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Immotile cilia mechanically sense the direction of
fluid flow for left-right determination

Takanobu A. Katoh®?*, Toshihiro Omori3*, Katsutoshi Mizuno't, Xiaorei Sai', Katsura Minegishif,
Yayoi Ikawa', Hiromi Nishimura!, Takeshi Itabashi*, Eriko Kajikawa', Sylvain Hiver!, Atsuko H. Iwane®*,
Takuji Ishikawa®, Yasushi Okada®®, Takayuki Nishizaka?, Hiroshi Hamada'*

Immotile cilia at the ventral node of mouse embryos are required for sensing leftward fluid flow that breaks
left-right symmetry of the body. However, the flow-sensing mechanism has long remained elusive. In this work,
we show that immotile cilia at the node undergo asymmetric deformation along the dorsoventral axis in
response to the flow. Application of mechanical stimuli to immotile cilia by optical tweezers induced calcium
ion transients and degradation of Dand5 messenger RNA (mRNA) in the targeted cells. The Pkd2 channel
protein was preferentially localized to the dorsal side of immotile cilia, and calcium ion transients were
preferentially induced by mechanical stimuli directed toward the ventral side. Our results uncover the
biophysical mechanism by which immotile cilia at the node sense the direction of fluid flow.

he breaking of left-right (L-R) symmetry

depends on a unidirectional fluid flow

at the L-R organizer in fish, amphibians,

and mammals (7, 2) but not in reptiles

and birds (3, 4). In the mouse embryo,
the leftward flow at the ventral node (the L-R
organizer in this species) is generated by clock-
wise rotation of motile cilia on pit cells located
in the central region of the node. This uni-
directional flow is likely sensed by immotile
(primary) cilia on crown cells located at the
periphery of the node (5). How the embryo
senses this fluid flow and why the left-side
cilia preferentially respond have not been under-
stood previously. Although mechanosensing
and chemosensing have each been proposed
to underlie this process (6), the precise mech-
anism has remained elusive, largely as a result
of technical difficulties.

Asymmetric deformation of immotile cilia in
response to the flow

We first examined how immotile cilia behave
in response to the nodal flow in vivo. High-
speed live fluorescence imaging revealed that
nodal flow induces frequent small bending
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movements of both left- and right-side cilia
(fig. S1 and movie S1), which suggests that
continuous time-independent motion, rather
than bilaterally equal periodic motion, con-
tributes to L-R symmetry breaking. To exam-
ine whether immotile cilia undergo steady-state
deformation in response to nodal flow, we
compared the shape of the same cilium in the
presence or absence of the flow. Immotile cilia
at the node were labeled with mNeonGreen
with the use of NDE, a crown cell-specific en-
hancer derived from the mouse Nodal gene,
whereas the cytoplasm of crown cells was
labeled with tdKatushka2 (Fig. 1A). Cilia
labeled with mNeonGreen were located at
the periphery of the node, and most of them
were negative for Foxjl (fig. S2A). Transmis-
sion electron microscopy (TEM) also revealed
that cilia at the periphery of the node lacked
outer dynein arms (fig. S2C), further confirm-
ing the immotility of crown cell cilia (5) (movie
S1). Motile cilia at the node were immobilized
by ultraviolet (UV) irradiation, which is thought
to induce cleavage of dynein heavy chains (7),
and the shape of immotile cilia was observed
by high-resolution microscopy before and after
such irradiation (Fig. 1, B and C, and fig. S3).
Nodal flow, as revealed by particle image velo-
cimetry (PIV) analysis, was completely lost
after UV irradiation for 45 s (fig. S3, A and
B, and movie S2). The flow-dependent bend-
ing angle of an immotile cilium was then es-
timated by ellipsoidal fitting of the shape of
the same cilium before and after UV irradia-
tion (Fig. 1, D to F, and movie S3). Examina-
tion of the bending angle of immotile cilia of
embryos at the two-somite stage revealed that
cilia on the left side bent toward the ventral
side by 5.0° + 9.2° (mean + SD; n = 21), whereas
those on the right side bent toward the dorsal
side by 4.2° + 7.4° (n = 18) (Fig. 1, G and H). This
difference in bending angle depended on the
presence of the leftward flow, given that it was
lost in 7v/7v mutant embryos (Fig. 1H), which

