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DEVELOPMENT

Cilia function as calcium-mediated mechanosensors
that instruct left-right asymmetry
Lydia Djenoune1†, Mohammed Mahamdeh1†, Thai V. Truong2, Christopher T. Nguyen1,3,4,
Scott E. Fraser2, Martina Brueckner5, Jonathon Howard6, Shiaulou Yuan1*

The breaking of bilateral symmetry in most vertebrates is critically dependent upon the motile cilia of
the embryonic left-right organizer (LRO), which generate a directional fluid flow; however, it remains
unclear how this flow is sensed. Here, we demonstrated that immotile LRO cilia are mechanosensors for
shear force using a methodological pipeline that combines optical tweezers, light sheet microscopy, and
deep learning to permit in vivo analyses in zebrafish. Mechanical manipulation of immotile LRO cilia
activated intraciliary calcium transients that required the cation channel Polycystin-2. Furthermore,
mechanical force applied to LRO cilia was sufficient to rescue and reverse cardiac situs in zebrafish that lack
motile cilia. Thus, LRO cilia are mechanosensitive cellular levers that convert biomechanical forces into
calcium signals to instruct left-right asymmetry.

I
n human, rodent, amphibian, and fish em-
bryos, left-right (LR) asymmetry is deter-
mined at the left-right organizer (LRO) by
cilia that produce and transduce direc-
tional flow of extracellular fluid into asym-

metric Nodal signaling and organ laterality
(1–13). However, themechanism bywhich cilia
sense LRO flow is unknown (14–17), resulting
in two leading hypotheses: Cilia are chemo-
sensors of morphogens carried by flow (2, 18)
or mechanosensors of force exerted by flow

(1, 5, 19, 20). Previous work connects asym-
metric calcium signals with LRO flow and
LR development (1, 5, 20, 21). However, it has
been impossible to determine whether ciliary
mechanosensation or chemosensation medi-
ates these asymmetric calcium signals due to
inadequate techniques for delivery of mechani-
cal force or chemical cues specifically to LRO
cilia in vivo (14, 15).
We developed and deployed an in vivo

method to apply precise, localized mechan-
ical forces onto LRO cilia in zebrafish. Our
optical toolbox couples optical tweezers, light
sheet microscopy, and deep learning analyses
to deflect cilia andmeasure intraciliary calcium
signaling in the zebrafish LRO. Combining
these tools with longitudinal assays, we re-
vealed that the cilium is a calcium-mediated
mechanosensor that is necessary, sufficient,
and instructive for LR development.

Cilia can be optically deflected

Prior studies of cilia mechanosensation ap-
plied laminar fluid flow across both the cilium

and apical plasma membrane, limiting identi-
fication of a cilia-specific mechanical signal
(22–25). Further, laminar flow approaches may
transport chemical cues in addition to mechan-
ical stimulation. To deflect cilia in a specific
and controllable manner in vivo, we devised a
strategy that employs optical tweezers to apply
local mechanical forces onto cilia. The ability
of optical tweezers to use light to exert and
measure mechanical forces onto structures
ranging in size from microns to nanometers
makes them ideally suited for single cells,
proteins, and molecules (26–28). We employed
optical tweezers to bend cilia by directly trap-
ping them and applying force without the need
for tethered beads or microscope stage move-
ments (which may confound ciliary signaling).
Our integration of optical tweezers and fluo-
rescence microscopy in a custom-built instru-
ment permitted simultaneous recording with
cilia-targeted fluorescent calcium reporters.
This enabled fully programmable, precise
spatiotemporal control of ciliary bending in
both zebrafish embryos and cultured cells,
and exact recapitulation of in vivo physio-
logical conditions.
We validated our cilia deflection approach on

