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Abstract

A carpet of ependymal motile cilia lines the brain ventricular system, forming a network of flow channels and barriers that
pattern cerebrospinal fluid (CSF) flow at the surface. This CSF transport system is evolutionary conserved, but its physiologi-
cal function remains unknown. Here we investigated its potential role in epilepsy with studies focused on CDKLS5 deficiency
disorder (CDD), a neurodevelopmental disorder with early-onset epilepsy refractory to seizure medications and the most
common cause of infant epilepsy. CDKLS) is a highly conserved X-linked gene suggesting its function in regulating cilia length
and motion in the green alga Chlamydomonas might have implication in the etiology of CDD. Examination of the structure
and function of airway motile cilia revealed both the CDD patients and the Cdkl5 knockout mice exhibit cilia lengthening
and abnormal cilia motion. Similar defects were observed for brain ventricular cilia in the Cdkl5 knockout mice. Mapping
ependymal cilia generated flow in the ventral third ventricle (v3V), a brain region with important physiological functions
showed altered patterning of flow. Tracing of cilia-mediated inflow into v3V with fluorescent dye revealed the appearance
of a flow barrier at the inlet of v3V in Cdkl5 knockout mice. Analysis of mice with a mutation in another epilepsy-associated
kinase, Yesl, showed the same disturbance of cilia motion and flow patterning. The flow barrier was also observed in the
FoxjI* and FOXJICre®R":Cdki5” mice, confirming the contribution of ventricular cilia to the flow disturbances. Importantly,
mice exhibiting altered cilia-driven flow also showed increased susceptibility to anesthesia-induced seizure-like activity. The
cilia-driven flow disturbance arises from altered cilia beating orientation with the disrupted polarity of the cilia anchoring
rootlet meshwork. Together these findings indicate motile cilia disturbances have an essential role in CDD-associated seizures
and beyond, suggesting cilia regulating kinases may be a therapeutic target for medication-resistant epilepsy.
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Introduction

Epilepsy is a common neurologic disorder with a recurrent
seizure that affects 1% of the population. A third of all
epilepsies are non-responsive to treatment, suggesting the
current focus on synaptic and voltage-gated conductances
might be inadequate [31, 34, 42]. Pathogenic mechanisms
in many epilepsies are poorly understood, but homeostatic
imbalances in brain physiology are a universal aspect of
seizure [42]. The discrepancy between actual mechanisms
of seizure versus the focus of research is further demon-
strated by the overrepresentation of metabolic functions
among seizure-related genes and not of neuron-specific
functions such as ion channels or neurotransmitter agonists
and antagonists that are in the focus of mouse epilepsy
models and currently available seizure medications (Fig.
SI1).

Here, we investigated the possible role of cilia-driven
fluid transport in the brain ventricles as a novel epilepto-
genic mechanism. This focus was suggested by the unex-
pected finding that CDKLS5 (Cyclin-dependent kinase-
like 5), an X-linked kinase that is highly conserved from
the unicellular alga Chlamydomonas to man regulates
motile cilia function. Chlamydomonas cdkl5 mutants
show lengthening and abnormal bending of the flagel-
lum, a motile cilium mediating cell locomotion, and thus
exhibit abnormal swimming behavior [43]. Significantly,
this gene is also associated with a neurodevelopmental
disorder referred to as CDKLS deficiency disorder (CDD)
[33]. CDD is one of the most common causes of medica-
tion-resistant seizures in the infant/pediatric population.
Intractable seizures in CDD patients usually begin within a
few weeks to months of birth [12]. CDD is associated with
severe neurodevelopmental delay accompanied by intel-
lectual disability and motor, speech and visual deficits, as
well as the disturbance of other physiological functions
such as sleep and gastrointestinal function [23, 33]. Some
new insights into the pathogenic mechanisms for CDD
have come from studies in Cdkl5 knockout (KO) mouse
models [1, 3, 14, 44, 46, 49], and in vitro studies of reti-
nal pigmental epithelial cells and brain organoids gener-
ated from CDD patient induced pluripotent stem cells [7,
30]. However, the underlying pathogenic mechanisms for
uncontrollable seizures in CDD remains poorly under-
stood. Due to this lack of insights into mechanisms, it has
not been possible to develop targeted therapies to treat the
uncontrollable seizures in CDD.

Thus we investigated the impact of CDKLS5 deficiency
on motile cilia in CDD patients and Cdkl5 knockout (KO)
mice, and its potential contribution to seizure suscepti-
bility. We focused these studies on ependymal cilia in
the ventral third ventricle (v3V), a recessed cavity lined
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by neurosecretory nuclei of the hypothalamus that have
important roles in regulating a wide spectrum of physi-
ological functions such as appetite control, circadian
rhythm, and emotion [10]. We previously documented
the presence of an intricate ependymal cilia-driven fluid
transport system in the v3V that is evolutionarily con-
served among mammals [10]. Furthermore, we observed
that cilia beating direction and flow pattern in the v3V
changes predictable by the time of day and night [10].
In this current study, we investigated and obtained evi-
dence that such cilia-driven fluid transport in the v3V is
altered by motile cilia disturbances associated with CDD.
An altered flow pattern was found to be closely associated
with increased seizure susceptibility. We provide evidence
that this requires Cdkl5 function in the multiciliated brain
ependymal cells and arises from defects in cilia-generated
flow caused by the disrupted polarity of a ciliary rootlet
anchoring meshwork.

Materials and methods

Human subject recruitment and CDD patient clinical
history

This study was conducted under a human study proto-
col approved by the University of Pittsburgh Institutional
Review Board and, therefore, are in accordance with the
1964 Declaration of Helsinki. Control subjects and CDD
patients (Table S1) were recruited with written informed
consent by either adult subjects or the parents of the two
patients with CDD. Female CDD patient P1 began having
seizures at 5 weeks of age and was diagnosed with CDD
after genetic testing at 11 months of age revealed a de novo
splicing defect mutation absent from either parent. She has
3-6 tonic seizures per day that are intractable and refrac-
tory to treatment. CDD patient P2 began having seizures at
3 weeks of age, with genetic testing confirming a diagnosis
of CDD at 13 months of age.

Imaging the respiratory cilia from human subjects
and mice

Nasal samples were obtained from 5 control subjects and 2
CDD patients for analysis of respiratory motile cilia func-
tion. Samples were collected with a nasal scrape performed
using a rhinoprobe and the tissue kept in L15 medium until
imaging (Life Technologies, 21083-027). For the mouse air-
way, trachea was obtained after euthanasia, with strips of the
tracheal epithelia dissected for videomicroscopy. The human
nasal tissue collected was mounted on covered glass-bottom
dishes (Glass bottom microwell dishes; MatTek P-35G-1.5-
10-C) and imaged using differential interference contrast
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(DIC) optics with a 100X oil objective under a Leica
inverted microscope (DMI 3000) equipped with Phantom
v4.2 camera (Vision Research). For mouse trachea, strips
of the tracheal epithelia were secured luminal side down on
the glass-bottomed dish and cilia dynamics were captured
along the edge of the trachea strips using the same 100X oil
objective with DIC optics with the Phantom camera. Videos
were recorded using 200 frames per sec and later used for
the analysis of airway cilia dynamics.

