patterns oppose one another and form the so-called
separatrix (18). The whirl at this location will be addressed as the central whirl. The area, where
whirls occur most consistently, is ventral from the separatrix. The flow in the fifth module is a
continuation of the flow of module 3. It is flow direction is in a wave pattern and leads towards
the ventral boundary of the v3V. Module 6 is further subdivided in 6a and 6b. In module 6a,
the flow starts posterior of module 4 at the dorsal v3V boundary and is oriented towards module
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6b with flow directions ranging from to 200° to 260°. Module 6b starts where the flow of
module 6a makes a turn in the direction of 225° to meet module five and eight at the center of
the ventral edge of the v3V. The flow of this module starts at the posterior end of the v3V and
is directed towards module 5 and 8. The CSF leaves the v3V along module 7, where it is directed
from module 6a towards the aqueduct of Sylvius. Module 8 lies in the anterior-ventral region,
bordering module 2, 5 and 6b. The flow of module 8 leads from the anterior ventral region of

the v3V towards the separatrix.

Posterior to module 6b and ventral to module 7, no near-wall flow was detected. This area of
the v3V is made of with tanycytes, which possess 1-2 immotile primary cilia and do not
contribute to the v3V flow in our measurement (Fig.12 A). Although we cannot rule out that in
a living organism the tanycyte region may contribute to the v3V bulk flow through fluid

transport from the brain parenchyma into the ventricle or vice versa (7,150).

After having established the flows above the explant, the same tissue was stained for the
adherence junction (cell boundary) marker, B catenin, and basal body marker, y tubulin, to
determine the translational polarity of cells in all v3V modules. The ventricular surface was
recorded in tiles (136.5 pm x 136.5 um) with a 20% overlap. Per ventricular wall, 184 z-stacks
(23 x 8) were recorded and stitched together (Fig.12 B).

Next, we used the algorithm, established by Dr. Christian Westendorfs, that segmented the

fluorescent signal of 3 catenin to calculate the cell centroid and y tubulin to determine the cilia
bundle centroid, the connection of which determines the CC (Fig.12 C, D, E). The direction of
the CC vector depicts the translational polarity direction, which was then calculated for around

20 000 thousand cells covering all v3V modules. To visualize the CC direction of each cell we
used the same color code as for the bead track directions in the flow-maps and generated a plot,
in which the direction of translational polarization (TP) of each cell is recognizable by its color
(Fig. 12 F).

TP plots were next divided in modules, in which all cells within a module posses a similar
direction of translational polarity. On all TP plots, we could identify nine modules, which show
the same pattern as their corresponding flow map generated by bead tracking. With circular
plots, we quantified the directions of the bead tracks and of the translational polarity for each
module in three mice (Fig.13, 14). It should be recalled that the bead track directions are derived
from tracs of fluorescent beads, which move near the ventricular wall due to cilia beating. The
recording of these moving beads occurs on several planes above the cilia since the v3V surface
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on the whole mount does not lie flat but covers up 100 pum in the z-axis. In the resulting flow-
maps, the tracks of these planes are averaged and give a general direction of flow in a particular
area. This means that the range of flow directions and translational polarity direction cannot
match exactly. Nonetheless, we observe a pattern of translational polarity directions that varies
little among animals and correlates with the general flow pattern of the v3V (Fig. 13, 14). In
module one, the bead tracks directionality ranges from 110° to 190° while the translational
polarity direction ranges from 60° to 230°. In the second module, the bead tracks range from
190° to 300° and the translational polarity directions from 100° to 260°. The third and fourth
module, oppose one another, where the bead tracks range from 90° to 180° and 200° to 320°,
respectively. The translational polarity directions of the third and fourth module range from
40° to 180° and 160° to 330°, respectively. In module 5, the flow directions range from 60° to
230° and the translational polarity directions from 0° to 270°. This is a region, where the flow
pattern is either in a waveform and/or has a whirl. Additionally, modules 3, 4, 6, and 8 border
this module. Therefore, a high range in flow and especially translational polarity directions of
this region is expected. Module 6a further reflects the flow pattern, in which the bead tracks
range from 100° to 220° and the translational polarity directions from 50° to 190°. In all
observed animals, the flow pattern of module 6b and the translational polarity of the cells in
this region do not correlate in the same manner as in the other modules. While the bead tracks
range from 200° to 270°, the translational polarity ranges from 60° to 270°. Finally, the
translational polarity directions of modules 7 and 8 correlate with the flow pattern directions.
The bead track directionality ranges from 320° to 80°, and 40° to 110°, whereas the translational
polarity ranges from 240° to 100° and 350° to 130°, respectively (Fig. 13, 14).
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Fig. 12: The v3V pattern of translational polarity directions correlates with the flow pattern. (A) Flow-map of a v3V
whole mount, where blue arrows indicate the general flow direction within the respective module. (B) Maximum
intensity projected and stitched image of the same v3V whole mount with 3 catenin (red) and y tubulin (green)
staining. A white square indicates the enlarged region shown in C, where multiciliated ependymal cells and two
monociliated B1 (large white arrow) cells can be seen. (D, E) Segmentation of the  catenin and vy tubulin signal to

calculate the CC vector (small white arrows), connecting the cell centroid with the centroid of the cilia bundle. (F)

V3V plot that shows translational polarity across the entire tissue. To visualize the CC direction of each cell we used
the same color code as for the bead track directions (legend on the lower right). The translational polarity presages
the overall flow pattern. The only exception is module 6b.
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Fig. 13: Circular plots of bead track directions in each module. For three wild type mice (red, green, blue bars),
circular plots show the quantification of the bead track directions in each module. In all mice, the tracks of beads

show similar ranges of directionalities.
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Fig. 14: For three wild type mice (green, orange, purple bars), circular plots show the quantification of translational
polarity directions of all cells within each module. In all mice, the translational polarity directions in each module
ranges in similar directionalities.
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The CC vectors that were calculated by our algorithm were next compared with vectors that
were drawn manually using a graphical user interface (GUI). Vectors from the cell centroid to
the cilia bundle centroid were annotated for 50 cells in 3 animals. While the human eye can
recognize every cell and designate a translational polarity vector to it, the computer may not
always recognize a cell and its boundaries. In such a case, no CC vector is drawn by the
computer. On average, the manually drawn vectors and those defined by our algorithm deviate
between 5° to 20° in angle (Fig. 15).
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Fig. 15: Comparison of human annotated and computer calculated CC vectors on ependymal cells. The vectors
calculated by our algorithm are in white, while those that were human annotated are shown in yellow. For three

human annotated cells in this sample, the computer did not recognize a cell and thus did not designate aCC vector
(blue arrows).

We conclude that the complex flow pattern of the v3V is directly correlated with a complex

pattern of translational polarity directions.
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3.1.2 Vangl 1 expression varies in different v3V regions

We next ought to investigate how PCP proteins are localized in the v3V ependyma, for which
we first generated a flow-map of the v3V whole mount (Fig. 16 A) and then stained the same
tissue for Vangl 1, which is one of the commonly used markers for PCP (109,151). Vangl 1 is
atransmembrane protein that is typically expressed in a chevron/arrowhead shape and is located
on the opposite side of the cilia bundle. An arrowhead like shape of Vangl 1 expression
indicates that the cilia beat in the opposite direction to which the arrowhead is pointing (109).
Our method of first recording the flow pattern of the v3V and then staining the entire v3V of
the same specimen for Vangl 1, enables a correlation of flow direction with Vangl 1 expression
pattern. The representative images of the VVangl 1 expression in straight flows of the v3V for
modules 1, 2, 6b, and 7 of the same sample show how within each module, Vangl 1 has the
typical chevron-like pattern, indicating aligned polarization within modules (Fig. 16 B, C, F,
G). Furthermore, the directionality of the Vangl 1 pattern correlates with the flow direction of
the respective modules. The cells in the area of a whirl or junctions of 2 opposing flows are not
expected to have the same direction of polarization and are thus not expected to show a chevron-
like pattern. We confirmed that in these regions, Vangl 1 expression pattern is distorted and

indicates a lack of alignment in adjacent cells (Fig. 16 DE).