LLC-PK1 porcine renal epithelial cells, as they
have long immotile cilia and are amenable to
transfection (20). We trapped the distal tip of
the cilium by focusing the laser onto cilia of
wild-type (WT)LLC-PK1 cells, andmechanically
bent the cilium by steering the trapping laser
with piezoelectric-actuated mirrors (fig. S1, A
and B, andmovie S1). All deflection parameters
(frequency, displacement, angularity, direction,
and duration) were precisely and remotely con-
trolled (fig. S1, C andF). To recapitulate physio-
logical conditions in which primary cilia are
subjected to and bent by pulsatile shear fluid
flow, such as in the kidney ducts and vasculature
(29, 30), our optical tweezerswere programmed
to apply oscillatory deflection patterns to cilia
at defined bending frequencies. Transfection

SCIENCE science.org 6 JANUARY 2023 • VOL 379 ISSUE 6627 71

1Cardiovascular Research Center, Cardiology Division,
Department of Medicine, Massachusetts General Hospital
and Harvard Medical School, Boston, MA 02129, USA.
2Translational Imaging Center, University of Southern
California, Los Angeles, CA 90089, USA. 3Cardiovascular
Innovation Research Center, Heart, Vascular, and Thoracic
Institute, Cleveland Clinic, Cleveland, OH 44195, USA.
4Division of Health Science Technology, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA.
5Departments of Pediatrics and Genetics, Yale University
School of Medicine, New Haven, CT 06520, USA.
6Department of Molecular Biochemistry and Biophysics, Yale
University School of Medicine, New Haven, CT 06520, USA.
*Corresponding author. Email: shiaulou.yuan@mgh.harvard.edu
†These authors contributed equally to this work.

RESEARCH | RESEARCH ARTICLES

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

https://www.science.org/about/science-licenses-journal-article-reuse
https://www.science.org/about/science-licenses-journal-article-reuse
https://science.org/doi/10.1126/science.abq8148
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/science.abq8148
mailto:shiaulou.yuan@mgh.harvard.edu
Marianna



ofLLC-PK1 cellswith the fluorescent ciliamarker
transgene arl13b:EGFP (20) permitted us to val-
idate simultaneous optical oscillatory bending
and fluorescence microscopy (fig. S1, D to F,
and movie S2).
The in vivo dynamics of immotile cilia in the

zebrafish LRO were investigated with high-

resolution differential interference contrast
imaging (fig. S2 andmovie S3). Measurements
of ciliary angle and frequency displacement
revealed that cilia on the left side of the LRO
were subjected to greater angle displacements
than cilia on the right side (fig. S2, B and C),
consistentwith the stronger flowon the left side

of the LRO (4, 7, 9, 10, 31). We also observed
small and slow displacement frequencies of
LRO cilia (fig. S2D), with no significant dif-
ference between the two sides (fig. S2E). Our
computer-controlled tweezer motions of LRO
cilia were guided by these parameters, mimick-
ing their in vivo bending dynamics.
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Fig. 1. CiliaSPOT is a precise and tunable platform for cilia mechanosens-
ing studies. (A) Mechanical drawing of the CiliaSPOT microscope highlighting
key components. For detailed description of the setup, see Materials and
Methods and fig. S3. (B) Trapping and analyzing ciliary responses in the LRO of
zebrafish embryos. (1) Close-up view showing the zebrafish embryo mounted in
an agarose column extruded from a glass capillary. The cilia are fluorescently
excited by the light sheet. (2) Side view of the optical trap and the LRO of a
zebrafish embryo mounted in agarose. (3) Trapping of a single cilium in the LRO
(green). (4) The trapped cilium is bent in an oscillatory fashion while being
imaged. Images are then processed and analyzed by the CiliaNet machine
learning algorithm to track and measure cilia responses to bending. A, agarose
column; C, capillary; CL, cylindrical lens; CAM, camera; DM, dichroic mirror;
DO, detection objective; E, embryo; F, fluorescence signal; IO, illumination objective;
LS, light sheet; OT, optical trapping laser; PM, piezo mirror; RM, resonant mirror;

