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Abstract

The primary cilium, a hair-like projection from the cellular membrane, is
involved in fluid flow sensing. Bending the primary cilium is known to trig-
ger several signaling pathways. In this study, the primary cilium is modeled
as a thin beam undergoing large deflection due to fluid drag forces. For
the first time, the bending response is analyzed with a model combining
large angle rotations with the assumption of a linear drag force along the
ciliary length. In addition, the initial curvature and the angle between the
cell membrane and the cilium are integrated into the model. The model is
applied on three dimensional confocal images of fluorescent cilia in living
cells that are exposed to laminar shear flow. The coordinates of the cilia
are computed by a simple and effective image processing algorithm. By
fitting the equations of the model to the coordinates of the bent cilia, the
flexural rigidity and the angle between the cilium and the cell membrane
are estimated. The flexural rigidity of the primary cilium is approximately
10723Nm, but the values vary for different cilia, which suggests that the
mechanical properties of the primary cilia are heterogeneous. Interestingly,
the base of the cilium doesn’t deflect under fluid flow which means that
the primary cilium is firmly anchored. Using immunocytochemistry, the
connections of the microtubule network to the base of the cilium could be
resolved. The microtubules may provide the mechanical stability of the
cilium. Incorporating a linear drag force and allowing a basal tilt is an
important step towards a more realistic mechanical model of the primary
cilium and towards more accurate values of its flexural rigidity. The model
together with the imaging technique is a useful tool to study the mechan-
ical behavior of the primary cilium and will eventually lead to new insight
in the poorly understood mechanisms of mechanotransduction.

Keywords: Primary cilium, mechanotransduction, flexural rigidity, tor-
sional stiffness, modeling
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1 Introduction

Mechanical stresses modulate and orchestrate cellular responses from the very begin-
ning throughout the entire lifespan of an organism. Evidence is growing that not only
highly specialized cells, such as cells for hearing and touch, but virtually every cell is
mechanoresponsive [14]. Cells have mechanical sensory capabilities and the ability to
convert mechanical signals into a biochemical response. There are variety of different
mechanical signals acting on cells, a multitude of proteins involved in signal transduc-
tion and the responses range from short term changes in the cytoskeletal arrangement
to long term changes in gene expression. Often, multiple signaling pathways are ac-
tivated by mechanical forces, and the orchestrated response enables the cell to adapt
to changing mechanical conditions, which in turn modulates tissue morphology and
remodeling.

The primary cilium is a specialized cellular organelle that has recently been impli-
cated in mechanosensation. It is a hair-like projection from the apical cell membrane
into the extracellular space present on the majority of mammalian cells. Its structure
is based on nine doublet microtubules, which originate from the basal body and form
a radially symmetric axoneme (see Fig.1). The primary cilium is connected to the
cytoskeletal microtubules via the basal body and the basal feet. The basal body in
turn is connected to the cell membrane by alar sheets and to striated rootlets, a fila-
mentous, cytoskeletal structure.

Figure 1: Structure of the primary cilium (PC). The primary cilium consists of 9 doublet micro-
tubules, which originate from the basal body (BB) and form a radially symmetric axoneme. The
basal body is linked to the cell membrane by alar sheets (AS) and to the cytoskeletal microtubules
(Mt) by basal feet (BF). Striated rootlets (SR), a cytoskeletal filament, is also associated with the
basal body. Image adapted from [11].



Although primary cilia have received little attention during most of the time since
their discovery, it is becoming clear that they are a center of chemical and mechanical
signal transduction during vertebrate development [8], in bone [33, 1], kidney and liver
[9]. Dysfunction is associated with many diseases [18] such as cancer [21], polycystic
kidney and liver disease [9], adiposity [10] and retinal degeneration [27]. A specialized
protein transport system called intraflagellar transport mediates the assembly and dis-
sociation of the primary cilium and the trafficking of ciliary proteins [31]. Among the
variety of proteins present on the primary cilium, many signaling molecules localize to
the ciliary membrane, including receptors for Sonic hedgehog, Wnt, platelet-derived
growth factor, serotonin and somatostatin [1].

The mechanosensory role of the primary cilium was first demonstrated in renal ep-
ithelial cells. Fluid shear or micropipette induced bending of the primary cilium in
MDCK cells leads to an increase of intracellular calcium [26]. This mechanosensory
response is mediated by polycystins 1 and 2 in kidney cells. Both transmembrane pro-
teins localize to the base of the cilium, and functionality of both proteins is required
for the flow induced increase in intracellular calcium [23]. In bone, primary cilia are
required for the dynamic fluid flow induced osteogenic and bone resorptive responses
which is independent of Ca?* flux and stretch-activated ion channels [20]. Further
investigations showed that fluid flow leads to a decrease in intracellular cAMP which
depends on the primary cilium, and on a molecular level on adenylyl cyclase isoform
6 and Gd>*-sensitive channels and that this response mediates flow-induced COX-2
gene expression [16]. This suggests that the primary cilium mediates mechanosensitve
signaling responses that are tissue specific.

Given the important role of the primary cilium in mechanosensation, it is surprising
that only little is known about the mechanical properties of this structure. In contrast
to the motile cilium, there are only few models of the primary cilium found in the liter-
ature. Schwartz et al. modeled the primary cilium as a thin elastic beam that deflects
in response to fluid drag [30]. They used the Euler-Bernoulli beam theory and solved
the differential equation with Maclaurin series. The major limitation of this model
is the assumption of constant fluid velocity and drag, which doesn’t agree with their
experimental measurements of the fluid velocity in the vicinity of the cells. Liu et al.
proposed a similar model, which considered more realistic fluid assumptions, but which
was limited to small deflections [19]. A finite element model of the primary cilium was
developed recently by Rydholm et al. [29]. In addition to an elastic axoneme, the
ciliary and apical cell membrane was modeled as well. But there is only little known
about the mechanical properties of the ciliary membrane, and the parameters of their
model were obtained from whole cell experiments of red blood cells. Therefore, the
model has to be refined and validated before accurate results can be obtained. Another
general problem is that a finite element model is not able to determine the stress at a
sharp edge, for instance between the ciliary and the cellular membrane.

Here, a novel mechanical model is proposed which simulates the bending of the pri-
mary cilium in response to fluid flow. It combines a realistic linear fluid velocity profile



with large deflections of a thin beam. In addition, the model includes new features
such as allowing for a tilt at the base of the cilium and the initial curvature of the
cilium without flow. Attempts were made to improve the estimation of the drag forces
experienced by a deflected beam in three dimensions by computational fluid dynamics.
Confocal microscopy is used to image fluorescently labeled cilia in living cells that are
exposed to laminar shear flow in a parallel plate flow chamber. The images of the cilia
under flow are then automatically processed and the three dimensional coordinates of
the cilia are extracted. The goal of this study is to analyze the profiles of the primary
cilia with the mechanical model. By comparing the actual bending profiles of the cilia
with the simulations, the flexural rigidity of the primary cilium will be determined.
With the powerful imaging technique and the image processing tools, the bending of
the primary cilium in response to fluid flow is characterized in three dimensions. In
addition, the structure of the base of the cilium is analyzed by immunocytochemistry.