lack nodal flow, and it was dependent on em-
bryonic stage (Fig. 1H). The bending angle was
thus significantly asymmetric along the dor-
soventral (D-V) axis at the two- and three-
somite stages, when the velocity of nodal flow
is maximal, whereas it did not manifest asym-
metry at the late headfold (LHF) and zero-
somite stages, when the flow is absent or
weak, respectively (8) (Fig. 1H). This asymmet-
ric bending of immotile cilia along the D-V
axis is consistent with the direction of the
flow. Modeling the flow on the basis of in vivo
observations thus suggested the presence of
a ventrally directed flow at the left-posterior
region of the node and a dorsally directed
flow on the right side of the node (fig. S4 and
movie S4). There was no significant asym-
metry in the bending angle along the anterior-
posterior (A-P) axis of embryos examined
between the LHF and three-somite stages
(fig. S3F). Notably, immotile cilia with the
largest extent of ventral bending were prefer-
entially observed at the left-posterior region of
the node (Fig. 1G and fig. S3E), where the ven-
trally directed flow is prominent (fig. S4C) and
the first molecular asymmetry appears (9).

Immotile cilia at the node respond to
mechanical stimuli

Given that immotile cilia on the right and left
sides of the node were found to bend asym-
metrically along the D-V axis in response to
the leftward fluid flow, we next tested whether
immotile cilia at the node respond to mecha-
nical force with the use of optical tweezers
(10, 11) (Fig. 1B and fig. S5). We examined
mouse embryos harboring two transgenes
(Fig. 2, A and B, and movie S5)—one to vis-
ualize perinodal immotile cilia and the other
to monitor the response to mechanical stimuli.
Dand5 mRNA is the ultimate target of nodal
flow (12, 13), being degraded by the Biccl-Cer4:
complex in response to the flow (74). Crown
cells were labeled with the NDE4-hsp-dsVenus-
Dand5-3"-UTR transgene, with the level of
dsVenus mRNA reflecting that of Dand5 mRNA
(14), whereas their immotile cilia were visual-
ized with a transgene encoding mCherry. We
applied whole-cell fluorescence recovery after
photobleaching (FRAP) to examine the Kine-
tics of Dand5 mRNA after subjecting an im-
motile cilium to mechanical stimuli (fig. S6A).
We first tested the validity of the whole-cell
FRAP system. According to a theoretical mod-
el, the rate of fluorescence recovery depends
on the mRNA level (fig. S6B). In wild-type em-
bryos with a leftward flow, the level of fluore-
scence on the right side of the node rapidly
recovered after photobleaching, consistent with
the predicted FRAP curve, whereas the level of
recovery was much lower on the left side (fig.
S6C). These observations confirmed that the
whole-cell FRAP system was able to monitor
the kinetics of Dand5 mRNA.
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Mechanical stimuli were administered under
a condition that mimics nodal flow to individ-
ual immotile cilia of 7u/#v embryos (which lack
nodal flow) at the early headfold (EHF) stage
to the three-somite stage by positioning a poly-
styrene bead (with a diameter of 3.5 um) trap-
ped by optical tweezers into contact with the
cilium and displacing it 1.75 um toward the
ventral side and then 1.75 pm toward the dorsal
side at a frequency of 2 Hz (Fig. 2C and movie
S6). The amplitude is within the physiological
range (fig. S3G), and the maximal trapping
force of ~+12 pN was sufficient to apply mech-
anical bending to an immotile cilium (fig. S5A).
Observation of beads by three-dimensional
(3D) single-particle tracking microscopy (15, 16)
confirmed that they moved along the D-V axis
(fig. S5C). The infrared laser of the optical
tweezers did not exert any unexpected effects,
such as a change in Ca®* oscillation pattern in
crown cells or cilia (fig. S7 and materials and
methods). After administration of mechanical
stimuli to an immotile cilium for 1.5 hours, all
crown cells were subjected twice to uniform
photobleaching with a recovery period of