TL, tube lens. (C) Illustration representing the LRO in the zebrafish embryo.
(D) Representative image of an embryo expressing the ratiometric ciliary calcium
reporter (arl13b:mApple;arl13b:GCaMP6s) with an intraciliary calcium oscillation
(ICO, white arrow) within the LRO (dashed line). Scale: 10 mm. A, anterior;
P, posterior; L, left; R, right; LRO, left-right organizer. (E) Representative montage of
a fluorescent LRO cilium being bent by the optical trap (orange arrow) in vivo.
Numbers indicate time after start of the bend. STD represents the standard deviation
Z-projection of the montage. Scale: 2 mm. (F) Representative kymograph of an
LRO cilium being bent by the optical trap (orange arrow). Note here that the
GCaMP6s and mApple signals are kept slightly shifted for illustration purposes
(see Materials and Methods and fig. S4). Scales: vertical: 2 mm; horizontal: 2 s.
(G) Illustration of CiliaNet segmentation workflow. (H) Representative montage of
sequential images of an LRO cilium dynamically trapped and moved by the
optical tweezers (input) annotated by CiliaNet (output). Scale: 2 mm.
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Fig. 2. Oscillatory mechanical stimuli on LRO cilia activate intraciliary calcium
transients. (A) Representative images of the LRO of a c21orf59 morphant
zebrafish. Dashed line: LRO. Scale: 10 mm. (B) Representative montage of the
GCaMP6s-positive LRO cilium highlighted in (A). Scale: 2 mm. (C) Kymograph of
the cilium shown in (B) before (“OFF”) and during optical bending (“ON”,

white arrow, starting at orange arrow). Scales: vertical: 2 mm; horizontal: 2 s.
(D) Intraciliary intensity over time plots of a single LRO cilium exhibiting intraciliary
calcium oscillations of different amplitudes in response to optical bending. Scales:
vertical: 50% DF/F; horizontal: 5 s. (E) Optical bending characteristics associated
with responding LRO cilia. Mean ± S.E.M, n = 23 responses analyzed. (F) Spatial
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To facilitate simultaneous live imaging of
intraciliary calcium signaling and cilia de-
flection studies during LR development in
zebrafish, we constructed a custom ciliary
selective plane illumination microscope with
optical tweezers (“CiliaSPOT”, Fig. 1, A and B,
and fig. S3). Selective plane illumination mi-
croscopy (light sheet microscopy) provides fast
and gentle imaging of dynamic in vivo pro-
cesses such as calcium signaling as a result
of its rapid optical sectioning capabilities and
reduced photobleaching (32, 33).
The performance of CiliaSPOT was validated

on immotile cilia in the LRO of 1-4 somite stage
(ss) zebrafish embryos expressing a cilia-targeted
ratiometric fluorescence calcium indicator sys-
tem (arl13b:GCaMP6s;arl13b:mApple), which
we previously used to discover intraciliary cal-
cium transients in the LRO (20). CiliaSPOT
efficiently trapped the fluorescent cilia in
the LRO with only 100 mW of laser power
and was able to deflect immotile cilia in an
oscillatory fashion mimicking their normal
motions in vivo (Fig. 1, C to F, fig. S4, and
movie S4). The amount of force applied to
LRO cilia by CiliaSPOT was estimated to be
0.6 pN (fig. S5), in line with the estimated
in vivo flow forces on LRO cilia (0.1 pN,
Materials and Methods) and previous in vitro
studies (34, 35).
To analyze the fluorescent imaging data, we

created the ciliary neural network (“CiliaNet”)
for the automated tracking of moving cilia
and extraction of fluorescence signal changes
(Fig. 1, G and H, fig. S6, and movie S5). CiliaNet
permitted rapid analysis of our high-speed (7 Hz),
two-channel recordings of ciliary calcium dy-
namics, even in large recordings of several thou-
sands of frames, streamlining quantification
of ciliary calcium responses to optical bending.
We validated CiliaNet accuracy on CiliaSPOT
recordings by comparing manual- and machine-
analyzed datasets: CiliaNet was eight times
faster than manual analysis with similar fidel-
ity (fig. S6, B to D). Together, CiliaSPOT and
CiliaNet provide a powerful platform for exper-
imentally testing and analyzing ciliary mechano-
sensation and calcium signaling.