These results indicate that PCP aligns tissue polarity within each module. In addition, inter-
domain directionalities of cellular polarity vary in the same manner as the flow pattern and the
translational polarity. As expected, in areas such as whirls or the borders of modules, where the
flows with different directionalities come together, Vangl | expression is complex. The question
arises whether the cilia of these cells beat in a polarized manner. In the next chapter we will

show, how the rotational polarity determines the polarized beating of cilia in these areas.
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Fig. 16: Vangl 1 expression correlates with the v3V flow pattern. (A) V3V flow-map
showing all modules with different flow-directions (Module numbers in blue).
Representative images showing VVangl 1 expression in modules 1 (B), whirl region (C),
2 (D), junction of module 5,6, and 8 (E), module 6b (F), and module 7 (G). Note that
Vangl 1 expression in a straight flow shows a chevron pattern, whereas cells in the whirl
area or at junctions of opposing flows exhibit a distorted pattern.
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3.1.3 The rotational polarity presages the flow-pattern of ependymal cilia

We have shown that cells within straight flows display a clear translational polarity and a
chevron-like Vangl 1 expression. However, the cells that create a whirl possess motile cilia with
directional beating, although they do not display whirl shaped translational polarities or
polarized Vangl 1 expression in adjacent cells. This prompted us to analyze the polarization of
each cilium, by localizing the position of the basal foot relative to the basal body. The basal
foot connects the ciliary base to the cytoskeleton and its polarized position at the basal body

correlates with the cilium’s beating direction (116,152).

First, we stained the basal body with Odf2 and the basal foot with centriolin, as illustrated in
figure 8 (117). Using STED microscopy, we confirmed that all cilia within a bundle have
approximately the same rotational polarity (Fig. 17 A). Then, another sample stained for Odf2
and centriolin was checked for the rotational polarities via laser — scanning microscopy.
Maximum intensity projected stacks from this sample also show that all cilia in a bundle possess
a similar rotational polarity direction (Fig. 17 B). Additionally, we found that every cilia bundle
contains 1-2 basal bodies that have multiple basal feet, which may be primary cilia (Fig. 17).
For further evaluation, we chose laser — scanning microscopy, since STED microscopy does
not allow the acquisition of a larger region of interest.
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Centriolin

Fig. 17: Rotational polarity of all cilia in a bundle is visualized by staining the basal body with Odf2 (red)
and basal foot with centriolin (green). (A) STED imaging slice of neighboring cilia within one bundle.
(B) Maximum intensity projected laser scanning microscopy image of all cilia in a bundle. In both cases,
within each bundle, the rotational polarity of individual cilia is approximately the same. A white arrow
indicates the average rotational polarity direction of the shown cilia bundle. Basal bodies that show a
centriolin signal on multiple sites are marked with an arrowhead. 1-2 such cilia are observed in every cilia
bundle.

To calculate the rotational polarity of a larger area, we chose laser — scanning microscopy for
further investigation. For the determination of the rotational polarity of each cilium, the
algorithm, written by Dr. Christian Westendorf, computed local intensity maxima of the Odf2
and centriolin signals. The program next searched for overlaps or closest proximity between
the fluorescent signal of Odf2 and centriolin in order to detect the most likely pair of basal body
and basal foot. It is important to note that with this imaging method we reach the resolution
limit of light microscopy and due to the structure of basal bodies and basal feet, each signal can
have multiple local intensity maxima. Subsequently, the directions of all resulting vectors were

averaged into one vector that depicts the average rotational polarity of a cilia bundle (Fig. 18).

The accuracy of our algorithm was tested by manually annotating vectors from the basal bodies
to their respective basal feet. We annotated vectors for 655 basal body and basal foot pairs in
one sample, 689 pairs in a second sample and 724 pairs in a third sample that are part of 20 —
25 cilia bundles per sample. An average of these manually drawn vectors was then calculated
for each cilia bundle, which displays the beating direction of a cilia bundle (Fig. 18 A). The

human and computer-generated directions of each bundle's rotational polarity deviated by 9.8°
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in the first, 6.8° in the second, and 11.1° in the third sample. While the human eye is able to
recognize a basal body and basal foot pair despite the limited resolution of the image, the
computer calculates intensity maxima of the fluorescent signal of Odf2 and centriolin to draw
a vector. Since each basal body and basal foot pair can have multiple intensity maxima due to
the shape of these structures, each pair is often designated more than one vector. This results in
an average vector per cilia bundle that deviates from that calculated from human annotations
(Fig.18 B).
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Fig. 18: Comparison between the algorithm and human annotated average rotational polarity direction of
a cilia bundle. (A) Each basal body is designated one vector depicting its rotational polarity direction by a
human (red), while 2-3 vectors are designated by a computer (blue). (B) The human and computer
designated vectors of each basal body — basal foot pair from (A) are averaged, which result in an average
rotational polarity direction for each cilia bundle. For two cilia bundles, the computer recognized one large
cilia bundle and designated one averaged rotational polarity vector for both cilia bundles, while a human
can distinguish 2 separate bundles (white arrow).

In order to investigate how the rotational polarity of cilia correlates with the flow pattern and
how it is directed in regions such as the separatrix or in whirls, we first generated a flow-map
of the v3V whole mount (Fig.19 A). Next, we stained the same tissue with Odf2 and centriolin.
To record the largest area possible, tiles scans of z-stacks were acquired with an overlap of 10%
using a 63x oil immersion objective. These tile scans were then stitched together and maximum
projected. The representative sample in Fig. 19 A (region B), contains a clockwise whirl in the
influx region and an anticlockwise whirl ventral from the separatrix (Fig. 19 A, region B and
E). The rotational polarities of the cilia bundles of the array of cells that create these whirls also

exhibit a clockwise and anti-clockwise pattern, respectively. They differ in their rotational
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polarity direction in a 360° gradually changing manner to specify those whirls (Fig. 19 B, E).
Under straight flows, like that of module one, the cilia bundles of neighboring cells display the
same rotational polarity direction and are thus oriented in a unidirectional manner (Fig. 19 F).
Furthermore, cells generating the opposing flow pattern of modules three and four exhibit
rotational polarities that point towards each other, while the cilia bundles of cells at the junction

possess rotational polarities facing ventrally (Fig. 19 G).

We quantified the direction of the vectors for module 1, 3, 4, and the separatrix for 3-4 mice.
For 2 mice, the direction of vectors in modules 2, and 6b was also quantified. These
quantifications are visualized in circular plots of these areas (Fig. 20). Rotational polarity in the
straight flows of modules 1, 2, 3, 4, and 6b range from 80° to 170°, 170° to 280°, 60° to 160°,
190° to 340°, and 100° to 300°, respectively. In the separatrix, where flows 3 and 4 meet, the

rotational polarity directions cover a wide range from 80° to 300° (Fig. 20).
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Fig. 19: The rotational polarity presages the flow pattern. (A) V3V flow map of an adult mouse. Blue arrows
indicate the area of a clockwise whirl, a straight flow, the separatrix, and a counter-clockwise whirl, for which the
rotational polarities are shown in B - D. (B,C) Enlarged images flow map in the area of the clockwise (B) and
anticlockwise (C) whirl. (D,E) Immunostaining of Odf2 (red) and centriolin (green) show cells that specify the
clockwise and anticlockwise whirl shown in B and C. The rotational polarity of their cilia bundles display a
gradually changing directions in a clockwise/anticlockwise manner. (F) The unidirectional flow of module 1 has
cells with unidirectional rotational polarities in adjacent cells. (G) The opposing flow pattern of module 3and 4 is
reflected in the rotational polarities of the cells underneath.
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Fig. 20: Circular plots of rotational polarities. For 2 - 4 wild type mice (green, red, blue, and orange bars), circular
plots show the quantification of rotational polarity directions of all cells in modules 1, 2, 3, 4, 6b, and the seperatrix.
In all mice, directions of rotational polarity of each module is pointed towards similar directions. The given n
number for each module refers to the number of mice. Module 1: 753 cilia bundles in 3 animals; Module 2: 2395
cilia bundles in 2 animals; Module 3: 1553 cilia bundles in 4 mice; Module 4: 1212 cilia bundles in 4 mice;
Separatrix: 983 cilia bundles in 4 mice; Module 6b: 910 cilia bundles in 2 mice.