Mouse breeding and mouse lines

All mouse studies were conducted under an animal study
protocol approved by the University of Pittsburgh Institu-
tional Animal Care and Use Committee and the “Principles
of laboratory animal care” (NIH publication No. 86-23,
revised 1985) were followed in compliance with specific
state laws of Pennsylvania, USA. The mice were maintained
with 12:12 h light:darkness cycle and fed ad libitum with
regular chow. The mouse lines used in this study included
C57BL/6 J wildtype mice, Cdkl5 KO [49], and FoxJI1* [29]
mice obtained from the Jackson Laboratory and further bred
in our mouse colony and maintained in the C57BL6/J back-
ground. Mice carrying floxed alleles of Cdkl5 (Cdki5™"™ and
Cdkl5*™) were kindly provided by Dr. Zhaolan Zhou (Uni-
versity of Pennsylvania) [44]. The FOXJICre®®" mice were
kindly provided by Dr. Chay Kuo (Duke University) [36].
Also included in this study is a Yes] mutant (Yes/™") mouse
line harboring a missense mutation (c.T4304C:p.L1435P)
generated by CRISPR gene editing. This mutation was first
identified from a mouse mutagenesis screen and found to
cause congenital heart defect with low penetrance [24].

Anesthesia induced seizure assay

A seizure assay was developed to assess seizure suscepti-
bility in mice based on the previous report of seizures in
patients during anesthesia with volatile anesthetics such as
isoflurane [48, 53], and the findings in mice that isoflurane
exposure induces the release of metabolites [18] which
has the potential to trigger seizure if not cleared from the
CSF. For this assay, mice were anesthetized by administra-
tion of 4% Isoflurane mixed with 2% oxygen, followed by
placement into a transparent plexiglass anesthesia induc-
tion chamber allowing continuous visual assessment of the
mice. The chamber is filled with 4% isoflurane with 2% oxy-
gen for induction of anesthesia. After 30 s induction phase,
mouse activity was video recorded over the next 35sin 5 s
intervals to track any involuntary motion or convulsions.
Subsequently, isoflurane was stopped while oxygen levels
were kept at 2% until the mice awaken. To assess the sei-
zure activity score during each 5 s interval, a score of 1 is
given for any motion and O for no motion, with the resulting

score was used to calculate the percentage of mice exhibiting
anesthesia-triggered involuntary motion. Second, the videos
were further reviewed and scored using a modified racine
scale, with O for each second with no motion, 1 for whisker
trembling and nodding, 2 limb, tail or head twitching or,
circular turning of the body by up to 180 degrees, 3 flipping
to one side and mild clonic seizure. 4 the body turning a full
circle, flipping on the back, clonic-myotonic seizure of the
whole body or clonus standing on the hindlegs. For each
mouse, the scores summed for 5 s intervals over the 35 s
observation period provided the anesthesia-induced seizure
score. For quantification of seizure scores, ¢ test was per-
formed. The seizures assay was conducted on 4 FoxJI* mice
and 4 littermate controls age 5—-6 weeks, 9 Cdkl5 KO mice
and 7 YesI™™ mice aged 2-5 months and 7 age-matched
wildtype control mice.

Confocal immunofluorescence microscopy

Immunostaining was conducted with cells obtained from
the respiratory epithelia of human nasal scrapes or murine
trachea, and the mouse brain ependyma from the v3V. Cells
retrieved from these tissues were attached to polylysine-
coated cover glass (Glass bottom microwell dishes; MatTek
P-35G-1.5-10-C) at 37 °C for 2 h and subsequently fixed
in 5% Paraformaldehyde (PFA) in 1 X TBS (Fisher BioRe-
agents™, BP2471-1) for 15 min, blocked in 10% Bovine
serum albumin (BSA) in TBS with 1% Triton X-100 (Sigma
T9284) for one hour at room temperature, incubated in pri-
mary antibody solution overnight at 4 °C. Then samples
were transferred to secondary antibody solution for one hour
at room temperature and washed three times in TBS with
1% Triton X-100 (Sigma T9284). Cell was then mounted in
Prolong™ Glass Antifade Mountant (Invitrogen) and imaged
using a Leica SP8 confocal microscope with 63X magnifi-
cation. The primary antibodies used included: rabbit anti-
CROCC antibody (Novus, Nbp-80820), anti-acetylated tubu-
lin monoclonal antibody (Sigma T7451), rabbit monoclonal
antibody to PAK2 (abcam ab76293), monoclonal gamma-
tubulin antibody (Sigma T6557). Secondary antibodies used
included AlexaFluor™ 647 donkey anti-rabbit IgG (Invit-
rogen A31573), AlexaFluor™ 555 anti-mouse IgG2b (Inv-
itrogen A21147), and AlexaFluor™ 488 anti-mouse 1gG1
(Invitrogen A21121). Antibody solution included 1:1000
dilution in TBS with 1%Triton X-100 and 3% BSA. Ori-
entation of rootletin-immunostained cellular structures was
determined using Fiji [38]. Eccentricity for the pattern of
rootletin-immunostaining was determined as the ratio of the
short vs. long axis of the rootletin immunostained area in
each cell. Analysis was conducted on 5 mice for each geno-
type, with a total number of cells analyzed for wild-type
mice being n=433, Cdkl5 KO n=991, YesI*™ n=612.
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Live ependymal tissue imaging

Mice were euthanized and the brain removed and placed in
DMEM (Life Technologies 11960-044). Using razor blades,
a coronal slice was obtained with a thickness of about 3 mm
that comprise the hypothalamus. With electrolytically sharp-
ened needles, the v3V was cut open and the walls of the v3V
were further dissected and imaged in cilia-imaging cham-
bers as previously described [10]. Bead propagation with the
cilia-generated flow was recorded at 30 fps on a DMLFSA
microscope (Leica) with an EM-CCD camera (Hamamatsu,
C9100). Ciliary motion was imaged using DIC optics on
a DMI3000 microscope (Leica) equipped with a Phantom
camera. The flow maps generated for Fig. 3 were based on
data collected from n=10 Cdki5 KO and n=10 age-matched
C57BL6 wildtype mice at 2—4 months of age. For Figs. 4, 5
Yes*™ mice were analyzed at 2-4 months of age. For flow
maps in Fig. 5, n=4 FoxJI* and n=4 age-matched FoxJI™*
littermate controls at 5-6 weeks of age and n =8 for Cdkl5Y’
T mice carrying the tamoxifen-inducible FOXJ1CreERT at
4 weeks of age and 7 littermates, respectively, age-matched
controls without FOXJ1Cre®RT. Ependyma-specific KO was
induced by maternal administration of Tamoxifen at post-
natal days 1,3 and 5. Ependymal cilia length measurements
were obtained with analysis conducted on n=4 wildtype
mice, n=4 Cdkl5 KO mice, n=3 YesI™™ mice (Online
Resource 1).