2 Materials and Methods

2.1 Cell culture

Kidney epithelial cells from the inner medullary collecting duct (IMCD), which were
previously transfected with a GFP somatostatin type 3 receptor fusion protein (eGFP-
SSTR3) were cultured in tissue culture treated petri dishes with F12/DMEM 1:1
(Invitrogen, 11330), supplemented with 10% fetal bovine serum (FBS) (ATCC 30-
2020)), 1% penicilin / streptomyocin (Invitrogen, 15140) and 200 pg/mL geneticin
(Invitrogen, 11811) in a humified incubator with 5% CO2 at 37°C. Geneticin was
added to maintain selective pressure on the transfected cells. The fluorescent fusion
protein localizes to the primary cilium and enables fluorescent imaging in living cells.
For life-cell imaging, the IMCD cells were grown on 22x40 mm coverglasses to 60-80%
of confluency and were then growth arrested by lowering the concentration of FBS to
0.5% for maximally two days.

2.2 Visualization of the plasma membrane

Wheat germ agglutinin (WGA) fluorescently labeled with Alexa 594 (Invitrogen W11262)
was used to stain the cell membrane in living cells. Cells were washed with PBS and
then incubated with 5 pg/mL WGA dissolved in Hank’s buffered salt solution (HBSS)
for 10 minutes at 37°C. After two quick washes with HBSS, cells were imaged im-
mediately, because the fluorescently labeled lectin becomes endocytosed within 10-20
minutes.

2.3 Immunocytochemistry

Cells were seeded on 12mm 1.5 thick circular cover glasses in a 24 well plate at a con-
centration of 50’000 cells per well the day before staining. Cells were washed twice with
prewarmed PBS, fixed with 4% paraformaldehyde for 15 minutes at room temperature
(RT), and washed again three times with PBS. Next, cell membranes were permeabi-
lized with 0.5% Triton X-100 for 5 minutes, followed by 3 washes with PBS. To prevent
unspecific binding, the cells were blocked with 3% bovine serum albumine (BSA) dis-
solved in PBS fro 20 minutes. Primary antibodies were then incubated overnight at
4 °C. Optimal dilutions were determined by titration: monoclonal rabbit anti alpha
tubulin 1:1000 (Abcam, ab52866), monoclonal mouse anti gamma tubulin 1:1000 (In-
vitrogen, T6557), monoclonal human anti rootletin 1:1000 (Acris, AM00479PU-N).
Excessive antibodies were removed by 3 washes with PBS lasting 20 minutes each.
Next, secondary antibodies, donkey anti rabbit IgG Alexa 555 (Invitrogen A31572),
donkey anti mouse IgG NL 637 (R&D Systems, NL0O08) and goat anti human IgG
Alexa 633 (Invitrogen A-21091) were added at a dilution of 1:200 and incubated for 1
hour at RT, followed by 3 washes with PBS for 20 minutes each. Both primary and
secondary antibodies were dissolved in PBS with 0.5% BSA.

Cover slides were mounted on precleaned glass slides with Prolong AntiFade Gold
(Invitrogen, P36930) mounting medium, that was cured at RT, protected from light,
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Figure 2: The flow set up. The laminar flow chamber is connected to a syringe pump, which
administers a well controlled flow rate. A reservoir is connected to the outlet of the chamber, such
that positive and negative flow rates can be applied on cells.

for 24 hours before sealing the coverglass with nailpolish. For immunocytochemistry
with the rootletin antibody, ice-cold methanol fixation for 10 minutes was used instead
of paraformaldehyde fixation and permeabilization with Triton X-100.

2.4 Applying shear stress on cultured cells

Well controlled fluid shear stress was applied on cultured IMCD cells with the laminar
flow chamber RC-30 (Warner Instruments) connected on one side to a syringe pump
(Genie Plus, Kent Scientific) with a 1 mL Hamilton gas tight syringe and a reservoir
at the other (see Fig. 2). The RC-30 flow chamber is designed for confocal imaging
systems. It consists of a circular mount, in which a gasket can be placed between a top
and a bottom coverslip, with the dimension 30x24 mm? and 40x24 mm? respectively.
The gasket has a thickness of 250 pm and a narrow channel with a width of 3.2 mm.
The flow in the chamber is steady and the liquid is assumed to be Newtonian. The
wall shear stress for the flow between infinitely wide parallel plates depends linearly
on the flow rate:

6nQ
Twall = W (1)

where 7,41 is the shear stress in [Pa], @ the flow rate in [mm3/s],  the dynamic
viscosity [Pa s], b the width [mm] and % the height of the channel in [mm]. The
viscosity of the medium was assumed to be 1073 Pa s, which is the viscosity of water
at 20°C. In a finite flow chamber, the shear stress is not uniform along its width, but
decreases in the vicinity of the edge [2]. Therefore, cells were imaged only in the center
of the channel. The flow rate @ was set between 150-500 uL/min, corresponding to
shear stresses of 75-250 mPa. In order to avoid thermal gradients which lead to a focal
drift during imaging, the flow chamber was assembled and put into the microscope
room 1 hour before imaging.

2.5 Confocal laser scanning microscopy

High resolution images of the primary cilium in living cells, and other subcellular
structures on fixed cells were taken with the Leica SP5 confocal laser scanning mi-



Table 1: Parameter Values

Parameter Symbol  Value Unit

Flow rate Q 150-500  pL/min
Fluid viscosity i 0.001 Pas

Fluid density p 1000 kg/m?3
Channel width b 3.2 mm
Channel height h 0.25 mm

croscope, equipped with a 100x, 1.46 NA oil immersion objective and a motorized
Super Z Galvo stage. For live cell imaging of fluorescent cilia, the resonant scan-
ner was used with bidirectional scanning, which allows high speed imaging in three
dimensions with a voxel scanning rate of 8000Hz. The resolution of a confocal mi-
croscope is approximately Res;, = Oj‘éi’\ and Res, = 1}\,522’\ in the lateral and axial
direction respectively [37]. The resolution with the given microscope and GFP are
Resgy = 151nm and Res, = 534nm, as A = 500nm and the refractive index of the
immersion oil is n=1.518. An Argon laser, with wavelength A = 488nm was used to
excite the GFP fusion protein, and the cilia were scanned with a lateral voxel dimen-
sions of about 50nm and a voxel height of 100nm. The scan of a single cilium takes
about 1-2s. To decrease fluctuations, the cilia were scanned 20 times consecutively.
For immunocytochemistry, the images were taken without the resonant scanner, and
the HeNe 543 and 633 lasers were used to excite the Alexa 555, Alexa 633 and NL637

labeled secondary antibodies.