These results show that the complex flow pattern of the v3V is a result of a complex pattern of
translational and rotational polarity directions, which vary depending on the v3V region. The
expression of Vangll indicates that across the v3V, PCP proteins are expressed according to
the translational and rotational polarity. Furthermore, the rotational polarity is the most accurate
to visualize ciliary beating directions. How the cells of the v3V know, in which direction their
polarization should occur remains unknown, but it is undoubtedly a phenomenon that occurs

during ependymal development.
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3.1.4 The stereotypical pattern of apical area morphology

The immunostained v3V for B catenin and y tubulin was initially used to determine the
translational polarity of ependymal cells but additionally, we observed that the apical area sizes,
cilia bundle sizes and shapes of cells vary across the tissue and seemed to follow a stereotypical

pattern (Fig. 21).
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Fig. 21: Maximum intensity projected, stitched, and segmented image, displaying cells of the separatrix and
module 4. Note the decreasing cell density from left to right. The Separatrix consists of small and dense cells,
whereas flow-module 4 is covered with relatively large cells.
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3.1.4.1 Steorotypical pattern of apical area size

To check, whether the observed variety of apical surface area sizes of the v3V ependyma
follows a pattern across multiple mice, we examined the segmented B catenin signal and
calculated the apical surface area that each polygon surrounds. To quantify apical area sizes for
each flow-module in three wild type individuals, we used the same cell boundaries as previously

determined to calculate the translational polarity directions for each module (Fig. 22).

The apical area sizes of v3V cells range from 2 pm?to 250 um?. Cells below the size of around
20 um? that are located in the posterior-ventral v3V are mainly tanycytes. Cells with an apical
area size above 150 um? (large cells) are clustered in three groups. The first group is located in
module one and has three “strands” extending towards the ventral v3V boundary. The first
strand is located in the anterior region of module 2, the second strand is located at the junction
between module two and eight, while the third strand stretches through module eight. The
second group is located in module four, covering a width of 400 um posteriorly, which then
stretches down diagonally towards module eight (diagonal band of large cells). The third group
is located anterior — dorsally to the tanycyte region. Cells with an apical surface between 80 —
150 pum? are situated in transition areas of cells above 150 um? and below 80 pm? (small cells),
while the latter is observed in four clusters in the v3V. The first cluster covers module two,
while the second cluster is located between the three above described strands of large cells. The
third cluster is in module three and eight and is located anterior to the diagonal band of large
cells. The fourth cluster is found in module seven. In module 6b, cells with all apical area sizes

are dispersed irregularly.
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Fig. 22: Stereotypical pattern of cell sizes across the v3V. (A) Example cells with different apical area sizes
that are depicted in colors. (B, C, D) Plots of the v3V pattern of cell sizes in 3 wild type mice. Dashed

3.1.4.2 A stereotypical pattern of cilia bundle size

We have shown that apical area sizes in the v3V show a pattern that is very similar in 3 animals.
To determine if the size of cilia bundles correlates with the apical area size, we quantified the
area of the segmented vy tubulin signal and created a map visualizing the size of cilia bundles in

v3V ependymal cells.

Reminicent of the pattern of apical area sizes, the ependymal plane is heterogeneous in cilia
bundle size, which range from 2 um? to 50 um? (Fig. 23). Cilia bundles above the size of 33
um? colocalize with the large cells and are also found in three distinct groups. The first group
is located in module one and has three strands towards the ventral v3V boundary. The first
strand is located in the anterior region of module 2, the second strand is located at the junction
between module two and eight, while the third strand stretches through module eight. The
second group is located in module four, colocalizing with the above described diagonal band
of large cells. The third group is located anterior — dorsally to the tanycyte region. Cells with
cilia bundles between 20 — 33 um? colocalize with cells with an apical area surface between 80
— 150 pm?and are found between transition areas of cells with cilia bundles above 33 pm? and
beneath 20 um?, while the latter colocalizes with small cells. These cilia bundles are also
clustered in four groups. The first cluster covers module two, while the second cluster is located
between the above described strands of cells, that possess cilia bundles above the size of 33
um?. The third cluster is in module three and eight and is located anterior to the second group

of cells that possess cilia bundles above the size of 33 um?2. The fourth cluster is located in
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module 7. Cilia bundles under the size of 4 um? likely reflect the cilia of tanycytes, which only

possess 1-2 cilia. In module 6b, cells with all cilia bundle sizes are dispersed irregularly.

We show that the pattern of cilia bundle size correlates with the pattern of apical area sizes.

This indicates that the cilia bundle size may depend on the apical area size and thus the size of

the cells.
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Fig. 23: Stereotypical pattern of the size of cilia bundles. (A) Example cells with different cilia bundle sizes that are
depicted in colors. (B,C,D) Plots of the v3V pattern of cilia bundle sizes in 3 wild type animals.

3.1.4.3 Distance between centroids

While the direction of the CC vector determines the translational polarity direction, its length

can be measured to show the degree of translational polarization.

The length of the CC vectors mostly correlates with the apical area size and cilia bundle size

and shows a stereotypical pattern in three mice (Fig. 24). CC vectors above a length of 3 um,
colocalize with large cells and cilia bundles above the size of 33 um? and are thus also found
clustered in three groups. The first group is located in module one with three strands. The first
strand is located in the anterior part of module 2, the second strand is situated at the junction
between module two and eight, while the third strand stretches through module eight. The
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second group is located in module four, covering a width of 400 um posteriorly, which then

stretches down diagonally towards module eight. The third group is located anterior — dorsally
to the tanycyte region. CC vectors between 2 - 3 pum colocalize with cells with an apical area
surface between 80 — 150 um? and cilia bundles between 20 — 33 um?. These CC vectors are

found between transition areas of CC vectors above 3 pum and beneath 2 um, while the latter
four groups. The first group covers the anterior part of module eight. The second group is found

in module three, stretching ventrally to cover the posterior area of module 8. The third group is

located in module 6b and the fourth in module 7. In module 6b, CC vectors of above the length
of 3 um are also found but are not distributed as abundantly as cells with large apical areas or
cilia bundles (Fig 24).

A long CC vector indicates that a relatively large area of the apical surface lacks matile cilia. It
has been suggested that the cilia free area in ependymal cells could be involved in releasing
chemokines such as noggin, which promotes adult neurogenesis in the V-SVZ (26,27). This
area is most likely covered with structures that have a physiological function. Therefore, the

control over the degree of translational polarization of a cell may contribute to the cells function.
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Fig. 24: Sterectypical pattern of the CC vector length distribution. (A,B,C) Plots of the v3V pattern of CC vector
lengths in 3 wild type mice.

3.1.4.4 The eccentricity pattern of cilia bundles

To investigate the pattern of cilia bundle shapes, we checked the segmented y tubulin stainings
for the eccentricity of the cilia bundles. 0 represents a round cell and the value 1 represents a
line-shaped bundle. We observe that the v3V ependyma displays cilia bundles with various

eccentricities that follow a particular pattern as well (Fig. 25).

