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Abstract

Immotile cilia of crown cells at the node of mouse embryos are required for sensing leftward fluid flow that gives
rise to the breaking of left-right (L-R) symmetry. The flow-sensing mechanism has long remained elusive, mainly
because of difficulties inherent in manipulating and precisely analyzing the cilium. Recent progress in optical
microscopy and biophysical analysis has allowed us to study the mechanical signals involving primary cilia. In this
study, we used high-resolution imaging with mechanical modeling to assess the membrane tension in a single cilium.
Optical tweezers, a technique used to trap sub-micron-sized particles with a highly focused laser beam, allowed us
to manipulate individual cilia. Super-resolution microscopy allowed us to discern the precise localization of ciliary
proteins. Using this protocol, we provide a method for applying these techniques to cilia in mouse embryonic nodes.
This method is widely applicable to the determination of mechanical signals in other cilia.
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Background

Primary cilia—hair-like protrusions on the cell surface—function as antennas. Cilia sense extracellular stimuli, such
as flow stimulation, and regulate/organize many signals; one of which governs left-right (L-R) determination
(Shinohara and Hamada, 2017). Research concerning flow sensing in cilia began with two techniques: a
micropipette (Praetorius and Spring, 2001) and a flow chamber (Nauli et al., 2003) approach. Using these techniques
in combination with genetic engineering, we now understand the correlation between flow and chemical reactions,
such as calcium responses, within the cilia (Su et al., 2013). However, the sensory capability of cilia with respect to
flow, particularly whether cilia sense flow-mediated chemical or mechanical stimuli, is difficult to determine
(Ferreira et al., 2019). In this protocol, we provide a method for dissecting the forces acting on cilia.

Recently, Katoh et al. reported the application of optical tweezers (Ashkin, 1970) to a single cilium, which enabled
the application of only mechanical force to cilia (Katoh et al., 2018). We further updated this technique to apply to
early mouse embryos and combined them with mRNA imaging (Minegishi et al., 2021). We now provide a method
for observing the responses to mechanical stimuli by cilia, such as mRNA degradation in ciliated cells (Katoh et al.,
2023).

Ascertaining how forces acting on cilia are affected by fluid flow and, in particular, how these forces affect the
membrane tension of cilia, is a challenging issue. Owing to the size of cilia, which have a length of ~5 um and a
diameter of only ~200 nm, direct measurement of the tension on the ciliary membrane is difficult. Previously,
membrane tension of the cilium was estimated only by flow simulation (Rydholm et al., 2010; Omori et al., 2018).
By controlling the extracellular flow and concurrently measuring changes in the shape of cilia using high-resolution
microscopy, we first reported the membrane strain of cilia driven by the actual extracellular flow (Katoh et al., 2023).
Finally, we introduced a method for analyzing the precise location of membrane proteins in cilia using 3D stimulated
emission depletion (STED) (Klar et al., 2000; Vicidomini et al., 2011), a super-resolution microscope whose lateral
resolution is close to 30 nm, using a biophysical approach. In this study, we provide useful protocols for applying
state-of-the-art microscopy to cilia in mouse embryos. These methods allow us to study mechanical signals in other
cilia as well as in other small organelles.

Materials and reagents

Coverslip (18 mm % 18 mm or 24 mm x 24 mm; No. 1S HT, Matsunami)

400 pm silicone rubber spacer (discontinued product; alternatively, use AS ONE, catalog number: 6-9085-14)
100 pm silicone rubber spacer (AS ONE, catalog number: 6-9085-12)

Rat serum (purchased from Charles River Laboratories Japan)

Fluorescent beads for Point Spread Function (PSF) measurement (Thermo Fisher, catalog number: F8811)
Polystyrene beads for optical tweezers (diameter 3.5 um) (Thermo Fisher, catalog number: S37224)

Wide bore tip (Funakoshi, catalog number: T-205-WB-C)

FluoroBrite Dulbecco modified Eagle medium (DMEM) (Thermo Fisher, catalog number: A1896701)

9. Anti-acetylated tubulin antibody (Sigma, catalog number: T6793)

10. Anti-green fluorescent protein antibody (Abcam, catalog number: ab13970)

11. Secondary antibody: STAR RED, anti-mouse (Abberior, catalog number: STRED-1001-500UG)

12. Secondary antibody: STAR ORANGE, anti-chick (Abberior, catalog number: STORANGE-1005-500UG)
13. 2,2’-thiodiethanol (TDE) (Tokyo Chemical Industry, catalog number: T0202)