2.6 Image Processing

Deconvolution and 3d reconstruction. Confocal images of the tubulin network
and the membrane stain together with the fluorescent cilia were deconvoluted with
Huygens Deconvolution Software (Scientific Volume Imaging, SVI) using the classic
maximum likelihood estimation algorithm. The fluorescent cilia with the membrane
stain were reconstructed in three dimensions with freeSFP (SVI) which implements
the simulated fluorescence process algorithm.

Detect and extract ciliary profiles. An image processing script was developed
with the Matlab image processing toolbox to extract the three dimensional coordinates
of the cilium from the confocal images. As the cilium is almost parallel to the optical
axis, it appears as a dot in the xy plane (see Fig. 3). The eGFP-SSTR3 fusion
protein localizes to the ciliary membrane. The ciliary membrane as such can’t be
resolved with the given imaging system, as the diameter of the cilium (about 200nm)
is too close to the resolution limit of the laser scanning confocal microscope, even
with the 100x 1.46 oil immersion objective. The signal recorded by the detector is
a convolution of the different fluorescent signals of the eGFP-SSTR3 molecules with
the point spread function of the imaging system. The resulting image is similar to a
Gaussian distribution, which will be used for the further image processing.

The confocal images of the cilia in 4d (xyzt) are saved as TIFF files together with
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Figure 3: Imaging of the primary cilium. The primary cilium appears dot-like in the xy-plane of a
confocal image.

the metadata in a XML file by the Leica LAS AF software. A Matlab code reads the
metadata and acquires the dimensions and the pixel size of the images. Then, each
individual image is read and converted into a 8bit greyscale image and a Gaussian
filter, with parameter ¢ = 200 nm and dimensions of 40 x 40 is used to decrease noise
(a typical mask is shown in Fig. 4 D). Mathematically, the convolution of the image
with the Gaussian filter mask is equivalent to a correlation with the Gaussian, because
of the symmetry of the mask. Next, pixels exceeding a manually chosen threshold are
sampled, and if more than 10 pixels were sampled at a given height z, the x and y
components of the sampled pixels were averaged and taken as the center of the primary
cilium. The result of the filter and the threshold are shown for a typical cross section
of a cilium in Fig. 4 A-C.

To filter the fluctuations of the primary cilium, an average coordinate of the cilium
was obtained by averaging the xy coordinates through time (usually 20 z-stacks imaged
during 30s), if more than half of the scans satisfied the criterium of being a ciliary cross-
section. The three-dimensional coordinates of the cilium are then projected into the
xz plane, with x being the direction of flow and z the axis perpendicular to the cell
membrane, which serves as an input for the mechanical model.

2.7 Computational fluid dynamics

For the three dimensional simulation of the fluid flow around a cylinder, the computa-
tional fluid dynamics program of the finite element software ADINA, version 6.6.2 was
used. The computer used for simulation was equipped with four 2.8 GHz processors
and 7 GB RAM.



Figure 4: Image Processing. (A) Original noisy image of a cross section of a primary cilium imaged
with the resonant scanner. (B) Image filtered with Gaussian low pass filter. (C) Pixels exceeding the
threshold are shown in white, and their mean position is indicated with a black point, which is used
as the coordinate of the cilium. (D) shows a typical enlarged Gaussian filter mask. Scale bar 1 pym.

3 Model development

A part of the following theoretical considerations and the numerical implementation
was previously developed in the Cell and Molecular Biomechanics Laboratory by Jaj
Geraedts. The theory and implementation of the initially curved cilia, the elliptical
cylinder approximation, the three dimensional fluid simulations and the whole image
processing part are my major contributions to this model. In addition, the fitting
algorithm was changed together with some other corrections and changes in the script
of J. Geraedts.

3.1 Thin elastic beam

The primary cilium is modeled as a thin, elastic, homogeneous beam with uniform
cross-section along its length. From the Euler-Bernoulli beam theory we know that
T="E ®
S
where s is the position along the beam starting at the free end, 6 the angle between
tangent and vertical as shown on Fig. 5A, M the bending moment, E the Young’s
modulus of elasticity and I the second moment of inertia. The product EI is called
flexural rigidity, which describes the effective stiffness of the beam, considering both
material and geometrical factors.
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Figure 5: Illustration of the coordinate systems used.

If the beam is subject to a continuous load perpendicular to its long axis, it follows
that the derivative of equation (2) with respect to s yields
d*6 w(s, )
P T scos(0) (3)
where w is the load per unit length [12].
The bending moment M must therefore be:

M(s) = /os w(s, 0)scos(0)ds + fct(6) (4)

Note that the bending moment at a given point s is equal to the integral of the
moments from 0 to s. Here, the moment at a given element s with length ds is
m(s) = swcos(f)ds. This is only an approximation, because the effective lever arm
is the linear distance ! and not the distance s along the beam (see Fig.6). This
approximation will lead to errors which increase with increasing deflection. This error
was only discovered by the end of the project and wasn’t corrected for the simulations.
Nevertheless, the problem can be solved by starting with [ = s, and then update the
value of [ according to the previous beam profile in the Cartesian coordinate system,
much like the drag on a given element is updated during the fitting process.

Equation (3) can be rewritten in a non dimensional form by introducing x = wL3/ET
and § = s/L with L being the length of the beam [12].

d?0

ds?

The boundary conditions are such that the angle between vertical and the tangent

of the beam is a given angle 0., at the fixed end and the bending moment at the free
end is zero:

= —k(5,0)3cos(0) (5)

0 =0pse at s5=1 (6)

— =0 at 5=0 (7)
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Figure 6: Bending moment

So far, the beam is considered straight if no load is applied. It was observed that
the the primary cilium may have an initial curvature. For this case, the equation (4)
can be adapted as follows (see Figure 5):

M(s) = /OS sweos(6 + 6)ds (8)

The bending moment depends on the angle between the direction of the load (the
horizontal) and the tangent of the beam (6 + ), whereas the angle in equation (2)
refers to the change in angle due to the load, 6. It follows that

d?o

ds?

As equation (5) has never yielded an analytical solution, a numerical approach is

used to solve the differential equations. The second order differential equation can be
decomposed into a system of two first order equations.

= —kScos(0 + 0p) (9)

dbq
— 1
s (10)
do
d—; = —kScos(01 + 6y) (11)

This system of differential equations can be numerically integrated to find (s). The
xy coordinates can then be obtained:

xz(s)=1L /05 cos(0 + 6p)ds (12)

y(s) = L/Os sin(0 + 0y)ds (13)

10



3.2 Fluid flow

Hydrodynamic drag is the force leading to the bending of the primary cilium. It was
experimentally observed and theoretically predicted that the flow in the vicinity of
cells in a laminar flow chamber is almost linear, with zero velocity at the fluid-cell
interface [30]. Previous studies have shown that the cilium deflect at tip velocities in
the order of 50 pm/s [30]. The flow around a thin cylinder, whose diameter d = 0.2
pm, at a fluid velocity of about v = 50 um/s is called creeping flow, as the Reynolds
number, defined as Re = pvd/n = 10~% is much smaller than one. This means, that
viscous forces dominate largely over inertial forces. To determine the drag acting on
the cylinder at a given height z, a 2d approximation based on the circular cross-section
of the cylinder and the local fluid velocity v(z) can be used. When the beam bends or
rotates, the cross section of a cylinder in the plane of uniform velocity changes from
circular to elliptical. Drag on elliptical cylinder was therefore estimated and to analyze
the three dimensionality of the flow, an attempt to simulate a tilted cylinder was done
by computational fluid dynamics.