The above described small cells that have small cilia bundles, seem to possess cilia bundles that
are highly eccentric (> 0.8), except for some in module 8. Cilia bundles of this shape are also
found in the most anterior area, where they stretch throughout the y-axis and cover up to 400
pum of the x-axis, covering module 1 and parts of module 2. In the above described diagonal
strand of large cells and cilia bundles above the size of 33 um?, there are two groups of highly

eccentric cilia bundles. One is located dorsally, beginning from the anterior edge of module 4
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and span up to 200 pum on the x-axis and around 300 um on the y-axis. The second group of
highly eccentric cilia bundles is positioned ventrally at the v3V center and stretch diagonally in
the dorsal direction up to 400 um on the y-axis. The area of module 6b, where apical area and
cilia bundle sizes are dispersed, also the cilia bundle shapes are dispersed. Moderately eccentric
cilia bundles (0.65 — 0.8) surround the highly eccentric bundles and those with an eccentricity
lower than 0.65, cover the rest of the v3V. All cilia bundles have an eccentricity value of at
least 0.5 (Fig. 25).

Interestingly, many areas with relatively small apical area seem to have an increased number
of highly eccentric bundles, which may be a mechanism to ensure bundle displacement and thus

a cilia free area of the apical surface in those cells.
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Fig. 25: Stereotypical pattern of the eccentricity of cilia bundles. . (A) Example cellswith different
eccentricities that are depicted in colors. (B,C,D) Plots of the v3V pattern of cilia bundle eccentricity of 3 wild
type mice.

Altogether, we conclude that the v3V architecture is predetermined to form a particular pattern
of apical area sizes, cilia bundle sizes and shapes, and degree of cilia bundle displacement. This
displays a hard-wired control of ependymal plane formation, which probably occurs due to cell-
intrinsic mechanisms in response to environmental cues during ependymal development.
Whether the cellular architecture is related to the polarization of ependymocytes remains to be
investigated.
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3.2 Age-dependent changes in the v3V flow pattern

The position of cilia bundles, translational and rotational polarities are established by P21 (20).
Based on studies on the lateral ventricle it is thought that after P21, these parameters remain
constant implying that there will not be a change in the flow pattern after that time. We
determined flow maps of v3V whole mounts of mice at the age of postnatal day P20 — 24, P70
— P84, 6 months, 9 months and 1.5 years. We found that the flow pattern of young mice was
notably different from that of adult mice and discovered that in the v3V, there are significant

and systematic changes in the flow pattern.

3.2.1 Age-dependent whirl formation

We compared v3V flow maps of mice at the above mentioned ages and quantified the
occurrence of whirls that are located ventral from the separatrix (central whirl). As shown in
table 4, only 7% of the young mice (P20 — P24) show a whirl. By P70 — P84, this fraction is
close to 50% and by month 8 and older, all individuals have a central whirl. These whirls at this
location are always anticlockwise. Occasionally, mice older than 6 months exhibit an additional
whirl situated between modules 6 and 8, which rotates clockwise (Fig. 26). Some mice also
exhibited clockwise whirls in module 2 (Fig. 19 A).

Table 4 Quantification of the occurrence of a central whirl.

Age Number of mice with | Number of mice (n) | Percentage of mice
a central whirl with a central whirl

P20 - P24 1 13 7

P70 - P84 20 46 43

6 months 9 9 93

9 months 9 9 100

1.5 years 7 7 100
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Fig. 26: Flow-map of a v3V, isolated from a 6 months old mouse. Blue squares indicate an
anti-clockwise central whirl dorsally and an additional clock-wise whirl between module 6
and 8.

Here we show that the whirl like pattern in the flow is a process, which immerges over time
and depending on the localization in the v3V its orientation can be clockwise or anti-clockwise.
Interestingly, all observed whirls occur either where flows of different directions come together
or display bending, like the flow of module 2. It is possible that those areas of the v3V flow
pattern that show a bend in their flow, over time form a whirl due to hydrodynamic forces the
bend of flow creates. Thus depending on the localization of the whirl its orientation (clockwise
or anticlockwise) can be predicted.

3.2.2 The ventral v3V is dynamic

Further interesting observations were made by comparing the flow pattern of mice at the age of
P20 — P24 and P70 — P84. While modules 5 and 8 changed their area size, the flow pattern of
module 6b changed its direction from towards the tanycytes to away from them (Fig. 27, 28).
We first ought to compare the sizes of modules in young and older mice. We used a custom
made graphical interface (GUI), written by Dr. Christian Westendorf, to determine each module
according to flow directions. Using this GUI, we manually marked each module in the flow
maps. This way the area size of each module was computed. Taking the mean of four mice at
P20 — P24, module five has an area of 1.49 x 10° and module 8 an area of 1.79 x 10°. At P70 —
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P84 the mean of three mice shows how the area of module 5 decreased to 0.27 x 10°, whereas
the area of module 8 increased to 3.54 x 10° (Fig.27).
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Fig. 27: A comparison between the area size of each module in young (P20 — P24) and adult (P70 — P84) mice.
With the increase in age, module 5 decreases and module 8 increases in size. (n (P20 —P24) = 4; n (P70 — P84) =
3).

The observed changes in flow direction upon maturation are restricted to the ventral part of the
v3V. The dorsal flows 1, 3, 4, and 7 do not change between young and adult individuals (Fig.
28). This indicates the presence of a dorsoventral boundary separating a dorsal, static region,
and a ventral, dynamic compartment. It should be recalled, that the separatrix and the whirl
underneath the separatrix establish an anteroposterior compartment boundary (18). Together

these two boundaries would subdivide the v3V into four compartments.
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Fig. 28: V3V flow pattern of young and mature mice changes. (A) The v3V in 3 Weeks old mice displays the 8
modules. (B) The v3V flow pattern of adult mice shows changes in flow directions in modules 5,6, and 8. (C)
Circular plots of the bead-track direction show how the flow direction of module 6b ranges from 120° to 260° in
mice at P20 — 24 but at P70 — P84 it is directed towards 200° - 260.

3.2.3 Timed change of ciliary beating direction in module 6b

One of the differences in the v3V flow pattern of young and adult mice is a change of ciliary
beat direction in module 6b from towards the tanycyte region to away from it. Furthermore,
once the cilia beat direction in module 6b is changed, it is maintained throughout life (Fig. 29).
We chose this area of the v3V to further examine how these changes are carried out. To give a
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higher temporal resolution of the reorientation of flow pattern, we generated flow maps of the
v3V whole mounts of juvenile mice at different ages between P28 and P42. From previous
experiments, we had observed that at P20 — P24 the flow in module 6b starts at the anterior
border of the tanycyte region, bends ventrally in an anticlockwise manner and then flows
towards the tanycyte region. This pattern is maintained until around P32, the exact time can
vary slightly from animal to animal. However, between P33 — P35, we observe an intermediate
stage of the change in flow direction. At this age, the flow starts at the anterior border of the
tanycyte region but then leads to the ventral edge of the v3V boundary. Latest after P36, this
flow pattern changes in all mice. Although the flow starts in the same source reagion as in
younger mice, after P36, the flow of module 6b leads away from the tanycyte region towards
the anterior v3V and meets the flow of module 5, 6a, and 8. Once the change in flow direction
has occurred, it is maintained this way throughout life (Fig. 29). Interestingly, this change of
flow direction only occurs in the left hemisphere, while the right hemispheric v3V remains
unchanged. This means that in a closed ventricle, the right and left hemispheric flow patterns

of module 6b lead to opposite directions.
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Fig. 29: Flow maps of mice at different ages, visualizing the reorientation of flow direction in module 6b, marked
with a blue circle. V3V flow map at P20 — P24 displays how the flow pattern in module 6b starts at the anterior
side of the tanycyte region, turns anti clockwise and continues towards the tanycyte region. At P33 - P35 (the exact
day can differ from animal to animal) we observe an intermediate state of the flow reorientation in module 6b. In
adult mice (P70 —P84), this module displays a reorientation of the flow, where it starts in the anterior region of the
tanycytes and leads away from the tanycytes. The changed flow pattern of module 6b is maintained throughout
life, which is visualized in the flow pattern of a v3V from a 9 months and a 1.5-year-old animal.