14. 1,4-diazabicyclo[2.2.2]octane (DABCO) (Sigma-Aldrich, catalog number: 290734-100 ML)

15. Triton X-100 (Nacalai Tesque, catalog number: 35501-15)

16. Medium for observation: FluoroBrite DMEM supplemented with 75% rat serum (see Recipes)

17. PBST (see Recipes)

18. TDE-DABCO (see Recipes)
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Equipment
A. Microscopy for measurement of flow-dependent changes in ciliary shape (Figure 1A and
1B)
1. IX83 microscope (OLYMPUS; equipped with shutter (Sh1))
2. Spinning disk confocal unit (CSU) (Yokogawa, CSU-W1)
3. Objective lens (Obj.1): UPLAPO100XOHR 1.5 N.A. (Olympus)
4. UV laser, 375 nm, 70 mW (Kyocera SOC, JUNO 375)
5. z-Piezo (Physik Instrumente, model: P-721)
6. FL1: red-light band-pass filter (Asahi, model: LV0630)
7. Dichroic mirror (DM1) (Chroma, zt405/488/561rpc)
8. Beam expander (Ex1) (Thorlabs, GBE15-A)
9. Iris (Linos, G061653000)

. Shutter (Sh2) (SURUGA SEIKI, model: F116)

. Lens (L1) (Thorlabs, AC254-300-A))

. EM-CCD camera (Andor, iXon Ultra 888), water cooled (ASONE, LTB-125A)
. Stage top incubator (Tokai Hit, STXF-IX83WX and GM3000)

. Optical table (Nippon Boushin Industry, AS-1809)
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Figure 1. Microscope and optical pathway. (A) Microscope for measurement of flow-dependent changes
in ciliary shape. (B) Image of the microscope shown in A and C. Optical pathways are constructed on the
optical table. (C) Microscope for optical tweezers and whole-cell fluorescence recovery after
photobleaching (FRAP). For abbreviations, see Equipment section in the main text.

B. Microscope for optical tweezers and whole-cell fluorescence recovery after photobleaching
(FRAP) (Figure 1B and 1C)

IX83 microscope (OLYMPUS; equipped with shutter (Sh1))

Spinning disk confocal unit (CSU) (Yokogawa, CSU-W1)

Objective lens (Obj2): UPLSAPO 60XW 1.2 N.A. (Olympus)

z-Piezo (Physik Instrumente, P-721)

Digital analog converter for regulating z-Piezo (USB-DAQ) (National Instruments, USB-6363)
Infrared (IR) laser for optical tweezers, 1,064 nm; 5 W (IPG Photonics, YLR-5-1064-LP-SF)
Blue laser for irradiation, 488 nm; 55 mW (Coherent, Sapphire)

FL1: red-right band-pass filter (Asahi, LV0630)
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9.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.

FL2 (Asahi, SIX870)

DM1 (Chroma, zt405/488/561rpc)

DM2 (Chroma Technology, ZT1064rdc-sp-UF3). Note that we used ZT1064rdc-sp in Katoh et al. (2023),
but that DM is better than this.

Beam expander for irradiation (Ex2 and 3) (Sigmakoki, LBED-5 and LBED-3)

Beam expander for optical tweezers (Ex4) (Sigmakoki, LBED-4Y)

Iris (Linos G061653000) (Opened)

Shutter (Sh2) (SURUGA SEIKI, model: F116)

Lens for irradiation (L1) (Thorlabs, AC254-300-A)

Lens for optical tweezers (L2) (Thorlabs, AC254-200-C)

Lens for optical tweezers (L2) (Thorlabs, AC254-150-C)

Neutral density (ND) filter for calibration of optical tweezers (only use for calibration measurement):
NENIR13B (Thorlabs; transmission at 1064 nm is 3.81%)

Motorized XY stage (OptoSigma, BIOS-225T and FC-101G)

Stage top incubator (Tokai Hit, STXF-IX83WX and GM3000)

Optical table (Nippon Boushin Industry, AS-1809)

C. Microscope for analyzing Pkd2 distribution

L.