3.2.1 Drag on a circular cylinder

The motion of a fluid can be described by the Navier-Stokes equation. As the Reynolds
number for the given problem is very small, one could neglect the inertial terms of the
Navier-Stokes equation which leads to the Stokes equation. Unfortunately, there is
no analytical solution of a body immersed in a unlimited viscous incompressible fluid,
which motion is described by the Stokes equation. This problem is known as the Stokes-
paradox [32], which resulted from the neglect of inertia terms, according to Oseen [4].
Oseen added a linear inertial term to the Stokes equation in order to overcome the
Stokes-paradox. The linear inertial term is small close to the cylinder, but becomes
important in the far field. Lamb found an analytical first order approximation of flow
around an infinite, circular cylinder and an expression for the drag forces using Oseen’s
equation [17]:

w— drpv3d
~ Re(2.002 — In(Re))

This equation is valid at low Reynolds number, and was experimentally validated
[5, 34]. We assume that the fluid velocity is zero at z = 0 and increases linearly with
z. Actually, the flow profile is parabolic and homogeneous in the center of the parallel
plate flow chamber [2], but as the height h of the flow chamber is much larger than the
length of the cilium, the linear approximation is reasonable. For the given dimensions,
the drag per unit length w is almost linearly dependent on the height z (see Fig. 7).
Therefore, the drag per unit length is approximated as a linear function w(z).

(14)

3.2.2 Elliptical cylinder approach

When the cilium bends, the initially circular cross section becomes elliptical in the
plane of uniform flow (xy-plane). To study if this change in cross section has an effect

11
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Figure 7: The drag per unit length depends almost linearly on the height z from the no-slip boundary.

on the drag, the solution of Oseen’s equation for elliptical cylinders was used [13]. The
drag coefficient C'p is

167 1 Re? 1
- 1— o2, 4
Cp=peasri—ot "B o ol ) (1)
1

— (15 +40% — 180" + 120° — o8
+242S+1_02(5+J 80* 4+ 120° — 0°)}]

with Re the Reynolds number, o = y/(a — b)/(a +b), a the major and b the minor
axis, S = log(8(1 + 0?)/Re) — y and y the Euler constant. The ratio ¢ can easily

be calculated for a tilted cylinder, and the drag per unit length D is in the case of a
cylinder

v2pd
2
The results for the geometry of the cilium at a Re = 10~2 are shown and compared
to the solution for a circular cylinder by Lamb in Fig. 8. The drag decreases only about
2% when the cylinder is tilted from 0 to 45°. This effect was considered negligable and
the circular cylinder approach is sufficient to describe the drag on a bent cilium in 2d.

D=Cp (16)

3.2.3 3d Computational Fluid Dynamics Simulation

The fluid flow around a bent beam is a three-dimensional problem. The local velocities
around the beam will not only have x and y components, but also a z-component
due to the inclined boundary. Computational fluid dynamics were used to determine
if this z-component of the velocity introduces changes in drag compared to the 2d
approximation. The goal was to establish a relationship between the drag and the
angle of incidence of the flow with respect to the cylinder. The finite element software
ADINA, version 8.6.2 was used to simulate the fluid flow around a circular cylinder.

12
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Figure 8: The drag on a circular cylinder compared to a cylinder tilted form 0-45° at low Reynolds
number. Tilting the cylinder in direction of flow has only little effect on the drag in 2d.

The fluid flow was simulated within a box filled with tetrahedral fluid elements, with
a defined inlet velocity v=1075 m/s at one face, and slip boundary conditions at the
bottom, the top and the lateral boundaries. The cylinder, with diameter d = 10~>m
and a no-slip condition at its boundary, was placed in the center of the computational
box with a height equal to the height of the computational domain. The fluid density
was assumed to be 1000 kg/m? and the viscosity 1072 Pa s, such that the Reynolds
number becomes 1072. This value was chosen because it is much smaller than one
and a smaller value was avoided, because the simulations may converge slowly at
low Reynold’s numbers. The results can be extrapolated to lower Reynolds numbers,
because the physical laws won’t change and the ratio between the drag coefficient at
0° over the drag coefficient at a given angle should remain constant at different, but
small Reynold’s numbers.

The simulation has to be mesh and domain independent and should be consistent
with the analytical solution of a circular cylinder (Equation (14)) when the cylinder is
not inclined. It was observed that the drag depends highly on the width of the com-
putational domain, but only little on the number of fluid elements. The dependence of
the drag on the ratio width over diameter is shown in Fig. 9. The width of the com-
putational domain has to be 1000 times larger than the diameter. Only at this ratio,
the drag becomes close enough (10%) to the solution of equation (14). The model is
validated, but the high ratio made it difficult or even impossible to run simulations for
an inclined cylinder. The computational power available was not sufficient to simulate
the drag for cylinders tilted at different angles, because the height of the domain had
to be incrased to avoid boundary effects from the top and the bottom face and the
number of fluid elements necessary to form a good mesh exceeded 5 x 10° elements.
Unfortunately, the three-dimensionality of the flow could not be resolved and included
into the model.

13
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Figure 9: The ADINA simulation of the drag on a circular cylinder compared to the analytical
solution

3.3 Numerical implementation, fitting algorithm

The differential equation of the beam, together with the linear drag forces w(z) are fit-
ted on the reference points of the cilium by adjusting FI and 6p,s. such that the error
between the solution and the reference points becomes minimal. First, the reference
points of the cilium under static condition are computed from the confocal images, as
well as the reference points of the cilium under fluid flow (see Materials and Methods
section). The coordinates of the cilium are rendered non-dimensional by a division by
the length of the cilium. To determine the length, a 4th order polynomial was fitted
on the reference points and the distance was estimate according to this fit. The profile
of the cilium with no load, s¢(6p), is needed for the estimation of 6. It is obtained
by the same fitting process described below, but with arbitrary values. This has no
physical meaning, but allows to accurately estimate so(6p).