Cilia and cilia-generated flow image processing
and analysis

Bead flow tracing, ciliary length and motion were deter-
mined using Fiji [38] with the following functions: Stack
function was applied to bead propagation movies and saved
images were opened in Microsoft Office™ Powerpoint
for manual overlay and isolation of the area in focus. Live
cilia imaging sequences were screened for the display of
full-length cilia to manually measure length. The beating
angle was determined by scrolling through the sequence
and identifying the positions during the beating. Phase was
visualized by determining the period and color-coding of
cilia position during a single active recovery stroke. Phase
synchrony was quantified from values of pixel grey scales
of kymographs obtained from the cilia motion recordings.
For human nasal scrapes, an average of 10 different record-
ings was used for each individual. For mouse trachea, we
measured 261 cilia for wildtype and compared them to
56 of Cdkl5 KO mice. For length measurement of murine
ependymal cilia, we measured 145 in wildtype mice, 256 in
Cdkl5 KO mice, and 236 for Yes!*'™ mice. For angle meas-
urement of ependymal cilia motion, we measured n="72
bundles for wildtype, 51 bundles for Cdkl5 KO mice, 107
bundles for YesI™™ mice. For quantitative assessment of
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phase synchrony, greyscale values of n=12,125 pixels were
determined for controls, n=19,834 were used for patient
1, and n=19,731 for patient 2. Statistical comparison was
conducted using two-tailed 7 test as the data was normally
distributed. Measurement results are deposited in the Data
summary table (Online Resource 1).

Modeling fluid dynamics for volumetric CSF-flow
analysis

Geometries of the ventral part of the v3V of wildtype and
Cdkl5 KO mice were reconstructed from MRI data. Back-
ground intensity was adjusted and volume segmentation was
retrieved automatically using Slicer 4.10 [11]. Reasonable
smoothing was considered due to the limited spatial resolu-
tion of the MRI. The lattice Boltzmann method (Palabos
2.0, http://www.palabos.org/) was then used for studying
the volumetric flows inside the ventricles. The walls were
assumed to be rigid and non-slip, and an extrapolation
method was adopted to treat curved boundaries. To gener-
ate flow, uniform velocity profiles with a physiologically
reasonable value of 300 pm/s were applied at the inlet plane.
This value was chosen as it corresponds to the velocity of
cilia-generated flow in the anterior part of the ventricle. A
constant pressure was specified at the outlet plane for refer-
ence. The kinetic viscosity of the CSF was 6.959¢-7 m?/s,
the same as that for water at 37 °C. About 10 million lattices
(or computational nodes) were used for every case so that all
flow details were resolved. Flow features, such as velocity
distributions were obtained and post-processed with Para-
View 5.4 (https://www.paraview.org/).

Electron microscopy of cilia ultrastructure

Murine trachea and brain third ventricle tissue samples were
fixed overnight in 2.5% glutaraldehyde, 2% paraformalde-
hyde in 0.1 M sodium cacodylate buffer pH7.4. Samples
were then washed in buffer several times and post-fixed
with 1% osmium tetroxide with 0.8% potassium ferricya-
nide in cacodylate buffer. Fixed tissue was then dehydrated
through an ethanol series, transitioned to propylene oxide
and embedded in Poly/Bed 812 epoxy resin. Ultrathin sec-
tions were generated and stained with methanolic uranyl ace-
tate and examined in a Hitachi H-7650 transmission electron
microscope operating at 80 kV.

Protein—protein interactome analysis

LENS software for network analysis finds the shortest paths
in the human interactome that connect each of the genes
being analyzed (‘candidate genes’) to one or more of the
remaining candidate genes [17]. Known protein—protein-
interactions (PPIs) were compiled from HPRD (Human
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Protein Reference Database) and BioGRID (Biological
General Repository for Interaction Datasets) [15], and novel
PPIs were predicted by applying the HiPPIP algorithm [15].
[17] HiPPIP computes features of protein pairs such as Gene
Ontology annotations, genomic location of the genes, gene
expression, and classifies the pairwise features as interact-
ing or non-interacting using the random forest model and is
deemed highly accurate [5, 15]. Each protein (say M,;) was
paired with every human protein (N1, N,,...N,), and each
pair was evaluated with the HiPPIP model. The protein pairs
that received a score > 0.5 from the model were treated as
novel computationally predicted PPIs; this threshold indi-
cated high-confidence PPIs according to thorough compu-
tational evaluations [15] and experimental validations [15,
20, 21].

Functional enrichment analysis: 184 genes associated
with epilepsy (specifically, 32 different traits associated in
some way with epilepsy including terms such as epilepsy,
generalized epilepsy, response to valproic acid in genetic
generalized epilepsy, etc.) were curated from the GWAS cat-
alog (https://www.ebi.ac.uk/gwas/) [20]. The list of 165 cilia
genes was curated from literature by prioritizing the genes
based on their association with cilia [35]. This list includes
IFT proteins, BBS proteins, transition zone proteins, ciliary
membrane proteins, and proteins restricted to motile cilia.
Mouse genes associated with seizure phenotypes, hydro-
cephalus and abnormal brain ependymal phenotypes were
retrieved for interactome analysis by querying Mammalian
Phenotype Ontology (http://www.informatics.jax.org/vocab/
mp_ontology) [40] using the ‘batch query’ function in MGI
Database. Gene Ontology Biological Process and Reactome
Pathway enrichments were computed using WebGestalt
(http://www.webgestalt.org/) [25]. WebGestalt computes the
distribution of genes belonging to a particular functional cat-
egory in the input list and compares it with the background
distribution of genes belonging to this functional category
among all the genes that belong to any functional category in
the database selected by the user. Statistical significance of
functional category enrichment was computed using Fisher’s
exact test, with Benjamini—-Hochberg multiple test correc-
tion, with FDR-corrected p value < 0.05 considered to be
significant.