Mechanical stimulation of LRO cilia activates
intraciliary calcium transients

Directional fluid flow in the LRO (described as
leftward-biased in mice and counterclockwise

in zebrafish), driven by motile cilia, is necessary
for LRdevelopment (3–5, 7–10, 12, 13). CiliaSPOT
allowed us to determine the mechanistic link
between this flow and the intraciliary cal-
cium oscillations (ICOs) we and others have
reported (20, 36). To determine whether the
ICOs are mechanically generated in LRO cilia,
CiliaSPOT was used to deflect immotile LRO
cilia in zebrafish without endogenous fluid
flow. Knocking down c21orf59 results in an
absence of LRO flow, deficient intraciliary cal-
cium signaling, and complete randomization
of cardiac LR asymmetry (20, 37), providing an
ideal test setting. Any detectable elevations in
intraciliary calcium or the presence of ICOs in
c21orf59 knockdown embryos must be solely
due to our CiliaSPOT manipulation.
Intraciliary calcium transientswere observed

in immotile LRO cilia of c21orf59 knockdown
embryos trapped and bent in a controlled and
oscillatorymanner by CiliaSPOT (Fig. 2, A to D,
Fig. 3, A to D, and movie S6). Prolonged me-
chanical oscillations, recapitulating the phys-
iological ciliary behavior in the LRO of WT
embryos with intact flow (20, 38), triggered
repetitive intraciliary calcium transients that
resembled previously described ICOs (20, 36)
(Fig. 2D and movie S7). On average, intra-
ciliary calcium transients occurred after 34.2 ±
3.5 bends, with a displacement of 2.4 ± 0.2 mm
and a deflection angle of 31.7 ± 2.5° (Fig. 2E,
mean ± SEM, fig. S7). All cilia regardless of
their location within the LRO could respond
to CiliaSPOT deflection with intraciliary cal-
cium transients (Fig. 2F), suggesting that the
endogenous left-sided LRO ICOs are gener-
ated in response to force exerted by directional
LRO flow. Calcium transients in response to
CiliaSPOT bending of LRO cilia were not spa-
tially autonomous, as the calcium transients
often spread to the cell body, neighboring LRO
cells, and mesendodermal tissue around the
LRO (Fig. 2, G to K, movie S8, and fig. S8).
CiliaSPOT oscillatory deflection of immotile

LRO cilia of WT zebrafish (with intact en-
dogenous counterclockwise fluid flow) acti-
vated intraciliary calcium transients (Fig. 3,
F to J), regardless of the location of the ma-
nipulated cilia within the LRO (Fig. 3L). This
not only reinforces our results from c21orf59
knockdown embryos, but also suggests that
immotile LRO cilia are capable of respond-
ing to mechanical stimuli, even while being

subjected to intrinsic counterclockwise flow.
Collectively, our results demonstrate that the
cilium is a bona fide mechanosensor that
mediates calcium signaling in the LRO.
The observed increases in calcium activity

were not due to photodamage or excessive
heat from CiliaSPOT. No calcium transients
beyond the baseline were observed in the LRO
of c21orf59 knockdown embryos from the
application of the 100 mW optical tweezers
without oscillatory motion, indicating that
CiliaSPOT did not induce aberrant calcium
activity in the LRO (fig. S9 and movie S9).
Further, we calibrated and employed a heat-
sensitive fluorescent dye, Rhodamine B, as
an optical thermometer to quantify potential
temperature elevations in our optical trapping
plane (39). The very small temperature rise
from the 100 mW optical tweezers laser was
minimal (~1°C, fig. S10) and thus unlikely to
cause heat-associated damage. A digital ther-
mometer, used to measure global tempera-
ture changes inside the specimen chamber
of CiliaSPOT, found an imperceptible elevation
from the 100mWoptical tweezers, within the
margin of error of the thermometer (±0.1°C,
Materials and Methods). Combined, these data
strongly suggest the absence of any CiliaSPOT
laser-illumination–associated side effects that
could have contributed to a false positive cal-
cium signal.