The fitting process starts with an initial guess for 0,s. and xy;p, which is the value of
the non-dimensional parameter x = wL?/ET in equation (5) at the height L. Changing
Ktip is equivalent to change FI, as L and wy;, are known and constant. With this
initial guess, and with a linear load profile that is zero at z = 0 and k) at z = L,
the differential equations are solved with the standard boundary value problem solver
bvp4c in Matlab, which implements a three stage Lobatto approach with automatic
adaptive meshing and error control. The resulting profile s(f) can be transformed
into the xy plane by numerical integration of equation (12) and (13). The load at a
given point s of the beam depends on the height z in the xz-plane, and this height z
is different from the initial configuration. Therefore, the load w(s) has to be updated
according to the profile s(f) in the Cartesian coordinate system and the differential
equations are solved again, until the mean distance between two consecutive solutions
becomes less than given tolerance. Next, the value for s, is changed according to
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Figure 10: The numerical implementation and the fitting Process. (A) The drag is updated at each
iteration according to the new beam profile. (B and C) The values of EI and 04 are varied until
the average distance between the reference points and the solution falls below a certain tolerance. (D)
The flow chart of the fitting algorithm.

Kiip = IQZ;I + (d)stepsize” (17)

If the error between the reference points and the solution increases, the direction d
changes and the step size is divided by two. The iteration is stopped when the step
size becomes smaller than an accepted tolerance. Then, 0y, is fitted by the same
optimization process. The process of the fitting algorithm is depicted in Fig. 10 D
and the solutions for different updates of the load, different values for s, and Opgse
are shown in Fig. 10 A, B and C respectively.

In the end, the ET value can be computed by EI = wtipL?’//{tip and the bending
moment at the base is obtained by the following discrete sum

L
Z lweos(a)ds (18)
s=0

where [ is the linear distance between s = L and s, w the force per unit length acting
on an element s of length ds and « is the angle between [ and the vertical (see Fig. 6).
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Figure 11: The effect of different model assumptions. (A) The fits obtained with a constant velocity,
linear velocity and the linear velocity with tilt are shown. The fitted profiles are very similar, but
allowing for a basal tilt leads to a slightly better fit (profile of the cilium from [30]). (B) Shows the
profile of a highly bent cilium (from [20]), where the effect of the fitted angle at the base is more
drastic. Allowing the base to tilt increases the accuracy of the fit.

4 Results

4.1 Validation and effect of model assumptions

The model was validated by using published data of a bent primary cilium from
Schwartz et al. [30] and by comparing the resulting ET values. Schwartz et al. used
Maclaurin series to solve equation (3) and assumed constant drag forces along the cil-
ium. They reported EI values of 1.4-1.6x10~23Nm?. After modification of our model,
where an initially straight cilium was considered and the drag forces were kept constant
in order to meet their assumptions, an ET value of 1.24x1072% Nm? was obtained. As-
suming a linear drag profile, the ET value decreases to 0.50x10722Nm?2, and by fitting
the angle at the base 6,5 in addition to the linear velocity profile, the ET increases
slightly to 0.60x10~23Nm?. The fitted beam profiles are shown in Fig. 11A. All models
with the different assumptions are able to fit the reference points of the bent cilium
and the difference between different fits is small. Allowing the base to rotate improves
the fit slightly in Fig. 11A, but the effect is more important for a highly bent cilium,
as shown in Fig. 11B.

4.2 Ciliary embedding

The relative position of the cilium with respect to the cell membrane was assessed
by confocal imaging of living cells, which express eGFP-SSTR3 and which are stained
with a common fluorescent cell membrane dye. Usually, the cilium is located at the top
of the cell, projecting into the extracellular space (Fig. 12 A). The length of the cilia
of IMCD cells is around 2-4 pm and the cilium can be tilted or curved, even if no load
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10.0 pm

Figure 12: The position of the primary cilium on a cell. The cilium is seen in green (GFP-SSTR3) and
the cell membrane in red (WGA-Alexa594). Images A, B and D are 3d reconstructions of deconvoluted
images. (A) The primary cilium is usually at the top of the cell, projecting into the extracellular space.
(B) In some cases, the primary cilium is small and embedded in the cell membrane. (C) is an original
confocal image of cilium B which shows that the cilium is embedded in the cell membrane, and (D)
is a 3d reconstruction with the data from (B), where the cell was cut at a certain height in order to
visualize the embedded cilium.

is applied (Fig. 12 A). Interestingly, a very different position was observed for a small
cilium (Fig. 12 B-D). This cilium is located at the side of the cell partially embedded
in the cell membrane. The fluorescent signal of the transmembrane fusion protein is
seen within the cellular membrane, which suggests that the membrane at the ciliary
base forms an invagination (Fig. 12C and D). The fluid flow and the drag forces acting
on the small, embedded cilium must be very different compared to the long cilium at
the top of the cell, because of the steep cell membrane and the partial embedding. The
longer cilia is not embedded and emerges directly form the cell membrane. To avoid
misleading interpretations of the bending of the primary cilium, only long cilia at the
top of the cell were considered for the comparison with the model.

4.3 Primary cilia length in growth-arrested IMCD cells

To study the effect of inhibiting cell proliferation on cilia length, IMCD cells were
growth arrested by serum starvation, i.e. by culturing the cells with serum-free media.
The length was assessed before serum starvation, at 1 and at 2 days of serum starvation.
The results are shown in Fig. 13. The average length of the cilium slightly increases
during serum starvation. After two days of serum starvation, no cilium was found
with a length smaller than 2 pm, and the longest cilium was also found in this group,
which was 4.5 pm long. However, no statistical significance between the means of each
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Figure 13: Cilia length seems to increase in growth arrested IMCD cells. The length of the cilia was
measured on day 0, day 1 and day 2 after serum starvation (0% FBS).

group was found with a one-way ANOVA (P-value = 0.19). By increasing the number
of data points, the increase might become statistically significant. Nonetheless, cells
were growth arrested for two days for the bending analysis, because not only the cilia
seem to be longer, but they are also likely to be more mature.

4.4 Fluctuations

Imaging with the high-speed resonant z-scanner revealed fluctuations of the primary
cilium. The side-view of a cilium imaged 12 times within 25 seconds under static
conditions is shown in Fig. 14. External vibrations were minimized and the cells were
put into the microscope room one hour prior to imaging to avoid thermal gradients. For
visualization, noise was decreased by a Gaussian filter and the average y intensity was
projected into the xz plane. The movement of the cilium is better seen if the images
are animated. The three-dimensional coordinates of the same cilium were obtained by
further image processing and plotted in Fig. 15. The base of the cilium moves more
in the y than in the x direction. This lateral movement may correspond to a cellular
movement or an imaging artifact. On top of this lateral movement, the fluctuations
appear more pronounced at the tip of the cilium than at the base.

A candidate source of the observed fluctuations are thermal forces. To test this
hypothesis, we assume that the primary cilium is a flexible polymer. We would expect
that

< cos(Af) >= e Tr (19)

where the brackets indicate the expectation value, Af the angle between the tangent
at a point s and the tangent at point s = 0, s the position along the polymer and L,, the
persistence length. The persistence length is a measure quantifying the stiffness of a
long polymer and corresponds to the length over which the correlation of the tangent is
lost. The flexural rigidity is related to the persistence length by the following equation.
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Figure 14: Time sequence of a cilium, side view. Average y intensities were projected into the xz
plane after noise reduction with a Gaussian filter. The cilium fluctuates and seems to oscillate. Time
step between consecutive images is 1.5s, scale bar 1 pum.