30 min after each bleaching. The timing and
duration of the stimulation matched our prev-
ious in vivo observations (8). The recovery of
dsVenus fluorescence in the cell with the stim-
ulated cilium and in neighboring unstimu-
lated ciliated cells was monitored by time-lapse
3D imaging (Fig. 2, D and E; fig. S6D; and
movie S7). The fluorescence intensity at
30 min after each bleaching had reached a
plateau and was compared between stimu-
lated and neighboring cells (Fig. 2F and fig.
S6E). The extent of fluorescence recovery in
the stimulated cell was substantially lower
than that in the unstimulated cells, with values
of 69.9 + 21.5% at 2 hours and 53.0 + 20.9% at
2.5 hours after the onset of stimulation (geo-
metric means + SDs; n = 28) (Fig. 2G), which
suggests that mechanical stimulation of an
immotile cilium was able to induce degrada-
tion of Dand5 mRNA. Immotile cilia on the
right and left sides of the node of 7v/iv em-
bryos responded similarly to the mechanical
stimuli (Fig. 2H). Those on the right side of the
node of wild-type embryos (in the presence of
the endogenous nodal flow) also showed a
similar response to mechanical stimuli (Fig.
2I; fig. S6, G to I; and movie S8). Adminis-
tration of mechanical stimuli to the cell body
of a crown cell instead of to its cilium did
not affect recovery of the fluorescence sig-
nal (Fig. 2G). Furthermore, the response to
mechanical stimuli was lost in embryos lack-
ing the cation channel Pkd2 (Fig. 2I), which
suggests that mechanical stimulation of im-
motile cilia induces degradation of Dand5
mRNA in a Pkd2-dependent manner. Mecha-
nical stimulation for 45 min instead of 1.5 hours
was sufficient to promote Dand5 mRNA de-
gradation (fig. S6J).
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Fig. 1. Immotile cilia at the node of mouse embryos undergo asymmetric deformation along the D-V axis
in response to nodal flow. (A) Schematic of the transgene. Immotile cilia at the node are visualized on the basis
of mNeonGreen expression that is under the control of the NDE and is targeted to cilia by a 5-hydroxytryptamine
receptor isoform 6 (5HTg) sequence. (B) Schematic of the optical pathway for analysis. A UV laser and blue
laser for irradiation are introduced into a microscope, which is equipped with a spinning-disk confocal unit (CSU)
and optical tweezers. (C) Schematic of the experiment. Live fluorescence images of immotile cilia at the node
were first obtained in the presence of nodal flow. The central region of the node encompassing pit cells was then
subjected to UV irradiation to abolish nodal flow, and fluorescence images of immotile cilia in the absence of
the flow were obtained from the same embryo. (D) High-resolution 3D images obtained by deconvolution
processing of immotile cilia (fig. S3D) in the presence (left) or absence (right) of nodal flow. Cilia shown in red or
green correspond to those in the presence or absence of the flow, respectively. Grid size, 10 um. (E) Detection
of the edge of each cilium after alignment. Immotile cilia of the same embryo are shown in the presence (red) and
absence (green) of the flow. Grid size, 10 um. (F) Individual immotile cilia on the left or right side of the node
in the presence (red) or absence (green) of the flow. The zenith and azimuth angles were determined by ellipsoidal
fitting (gray mesh) of the edge of each cilium. Grid size, 1 um. (G) Distribution of immotile cilia at the node
with various values of A6 (change in the zenith angle in response to the flow). Data were obtained from wild-type
embryos (n = 39 cilia from 7 embryos) at the two-somite (2ss) stage (fig. S3E). A, anterior; P, posterior; R,
right; L, left; V, ventral; D, dorsal. (H) A6 values [degrees (deg)] for immotile cilia on the left and right sides of the
node were determined at various developmental stages. Data for iv/iv embryos at the LHF stage to the 2ss stage
are shown as a control. Red bars indicate median values. **P < 0.01; ***P < 0.001; n.s., not significant
(Mann-Whitney U test).