Analysis of CDKL5 evolutionary sequence
conservation

Molecular evolutionary analysis was conducted using
Clustal Omega Multiple Alignment Tool https://www.ebi.ac.
uk/seqdb/confluence/pages/viewpage.action?pageld=54646
455 with accession numbers: AGC12987.1 for the Chla-
mydomonas reinhardtii homolog LF5, NP_001019795.1 for
Mus musculus Cdkl5 and NP_003150.1 for Homo sapiens
CDKLS5. Sequence homology was determined using BlastP

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The location of
specific domains was determined using Interpro [13].

Results

To investigate the role of CDKLS5 in regulating motile
cilia length and motility, we recruited two CDD patients
with informed consent, a female (P1) heterozygous for a
CDKLS5 splicing defect mutation (c.65-1 G> A) and a male
subject (P2) hemizygous for a CDKL5 frameshift mutation
(p.Val659Glyfs*23) (Table S1). Both patients began hav-
ing seizures at 5—6 weeks of age, with up to 8 seizures per
day that are intractable and unresponsive to treatment. Both
exhibited global developmental delay with static encepha-
lopathy, cortical visual impairment, hypotonia and commu-
nication only via nonverbal vocalization (detailed clinical
history in Supplemental Information). Nasal scrapes were
conducted from the two CDD patients and also from five
control subjects to obtain respiratory epithelial tissue lined
with motile cilia mediating airway mucociliary clearance.
Tissues were fixed and immunostained with a CDKL5
antibody to examine the expression of CDKLS in the nasal
epithelia. Live tissue was also examined for ciliary motion
using videomicroscopy. In parallel to the analysis of the
human airway epithelia, we obtained tracheal multiciliated
cells from the Cdkl5 knockout mice to examine the impact
of Cdkl5 deficiency on motile cilia in the mouse airway
epithelia.

CDD patient airway cilia show lengthening
with abnormal motion

Immunostaining with a CDKLS5 antibody showed CDKL5
localization in the ciliary axoneme and basal body of the
control subject (Fig. 1a). However, such staining was not
observed in the CDD patient samples, confirming deficiency
of CDKLS5 (Fig. 1b). High-speed videomicroscopy showed
robust cilia motion (Online Resource 2). Significant cilia
lengthening was noted in both patients when compared to
healthy control subjects (Fig. 1c). We further investigated
cilia beating characteristics by using still images from these
video recordings of control nasal cilia to track the posi-
tions of neighboring cilia at the beginning and end of the
active versus recovery stroke. In the control subject, cilia
are found upright at the beginning of the active stroke and
synchronously bend forward to the transition into the recov-
ery stroke (Fig. 1d). This phase synchrony persisted during
subsequent strokes as shown by extraction and color-coding
of cilia positions at three different time points during each
stroke (Fig. 1e). In contrast, in CDD patients, there was a
loss of phase synchrony with cilia found at different posi-
tions at different times during the stroke (Fig. 1f,g). This
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Multiciliated airway

active

t2 t1 Merge t0

3

Fig.1 Length and beating of motile cilia is altered in CDKLS5 defi-
ciency. a Immunostaining of CDKLS5 in human nasal epithelia reveals
ciliary localization seen in controls (Ct) b is absent in CDD-patients.
¢ Motile cilia lengthening is observed in the female patient (P1) and
the male patient (P2). d Still images (t0) show an upright position at
the beginning of the active stroke and synchronously bend forward
at the beginning of the recovery stroke. e This is illustrated in more
detail as color coding of stroke progression (time intervals t1-t3). f, g

can be clearly observed via kymographs of cilia motion
(Fig. 1h). Quantification of kymograph greyscale showed a
biphasic graph reflecting the zig-zag pattern of synchronized
cilia in controls, while CDD patient yielded a single peak of
the average greyscale in disorganized cilia motion (Fig. 1i).
Together these findings showed in CDD patients significant
cilia lengthening accompanied by abnormal cilia motion
with the loss of phase synchrony.

CdklI5 knockout mouse airway cilia show
lengthening with abnormal motion

Tracheal epithelia of control mice were examined for

Cdkl5 with confocal immunomicroscopy. This showed
Cdkl5 localization in the axoneme of motile cilia in the
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Motile cilia of CDD patients are in an upright position while neigh-
boring cilia are bend forward at the same time. h Kymographs of dif-
ferent cilia bundles show a zigzag pattern for synchronously beating
motile cilia of healthy controls (n=5) while a more averaged grey
scale is observed for the patient cilia. i Pixel grey scale distribution
confirms greyscale intensity of kymographs is divided between two
values in controls while a single peak is observed for average grey-
scale in both patients

tracheal epithelia of wildtype mice (Fig. 2a), but no stain-
ing was observed in the multiciliated tracheal epithelia of
the Cdkl5 KO mice (Fig. 2b). Motile cilia in the Cdkl5 KO
mice showed significant lengthening compared to controls
(Fig. 2c). Videomicroscopy and analysis of cilia motion
showed phase synchrony in the control mice, but not in the
Cdkl5 KO mice, similar to findings in the CDD patients
(Fig. 2d). Analysis of the tracing of ciliary motion showed
uniform cilia beating orientation in wildtype mice, but in
the Cdkl5 KO mice, cilia beating direction was less organ-
ized (Fig. 2e). Electron microscopy showed no cilia axone-
mal ultrastructural abnormalities in the Cdkl5 KO mouse
tracheal epithelia (Fig. 2f), although occasional membrane
protrusions or fusion of neighboring cilia (Fig. 2g) were
observed even as the axonemes remained distinct. Overall,
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Fig.2 Cdkl5 regulates motile cilia length and beating. a Immu-
nostaining of Cdkl5 in murine airway epithelia reveals ciliary locali-
zation b and its absent in Cdkl5 KO mice. ¢ Airway motile cilia of
Cdkl5 KO mice are longer. d Temporal color coding for stroke pro-
gression reveals synchrony observed for wildtype (WT) motile cilia
beating is absent in Cdkl5 KO mice. e Projection of top-view videos
of cilia motion shows uniform orientation of cilia beating in wildtype
trachea is lost in Cdkl5 KO mice. f Electron micrographs show
no gross abnormalities of ciliary axonemes in Cdkl5 KO mice, but
occasional ciliary membrane abnormalities such as g protrusions and
fusion between neighboring cilia. h Brain motile cilia of Cdki5 KO

these findings indicate the function of CDKLS in the regula-
tion of cilia length and motion is conserved in human and
mouse airway cilia.