In conclusion, the v3V flow pattern gets first determined at P21, but for the first time, we show
that between P33 — P35, it undergoes changes in flow direction in module 6b of the left
hemispheric v3V only. Before P33, the flow pattern of left-hemispheric module 6b leads
towards the tanycyte region, whereas by P36, it leads away from it. This may mean that the
v3V flow pattern before P33 is designed to bring solutes to the tanycytes, which would be
reduced after P36.

67



3.2.4 Period involvement

We have established that the above described processes of the change in the flow pattern of
module 6b are timed precisely. As it is known, PCP does not change once established, thus we
hypothesize that new ependymal cells form postnatally and are polarized in the opposite
direction than those that were formed prenatally in order to change the near-wall flow in module
6b. Evidence of this is provided by the fact that ependymocytes are able to renew (29,153,154).
The combination of a timed event that may involve postnatal cell division drew our attention to
Period that is a known regulator of postnatal cell cycle events in mammals (140). The
orthologue of this gene in C. elegans, Lin42, regulates the timed developmental processes such

as germline development or molting (142,144,155).

To investigate whether the timed event of the change in flow direction in module 6b is
Period dependent, we created v3V flow maps of Perl”Per2” double knockout mice. We
observed that the flow pattern of adult mice is comparable to that of wild type mice at the age
of P20 — P24. All 8 modules develop as they do in wild type individuals but the change in the
flow direction of module 6b after P36, is absent in the mutants. Subsequent staining of Odf2
and centriolin that enables the visualization of the rotational polarity of cilia bundles further
confirmed the lack of change in flow direction (Fig. 30).

Here we show that age-dependent changes of the v3V flow directions are directly or indirectly
Period dependent. We hypothesize that this function of Period is related to the timing of a
postnatal developmental process that involves cell division.
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Fig. 30: Per1Per2 involvement in the flow change of module 6b. (A) Flow-pattern
of module 6b in a wild type mouse at P36. Blue squares indicate the position for
which the rotational polarity is shown in B and C. (D) Flow-pattern of module 6b in
a Per1”Per2” individual at P56. Blue squares indicate the position for which the
rotational polarity is shown in E and F.
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3.2.5 Preliminary results for future investigation

3.2.5.1 Rotational polarity during changes in flow pattern

In section 3.1.3 we showed that the rotational polarity is correlated with the flow pattern. This
indicates that a change in flow pattern must also involve changes in the rotational polarity of
the underlying cilia. To confirm this, we generated v3V flow maps of mice at P35, which
displayed the intermediate state of the change in flow direction in module 6b. Then, we stained
the whole mounts for Odf2 and centriolin. This way we revealed the rotational polarities of the
cells during the reorientation. We observed that a number of ependymal cells do not display
aligned rotational polarities within the bundle, which may be in the process of changing the
beating direction of their cilia (Fig. 31).

In wild type animals, disorganized cilia inside a bundle are only observed, when basal bodies
have docked on the apical surface during ependymal differentiation before they are aligned by
PCP signaling (20,117). Furthermore, the fact that the circadian clock gene Period is involved
in this change, we are encouraged to hypothesize that the reorientation of cilia beating involves

the formation of new ependymal cells (138).
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Fig. 31: Module 6b stained for Odf2 (red) and centriolin (green) during the reorientation of the ciliary beating
direction at P35. (A) An overview of the average rotational polarities in cells of module 6b. (B) Cilia bundles
of the module 6b, directed away from the tanycyte region. (C) Depitction of cilia bundles, where ciliary
rotational polarity is not aligned. (D) Cilia bundles, which seem to either be in the process of degeneration or
docking.
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3.2.5.2 K167 stain indicates cell division

We showed that around P35 a number of cilia display non-aligned rotational polarities within
a bundle. And together with the observation that Period may be related to this event, we
hypothesize that in this region new ependymal cells are formed. To confirm this, we stained the
v3V with the mitosis marker K167 and checked its localization on the v3V. We found the
presence of some KI67 positive cells in module 6b (Fig. 32). Only a few dividing cells are
visible in module 6b, which may result from the fact that the immunolabeling of dividing cells
only occurs if, before fixing the tissue, cells were dividing. This indicates that K167 staining is
probably not the most suitable method to investigate proliferation. For further investigation, we

plan BrdU labeling of proliferating cells between P28 — P35.

Nonetheless, KI67 positive cells indicate that the change in flow direction in module 6b could
depend on the formation of new cells. It is yet to quantify, how high the ependymal turnover

may be at this age and how the Per1”-Per2”- mutants are affected.

3 catenin

Fig. 32: Module 6b stained for beta catenin (green) and the mitosis marker KI67 (red)
during the reorientation of the ciliary beating direction. (A) Top view of a 3D stack
showing three Ki67 positive cells in module 6b. (B) Side view of the stack in (A) shows
that Ki67 positive cells are located within or just beneath the ependymal plane.
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4 Discussion

4.1 PCP gives rise to the complex flow pattern of the v3V

Flow maps based on particle tracking were recorded and revealed a complex flow pattern in the
v3V (18). These patterns were obtained from v3V explants that were dissected from the brain
and within a few minutes placed into culture medium. It remained to establish that the observed
flow directions seen in this material reflect flow directions in the living animal. A way to
address this issue is the analysis of translational and rotational polarities in the ependyma of
explants. It is a central dogma of the planar cell polarity concept that these polarities do not
change, at least not on the time scale of minutes (see Introduction). To determine translational
polarity, v3V explants were stained for B catenin that detects adherens junctions and thus marks
cell boundaries. In addition, y tubulin staining of the basal body was used to define the position
of the cilia bundles (see Results). Together this information allows one to define the
translational polarity of each cell and thus one can predict cilia beating direction in cilia bundles
and hence flow direction. Rotational polarity was determined by centriolin staining of the basal
feet and Odf2 staining of the basal body (see Results). With this information, one can predict
the beating direction of individual cilia. The beating direction predicted by translational and

rotational polarities were then compared with the bead-tracking-based flow maps.

Since each wall of the v3V consists of approximately 20,000 ependymal cells, and because
several hundred samples were measured, novel methods for data collection and data analysis
were developed that deliver reliable information on cell polarity, basal foot orientation, cell

size, and cilia bundle shape.

4.1.1 Translational and rotational polarity presage the flow pattern

The correlation of the bead track directions with the translational polarity directions in the v3V
showed that the translational polarity of ependymal cells match quite well and thus translational
polarity presages the flow pattern (Fig. 32). Taking the data of three mice, in modulel, the angle
of bead tracks/flow ranges between 110° to 190° and the translational polarity covers a range
of 60° to 230°. In module 2, the range encompasses 190° to 300° for the flow and 100° to 260°

for the translational polarity. The opposing flows of module 3 and 4 show strong correlation
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with translational polarity. The bead tracks of these modules range from 90° to 180° and 200°
to 320°, respectively, The corresponding translational polarity directions lie between 40° to
180° (flow3) and 160° to 330° (flow 4), respectively. In module 5, the flow direction extends
between 60° to 230° in rather good agreement with the translational polarity directions from 0°
to 270°. The reflex angle of flow pattern and the broad polarity direction in the region of flow
5 is due to the fact that at this location whirls will form and, moreover, modules 3, 4, 6a, 6b,
and 8 are directly bordering to flow 5. The translational polarity directions of modules 6a, 7,
and 8 range from 40° to 190°, 240° to 100°, and 350° to 130°, respectively. The corresponding
flow directions range from 100° to 220°, 320° to 80°, and 40° to 110°.