ET
v =T (20)
with k& the Boltzmann constant and T the temperature. If the fluctuations are
thermal, the measurements would provide a mean to estimate the flexural rigidity of
the primary cilium. This method was indeed used by others to determine the flexural
rigidity of microtubules or actin filaments [7]. If the persistence length is much longer
than the length of the cilium, s/L, becomes very small and we can approximate the
exponential.
< cos(Af) >~ 1 — = (21)
Ly

Using the data from 15, we can measure the tangent at the base which is approxi-
mately /2 and at the tangent at the tip varies between m — 0.1 and m — 0.3 rad. The

equation (21) yields

< cos(AG) >~ 1— = ~0.97 (22)

Ly
at s = 4um. The persistence length is therefore 133 ym. The cilium consists of nine
doublet microtubules, so we would expect a persistence length at least nine times longer
than the one of a single microtubule. According to Pampaloni et al., the persistence
length of a microtubule with a physical length of 4 pm is L;‘,“ = 200 pm [25], which
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Figure 15: Three-dimensional coordinates of the cilium shown in Fig. 14 were obtained by image
processing. The fluctuations are more pronounced in the y direction than in x, and apparently higher
at the tip than at the base.

is larger than the estimated value obtained for the cilium. We can therefore exclude
thermal fluctuations to be the reason of the fluctuations.

Another possible source of fluctuations are movements of the cell. In this case, we
would expect to see a time dependence of the position, and the phase of the oscillations
at the base should correlate with the oscillations at the tip. No clear time dependency
was found, and no correlation between the phases. The sampling frequency might
be too low for this analysis, so we can’t exclude cellular movements from this data
yet. Other possibilities are external vibrations that are transmitted to the sample or
inaccuracy of the image processing. The external vibrations were minimized, but can’t
be completely avoided.
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4.5 Flexural rigidity of the primary cilium

By fitting the model to the profiles of the cilia from the confocal imaging, the flexural
rigidity and the angle at the base is be estimated. Unfortunately, only few data were
obtained, and the results are variable. Figure 16 shows the profile of four different cilia
without flow, with a flow rate @ = 300 pL/min and the fitted beam profile from the
model. The given flow rate corresponds to a fluid shear stress of 150mPa. The cilia
were imaged 20 times within 30 seconds in both conditions, and average coordinates
were used for the analysis. The coordinates of the cilia form relatively smooth lines,
and the model is able to simulate the bending profile very well.

The first important result is that the base of the cilium doesn’t tilt. The tangent
at the base of the cilium in the static condition is in all four cases almost identical
to the tangent of the loaded cilia. The cilium forms an angle close to 90° with the
cell membrane, which doesn’t change when a load is applied (see Af in table 2). The
bending moment at the base is not sufficient to induce a tilting.

The flexural rigidity of individual primary cilia vary largely. The values of the four
cilia shown in Fig. 16 are listed in table 2, with values between 10722 — 10~24 Nm?.
The average flexural rigidity is in the order of 1072*Nm?, which is the same as the one
reported previously by Schwartz et al. [30]. Only small changes in deflection lead to a
large change in the estimation of the flexural rigidity, which makes the measurements
very sensitive. The observed deflections under flow were variable for different cilia,
and no apparent correlation between length and flexural rigidity was found.

The length of the deflected cilia appear between 0.3-1.1 pm smaller than the un-
loaded cilia (AL in table 2). This change in apparent length was not considered in the
simulation, as the non-dimensional coordinates were used. The change in apparent
length is probably due to photobleaching. The fluorescent signal intensity decreases,
and therefore, the signal to noise ratio becomes worse after a few scans of the same
cilium. It becomes more difficult to estimate the coordinates of the cilium, and as
the intensity decreases, the fewer slices are considered as part of the cilium. One
could improve the image processing by lowering the threshold for later scans, which is
difficult as the noise is relatively high even at the first scans, or the exposure of the
fluorophores to the laser could be lowered. This can be done by decreasing the number
of scans per condition, by lowering the laser power or by increasing the sampling size.
The first option will increase the sensitivity to fluctuations and the second was already
considered and minimal laser power was used. By choosing ten scans per condition,
and by increasing the sampling rate in the axial and lateral dimensions, the overall
accuracy of the profiles could be increased. The effect of the underestimated length is
that the load is underestimated as well, therefore leading to a lower flexural rigidity.

Approximately 2/3 of the cilia were resistant to flow. The cilia were of the same
length than the ones shown in Fig. 16, but no clear difference between the loaded and
the static condition was seen. An example of such a cilium is shown in Fig. 17. The
model has difficulties to predict the profile, because the value of xk becomes very small
and the simulation becomes unstable. A possibility to determine the flexural rigidity
of the profiles would be to increase the flow rate, and therefore the drag on the cilium.
But at flow rates of 500 L /min and more, cells begin to detach and the profiles could
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Figure 16: Profiles of four different cilia are shown under flow and no flow, together with the fit of
the model. The flow rate is 300 uL/min in all cases, but the length of the cilia are not identical,
which can’t be seen on the figure, as the non-dimensional coordinates are shown. The values for the
flexural rigidity, the length and other results are shown in table 2.

not be acquired.

The bending moment experienced at the base of the cilium depends largely on the
length of the cilium. Values between 7.8 x 107'® and 6.9 x 10~!? Nm were found, for the
longest and the smallest cilium respectively. With this measurement, the forces acting
on the cytoskeleton can be estimated. If we assume that the force on the cytoskeleton
is 0.2 pm distant from the point of rotation, the magnitude of force would be between
3-40 pN.

4.6 Rotation of the cilium

A 7 pm long cilium was imaged under different flow conditions. First the cilium was
exposed to 300 xL/min, then to -300, to 200 and lastly to -200 pL/min, where a positive
flow is in direction of x. In this case, the cilium was imaged only once per condition,
therefore, the profiles are less accurate, especially at the tip. The fluctuations may
introduce some errors and difficulties in the interpretation of the results.