Ciliary mechanosensing at the LRO requires
Polycystin-2

There are conflicting reports about whether the
calcium-permeable cation channel Polycystin-2
(Pkd2) functions as a ciliary calcium channel
and mechanosensor in a wide array of tissues
(5, 14, 23, 24, 36, 40–42). Pkd2 localizes to all
LRO cilia and is critical for left-sided ICOs in
the LRO (20, 36) and normal LR patterning
(1, 5, 43–45). In cultured ciliated renal cells,
Pkd2 is proposed to be mechanosensitive for
renal fluid flow, as application of artificial
laminar fluid flow results in cytosolic calcium
transients that require both the cilium and
Pkd2 (22, 23). Such studies seem consistent
with Pkd2 functioning as a molecular mecha-
nosensor on cilia, regulating intraciliary cal-
cium in response to mechanical forces exerted
by flow.
To resolve the function of Pkd2 in the LRO,

we utilized CiliaSPOT to mechanically bend
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mapping of ciliary responses in the c21orf59 embryos. Mean percentage of ciliary
responses to optical bending in each region of the LRO (n = 88 cilia from 12 embryos).
No statistical differences were observed between LRO regions (Fisher’s exact tests
with Bonferroni correction, all P > 0.05). (G) Representative montage of cytosolic
calcium responses (colored arrowheads) following the intraciliary calcium response of a
LRO cilium (white box) to oscillatory optical bending (orange arrow). Scale: 10 mm.
(H) Representative montage of the cilium (dashed line) highlighted in (G). Scale: 2 mm.
(I) GCaMP6s intensity over time plots of the cilium bent in (G) and (H) and in the
connected cell (G), before (OFF) and after (ON) the start of the optical mechanical

stimulation. Black scales for ON traces: vertical: 20% DF/F; horizontal: 2 s. Gray scales
for OFF traces: vertical: 20% DF/F; horizontal: 0.3 s. (J) GCaMP6s intensity over time
plots of the responding cells highlighted in (G). (K) Mean frequency of cytosolic
activity (number of calcium transients per minute) at rest before bending (bending
OFF) and during bending by the optical tweezers (bending ON) in c21orf59 embryos
(n = 6 morphants). **P < 0.01 (P-value = 0.0044), paired two-tailed t-test. A, anterior;
P, posterior; L, left; R, right; LRO, left-right organizer. Orange arrows: optical
mechanical stimulation; red asterisks: start of the intraciliary response; numbers:
time after start of the bend; STD: standard deviation Z-projection of montage.
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Fig. 3. Ciliary mechanosensation requires Polycystin-2. (A) Illustrations of
the different models used in this study. (B to D) Percentage of embryos (B), cilia
(C), and cilia per embryo (D) responding to optical bending in c21orf59 (green,
88 cilia from 12 embryos) and pkd2 morphants (magenta, 119 cilia from 17
embryos). Data shown are pooled from four independent experiments. Statistical
comparison was analyzed by unpaired two-tailed t-tests; **P < 0.01 and ***P <
0.001. (E and F) Representative kymographs of a LRO cilium from a pkd2
morphant (E) and a WT (F) embryo showing their oscillatory motions and
calcium activity in response to the optical bending (ON, white arrow, starting at
orange arrow). Scales: vertical: 2 μm; horizontal: 2 s. (G) Representative
GCaMP6s intraciliary intensity over time plots of a single LRO cilium in response
to optical bending in c21orf59 (green) and pkd2 (magenta) morphants, and
in a pkd2 mutant (purple) and WT sibling (blue). Scales: vertical: 100% DF/F;
horizontal: 5 s. (H to J) Percentage of embryos (H), cilia (I), and cilia per embryo