Cdkl5 regulates cilia length and motion at the brain
ventricular surface

Using the Cdkl5 KO mice, we further investigated the
impact of Cdkl5 deficiency on motile cilia in the ependy-
mal epithelia interfacing between brain tissue and CSF in
the ventricular system. Similar to the motile cilia in the air-
way, motile cilia lengthening was observed and robust cilia
motility (Online Resource 3) was preserved in the Cdkl5

h
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Cilia Length

N
o

p<0.001 iNRE
m |

[¢)]
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active stroke recovery st;(‘)?kre active stroke recovery stroke

Wt ependyma KO ependyma

mice are lengthened. i Uniform zigzag pattern in kymographs of cilia
motion shows phase synchrony for motile cilia of wildtype controls
absent from Cdkl5 KO mice. j Still images show cilia in an upright
position at the beginning of the active stroke and synchronously
bending forward at the beginning of the recovery stroke in wild-type
mouse. k This is better illustrated with the additional panels showing
color coding of stroke progression. I In contrast, motile cilia of Cdkl5
KO mice are in an upright position while neighboring cilia are bend-
ing forward at both the active and recovery stroke, m which is evident
with thel color coding of stroke progression

KO mouse brain ependyma (Fig. 2h). While kymographs
of wildtype control mice showed the standard zigzag pat-
tern indicating synchrony of cilia beating, kymographs of
Cdkl5 KO mice showed beating of cilia occurs out of phase
(Fig. 2i). This is also evident with analysis of ciliary motion
(Fig. 2j) with color coding of cilia positions during stroke
progression (Fig. 2k). This showed the disruption of phase
synchrony in the Cdkl5 KO mouse ependyma such that cilia
within a bundle had variable positions during the active and
recovery strokes, while in the wildtype ependyma they were
more coordinated (Fig. 21,m). These findings indicate Cdkl5
is required for regulating brain ependymal cilia phase syn-
chrony, similar to findings obtained for the respiratory cilia.
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Cdkl5 deficiency alters flow pattern in v3V to block
cilia-mediated fluid inflow

We previously showed ependymal cilia generated a highly
organized pattern of flow that can mediate directional trans-
port in the ventral third ventricle (v3V) in the ventral third
ventricle (v3V) [10]. To determine the impact of abnormal
cilia motion on such cilia-generated transport, explants of
the v3V (Fig. 3a) were placed in a medium containing fluo-
rescent beads to allow tracking and mapping of the pattern
of fluid flow at the ependymal surface. In wild-type explants,
we observed the stereotypic pattern with an inflow stream
at the narrow anterior duct and an outflow stream at the
posterior duct (Fig. 3b,c, Online Resource 4). Tracing cilia
beating orientation showed cilia beating polarity was uni-
form and aligned with the direction of fluid flow, predict-
ing directional transport of substances along the ependymal
surface of the ventricular system (Fig. 3d).

To investigate fluid turnover or clearance in the v3V, a
micropipette was used to release a bolus of fluorescein iso-
thiocyanate (FITC)-dextran to mimic freshly delivered CSF.
In the wildtype mouse v3V, efficient clearance was observed,
with the tracer rapidly spreading from the anterior duct
across the anterior and dorsal surface of the v3V (Fig. 3e,
Online Resource 5). Analogous analysis of the Cdkl5 KO
mouse v3V revealed that the flow map (Fig. 3f,g) showed a
circular flow stream or whirl at the anterior duct that blocked
cilia-mediated inflow into the v3V (Online Resource 4).
Tracing of cilia orientation showed random cilia beating
orientation (Fig. 3h). The FITC-dextran did not spread,
but stagnated at the site of injection at the anterior duct,

-~ b \ Wildtype (

)
Choroid DN
plexus ~— )ﬂ)\\ ? (»
‘ ad \ -
f (:\\f::‘({dklsy" ©),

Fig.3 Mispatterned cilia-driven flow blocks fluid transport in Cdkl5
KO mice. a Explant with dorsal (d3V) and ventral third ventricle
(v3V, black outline) facing the hypothalamus (HY) and Thalamus
(TH) and cilia-generated flow (white arrow) via the anterior (ad) and
posterior duct (pd). b Flow maps show tracing of cilia-generated flow.
¢ Tracing of fluorescent beads being transport from into the anterior
v3V with the surface flow. d Cilia-beating direction underlying the
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demonstrating clearance was effectively blocked (Fig. 3i,
Online Resource 5). Further computational modelling of
fluid dynamics points to a crucial role for cilia-generated
flow rather than bulk flow in mediating clearance in the v3V
(Fig. SI2).

As electron-dense structure known as the basal foot
anchor the ciliary basal bodies to align cilia polarity in other
multiciliated tissues [47], we further conducted electron
microscopy to examine basal foot orientation in the v3V
ependyma. Surprisingly, multiple electron-dense masses
were observed with each basal body, obscuring the use of
basal feet for determining cilia polarity (Fig. SI3).

Motile cilia defects and abnormal ciliary motion
in Yes1 mutant mice

Given sequence conservation in CDKL5 between Chla-
mydomonas, mice, and man is restricted to the kinase
domain (Fig. SI4), this suggests the kinase function may be
pivotal in the regulation of motile cilia function. To inves-
tigate this further, we examined ependymal cilia in mice
harboring L1435P missense mutation in the kinase domain
of another epilepsy-related serine-threonine kinase Yes/ [16,
24]. Interestingly motile cilia in the v3V of heterozygous
YesI*™ mice showed significant lengthening (Fig. 4a). Cilia
motion analysis showed the increased angle of cilia beat-
ing in both the YesI*™ and Cdkl5 KO mouse ependyma
(Fig. 4b). Importantly, analysis of v3V flow maps showed
similar to the Cdkl5 KO mice, pronounced whirls blocking
the inflow into the v3V (Fig. 4c¢).
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surface flow. e Time-resolved color-coding of distribution of FITC-
dextran following injection into ad. f Flow maps are altered in Cdkl5
KO mice g with an expansive whirl appearing below the anterior
duct, h arising from misoriented cilia bundles and i preventing inflow
of fluid from the anterior duct clearing the anterioventral surface of
v3V
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Fig.4 Flow is also regulated by
Yesl, another epilepsy-related
kinase. a Cilia lengthening is
observed in YesI*™ mice. b
The angle of cilia beating in
Yesl is similarly increased in
YesI™™ mice as in Cdkl5 KO
mice. ¢ Flow maps reveal the
presence of the flow-blocking
whirls below the anterior duct.
d Seizure-like motion after
anesthesia induction shows
greatly increased scores in the
YesI™™ and Cdkl5 KO mice. W
wildtype, C hemizygous Cdkl5
KO, Y YesI*”™ mice. e Incidence
of any involuntary motion over
time shows prolonged suscep-
tibility
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Increased seizure susceptibility in Cdk/5 KO
and Yes7*™ mice