A noticeable divergence between the flow directions and translational polarity directions
characterizes module 6b. Flow direction ranges from 200° to 270° but translational polarity
encompasses a much wider angle (60° to 270°). This widespread distribution may originate
from the fact that in module 6b ependymal cells are interspersed with tanycytes (35,156).
Tanycytes have but 1 or 2 primary, non-motile cilia that are not displaced from the center of
the cell as is the case for motile cilia bundles. This is likely to introduce a significant error in
determining translational polarity. As we will discuss below, the flow of module 6b undergoes
changes in flow direction. This change may produce additional complexities in translational
polarization of this area that may cause a wider spread of angular distribution. We conclude
that largely the directions of the bead tracks and translational polarity point in the same direction

for most v3V modules.

This conclusion is further reinforced by our finding that the rotational polarity of cilia bundles
in the v3V also correlates with the flow pattern. The quantification of rotational polarity in
adults focused on modules 3, 4 and whirls, but in some specimen modules 1, 2 and 6b were also
quantified. Rotational polarity in the straight flows of module 1, 2, 3, 4, and 6b range from 80°
to 170°, 170° to 280°, 60° to 160°, 190° to 340°, and 100° to 300°, respectively (Fig. 32). In
the separatrix, where flows 3 and 4 meet, the rotational polarity directions cover a wide range
from 80° to 300°. In all cases, the rotational polarity of cilia bundles presaged the flow pattern.
Of particular interest are the whirls that form at different places within the v3V. Such whirls
encompass up to 100 ependymal cells often with poorly defined translational polarity and
disorganized expression of PCP factors (see below). However, it was possible to accurately
determine rotational polarity. For clockwise and anticlockwise whirls, rotational polarity did
correlate with the flow direction. The whirl-creating ependymal cells exhibited, from one cell
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to the next, a gradually changing rotational polarity, eventually forming either clockwise or

anticlockwise full circle.
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Fig. 33: Schematic summary of the directions of rotational polarity (blue), translational polarity
(orange), and flow (green) in all modules of the v3V.
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We set out to investigate whether the complex flow patterns seen in ventricular explants are
occurring in the natural environment of the brain of a living animal. We showed that ependymal
cells of the v3V exhibit translational and rotational polarities that presage the flow pattern that
is observed in the explants. We infer from this data that the in vivo flow pattern resembles the
one that is seen in explants. The sole caveat is that in the brain, the tissue forms a cavity and
the two ependymal walls are in close proximity (50 to 200um). It is thus possible that flows of

the left and the right wall influence each other in vivo.

In the brain, PCP proteins underlie translational and rotational polarities that then control the
beating direction of motile cilia, and thereby create the observed flows. Thus, the next step in

the research is to localize PCP proteins in individual flow modules.

4.1.2 Vangll expression correlates with the flow pattern

Among the proteins implicated in the establishment of module polarity is the transmembrane
protein Vangll that is one of several PCP proteins (see Introduction). Immunohistochemical
analysis shows that Vangl1 expression in the v3V is a canonical expression pattern also seen in
other tissues and appears as a row of separate or interlinked “chevrons” (109). For example, in
module 1 that initiates at the entrance of the v3V, Vangll immunoreactivity is observed at that
edge of the ependymocyte that faces the source of this flow, which is at the entrance into the
v3V. Precedence from other tissues such as trachea states that cilia beat away from the Vangl1-
positive edge (109,157). This would mean that flow 1 initiates at the inlet of the v3V. and
progresses into the ventricle. This is what is actually observed in videos of beating cilia and in
the flow maps (18). Ependymocytes of module 2 and 6b show Vangll expression that is
restricted to that edge of the cell that faces the source of flows 2 and 6b, respectively. Consistent
with the rule that cilia beat away from the Vangl1-positive edge, one would predict a flow in
an anterior-ventral direction, which is what is observed in the flow map. In flow module 7,
Vangll is expressed on that side of the cell, which faces the tanycyte region. This would predict
a flow that starts just dorsally of the tanycyte region and progresses to the outflow duct of the
v3V. This prediction is correct. In summary, the chevron-type expression motif locates to those
edges of the ependymocyte that faces the source of the flow. Since the v3V has numerous flows

and therefore also multiple sources, the Vangl1 expression pattern is complex.

The impression of complexity is also illustrated in the separatrix or in the regions of whirls,

where flows from different sources meet. Vangll expression in the separatrix is confined to
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specific edges of the ependymocytes. However, the resulting chevrons point in different
directions. Even in the whirl-forming ependymal cells edges are stained and may form
chevrons. Our rotational polarity analyses show that cilia bundles do not beat in the same
direction in whirls and there are multiple tangential sources of fluid. Thus, the whirly fluid flow

correlates with the intricate VVangll expression pattern.

4.2 Predetermined cellular morphology across the v3V

The systematic and high throughput analysis of ependymal explants yielded several unexpected
insights regarding the ependymal cell geometry. For thousands of ependymal cells across the
v3V, we computed the size of the apical surface area, the size of the apical area covered by

cilia, the length of the vector drawn from the cell centroid to the cilia bundle centroid (C_C’), and
the shape of the cilia bundles. Our observation shows that although v3V cells have
heterogeneous morphologies, they follow a stereotypical pattern that varies very little between

animals. In this pattern, cells with the largest apical area sizes, the largest cilia bundles, and the

longest CC vectors show the same distribution pattern in the v3V. The following text discusses
this point and will solely focus on the size of the apical area. This area was classified as “large
cells” (> 150 um?), “intermediate cells” (80 — 150 um?), and “small cells” (40 — 80 um?). Cells
below 40 pm? surface and with a cilia bundle size below 15 um? are mainly tanycytes, that are
located in the most posterior area of the v3V. Fig. 33 B summarizes the distribution of large
and small cells. Noteworthy, are the three long strands of large cells in the rostral part of the
v3V and the broad diagonal band of large cells passing through the middle of the v3V. Flow 8
transects the three stands and terminates in the lower part of the diagonal band. Other flows
also extend across populations of large and small cells. Flow 4 mostly encompasses large cells,
while flow 3 is driven mostly by small cells. Thus, the separatrix is generated by cells at the

opposite ends of the size spectrum.

The eccentricity of the cilia bundles, in which the value 0 represents a circular cilia bundle and
1 a bundle in the shape of a line, follows a pattern in the v3V (Fig. 33 C). No cilia bundles with
an eccentricity below 0.5 are found in the v3V. Most small cells seem to possess cilia bundles
that are elongated (> 0.8), except for some areas in module 8. Cilia bundles of this shape are
also in a region that covers module 1 and 2. In the diagonally oriented group of large cells are
two domains of highly eccentric cilia bundles. One is located dorsally, beginning from the

anterior limit of module 4 and extending ventrally towards flow 5. The second group lies at the
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posterior edge of the diagonal band. In the area of module 6b, where cell sizes are variable, the

cilia bundle shapes are also variable.