6 January 2023

The response to mechanical stimuli was fur-
ther confirmed with another readout: expres-
sion of the transgene ANE-LacZ, which allows
monitoring of Nodal activity in perinodal cells
(7). This transgene manifests left-sided expression
at the node in the presence of nodal flow but
shows L-R randomized expression in its ab-

sence (9) (fig. S6F). Mechanical stimulation
along the D-V axis of an immotile cilium on
the right side of an 7v/iv embryo resulted in
a significant increase in the R/(R + L) ratio of
ANE-LacZ expression to 0.64 + 0.19 (mean +
SD; n = 12) compared with a value of 0.47 +
0.22 (n = 24) for control embryos (Fig. 2J). These

2 of 6



RESEARCH | RESEARCH ARTICLE

results suggested that mechanical stimulation
of a single immotile cilium not only induced
degradation of Dand5 mRNA in the targeted
cell but also established molecular asymmetry
in all crown cells at the node. A feedback
mechanism involving Wnt and Dand5 signals
(12) may be responsible for the expansion of
asymmetric Nodal activity among crown cells.
Perinodal cells of mouse embryos manifest
both cytoplasmic and intraciliary Ca>* tran-
sients in response to nodal flow (18-20). We
therefore examined whether mechanical sti-
muli administered to immotile cilia of 7v/iv
embryos might induce such transients. Cyto-
plasmic and intraciliary Ca®* transients were
observed with cytoplasm-targeted and cilium-

Fig. 2. Mechanical stimuli administered to
immotile cilia by optical tweezers trigger Dand5
mRNA degradation and increase Nodal activity.
(A) A 3D image of the node of an iv/iv mouse embryo
at the two-somite stage harboring the two transgenes
shown in (B). mCherry (red) marks immotile cilia,
whereas Dand5 mRNA degradation in crown cells can
be monitored by measurement of dsVenus fluores-
cence (green). The white arrow indicates cilia to
which mechanical stimuli were applied. Grid size,

20 um. The cells to which mechanical stimuli were
applied (orange and purple arrowheads) and
surrounding unstimulated cells (blue, green, and cyan
arrowheads) are also shown at higher magnification
to the right of the main image. Grid size, 10 um.

(B) Schematic of the two transgenes adopted for
these experiments. UTR, untranslated region.

(C) Experimental scheme. A polystyrene bead is
trapped, placed into contact with an immotile cilium,
and forced to oscillate along the D-V axis for 1.5 hours
with the use of optical tweezers. The image on the
right shows an oscillating bead (white dotted line)
making contact with cilia (movie S6). (D to H)
Analysis of iv/iv embryos at the EHF to three-somite
stages. (D) Dand5 mRNA degradation was monitored
by whole-cell FRAP (fig. S6, A to C). The entire area
of the targeted cells was bleached twice with a
30-min interval between sessions, and fluorescence
recovery was monitored. White dotted lines indicate
the stimulated cells. 2D sections obtained from