TCS SP8 STED 3x (Leica)

2. HC PL APO 100%/1.40 Oil STED white (Leica)
Software
1. Imagel, Fiji (version 1.52a, NIH)
2. Excel (Microsoft)
3. Software for deconvolution of STED microscopy image (Huygens; version 21.10; Scientific Volume Imaging)
4. Software for control of IX83 and CSU (iQ; Version 3.6.3; Andor)
5. Software for control of z-Piezo (LabView 2018; Version 18.0.1f4; National instruments)
6. Software for analyzing Pkd2 distribution (Igor; version 8.0.4.2; WaveMetrics)
Procedure

A. Measurement of flow-dependent changes in ciliary shape

Mouse E7.5 embryos harboring an NDE4-hsp-5SHT6-mNeonGreen-2A-tdKatushka2 (Katoh et al., 2023)
transgene were isolated and roller-cultured as previously described (Behringer et al., 2014).

We prepared the medium for observation (see Recipes) by supplementing FluoroBrite DMEM with 75%
rat serum. The medium was incubated in a CO, incubator.

The distal portion of each embryo, including the node, was excised and placed into a chamber, consisting
of a glass slide fitted with a thick silicone rubber spacer (thickness of 400 um) to prevent disturbance of
nodal flow, and covered with a coverslip (Figure 2). Setting the node region close to the glass surface is
very important; however, do not deform the shape of the node to prevent disturbance of nodal flow.

Cite as: Katoh, T. A. et al. (2023). Biophysical Analysis of Mechanical Signals in Immotile Cilia of Mouse Embryonic
Nodes Using Advanced Microscopic Techniques. Bio-protocol 13(14): e4715. DOI: 10.21769/BioProtoc.4715. 4



bio-protocol Published: Jul 20, 2023

A Embryo B Coverslip (No.15 HT)
Node 5 e
R R \ ¢ silicone rubber spacer

Cut

-
Ectoplacental cone ! /|

Figure 2. Schematic of the mounting of the mouse embryonic node. (A) For imaging, the distal portion
of the embryo, including the node, was carefully cut. It is preferable to cut the tissue such that the node is
located at the center top of the excised tissue. For immunostaining, the ectoplacental cone was removed
(see section D). (B) A silicon rubber spacer was fitted on the glass slide. Excised tissue including the node
was then placed in the center of the hole with the medium. The wide bore tip is preferable for usage (see
Materials and Reagents). Lastly, it was covered with a coverslip.

4.  We perform 3D live imaging using the microscope described above (see Table 1).
Setting of the objective: The correction ring was set at 0.17 um for 37 °C. A lens heater (37 °C) was used.
Note that the deconvolution calculation (see Data analysis) is sensitive to aberrations.
Setting z-Piezo: the z-stack distance was set to 200 nm. Typically, 301 z-stacks (60 um) were used.
Setting of the EM-CCD camera: EMGain and A/D were 999 and 10 MHz, respectively.
Note: When using a high level of EM gain, do not irradiate strong light to the EM-CCD camera to prevent
damage to the image sensor.

Table 1. Equipment settings for 3D live imaging

Device Setting Parameter
Objective lens Correction ring 0.17 um (37 °C)
z-Piezo z-stack distance 200 nm

Range 301 z-stacks (60 um)
EM-CCD camera EM gain 999

A/D 10 MHz

5. The center of the node was irradiated with UV to stop the nodal flow (see Figure 1 in Katoh et al., 2023):
a 375 nm laser (set at 70 mW; laser power before the objective was 23 mW) was radiated for 45 s. The
irradiation duration was controlled by a shutter equipped with an IX83 microscope using iQ software.
Laser protection goggles must be worn during this operation.

6. The procedure for 3D live imaging was repeated. The settings were identical to those of the previous
imaging. In most embryos, the fluorescence intensity is weak; thus, the laser power for CSU is typically
higher than before UV irradiation.

The obtained 3D images were used for analysis for flow dependent change in angle of cilia and
computational mesh generation for calculating membrane tension of cilia, as described below.

7. Measurement of PSF for deconvolution calculation (see Table 2).

Sample: fluorescent beads were diluted 1:1,250,000 in phosphate-buffered saline [PBS(-)] solution. The
beads were attached to the glass surface within several minutes.