There is practically no difference for all four conditions at the lowest 1 ym at the base
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Cilium  EI [Nm?]  Afpgse[rad] AL [upm] Lo [um] Bending Moment [Nm)]

a 1.3x 104 0 0.8 3.2 6.9 x 10~ 19
b 1.9x 1023 0 1.1 4.8 2.7x 10718
c 1.1 x 1022 0.1 0.5 5.8 7.8 x 10718
d 1.2 x 10723 0 0.3 2.9 9.3x 10~

Table 2: Fitting Results. Data corresponds to the cilia shown in Fig. 16. The flexural rigidity E1,
the change of angle at the base Afp,sc, the apparent change in length AL, the initial length Lo and
the bending moment are listed.

| | ——Model fit
= Reference points (no flow)
08 + Refererence points (with flow)

Figure 17: Coordinates and fit of a cilium that doesn’t deflect at a shear stress of 150 mPa. Ap-
proximately two third of the cilia show this behavior.

of the cilium, but the upper part shows deflection in response to flow. Confusingly, the
cilium deflect more when -200 pL/min are applied than at -300 pL/min. With a flow
rate of +200 pL/min, the cilium is almost straight, with only the tip deflected in the
direction of flow. There is no clear symmetry for the positive and negative flow. From
the top-view, one can see that the lower part of the cilium doesn’t align completely
with the direction of flow (x-axis). There is an angle between the direction of flow
and the profile at the base. It looks as if the lower part rotates, but only to a certain
degree.

4.7 Immunofluorescent analysis of the ciliary base

The microtubule network and the striated rootlets at the base of the cilium were
analyzed by immunocytochemistry. Both structures are known to be associated with
the basal body, which builds the origin of the primary cilium. We observed that the
base of the cilium is firmly anchored, but also noted that a rotation might occur when
the direction of load is changed. The goal of the immunofluorescent imaging of the
ciliary base is to determine if there is an asymmetry which could explain the above
mentioned observations.

Gamma tubulin can be used to stain the centrioles. This is necessary to find the basal
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Figure 18: Coordinates of a cilium exposed to different flow rates with (A) showing the side view and
(B) the top view. The cilium deflects under flow, and it looks as if the base rotates in the xy-plane.
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body, which is one of the two centrioles. Immunocytochemistry showed that the basal
body localizes to the base of the cilium, which is labeled with the GFP-SSTR3 fusion
protein (Fig. 20A). With immunofluorescence against alpha-tubulin, the connections
of the microtubules to the basal body can be seen. The alpha-tubulin antibody stains
the cilium as well, so it was possible to find the location of the basal body without
the gamma tubulin antibody. By taking the maximum projection of a z-stack at the
base of the cilium, the cilium appears as a bright spot. Unfortunately, the quality
of the immunostaining differed between repetitions of the experiment and only a few
high resolution z-stacks of the ciliary base were obtained. The images were restored
by deconvolution. On average, there are five direct connections of the microtubules to
the ciliary base. In some case the architecture is clear (Fig. 19 D), whereas in others,
the connections are not resolved (Fig. 19 B). The microtubules connected to the basal
body form a star-like structure, which is almost symmetric.

The antibody against rootletin, the structural protein of the striated rootlets, was
tested on cells fixed with paraformaldehyde and cells fixed with ice-cold methanol. A
fluorescent signal was only obtained in the latter case (Fig. 20 B). The fluorescent
signal appears at a specific site of the cell, and it extends more in the z-direction than
in the lateral dimensions. Unfortunately, the alpha tubulin antibody doesn’t work
with methanol fixation, therefore, the use of both antibodies at the same time was
not successful, and it is not known if the signal of the rootletin antibody is localized
to the ciliary base or not. A possibility to answer this question would be to use the
gamma-tubulin antibody, that works with both fixation methods. Unfortunately, the
secondary for the gamma-tubulin and the rootletin share the same excitation and
emission range. Another secondary antibody is needed to determine if the rootletin
signal localizes to the ciliary base.
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Figure 19: The tubulin network was imaged at the base of the cilium by immunocytochemistry. The
location of the base of the cilium was determined by looking for the cilium, which is also stained by
the alpha tubulin antibody. Here, a maximum z-projection is shown, and the cilium appears as a
bright spot. Inlets show suggested connections of the microtubules to the ciliary base. Some are more
evident (D) than others (B). Scale bar 5um

10 micrometer 10 micrometer

GFP-SSTR3

Figure 20: Immunocytochemistry. (A) IMCD cells stained against gamma tubulin, a centrosome
marker (in red). The primary cilium is still fluorescent after immunocytochemistry and localizes to
one of the centrioles, that is called the basal body. (B) Rootletin localizes to a specific region of the
cell, probably to the basal body.
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5 Discussion

The model of the primary cilium presented here is novel, because it is valid for large
deflections and considers a realistic, linear flow profile. The rotation at the base and
the initial curvature is also taken into account for the first time. A linear flow profile
is more realistic than a constant, and attempts were made to improve the estimation
of the drag by three-dimensional computational fluid dynamics. By fitting the angle
at the base Op,se, the error between the fit and the reference points decreases. The
angle between the cilium and the cell membrane is close, but not equal to 90°. By
fitting Opgse, the ET value increases compared to a fixed 90° angle assumption which
was considered in other models, because some of the deflection can be explained by a
simple rotation. Interestingly, fp,se doesn’t change when flow is applied. This suggests
that the base is firmly fixed and that the anchorage provides a high torsional rigidity
to the axoneme. The base of the cilium is a hot spot of mechanotransduction. For
example, the transmembrane proteins polycystin 1 and two, which are both involved
in mechanosensation, localize to the ciliary base. The increase in intracellular Ca?* in
response to flow is mediated by these proteins, and a response was observed at the same
orders of shear stress we used here [29]. It is not clear how polycystin 1 is activated on
a molecular level. It was suggested that the bending of the cilium alters the membrane
tension and the local curvature, which could activate the mechanoresponsive proteins.
From our observations, the ciliary base doesn’t deflect in response to fluid flow at a
shear stress of 0.15 Pa. At the given resolution of the confocal imaging system, there
is no change in local curvature observed, and as a consequence, the membrane tension
most likely doesn’t change either. One variable that does change is the stress in the
axoneme, but if or how increased stress may lead to a fluid-induced response remains
unclear. One problem of comparing results of different studies is that the deflection
depends highly on the length of the cilium, which is not the same in different model
cell lines.

The flexural rigidity of the primary cilium was previously estimated by Schwartz
et al.. Their model considers a constant velocity along the length of the cilium, and
they report a value of 1.4-1.6 x 1072* Nm? [30]. The values obtained by our more
sophisticated model show more variability. The bending response and the flexural
rigidity of the cilia on IMCD cells differ form cell to cell. If we consider the cilia
that deflected in response to the given flow rate, the average ET is close to the values
reported by Schwartz.

It is not known if the nine doublet microtubules of the ciliary axoneme are me-
chanically linked together or not. If we assume that each doublet microtubule acts
independently, we would expect an area moment of inertia I.;jm of about 9 times
bigger than the Iz value of a microtubule. On the other hand, if we assume that the
nine doublet microtubules form a rigid, interconnected structure, the I value can be
estimated from electron microscopy images with the following equation: I = f y2dA.
Numerical integration over the area shown in Fig 21 yields I = 3x1072m?, and a
microtubule, approximated as a hollow cylinder with inner and outer radius of 11.5
and 14.2 nm, gives I = 1/4 m(R: — R}) = 2x10732m* [35]. The area moment of inertia
of a cilium might be 1000 times higher than the area moment of inertia of a single
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Figure 21: Cross section of a primary cilium. Figure adapted from Hagiwara et al. [11]. Scale bar
50 nm

microtubule. The average Young’s modulus of elasticity of a microtubule is approx-
imately 2 GPa [24]. From this considerations, a flexural rigidity between 3.6x10~22
Nm? and 6x1072° Nm? can be expected for the primary cilium.