3D images are shown. Scale bars, 10 um. (E) 3D
images obtained during FRAP. Red, purple, blue,
green, and cyan arrowheads represent the same cells
shown in (A). Grid size, 10 um. (F) Time course of

targeted (18) forms of the fluorescent Ca®* in-
dicator GCaMPG6, respectively (Fig. 3, A and B).
Spontaneous Ca>* transients were detected in
both the cytoplasm and immotile cilia (Fig. 3C),
with such transients having been shown to be
independent of nodal flow and the Pkd2 chan-
nel (I8, 19). However, the frequency of Ca>*
transients increased significantly from 0.83 +
0.71 to 1.39 + 1.65 spikes per minute in the cyto-
plasm (means + SDs; n = 42 cells) and from
0.32 + 0.57 to 0.59 + 1.02 spikes per minute in
cilia (n = 24) in response to mechanical stimuli
(Fig. 3, C and D, and movie S9). Such increases
in the frequency of cytoplasmic and ciliary Ca>*
transients were not observed in embryos lack-
ing the Pkd2 channel (Fig. 3E).

Immotile cilia sense bending direction in a
manner dependent on polarized localization

of Pkd2

We next investigated whether an immotile
cilium might respond differentially to forced
bending toward the dorsal or ventral sides,
possibly as a result of a structure or molecule
within the cilium that can sense the direction
of bending. The polarized distribution of such
a structure or molecule relative to the midline
of an embryo would allow a differential re-
sponse to the direction of nodal flow (fig. SSA).
We first searched for such a structure at or
near the base of immotile cilia by focused ion
beam-scanning electron microscopy (FIB-
SEM), which would be expected to reveal an
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fluorescence recovery during the first and second FRAP periods. A 3D image was obtained with a longer exposure time at the end of the second FRAP session
(fig. S6E). Normalized intensity was calculated with the use of the values indicated by the closed arrowheads and is shown in (G). (G) Normalized fluorescence
intensity of dsVenus is shown for before as well as 2 and 2.5 hours after stimulation (brown; n = 28 embryos). Data are also shown for cells whose cell body

(instead of the cilium) was stimulated (purple; n = 8 embryos). Red bars indicate median values. (H) Normalized fluorescence intensity of dsVenus before and after
stimulation for immotile cilia on the left and right sides (n = 14 embryos each for left-side cilia and right-side cilia). (I) Normalized fluorescence intensity of dsVenus
for similar FRAP experiments performed with Pkd2™~ and control (wild-type, iv/+, or Pkd2*/~) embryos (n = 7 for Pkd2™~ and 22 for control embryos). The
experiments were performed only with immotile cilia on the right side to avoid the effect of nodal flow. (J) A single cilium on the right side of an iv/iv embryo harboring
the ANE-LacZ transgene was subjected to mechanical stimulation for 1.5 hours (arrow in the mCherry fluorescence image shown in the upper left), cultured for

~7 hours, and then subjected to X-gal staining to detect Nodal activity (large middle panel) (fig. S6F). The level of staining was quantified as red absorbance (lower
left), and the ratio of the staining level on the right side to that on the right plus left sides of the node [R/(R + L)] was determined (right) for embryos subjected
to mechanical stimulation or nonstimulated (control) embryos. Scale bars, 20 um (upper left), 50 um (lower left), and 100 um (middle). ##P < 0.01; ###P < 0.001
[Wilcoxon signed-rank test for comparisons of before with 2 and 2.5 hours in (G) to (I)]. *P < 0.05; **P < 0.01; ***P < 0.001 [Mann-Whitney U test in (G) to (J)].

Katoh et al., Science 379, 66-71 (2023) 6 January 2023 30of6



RESEARCH | RESEARCH ARTICLE

anisotropic distribution relative to the mid-
line, but we were not successful (fig. S8B).
Consistent with this result, measurement of
the flexural rigidity of immaotile cilia with op-
tical tweezers revealed no apparent difference
between dorsal and ventral bending (fig. S9).