3D imaging of a fluorescent bead was performed using the same settings as described in step 4, excluding
the use of the EM-CCD camera. To increase S/N, the EM gain and A/D of the EM-CCD camera were set
to 3 and 1 MHz, respectively.
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Table 2. Equipment settings for PSF measurement

Device Setting Parameter
Objective lens Correction ring 0.17 um (37 °C)
z-Piezo z-stack distance 200 nm

Range 301 z-stacks (60 um)
EM-CCD camera EM gain 3

A/D 1 MHz

B. Manipulation of single cilium by optical tweezers

Mouse E7.5 embryos harboring NDE4-hsp-dsVenus-Dand5-3'-UTR (Minegishi et al., 2021) and NDE4-
hsp-SHTs-GCaMP6-24-5HTs-mCherry (Mizuno et al.,, 2020) were isolated and roller-cultured as
previously described (Behringer et al., 2014).

The medium was prepared as described above.

The beads were prepared for trapping. Twenty microliters of polystyrene beads (diameter, 3.5 um) were
added to 980 pL of FluoroBrite DMEM (1:50 dilution). After centrifugation at 20,300x g for 15 min,
isolated beads (pellets) were resuspended in 200 pL of FluoroBrite DMEM.

A distal portion of each embryo, including the node, was excised and placed into a chamber consisting of
a glass slide fitted with a thick silicone rubber spacer (thickness of 400 pum) to prevent any disturbance of
nodal flow (see Figure 2). The embryo was carefully trimmed to obtain a node located parallel to the glass
surface to prevent deformation of the embryo during observation.

A portion of the diluted beads was carefully transferred to the medium above the node with a P2 pipette
tip to expose the node to ~1-10 beads, and then carefully covered with a coverslip.

Live imaging was performed, and the target cilium was set using the ciliary GCaMP6/mCherry signal. A
brightfield image was observed through a red channel of the CSU to check the shape of the embryo.

In the case of analysis by whole-cell FRAP later, 3D images of ciliary mCherry and cytoplasmic dsVenus
were recorded (typically a z-axis depth of 1 pm with 30 sections).

Mechanical stimuli were applied to cilia using the microscope described above. A polystyrene bead was
trapped, placed in contact with a cilium, and forced to oscillate along the dorsoventral (D-V) axis for 1.5
h with the use of optical tweezers. Laser protection goggles must be worn during this operation.

Setting of the objective: the correction ring was set at 0.17 um for 37 °C. A lens heater (37 °C) was used.
Please note that optical tweezers are sensitive to aberrations.

The setting of the IR laser was 400 mW for ZT1064rdc-sp-UF3 and 800 mW for ZT1064rdc-sp (condition
in Katoh et al., 2023).

Setting z-Piezo and USB-DAQ: a 2 Hz triangle wave with 1.025 £ 0.175 V amplitude was generated using
USB-DAQ controlled by the simulate signal express function in LabView and applied to the z-Piezo
(Figure 3).

Note that we manually tracked the cilium using a motorized XY stage because most embryos were
displaced or deformed during 1.5 h of stimulation.

To measure mRNA degradation triggered by mechanical stimuli, we performed whole-cell fluorescence
recovery after photobleaching (FRAP) analysis, as described below.

Measurement of trapping stiffness:

Sample: polystyrene beads (diameter 3.5 um) were diluted with distilled deionized water (MQ, typically
1:1,000) and placed into a flow chamber (Katoh et al., 2021) made up of a slide glass (24 mm x 60 mm,
No. 1S), a coverslip (24 mm x 24 mm, No. 1S HT), and two pieces of double-sided tape for spacers (cut
approximately 5 mm wide and 40 mm in length).

Measurement: a single bead was weakly trapped by optical tweezers (typically 3.81 mW: laser power set
at 100 mW and a 3.81% ND filter inserted into the optical pathway), and the restricted Brownian motion
was measured. Motion of the bead was observed using a brightfield image with a CSU (using the bypath
mode). Here, the frame rate needs to be faster than the cut-off frequency of the motion (we typically set
this to ~200 fps).
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Figure 3. Setting of simulate signal express function in LabView. z-Piezo applied a 2 Hz triangle wave
with an amplitude of 1.025 £ 0.175 V using USB-DAQ.