Our findings indicate the cilia-generated active blockage
of flow is critical for CSF-turnover in the v3V. Thus flow
blockage impairing homeostatic balancing of the brain
would be expected to increase seizure susceptibility [19, 42]
(Fig. SIT). However, as spontaneous seizures are rare in the
Cdkl5 KO mice [26, 45], this suggests under normal condi-
tions, the mouse brain may retain sufficient homeostatic bal-
ance despite the flow blockage. To test whether the cilia-gen-
erated flow blockage when combined with experimentally
induced CSF homeostatic imbalance might be insufficiently
cleared, we established a protocol to assay mice for suscep-
tibility to isoflurane-induced seizure-like activity (Fig. SIS).
Isoflurane, an anesthetic that induces lactate release into the
CSF [18], have been described to cause seizure in patients
[48, 53]. Indeed seizure-like activity was observed in Cdkl5
KO mice and Yes/*™ mice upon anesthesia induction with
isoflurane (Fig. 4d). While wildtype mice showed only
mild twitching of the limbs and neck shortly after sedation,
Cdkl5 KO mice and YesI*™ mice showed jerking and severe
convulsions that persisted for a much longer time period
(Fig. 4e). These findings indicate serine-threonine kinases
that modulate motile cilia and the patterning of cilia gener-
ated flow may contribute to increased seizure susceptibility.

Cdkl5 deficiency restricted to multiciliated cells
is sufficient to cause flow blockage

As Cdkl5 is expressed not only in the multiciliated epend-
ymal cells but also in neurons and other cell types in the
brain, we further investigated whether CDKLS5 deficiency in
the ependyma alone is sufficient to generate the v3V inflow
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obstruction seen in the Cdkl5 KO mice. Cdkl5 deletion tar-
geted to the brain ependyma was carried out using a Cdkl5
floxed allele (CdkI5*) in conjunction with a tamoxifen-
inducible FOXJ1 promoter-driven Cre (FOXJ1Cre®RT) [36,
44]. In the absence of FOXJ1Cre®®T induction, analysis of
the v3V flow map revealed normal patterning of flow in the
Cdkl5* mice (Fig. 5a), but following tamoxifen induction of
Cre, we observed the same flow blockage at the v3V inflow
as seen in the Cdkl5 KO mice (Fig. 5b), confirming CDKLS5
deficiency in the ependymal cells alone is sufficient to rep-
licate the v3V inflow blockage seen in the Cdkl5 KO mice.

Mispatterning of cilia beating in the brain is a novel
type of ciliopathy

Our finding that the Cdkl5 KO and YesI™™ mice both show
similar cilia motility disturbances and blockage of cilia gen-
erated inflow into the v3V support a role for motile cilia
defects in the increased susceptibility to anesthesia-induced
seizure-like activity observed in these mice. To investigate
if the motile cilia disturbances alone are sufficient to cause
increased susceptibility to anesthesia-induced seizure-like
activity, we examined mice with haploinsufficiency in Foxjl,
a master transcriptional regulator of motile ciliogenesis [28].
While homozygous FoxJI KO mice fail to form cilia in the
brain ependyma and succumb to hydrocephalus, heterozy-
gous Foxjl KO mice (FoxJI1¥) are adult viable and grossly
normal [29]. Their brain ependymal epithelium is lined
with multiciliated cells with the robust cilia-generated flow
(Online Resource 6).

We retrieved v3V of the FoxJI* mice and mapped the
cilia-generated flow. Flow maps showed the same striking
whirl below the anterior duct of the v3V (Fig. 6¢), indi-
cating blockage of inflow from the anterior duct. This was
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Fig.5 Cilia-generated flow blockage is a novel type of ciliopathy. a
Flow maps of FOXJI1Cret®T:Cdki5>*" mice shows normal patterning
without tamoxifen and b flow whirls with tamoxifen-induced activa-
tion of the Cre recombinase. ¢ 4 weeks old FoxJI* mice show whirl-
like flow abnormalities d with normal fluid clearance in wildtype lit-
termates (e) and flow blockage in FoxJ1* KO mice (e). f Five-weeks
old wildtype littermates showed occasional twitching of limbs and
neck during anesthesia with isoflurane whereas more severe twitch-
ing and convulsions were observed in FoxJI* mice. g This activity
persists over a longer duration following sedation

confirmed by tracking cilia-mediated inflow of FITC-dextran
released above the wall of the anterior duct. While wildtype
mice showed a rapid spread of the injected tracer along
the v3V surface (Fig. 6d), in the FoxJI* mice the tracer
remained near the injection site at the v3V inlet, confirming
blockage of inflow at the anterior duct (Fig. 6e). Assess-
ment of seizure-like activity following sedation with isoflu-
rane showed the FoxJI* mice with increased convulsions
(Online Resource 7, Fig. 6f) and these were much longer in
duration, findings similar to those obtained in the Cdkl5 KO
and YesI™™ mice (Fig. 6). In contrast, wildtype littermates
showed only occasional twitching of limbs or neck (Online
Resource 8). We conclude the cilia-generated flow blockage
is sufficient to cause seizure susceptibility, supporting the
essential role of motile cilia defects in causing increased
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seizure predisposition. These findings suggest some seizure
disorders may be a new class of ciliopathy involving motile
cilia defects in the brain ependyma.

Ependymal ciliary rootlets form highly structured
anchoring meshwork

To investigate the possible underlying cause for the abnor-
mal ciliary beating polarity and resulting flow obstruction,
we investigated the organization of the ciliary rootlet mesh-
work in the v3V. Studies in the Xenopus multiciliated epi-
dermis have shown the rootlet meshwork regulates direc-
tional cilia beating by organizing the positioning of basal
bodies and their linkage to the actin cytoskeleton [42]. Con-
focal microscopy using antibodies to y-tubulin for visualiz-
ing the basal bodies, and rootletin for delineating the rootlet
meshwork showed the basal bodies in the v3V ependyma
are encased in a dense meshwork of rootletin-positive fib-
ers. Individual rootelin fiber can be seen projecting from
the meshwork to the cell surface, meeting a similar root-
elin fiber in the opposing cell (Fig. 6a—d). The rootelin fib-
ers also appear to form a thin sheath encasing the nucleus
(Fig. 6d). Importantly, these rootelin meshworks are highly
polarized at the anterior duct of the v3V. The long axis is
aligned with the direction of cilia beating and cilia-mediated
flow (Fig. 6e), supporting a role for the rootlet meshwork in
specifying cilia beating orientation.

Polarized anchoring meshwork specifies regional
cilia beating polarity

To investigate whether their changes in the rootlet meshwork
may be associated with the altered motile cilia beating polar-
ity in the v3V of Cdkl5 KO and Yest™ mice, we conducted
confocal immunomicroscopy of the v3V ependyma in both
mutant mice. This analysis showed both mutants had root-
let meshwork with a more rounded configuration as com-
pared to the eccentric or oval shape meshwork in wildtype
mice (Fig. 7a—c). This was demonstrated by quantifying
the aspect ratio of the rootlet meshwork. The more rounded
rootlet meshwork in the mutants is associated with the whirl
obstructing inflow into the v3V inlet (Fig. 3).