Alternatively, a mechanosensitive channel
may be preferentially localized to one side
(dorsal or ventral) of an immotile cilium. The
most likely candidate for such a channel would
be Pkd2, given that the ciliary localization of
this protein is essential for the breaking of L-R
symmetry (5, 2I). We examined the precise
localization of Pkd2 within immotile cilia by
3D stimulated emission depletion (STED) mi-
croscopy of wild-type embryos harboring an
NDE2-hsp-Pkd2-Venus transgene, which is able
to rescue the defects of Pkd2-deficient mouse
embryos (5). The super-resolution images re-
vealed a nonuniform distribution of the Pkd2::
Venus protein on each immotile cilium. The
Pkd2::Venus protein thus accumulated to form
clusters on the surfaces of immotile cilia, with
the clusters being preferentially localized to the
dorsal side (the side facing the midline of the
embryo) of those on both the left and right
sides of the embryo (Fig. 4A and movie S10).
Analysis of the angular distribution of Pkd2::
Venus on the transverse plane of the axoneme
revealed that the D/(D + V) ratio of Pkd2 sig-
nal intensity was significantly biased toward
the dorsal side (0.54 + 0.12, mean + SD; n = 50)
(Fig. 4B). Preferential localization of Pkd2 on
the dorsal side of immotile cilia was confirmed
by confocal microscopy with the Airyscan de-
tector. Analysis of the distance along the 2 axis
between the center of localization of Pkd2 and
that of the axoneme by Gaussian fitting re-
vealed that the Pkd2 region was displaced
toward the dorsal side by 142 + 92 nm in cilia
on the left side (mean = SD; n = 53) and by
192 + 203 nm in those on the right side (n =
54) (Fig. 4C; fig. S10, A to C; and movie S11),
with these distances being compatible with a
value of 100 nm for the radius of an axoneme.
Furthermore, images of longitudinal sections
of immotile cilia also confirmed the dorsal
localization of Pkd2 (fig. S10E). By contrast,
there was no significant enrichment of Pkd2
along the proximodistal axis of a cilium (fig.
S10D). Endogenous Pkd2 also showed a sim-
ilar preferential distribution to the dorsal side
of immotile cilia as examined with the use of
antibodies to Pkd2 (fig. S11).

Enrichment of Pkd2 at the dorsal side of a
cilium could explain how immotile cilia sense
the direction of nodal flow (Fig. 4D). Imposi-
tion of mechanical stimuli in a single direction
and measurement of cytoplasmic Ca®* tran-
sients revealed that immotile cilia showed a
significantly greater response to stimuli directed
toward the ventral side than to those directed
toward the dorsal side (Fig. 4E, fig. S12, and
movie S12). Dorsal bending generated a greater
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Fig. 3. Mechanical stimulation of the immotile cilium of crown cells alters the dynamics of Ca?* signaling
in both the cilium and cytoplasm. (A) A 3D image of the node of an iv/iv embryo at the two-somite stage
harboring the two transgenes in (B) is shown on the left. The white arrow indicates a cilium to which mechanical
stimuli were applied. Grid size, 10 um. Both GCaMP6 and mCherry are expressed in immotile cilia for ratiometric
Ca’* imaging, with sections containing the cilium being averaged (upper right). GCaMP6 is also expressed in
the cytoplasm for cytoplasmic Ca®* imaging, with sections containing the cell body being averaged (lower right).
Scale bars, 10 um. (B) Schematic of the two transgenes used for intracellular Ca>* measurement. (C) Time
course of Ca®* signal intensity before (top) and during (bottom) stimulation of the immotile cilium of a crown cell
in an iv/iv embryo. Brown traces indicate cytoplasmic Ca®* (GCaMP6 F/F ratiometric values), whereas black
traces indicate intraciliary Ca>* (GCaMP6/mCherry F/Fq ratiometric values). Calcium dynamics in the cilium
and cytoplasm were monitored for ~15 min before (upper) and then for ~5 min after (lower) the onset of
mechanical stimulation of the cilium (movie S9). A.U., arbitrary units. (D) The mean frequency of Ca’* transients
in the cytoplasm (left) and cilium (right) was measured as in (C) (n = 42 cells from 28 embryos for cytoplasm
and 24 cilia from 17 embryos for cilia). (E) Mean frequency of Ca* transients in the cytoplasm and cilium

of Pkd2™"~ embryos (n = 16 cells from 16 embryos for cytoplasm and 6 cilia from 6 embryos for cilia).