C. Measurement of DandS mRNA degradation by whole-cell FRAP
1.  Whole-cell FRAP is a method for measuring mRNA levels using the level of fluorescence recovery after
whole-cell bleaching (Katoh et al., 2023). Before bleaching, 3D images of ciliary mCherry and cytoplasmic

dsVenus were recorded (typically, a z-axis depth of 1 pm and 30 sections; Table 3).

Table 3. Setting of 3D live imaging for whole-cell FRAP

Device Setting Parameter
z-Piezo z-stack distance 1 pm

Range 30 z-stacks (29 pm; typically)
EM-CCD camera EM gain 999 (typically)

A/D 30 MHz (typically)

Exposure time 200 ms (typically)

Binning 1x1

2. All cells in the node region were uniformly bleached by 3 min irradiation with a 488 nm laser (output
power set at 55 mW). The irradiation duration was controlled by a shutter equipped with an IX83
microscope using iQ software (Figure 4A). Laser protection goggles must be worn during this operation.

3. Fluorescence recovery was measured by 3D images using the microscope described above (Figure 4B).
Setting z-Piezo: the distance of the z-stack was set to 1 um. Typically, 30 z-stacks (29 pm) were observed.
Setting of the camera: the fluorescence intensity was quite low compared with that before bleaching.
Therefore, we usually employed a 2 x 2 binning mode with a 1 s exposure.
3D images were captured 15 times at 2 min time intervals (total observation duration is 30 min).

4. Bleaching was repeated and fluorescence recovery was observed during the repeated process for 30 min
(Figure 4A).

The intensity in the second fluorescence recovery is low; thus, finally, we observed the 3D image with
strong excitation (typically 30—55 mW) and long exposure times (1-4 s in each z-stack).

5. Analysis of fluorescence recovery is described below (see “Analysis of Dand5 mRNA levels for whole-
cell FRAP experiments”).
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Figure 4. Setting of iQ. (A) Screenshot of Protocol in iQ. Steps 2—4 are automatically performed using
this protocol. (B) Screenshot of Channel in 1Q, representing the acquisition setting in Step 3.

D. Measurement of Pkd2 distribution by 3D-STED imaging

1. Immunostaining was performed as follows:

a.

Dissection: mouse E7.5 embryos harboring NDE2-hsp-Pkd2-Venus (Yoshiba et al., 2012) were
recovered in cold PBS(-). The ectoplacental cone was then removed from the embryo (see Figure 2A).
For this procedure, we recommend using a 1.5 mL tube (although other sizes work equally well).
Fixation: embryos were immediately transferred to ice-cold PBS(-). When all embryos had been
isolated, they were immediately fixed for 1 h at 4 °C in PBS containing 4% paraformaldehyde.
Rinse: embryos were washed three times with PBS containing 0.01% Triton X-100 (PBST; see
Recipes).

Permeabilization: 30 min at room temperature in PBS containing 0.2% Triton X-100.

Rinse: embryos were washed three times with PBST.

Primary antibody: incubated overnight at 4 °C with acetylated tubulin (1:200 dilution) and green
fluorescent protein (1:200 dilution) antibodies diluted in PBST.

Rinse and wash: antibodies were washed three times with PBST. During this, it is preferable to change
the tube. Then, wash > 6 times with PBST at 1 h intervals.

Secondary antibody was incubated overnight at 4 °C with STAR RED (1:200 dilution, anti-mouse)
and STAR ORANGE (1:200 dilution, anti-chick) antibodies diluted in PBST.

2.  Mounting was performed as follows:
Mounting solution: TDE-DABCO (see Recipes)

a.

b.
c.
d

c.

A distal portion of each embryo, including the node, was excised and the node region was placed in
PBST containing 10% TDE-DABCO. In the final step, the node should be located close to the glass
surface, as described below, to prevent resolution reduction—so, carefully trim the embryo.

The node region was transferred to PBST containing 20% TDE-DABCO.

The node region was transferred to PBST containing 50% TDE-DABCO.

The node region was transferred to TDE-DABCO.