Tanycytes

® Large ependymal cells
#® Small ependymal cells

| Highly eccentric cilia bundles (>80)

Fig.34: Scheme of v3V flow pattern in comparison to its architecture.
(A) Scheme of the v3V flow pattern. (B) V3V pattern of large (red)
and small (blue) cells. (C) Pattern of highly eccentric cells in the v3V.
The background of this scheme illustrates the pattern of large (red)
and small cells (blue). (D) V3V flow pattern in yellow with regard to
large and small cells depicted in the background.
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Why are the geometrical properties of ependymal cells invariant between animals? We found
little evidence of a direct link between cell geometry and flow directions. It should be recalled
that in addition to driving CSF flow, the ependyma is key tissue that separates CSF from the
brain. This separation is leaky in the sense that CSF and interstitial fluid exchange solutes
(10,158). Thus CSF solutes, transported by the flows, could interact with the non-ciliated,
microvilli-covered apical surface of ependymocytes and eventually end up in subependymal
tissue. Such a mechanism has been proposed for tanycytes (159). Ependymocytes are
interconnected by adherens junctions that allow passage of molecules in either direction.
Compared to large cells, clusters of small ependymocytes show a disproportionate increase of
intercellular substance exchange per unit area. How the pattern of cell size distribution is
established remains completely unknown. It is likely that factors that control the size of cells
are involved. Examples for such factors are the IGF/PISK/AKT/mMTORCL1 pathway and the
transcription factor Myc (160,161). The transcription factor Myc increases the production of
ribosomal RNA (rRNA), the size of nucleoli and protein synthesis. Furthermore, it is associated
with the regulation of metabolic activity within a cell that contributes to the control of cell size
(161,162). The IGF/PI3BK/AKT/mTORCL1 pathway is activated in response to external stimuli
such as oxygen, stress, amino acids, ATP levels, and insulin growth factor 1 (IGF1). IGF1
mediated activation of MTORCL1 causes a cellular response that encompasses an increased lipid
and protein biosynthesis and inhibition of autophagy, which in turn increase growth (160,162).
Interestingly, IGF1 is one of the factors that is produced by the choroid plexus and could be
part of the passive CSF flow that exists before RGCs differentiate into ependymal cells (3,27).

4.3 Age-dependent changes in the v3V flow pattern

Developmental studies of the lateral ventricle show that multiciliated cells emerge shortly after
birth (20,134). There are no published developmental studies on the third ventricle, but
preliminary analysis of P5 and P7 tissue suggest a similar temporal profile (SK, unpublished
data). Our main effort with regard to time-dependent changes in the ependyma has concentrated
on male mice at the age of P21 and older. We observed two types of changes in the flow pattern.
First, over the course of the murine life, clockwise and counterclockwise whirls emerged at
specific sites. Second, between P33 — P35 the flow pattern in the in modules 5, 6b, and 8
changes. This change, as well as whirl formation, differ between the left and the right v3V

walls.
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Young mice (P21 to P24) rarely show the characteristic central whirl below the separatrix
(Figure in Results), whereas mice older than 9 months always possess an anticlockwise central
whirl at this location. It should be noted that even prior to whirl formation at the base of the
separatrix, flows 3 and 4 change direction by making a 150 degree leftward turn towards the
tanycyte region. This turn could eventually develop to a full reversal in direction and thereby
form the whirl. This elaborate change in direction resulting in a whirl could either be the result
of hydrodynamic forces (134) or a reorientation of the rotational polarity of those ependymal
cells that generate the whirl. It is also possible that new cells emerge at this site that adjust their
cilia beating direction to a preexisting flow (134). Fact is that the group of ependymal cells that
drive this new whirl show the appropriate rotational polarity (see above). After the age of
around 6 months, we frequently observe clockwise whirls at the junction of module 6b and 8

and sometimes at the entrance of v3V.

Between P33 and P35 the flow pattern in the ventral area of the left hemispheric v3V changes
in modules 5, 6b, and 8. The most prominent change is that in flow module 6b. Until P33 the
flow in this module points in the direction the tanycyte region (i.e. delivers solutes to the
tanycyte region) but two days later, flow6b leads away from this region (Fig. 26, 27). It is
striking that these changes in the flow pattern are specific to the left hemisphere and take place
at a particular time and in just a few days. The mechanism of this directional change is as yet
unclear. However, preliminary data show that at P35 there are many cilia bundles that contain
disoriented cilia, as judged by the variation in direction of the basal feet (rotational polarity).
This could either mean that the cilia on existing ependymal cells are removed and new cilia
form or that new ependymal cells are born, which form new cilia with a changed rotational
polarity. We have evidence from mitotic marker Ki67 staining that nuclei in that module
suggest cell proliferation. It should be noted that there is no evidence in the literature supporting
the existence of proliferation of ependymal cells in v3V. However, the ependyma in 6b contains
tanycytes that do proliferate when exposed to growth factor stimuli (159). It should also be
pointed out that the flow pattern of module 6b is governed by hundreds of ependymal cells.
Thus a change of flow pattern is only observable when the majority of the cells beat in a
different direction.
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4.4 Period involvement in the timing of postnatal processes

To proof that the flows directionally transport CSF-contained substances to specific sites within
the ventricular system, one will have to genetically alter flow patterns. This should result in a
physiological phenotype. Serendipitously, we discovered that Per1”-Per2” double mutant mice
do not undergo the reorientation of flow direction in module 6b. The flow pattern in Perl”
Per2”’- double mutants is comparable to that of wild type mice that are younger than P33. Thus
in wild type mice flow 6b orientation is different on the right and the left side wall of the v3V

while in double mutants there is symmetry.

PERIOD (PER) is an inhibitory factor of the circadian clock blocking the function of the
transcriptional activators BMAL1 and CLOCK. Thus PER is acting in a negative feedback and
PER expression is controlled by the CLOCK and BMALL (163-165)). PerlPer2 double
knockout mice lack a circadian clock (164). However, there is so far no evidence for Period's
involvement in a postnatal timing-related processes, except that in Caenorhabditis elegans (C.
elegans) the Period orthologue, lin42, times postnatal developmental processes (142-145).
During larval development, C. elegans goes through four stages of molting. Lin 42 regulates
the heterochronic miRNA expression in these stages and its mutation leads to premature
terminal differentiation of hypodermal seam cells (143,146). Period gene functions have also
been demonstrated in the context of cell cycle control (138). In mammals, Period was shown
to influence the expression of the cell cycle checkpoint gene p16-link4A. In Per mutants, post-
natal cell divisions such as in wound healing were perturbed (139,140). Our preliminary results
suggest that the formation of new ependymal cells is required for changing the flow direction
in module 6. In Per1”Per2” mutants this change does not occur or is retarded, possibly because

cell proliferation is impaired.
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5 Summary

The ventricular system of the mammalian brain consists of the two lateral, a third, and a fourth
ventricle that interconnect and are filled with circulating cerebrospinal fluid (CSF) (1). CSF
streams along the ventricular walls propelled by bundles of motile cilia that protrude from the
apical surface of wall-forming ependymal cells (14). Planar cell polarity (PCP), which is created
by proteins that are asymmetrically expressed in ependymocytes, controls cilia beating

direction (113,166-169). PCP has two components referred to as translational and rotational

polarity. Translational polarity is quantified by a vector (C—C)) extending from the cell center to
the center of the cilia bundle. Each cilium docks to a cylindrical, cytoplasmic basal body that
extends a basal foot. The angular direction of the foot relative to the axis of the cylindrical basal
body is referred to as rotational polarity (19,120).

Explants consisting of flat-mounts of the ventral part of the third ventricle (v3V) show in ex
vivo cultures very intricate flow patterns that are organized into eight modules. Within each of

the modules, fluid is transported uniformly but flow directions differ between modules (18).

Aim 1 of this thesis was to investigate whether the flow pattern observed ex vivo reflects the in
vivo flows. This was achieved by determining, throughout the v3V, translational and rotational
polarities and hence cilia beating directions. In addition, we analyzed the cellular expression
pattern of the PCP protein Vangll in ependymocytes. By means of automated confocal
microscopy and custom-made segmentation analysis, PCP and Vangll expression sites of
>20.000 ependymocytes of the v3V wall were determined in multiple freshly sacrificed mice.
Both, the localization of Vangll within ependymocytes and translational and rotational
polarities presage modular an in vivo flow pattern in the v3V that strongly resembles that seen

in ex vivo v3V explants.