The flexural rigidity obtained by our simulations range from 1.3x107%4 to 1.2 x
10722 Nm?, which is lower than the lower limit of the theoretical considerations. Given
that the published values of the flexural rigidity of microtubules vary over orders of
magnitude, the theoretical considerations may only be approximately true, and we
can assume that the doublet microtubules in the ciliary axoneme behave mechanically
independent, at least for the population of cilia that deflected under the given flow
rate. The flexural rigidity of the cilia resistant to flow may be considerably higher.

In our model, the drag at the tip of the cilium is not considered. Others added a
hemispherical tip to the cylinder, which increases the overall drag [28]. It is not known
what the tip of the cilium looks like, but the additional surface exposed to the fluid
shear might be important. Therefore, the flexural rigidity measured by our model may
underestimate the actual stiffness of the primary cilium.

About 2/3 of the cilia showed a high resistance to flow. This observation suggest that
primary cilia don’t have homogeneous flexural rigidities. The flow-resistant population
of cilia might have a higher flexural rigidity because of mechanical connections between
the doublet microtubules. It was also observed that one cilium exposed to different
flow rates deflected more at a lower flow rate than at a higher in one direction and
that this cilium might have rotated at the base. This rotation may have twisted the
axoneme, which may lead to an increased stiffness that depends on the arrangement of
microtubules inside the cilium. This hypothesis of passive twisting and rearrangement
of the microtubules may also explain the observed variability of the flexural rigidity.
It is clear that more data are needed to accurately estimate the flexural rigidity of the
primary cilium, and more experiments are needed to test the twisting hypothesis.

The estimation of the bending moment at the base of the cilium depends only on
the drag and the profile of the cilium. As a consequence, the values reported are
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not as variable as the flexural rigidity. If we consider that the cilium transmits the
bending moment to the cytoskeleton, and if we assume that this force acts at 0.2 pm
from the point of rotation, the magnitude of the force would be 3-40 pN for the given
shear stress. Similar forces were found by Liu et al. [19], and forces of this magnitude
can induce the breaking of cytoskeletal filaments, or induce conformational changes of
structural proteins [36], which may lead to a mechanosensitve signaling response .

The length of the primary cilium is an important parameter for the bending in
response to flow. In wvitro, we observed a slight, but statistically not significant in-
crease in length over time in serum-starved IMCD cells. It was previously reported
that primary cilia formation is induced [38] and the length of the cilium is increased
in growth arrested cells [15]. The longer the cilium, the more drag it experiences,
especially as the drag increases linearly with distance. Therefore, it is plausible that
the length of the cilium is regulated to tune the sensitivity to flow. Other investiga-
tors observed that the length of the cilium decreases if the cells are exposed to fluid
drag by orbital shaking compared to cells cultured under static conditions [28]. Re-
cently, it was shown that the length of the primary cilium is regulated by intracellular
calcium or cyclic AMP with a subsequent protein kinase A activation [3]. It is also
known that fluid shear induced deflection of the primary cilium decreases intracellular
cAMP [16]. Taken together, the cilium length decreases if the cells are exposed to
fluid flow, which forms a negative feed-back loop that decreases the sensitivity upon
exposure to flow. Our results show the importance of the ciliary length for the deflec-
tion in response to flow and the bending moment experienced at the base of the cilium.

Imaging the primary cilium in living cells in 3d with a fast acquisition rate revealed
fluctuations of the cilium. The source of the fluctuations remains unclear, but thermal
fluctuations can be excluded. This raises interesting questions, which can’t be answered
yet. Are there active movements of the cilium, or are the fluctuations only an artifact?

The three dimensional reconstruction of the cilium and the cell membrane showed
different localizations of the primary cilium. One small cilium was shown to be em-
bedded in the cell membrane. A study by Molla-Herman et al. observed a depression
of the cell membrane around the base of the cilium using the same cell line and imag-
ing with scanning and transmission electron microscopy [22]. This ciliary pocket was
found on 11% of the cilia, and the other 89% of the cilia emerged directly from the
surface. In our study, only long cilia were analysed for the estimation of the flexural
rigidity, which belong most likely to the latter population. In contrast to the study
by Molla-Herman, we were able to image the ciliary pocket in a living cell. With
this technique, it would be possible to determine if the observed pocket is a transient
structure which appears during ciliogenesis, or if the embedded cilia form a different
population of primary cilia.

The structural analysis of the microtubule network around the ciliary base with im-
munocytochemistry show that approximately five connections exist between the basal
body and the tubulin-network. It was reported that there are 1-5 basal feet per basal
body in oviductal secretory cells [11], and that there is only one basal foot in motile
cilia, which is aligned in the direction of stroke [6]. An asymmetry of bending is
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therefore plausible to be a result of an asymmetric arrangement of the connections of
the basal body to the tubulin cytoskeleton. Here, we observed a relatively symmetric
arrangement of about five connections. It would be interesting to visualize the mi-
crotubule network in cells that were analyzed with the bending model and to see if
there is a correlation of numbers of connections or orientation of connections with the
observed deflection under flow. Given that the microtubule network seems to be sym-
metric, and given that the ciliary base is tightly anchored, the observed asymmetry
of bending could be explained by an asymmetry of the microtubules inside the ciliary
axoneme.
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6 Conclusion and Perspectives

In conclusion, our novel model that incorporates new features that were observed in
vitro, such as an initial curvature or an initial tilt, provides a mean to estimate the
flexural rigidity of primary cilia. Even if few data was acquired, the results suggest that
the flexural rigidity of a cilium is by far more variable than previously thought. Another
important result is the fact that the base of the cilium is firmly anchored, at least at
the given shear stress of 0.15 Pa. Kidney cells were reported to be sensitive to such
orders of shear stress, but it is still not known if the shear stress or if the deflection of
the cilium are triggering the mechanosensory response. Our observation is an evidence
against the hypothesis, that a local change in curvature activates mechanoresponsive
proteins at the ciliary base. But it has first to be proven that the cells we used are
indeed sensitive to this order of shear stress, before a conclusion can be made.

More cilia have to be analyzed with this model to characterize the flexural rigidity of
the primary cilium. But not only the flexural rigidity can be estimated with the model,
but also changes of the bending response, if the underlying structures are manipulated.
For instance, one could knock down rootletin, or alternatively destabilize microtubules
with colchicine, to determine which structure is responsible for the anchorage of the
primary cilium. The model, together with the imaging technique presented, would
detect changes in the mechanical behavior of the primary cilium and could potentially
lead to new insights in fascinating mechanisms of mechanotransduction.
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