As motile cilia anchoring via the rootlet meshwork
also has been shown to involve ciliary adhesions analo-
gous to focal contacts, we further investigated the dis-
tribution of Pak2, a p21 kinase with critical roles in the
regulation of focal adhesions. Pak?2 is also a downstream
effector of Yesl [21, 43, 52] and also of Cdkl5 via reg-
ulation by Racl [8]. Little or no Pak2 immunostaining
was observed in the wild-type mouse v3V ependyma
(Fig. 7d). However, in both the Cdk/5 KO and Yeslt!
™ mice, we observed prominent Pak2 localization in a
fiber-like meshwork encasing the basal bodies (Fig. 7e,f).
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Fig.6 Polarization of cilia anchoring meshworks correlate with the
flow direction. a—d Immunostaining shows basal bodies are embed-
ded in a meshwork of rootletin-stained fibers that wrap around
the nucleus (arrowhead) and interconnect between cells (arrow).
Bar=5 pm. (e) Immunostaining for rootletin shows an eccentric
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Fig.7 Kinases regulate the polarized cilia anchoring structure. a-c In
wildtype mouse ependyma (a), rootletin-stained structures are eccen-
tric while roundess is increased in b Cdkl5 KO and ¢ YesI™™ mice.
d Immunostaining reveals little or no Pak2 staining in the ependymal

cells of wildtype (WT) mice, and colocalization with fibrous struc-
tures above the nucleus (blue) in Cdki5 KO (e) and YesI*™ f mul-

5 1 5

Although it was not possible to pursue Pak2 and root-
elin co-immunolocalization (given the lack of antibod-
ies of different species or isotypes), the Pak2 meshwork
is very reminiscent of those observed with the rootletin
antibody and is likely to be localized in the rootelin mesh-
work (Fig. 6a—d). Together these findings suggest Cdkl5,
together with other kinases may regulate cilia beating

o
g B9 *zee

Flow 1

180
Flow 2

180

structure with the long axis pointing in the direction of cilia-gener-
ated flow (indicated by red lines). Bar=50 pm. The directionality of
the long axis of rootletin-positive structures is aligned with the direc-
tion of flow

ticiliated ependymal cells. Bar=3 pm. g Scheme shows organized
cilia motion in wildtype cells (h) with interconnected polarized mesh-
works of rootlet fibres. i In the epilepsy-associated ciliopathy, cilia
motion is destabilized j with disrupted rootlet meshwork together
with ectopic Pak2 localization

orientation through changes in the organization of the
ciliary rootlet meshworks and thus pattern cilia-mediated
flow in the brain ependymal surface.
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CDKL5/YES1/PAK2 interactome recovers
seizure-related genes

To investigate the possible larger genomic context for the
modulation of motile cilia and seizure susceptibility, we
assembled a protein—protein interaction PPI network (inter-
actome) with CDKL5, YES1 and PAK2, the three kinases
identified to have a significant impact on ependymal cilia
function (Fig. S16). The PPI network comprised 172 genes.
From this interactome, we recovered five additional cilia
proteins (CDC42, NPHP1, GASS8, CETN1, PDCD6IP),
four proteins associated with ependymal defects (CDC42,
BICD2, GASS8, PDCP6IP), three of which are cilia proteins,
and 13 proteins associated with hydrocephalus (CETN1,
GASS, PTEN, SLC9A3R1, DLG4, PDCD6IP, CASP3,
TP53BP2, GFAP, GAB1, SOCS7, BICD2, CDC42) (Online
Resource 9). Also recovered were ten additional proteins
with seizure phenotypes in mice (PTEN, TYRO3, DST,
GFAP, BRAF, RASA1, FYN, APP, SYN1 and FMR1)
(nodes with black outlines in Fig. SI6), three with con-
firmed association with human epilepsy (nodes with black
dots in Fig. SI6). Also recovered in the interactome is PTK2,
which encodes focal adhesion kinase. PTK?2 is not only a
YES I-interactor and a known downstream effector of PAK2
[32], but was also shown to regulate cilia orientation in the
Xenopus epidermis [2]. Many relevant pathways such as
actin filament organization, small GTPases mediated signal
transduction, cell-substrate adhesion, the establishment of
tissue and cell polarity are statistically enriched in the inter-
actome (Online Resource 9). Together these findings support
CDKLS, YES1 and PAK?2 being part of a kinase-network
that regulates cytoskeletal organization and the specification
of cilia polarity with functional impact on hydrocephalus
and epilepsy (Fig. 8).

Discussion

We showed CDKLS5, an evolutionarily conserved kinase
associated with the neurodevelopmental disorder CDD,
has retained the ancient function of regulating motile cilia.
Reminiscent of observations in the Chlamydomonas If5
mutants [43], CDD patients and the Cdkl5 KO mice showed
cilia lengthening and abnormal cilia motion in the airway
epithelia. Brain ventricular epithelia of the Cdkl5 KO mice
also showed ependymal cilia lengthening and abnormal cilia
motion. Flow mapping revealed distinct alterations in the
pattern of cilia-generated flow in the v3V, with flow obstruc-
tion observed in the v3V that indicates blockage of CSF
circulation. Importantly, increased seizure-like activity was
observed in Cdkl5 KO mice and other mutant mice exhibit-
ing similar cilia-generated flow blockage at the v3V inlet.
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Cilia generated flow blockage in the brain ventricles
as a mechanism of epilepsy

Evidence for a functional link between the patterning
of cilia-driven flow in the brain and seizure susceptibil-
ity was demonstrated with the analysis of the Cdkl5 KO,
FoxJI*, and YesI*™ mice. They all exhibited an increase
in anesthesia-induced seizure-like activity in combination
with the stagnation of cilia-driven inflow into the v3V. This
flow blockage predicts failure in CSF clearance that would
lead to homeostatic imbalances in the brain tissue and thus
promote seizure-like activity [19, 42]. In the context of this
cilia-based seizure model, the rarity of spontaneous seizures
in the Cdkl5 KO mice may reflect the efficacy of diffusion-
mediated CSF equilibration in the smaller size mouse brain
that is not possible in the larger size human brain. Consistent
with this, increased seizure susceptibility in Cdkl5 KO mice
becomes apparent upon exposure to isoflurane that induces
imbalances in CSF homeostasis [18]. This would also pre-
dict animal models with the larger brain such as pig or sheep
may provide a better context to model seizures associated
with cilia-driven flow blockage.