*P <0.05; **P <0.01 [Wilcoxon signed-rank test in (D) and (E)].

response than ventral bending regardless of the
order of bending direction (fig. S12, C and D).
Examination of the Pkd2 expression pat-
tern by generation of Pkd2™ ¢ mice, in which
the amino acid sequence for mNeonGreen was
knocked in at the COOH-terminus of Pkd2,
revealed that the Pkd2::mNeonGreen protein
was present mostly in immotile cilia of crown
cells (fig. S2B).

Discussion

Our results collectively indicate that immotile
cilia at the node respond to mechanical force
generated by fluid flow. This notion contradicts
the previous claim that primary cilia do not
function as Ca>*-dependent mechanosensors
(22) but is supported by similar findings with
zebrafish embryos in an accompanying paper
(23). Given that the relative extent of viscous
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and bending force is approximately given by
length*/stiffness®?® (24), the slender shape of
a cilium is suited to sensing a weak flow and
transducing the flow signal into strong locore-
gional strain. In the presence of leftward flow,

the bending of an immotile cilium on the left
side of the node toward the ventral side im-
poses a strain of 0.014 + 0.013 (mean + SD; n =
8) to the dorsal side of the cilium (Fig. 4, F and
Q). The resulting membrane tension, accord-
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Fig. 4. Immotile cilia sense bending direction in a manner dependent on polarized localization of
Pkd2. (A) A wild-type mouse embryo harboring an NDE2-hsp-Pkd2-Venus transgene was subjected to
immunofluorescence analysis for detection of the Pkd2::Venus fusion protein and acetylated (ac)-tubulin at
the node with a 3D-STED microscope (left and right images). Magnified views of D-V sections and bottom
views of cilia (indicated by white arrowheads in left and right images) shown in the middle suggest a
preferential localization of Pkd2::Venus at the dorsal side of cilia on both the left and right sides of the node.
Grid size, 5 um (main panels), 1 um (side views), and 0.5 um (bottom views). (B) The angular distribution of
green fluorescence intensity in transverse planes of each cilium imaged as in (A) was analyzed (left). The
ratio of Pkd2::Venus signal intensity on the dorsal side to that on the dorsal plus ventral sides [D/(D + V)]
(right) was significantly biased toward the dorsal side (n = 50 cilia from 4 embryos). *P < 0.05 (one-sample
t test). (C) Distance along the z axis between the centers of red and green fluorescence intensity in
longitudinal optical sections of each cilium obtained by an Airyscan microscope (fig. SI0B) was measured by
Gaussian fitting after precise correction for chromatic aberration. The intensity center for Pkd2::Venus