The node region was placed into a chamber consisting of a glass slide fitted with a thin silicone rubber
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spacer (thickness 100 um) and then carefully covered with a coverslip (see Figure 2). In this step, it
is very important for the node to be close to the coverslip without deforming the shape of the node.
Please note that we index-matched samples to minimize spherical aberration.
f.  Finally, it was sealed with nail polish. Samples were stored at 4 °C for approximately one week.
3D-STED observation: 3D-STED imaging was performed as follows:
Bit depth: 16 bit
Channel 1: excitation wavelength 561 nm (white light laser pulse), detection wavelength for HyD 571—
623 nm, gating 0.3—6 ns, depletion wavelength 775 nm (pulse)
Channel 2: excitation wavelength 633 nm (white light laser pulse), detection wavelength for HyD 650—
700 nm, gating 0.3—6 ns, depletion wavelength 775 nm (pulse)
z-donut: 60%—80% (typically 80%)
Pinhole setting: 0.5 AU at 640 nm
Before observation, it is better to perform Beam alignment.
Note that in STED microscopy, the excitation light is overlapped with the STED beam, quenching excited
molecules in the excitation spot periphery. In this setting, we used the same wavelength of the STED beam
for Channel 1 and Channel 2 (see depletion wavelength), so chromatic aberration does not occur.
Analysis of 3D images is described below in Analysis of Pkd?2 distribution for STED images.

Data analysis

A. Analysis for flow dependent change in angle of cilia

Deconvolution calculation of 3D images: 3D deconvolution calculations were performed using
DeconvolutionLab2 (Sage et al., 2017) (Figure 5A).

Settings of DeconvolutionLab2:

Algorithm: Richardson-Lucy Total Variation

Iterations (N): 100

Regularization parameter A: 1012

DeconvolutionLab2 2 (Ventral)
Deconvolution | Advanced | Scripting | About

Image Choose * A

¥ (Anterior)

PSF 201021b4_P SF3.1if Choose ~ Check ~

-pst tile ¥201021b4_PSFI_tif
¥ | Algorithm RLTV 100 1.000E-12 Check

Richardson-Lucy Total Variation w| RLTV

Iterations N 100

Reg. A 1.000E-12
of  Low 1E6 10 High

Path Image. Detault

Help Close Batch Run Launch

Figure 5. Setting for deconvolution and correction of the three-dimensional orientation of the
embryo. (A) Screenshot of DeconvolutionLab2. (B) Define two vectors ¢ and b from the base positions
of the three cilia and calculate their outer product n = a x b. The same process is applied to two different
images (before and after UV irradiation) and the images are corrected so that the respective n-vectors
match.
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An 8-bit transformation of the image was performed and location information on the ciliated surface was
extracted from ImagelJ’s Gaussian Filter and Find Edges convolution functions.

To quantify the three-dimensional orientation of the embryo, the basal positions of the three cilia were
detected, which were defined as r;, 72, and 7;3.

Two vectors, a (= ;- r;) and b (= 3 - r;), were defined from the three basal positions, as shown in Figure
5B, and one normal vector, n = a x b, was determined by the outer product of these vectors.

The n-vector in both the pre- and post-UV irradiation images was found, and these images were then
rotated such that the two n-vectors coincide.

Ellipsoid fitting was performed on the ciliary geometry obtained from the microscopic images. The ciliary
posture was defined by determining the declination of the ellipsoid major axis with respect to the
dorsoventral axis.

Ciliary deformation was defined based on the change in the angle before and after UV irradiation.

B. Computational mesh generation for calculating membrane tension of cilia

The cross-sectional centers of the cilia in the z-stack of each 3D image were determined.
Spline interpolation was applied to represent a smooth curve connecting the centers of each z-section.
We defined circles of radius 100 nm each in the direction normal to the centerline, as shown in Figure 6.

Figure 6. Computational mesh generation to represent the ciliated membrane surface. The ciliated
surface is represented as a cylindrical surface with a series of circles of radius 100 nm normal to the
centerline (yellow line). Grid size, 1.6 pm.

The surface of the ciliary membrane was defined by connecting each circumference in the direction of the
longitudinal axis.

A computational mesh was generated by discretizing the defined membrane surface by triangles.

The cilia shape after UV irradiation was defined as the reference shape and the shape before UV irradiation
was used to calculate the elastic deformation of the cilia.

C. Analysis of Dand5 mRNA levels for whole-cell FRAP experiments

As described in Figure S6 and the Methods section in Katoh et al. (2023), our whole-cell FRAP system
with NDE4-hsp-dsVenus-Dand5-3'-UTR transgene (Minegishi et al., 2021) can directly measure Dand5
mRNA levels as the final (plateau) intensity. In this analysis, we used three 3D images: the image captured
before stimuli, the last image of first fluorescence recovery, and the final image of second fluorescence
recovery.