Aim 2 was to search for complex features in the architecture of the v3V beyond the PCP. We

computed the apical surface area of ependymocytes, the area and shape of cilia bundles, and

the length of the CC vector. We discovered that ependymocytes of the cell morphology in the
v3V are heterogeneous in (large and small cells, elongated and round cilia bundles etc.).
However, cells of a given characteristic are found in the same location of the v3V of all mice
analyzed. For example, there are elongated arrays of large surface area ependymocytes in the
rostral part of the v3V that extend from the site of CSF influx to the ventral edge of the v3V.
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Aim 3 was to search for temporal changes in the flow directions in the v3V. We discovered that
over the span of a mouse circular arrays of cilia driving a whirl-like flow emerge at particular
sites. In addition, and specific for the left-side of the v3V wall, the flow pattern changes in
several of the eight modules. A particular striking example was seen in the ventral part of flow
6. Prior to the switching, cilia beat towards the posterior end of the v3V, while after the switch,
they beat in the opposite direction. Interestingly, this switch would alter the CSF flow from one

targeting the tanycytes to one leading away from the tanycytes.

Aim 4 was to identify genes that are involved in the temporal changes of CSF flow in the v3V.
We made the important observation that the above-mentioned switches in flow directions do
not occur in Perl” Per2” double mutants. While wild type individuals develop a left-side
asymmetry in the fifth week, in Perl” Per2” double mutants, the flow pattern remains
symmetrical. Hence, on both walls flow persistently direct CSF towards the tanycyte region.
Period genes are key regulators of circadian timing and influence a vast variety of physiological

and pathophysiological processes in postnatal animals.

In conclusion, this thesis shows that the v3V architecture and the polarization of its cells is more
complex than that of other tissues with multiciliated cells. This complexity is undoubtedly
established during v3V development. We propose that the complex flow pattern suggests the
existence of a novel way communication in the brain in which solutes are transported to
particular regions by means of directionally beating cilia bundles. The timed switch of the
orientation of cilia beating in flow 6 supports this hypothesis and shows that in each area planar
polarity can be regulated independently from the rest. Furthermore, it exemplifies how
ependymal development occurs in juvenile mice and may be controlled, at least in part, by
circadian clock genes.
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List of figures and tables

Figure 1 Schematic illustration of the murine cerebral ventricles.

Figure 2 Flow maps of the v3V, in which all modules are marked in blue arrows.

Figure 3 Schematic illustration of hypothalamic nuclei that are located adjacent to the
v3V in the brain parenchyma.

Figure 4 Schematic illustration of the ventricular wall in the posterior v3V, where
ependymal cells meet tanycytes.

Figure 5 Simplified scheme of the posterior v3V, where tanycytes contact the brain
parenchyma.

Figure 6 Schematic illustration of axonemal cross sections of primary and motile cilia.

Figure 7 | A simplified scheme of the localization of core PCP proteins.

Figure 8 Schematic illustration of the translational and rotational polarity in ependymal
cells.

Figure 9 Schematic illustration of ependymal development in the lateral ventricle.

Figure 10 | llustration of the open book preparation to isolate the v3V

Figure 11 | Summary of methods.

Figure 12 | The v3V pattern of translational polarity directions correlate with the flow
pattern.

Figure 13 | Circular plots of bead track directions in each module.

Figure 14 | For three wild type mice, circular plots show the quantification of translational
polarity directions of all cells within each module.

Figure 15 | Comparison of human and computer designated CC vectorson ependymal cells.

Figure 16 | Vangll expression correlates with the v3V flow pattern.

Figure 17 | The rotational polarity of all cilia in a bundle is visualized by staining the basal
body with Odf2 and basal foot with centriolin.

Figure 18 | Comparison between the algorithm and human generated average rotational
polarity of a cilia bundle.

Figure 19 | The rotational polarity presages the flow pattern.

Figure 20 | Circular plots of rotational polarities.

Figure 21 | Maximum intensity projected, stitched, and segmented image, displaying cells

of the separatrix and module 4.
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Figure 22 | Stereotypical pattern of cell sizes across the v3V.

Figure 23 | Stereotypical pattern of the size of cilia bundles.

Figure 24 | Stereotypical pattern of the CC vector length distribution.

Figure 25 | Stereotypical pattern of the eccentricity of cilia bundles.

Figure 26 | Flow map of a v3V, isolated from a 6 months old mouse.

Figure 27 | A comparison between the area size of each module in young (P20 — P24) and
adult (P70 — P84) mice.

Figure 28 | V3V flow pattern of young and mature mice changes.

Figure 29 | Flow maps of mice at different ages, visualizing the reorientation of flow
direction in module 6b.

Figure 30 | PerlPer2 involvement in the flow change of module 6b.

Figure 31 | Module 6b stained for Odf2 and centriolin during the reorientation of the ciliary
beating direction at P35.

Figure 32 | Module 6b stained for B catenin and the mitosis marker K167 during the
reorientation of the ciliary beating direction.

Figure 33 | Schematic summary of the directions of polarization.

Figure 34 | Scheme of v3V flow pattern in comparison to its architecture.

Table 1 10 x PBS

Table 2 Primary antibodies

Table 3 Secondary antibodies

Table 4 Quantification of the occurrence of a central whirl.
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List of abbreviations

AHA
Ankrd6
Arc
AVPe
Bmal
Celsr
CNS

—

cc
Clock
CKle
CP
Cry
CSF
CT
CVvO
DD
DM or DMH
DMD
Ds
DTM
Dvli

Fj
Foxj 1
Ft

Fzd
ICV
IFT
ISH
IP

LD

Anterior hypothalamic area

Ankyrin Repeat Domain-Containing Protein 6
Arcuate nucleus

Anterio-ventral periventricular nucleus

Brain and Muscle Arnt Like

Cadherin EGF LAG Seven-Pass G-Type Receptor

Central nervous system

Centroid to centroid vector
Circadian Locomotor Output Cycles Kaput Protein
Casein Kinase ¢

Choroid Plexus

Cryptochrome

Cerebrospinal Fluid

Circadian time

Circumventricular organ

12 h dark : 12 h dark

Dorsomedial hypothalamic nucleus
Dorsomedial hypothalamic nucleus, diffuse
Dachsous

Dorsal tuberomammillary nucleus
Dishevelled

Embryonic day

Four-jointed

Forkhead box protein J1

Fat

Frizzled

Intracerebroventricular
Intraflagellar transport

In situ hybridization
Intraperitoneal

12 h light : 12 h dark
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LV
MCC
MM
MN
MnPO
MPOM
NMII
Npas2
OVLT
Per

PCD
PCP

Pk
ADPKD
PVN
RHT
RGC
RMS
SCN
Svz
TTL
Tyr-MT
V3V
Vangl
VMHDM
VMN
VMPO
VOLT
VZ

Lateral ventricle

Multi-ciliated cell

Medial mammillary nucleus, med

Medial preoptic nucleus

Median preoptic nucleus

Medial preoptic nucleus, med

Non muscle myosin 11

Neuronal Pas Domain Protein 2

Organum vasculosum of the lamina terminalis
Period

Postnatal day

Primary ciliary dyskinesia

Planar cell polarity

Prickle

Autosomal dominant polycystic kidney disease
Paraventricular nucleus

Retinohypothalamic tract

Radial glial cell

Rostral migratory stream

Suprachiasmatic nucleus

Subventricular zone

Translational — transcriptional loop
Tyrosinated microtubules

Ventral third ventricle

Van gogh like

Ventromedial hypothalamic nucleus, dorsomedial
Ventromedial Nucleus

Ventromedial preoptic nucleus/

Organum vasculosum of the lamina terminalis

Ventricular Zone
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