As the sequence conservation of CDKLS is restricted to
the kinase domain [43] (Fig. SI2), this suggests the kinase
activity of CDKL5 may be pivotal to the modulation of
motile cilia structure and function. Given the additional
involvement of two other kinases, Yesl and Pak2, in the
ependymal flow obstructions, this would suggest cilia regu-
lating kinases may comprise a new class of therapeutic tar-
gets for medication-resistant epilepsy.

Ciliary rootlet anchoring meshwork pattern cilia
beating polarity and cilia mediated flow

We showed the cilia-driven flow blockage in the v3V arises
from alterations in cilia beating orientation. This is asso-
ciated with perturbation of the rootletin containing ciliary
rootlet meshwork. Analysis of multiciliated Xenopus epider-
mis has shown the ciliary rootlets regulate the precise spac-
ing of the basal body and the anchoring of the basal body
to the actin cytoskeleton [50]. In mammals, the airway cili-
ary rootlets reach from the basal bodies into the cytoplasm
and seem to be dispensible for cilia motion and mucociliary
clearance whereas, in the photoreceptor cells of the retina,
they form a nucleus-ensheathing structure shown to provide
long-term structural integrity of the sensory cilium [51]. It
seems the distinct features of the cilia-anchoring meshwork
structure from different cell types are combined in the multi-
ciliated ependyma, possibly explaining the unexpected find-
ing of stereotypic patterning in v3V in wild-type animals
[10] and its disruption in CDD.

Interestingly, basal body anchoring via rootlets to the
actin cytoskeleton also requires ciliary adhesions containing
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Fig.8 Protein—protein interactome comprising CDKLS5, YES1 and
PAK2. a Scheme shows organized cilia motion in wild-type cells
with interconnected polarized meshworks of rootlet fibres. b In the
epilepsy-associated ciliopathy, cilia motion is destabilized with dis-
rupted rootlet meshwork together with ectopic Pak2 localization. ¢
An interactome was constructed comprising 172 genes, assembled
based on known (blue) and novel (red nodes) protein—protein inter-
actions (PPIs) of CDKLS5, PAK2, and YES1 (light blue nodes/edges:
known interactors/PPIs, red nodes/edges: novel interactors/PPIs).
Five additional cilia proteins (labeled in yellow) were recovered
including CDC42, NPHP1, GAS8, CETN1 and PDCD6IP. Of these,
three are also associated with ependymal cilia defects (PDCD6IP,
GAS8, CETN1, CDC42). Eight proteins in the interactome are asso-
ciated with hydrocephalus in mice, including CETN1, GAS8, PTEN,
SLC9A3R1, DLG4, PDCD6IP, CASP3, TP53BP2, GFAP, GABI,

o

5 10 15 20 25 30

-log P-value (Bonferroni corrected)

35 40

SOCS7, BICD2 and CDC42. Ten additional proteins are associated
with seizure phenotypes in mice (nodes with black outline) including:
PTEN, TYRO3, DST, GFAP, BRAF, RASA1, FYN, APP, SYNI and
FMRI1. GWAS analysis indicated three proteins are associated with
human epilepsy (nodes with black dot): ARHGAP10 (benign child-
hood epilepsy with centro-temporal spikes), C120rf94 (generalized
epilepsy), and FMRI1 (associated with fragile X syndrome). FMR1 is
also known to cause epilepsy in mice (node with black outline and
dot). d Analysis of the interactome for GO Biological Process showed
significant pathway enrichment related to actin filament and cytoskel-
etal organization, cell adhesion, and signal transduction pathways
regulating these processes, supporting the important role of these
genes in patterning ependymal cilia polarity and ependymal cilia
mediated flow
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components typically found in focal adhesions, such as pax-
illin, vinculin, and focal adhesion kinase [2]. Significantly,
Pak2 which we found ectopically in the ciliary rootlets in the
Cdkl5 KO mouse ependyma is known to regulate focal adhe-
sion turnover through phosphorylation of paxillin. Pak2 also
has been observed to form signaling complex containing the
Par3 polarity protein to direct cell polarity [4]. Hence per-
turbation of ciliary adhesions at the rootlet meshwork could
be responsible for increased stroke angle, loss of phase syn-
chrony and defects in tissue polarity of cilia beating in CDD.
It could also account for the cilia lengthening via disturbance
of the actin cytoskeleton known to have an important role in
regulating ciliogenesis itself [22, 41]. We note actin is also
known to play a critical role in regulating flagellar length in
Chlamydomonas [9]. These findings suggest perturbations of
the rootlet meshwork may underlie the observed v3V cilia-
mediated flow obstruction.

Brain ependymal cilia defects describe a new class
of ciliopathy

Ciliopathies, diseases mostly involving defects in non-motile
primary cilia are well described to be associated with neu-
rodevelopmental disorders such as Joubert syndrome, acro-
callosal syndrome, among others [37]. We note primary
cilia defects have also been reported for Cdkl5 deficient
cells in culture, suggesting Cdkl5 may have a broader role
in regulating ciliogenesis [6]. Consideration of motile cilia
defects in ciliopathies has largely focused on sinopulmonary
disease, primary ciliary dyskinesia (PCD). In PCD, muco-
ciliary clearance deficits are observed, but hydrocephalus or
seizure susceptibility is generally not noted. This suggests
motile cilia dysfunction in PCD is fundamentally different
from motile cilia disturbances seen in CDKLS deficiency.
In PCD, severe cilia motion defects are observed, typically
immotile cilia or cilia with severe dyskinetic motion incapa-
ble of generating flow [27, 39]. In contrast, cilia motion in
CDD is robust and generation of flow per se is preserved, but
the pattern of flow is disrupted, with flow blockage observed
at the v3V inflow. This is created by altered polarity of the
rootlet meshwork causing misaligned motile cilia beating
polarity. These findings suggest CDD is a novel type of cili-
opathy characterized by misguidance of CSF-flow and not
the generation of flow per se. Given our finding indicat-
ing blockage of cilia-mediated fluid inflow is sufficient to
predispose to seizure, this suggests proper cilia-mediated
CSF circulation in the brain ventricular system is critical
for homeostatic balance, pointing to a novel mechanism in
epilepsy. In the context of this model, the rarity of spontane-
ous seizures in the Cdkl5 KO mice under normal conditions
may reflect adequate diffusion-mediated equilibration in the
smaller-sized mouse brain. However, upon isoflurane expo-
sure, seizures may arise due to metabolite release induced
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by the anesthesia in the presence of the cilia-driven blockage
of flow preventing their clearance [18].

Altogether, these studies point to a crucial role of motile
cilia and its regulation by the cilia-anchoring meshwork in
patterning CSF flow in the brain and determining seizure
susceptibility. Together with findings from the PPI network,
a broader role is indicated for motile cilia in a new class of
ciliopathy associated with epileptic disorders.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-022-02463-y.
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