was significantly polarized toward the dorsal side of cilia on both the left and right sides (n = 53 cilia for the
left side and 54 cilia for the right side from 13 embryos). ***P < 0.001 (one-sample t test). Wilcoxon signed-
rank test was used for comparison of left and right sides. (D) Model that would explain why immotile cilia
on the left side, but not those on the right side, respond to the leftward fluid flow. (E) Frequency of
cytoplasmic Ca®* transients in individual immotile cilia subjected to both dorsal and ventral bending (n =
18 cilia from 18 iv/iv embryos) (fig. S12, A and B). Whereas the frequency was 0.81 + 1.03 spikes per minute
(mean + SD) for dorsal bending, it was significantly increased to 1.02 + 0.93 spikes per minute for ventral
bending. *P < 0.05 (Wilcoxon signed-rank test). (F) Estimated strain at the membrane of the immotile cilia
on the left and right sides of the node shown in Fig. 1F. The membrane is modeled as a 2D hyperelastic
material, and the contour color indicates the second strain invariant. (G) Comparison of strain applied to the
dorsal and ventral sides of cilia on the left or right sides of the node. The mean value of the second strain
invariant was used as the basis for strain measurement. Definition of the dorsal and ventral regions is
described in fig. S13B. Strains on the dorsal and ventral sides of a left-side cilium are estimated as 0.014 +
0.013 and 0.000 + 0.013 (means + SDs; n = 8), respectively, whereas the corresponding values for a right-side
cilium are 0.000 + 0.001 and 0.012 + 0.017 (n = 8), respectively. *P < 0.05 (Student's paired t test).
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ing to a previously described model (25), would
be 1.6 + 1.6 mN/m (mean + SD; n = 8) (fig. S13),
which may be sufficient to activate dorsally
localized Pkd2 and trigger the Ca®* response.
By contrast, on the right side of the node, strain
at the dorsal side of an immotile cilium is as
small as 0.000 + 0.001 (n = 8) and would not
support a response (Fig. 4, F and G).

Our findings thus suggest how immotile
cilia sense the direction of nodal flow: Direc-
tional information of the flow is geometrically
converted to locoregional strain, which is inte-
grated over the polarized area of Pkd2 localiza-
tion and allows activation only of cilia on the
left side, thereby giving rise to robust L-R
determination. Given that other proteins, such
as the channel protein Hvl (26) and the struc-
tural protein LRRCC1 (27), show asymmetric
localization within cilia and the centriole, re-
spectively, additional molecules may be local-
ized asymmetrically in immotile cilia at the
node and render the mechanism responsible
for the breaking of L-R symmetry more robust.

Several questions remain, including how
Pkd2 becomes preferentially localized to one
side of an immotile cilium. Crown cells on
the left and right sides of the node may be
polarized relative to the midline, given that
the organization of centrioles in crown cells
on both sides was found to be polarized along
the mediolateral axis (fig. S14). An unknown
signal derived from the midline of the embryo
may polarize Pkd2 localization. Bone morpho-
genetic protein (BMP) antagonists expressed
at the node are candidates for such a signal.
However, treatment of embryos with exoge-
nous BMP did not affect the localization of
Pkd2 at the dorsal side of immotile cilia (fig.
S10F). Characterization of the mechanism re-
sponsible for the polarized localization of
Pkd2 therefore awaits further study.
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Immotile cilia mechanically sense the direction of fluid flow for left-right
determination

Takanobu A. KatohToshihiro OmoriKatsutoshi MizunoXiaorei SaiKatsura MinegishiYayoi IkawaHiromi NishimuraTakeshi
ItabashiEriko KajikawaSylvain HiverAtsuko H. lwaneTakuji IshikawaYasushi OkadaTakayuki NishizakaHiroshi Hamada

Science, 379 (6627), « DOI: 10.1126/science.abq8148

Going with the flow

In most vertebrates, left-right differences are specified during early embryogenesis by a small cluster of cells called the
left-right organizer. Within this organizer, maotile cilia move rapidly to create a leftward directional flow of extracellular
fluid that is the first sign of a left-right difference, but how this flow is sensed and transduced into later molecular and
anatomical left-right asymmetry has been unclear. Working with mouse embryos, Katoh et al. found that immotile

cilia sense the mechanical force generated by the flow and suggest a biophysical mechanism by which the direction
of the flow is sensed. Independently, working in zebrafish, Djenoune et al. used optical tweezers and live imaging to
show that immoatile cilia in the organizer function as mechanosensors that translate extracellular fluid flow into calcium
signals. When maotile cilia were paralyzed and normal flow stopped, mechanical manipulation of the cilia could rescue,
or even reverse, left-right patterning. Thus, ciliary force sensing is necessary, sufficient, and instructive for embryonic
laterality. —SMH
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