Measurement of intensity before stimulation:
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a.  We first find a cell with a stimulated cilium and neighboring unstimulated ciliated cells (typically two
unstimulated cells).

b. The suitable size of the region of interest (ROI) for these cells was set, and the average intensity in
each of them was measured using ImagelJ/Fiji.

c. The background intensity was measured using the region in the center of the node.

d. Finally, we calculated the following ratio: Ratioo =2 (Is - Is)/(Ini + Inz - 218), where Is, I, Ini, and Inz
are the intensity in stimulated cells, background intensity, intensity in neighboring unstimulated cell
number #1, and intensity in neighboring unstimulated cell number #2, respectively.

Measurement of the intensity in the last image of first fluorescence recovery.

a. The stimulated cilium and the unstimulated cells were carefully identified. This was difficult because
embryos are usually deformed during long-term observations. To identify target cells, we used movies
taken during optical tweezer experiments, and 3D timelapse images during the FRAP experiment.

b. The intensity of each cell and the background intensity were measured as described above. We then
calculated the Ratio; as described above.

Measurement of the intensity in the final image of second fluorescence recovery:

The cells were carefully identified, the intensity of each cell was measured, and the background intensity

was measured as described above. We then calculated Ratio,, as described above.

Finally, the normalized values were calculated: mRNA levels 30 min after stimuli (%) = Ratioi/Ratioo,

mRNA levels 1 h after stimuli (%) = Ratio»/Ratiog

D. Analysis of Pkd2 distribution for STED imaging

Deconvolution calculation by Huygens software

a. Firstly, we directly read a .1if file by Huygens and then started the deconvolution wizard.
The settings of the deconvolution wizard were as follows:

Stabilization: On
Deconvolution algorithm: classical maximum likelihood estimation (CMLE)
PSF estimation: as close guess, Max detail

b. The calculated image was saved.

A higher bit depth is better for subsequent analysis; therefore, we save the image as a .ome file in
Huygens. The file was then opened by Fiji. When the image is opened by Fiji, it is flipped vertically,
so we should reflip vertically. This image was saved as a .tiff file.

Analysis of angular distribution

We used a custom-written macro that runs in Igor software. The details of this macro are as follows:

a.  First, using ImageJ, the location of a single cilium in a 3D image was memorized as the width, depth,
height, x, y, and z values of the ROI. The threshold values in the red and green channels were measured
to extract the signal. Then, the 3D tiff image was loaded with Igor.

b.  When the cilium elongates along the z-axis, we calculated the center of gravity of the red channel in
each xy plane (each z-stack). We typically use the threshold value for the red channel as the
background. However, the background affects this calculation; therefore, it is preferable to carefully
set the background. The resulting (x, y) coordinates represent the cilium center in each z-stack.
When the cilium elongates along the x- or y-axis, we calculated the center in yz or xz planes using the
same method.

c. The angle of the Pkd2 channel was calculated. If the z-plane had a Pkd2 signal above the threshold,
we calculated the following and saved it as an array.

Angle from the center of the cilia to the Pkd2 signal using arctangent function 6
Distance from the center of cilia to the Pkd2 signal: r
Intensity: /

d. The intensity was accumulated at each angle in each cilium. We extracted pixels whose » was close to
the cilium (we usually set 500-1,000 nm) to exclude the non-ciliary signal. Then, all 7 values are
accumulated at each 6 angle (typically a 45° sector) in every cilium.

e. All data from each cilium were plotted in one figure such as Figure 4B in Katoh et al. (2023).
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Recipes

1. Medium for observation: FluoroBrite DMEM supplemented with 75% rat serum
We usually store 1 mL of 100% rat serum in sterile tubes at -80 °C and 10 mL of FluoroBrite DMEM in Corning
tubes at 4 °C (long-term storage at -80 °C). Just before use, we mix 3 mL of rat serum with 1 mL of FluoroBrite
DMEM on a clean bench.

2. PBST
100 pL of Triton X-100
1 L of PBS(-)

3. TDE-DABCO
11.5 g of TDE
250 uL of DABCO
150 pL of 1 M Tris-HCI (pH 8.0)
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