(J) responding to optical bending in WT siblings (total of 127 cilia from
14 embryos) and pkd2 homozygous mutants (total of 38 cilia from 5 embryos).
Data shown are pooled from five independent experiments. Statistical
comparison was analyzed by unpaired two-tailed t-tests; **P < 0.01. (K) Mean
frequency of cytosolic activity (number of calcium transients per minute) at
rest before bending (bending OFF) compared with when LRO cilia are being
bent by the optical tweezers (bending ON) in pkd2 mutants. n = 4 mutants.
ns, not significant, paired two-tailed t-test. (L) Spatial mapping of ciliary responses
to optical bending in the pkd2 knockdown (magenta), pkd2 homozygous mutant
(purple) and WT sibling (pkd2+/+;+/−, blue) zebrafish LROs. The rose diagrams
represent the mean percentage of ciliary responses to optical bending in each region
of the LRO. (pkd2 knockdown = 119 cilia from 17 embryos; pkd2 homozygous
mutants = 38 cilia from 5 embryos; WT siblings pkd2+/+;+/− = 127 cilia from
14 embryos). A, anterior; P, posterior; L, left; R, right.
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cilia in the LRO of pkd2 mutant and knock-
down zebrafish embryos, and measured in-
traciliary calcium levels. Notably, we found a
significantly lower incidence of CiliaSPOT-
induced intraciliary calcium transients in im-
motile LRO cilia of both pkd2 knockdown and
pkd2 knockout embryos (Fig. 3 andmovie S10).
Further, there was no elevation in cytosolic
calcium activity after LRO ciliary bending in
pkd2 mutant embryos (Fig. 3K). This loss
of intraciliary calcium transients in optically
tweezed pkd2mutant embryos confirms that
the CiliaSPOT-induced intraciliary calcium
transients in WT and c21orf59 knockdown
embryos were not caused by photodamage

or microdamage. These results support a role
for Pkd2 as a mechanosensitive calcium chan-
nel on cilia in the LRO.

Ciliary mechanosensation is instructive
for LR asymmetry

Directional LRO fluid flow is essential for asym-
metric gene expression of Nodal signaling
components during LR development in mice,
zebrafish, and Xenopus (2, 4, 7–10). We and others
previously linked directional fluid flow and ICOs
to left-sided degradation of dand5, the first
asymmetrically expressed gene and an up-
stream inhibitor of Nodal signaling (7, 46, 47).
To test whether ciliary mechanosensing itself

is sufficient for asymmetric dand5 expression,
we utilized optical tweezers to bend cilia in
c21orf59 knockdown zebrafish, which have
LR-randomized expression of dand5 in the
LRO (20).Oscillatory deflection of one immotile
cilium was performed at the 1 somite stage
(1 ss) on the left side of the LRO of c21orf59
knockdown embryos for 1 hour, within the
critical window when initial symmetry break-
ing occurs in the zebrafish LRO (1-4 ss) (20)
(Fig. 4, A to E). After tweezing, embryos were
unmounted from the microscope, raised nor-
mally until 8-10 ss, and assayed for asymmetric
dand5 expressionby in situhybridization (46,47).
Strikingly, mechanical stimulation of a single
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Fig. 4. Ciliary mechanosensation is determi-
native for LR asymmetry. (A) Schematic
depicting the approach followed to assess dand5
expression and cardiac laterality in c21orf59
morphants (MO) after oscillatory optical bending
of one LRO cilium. (B to C’) Representative
images of LRO cilia (arrows) from c21orf59
embryos in the absence [(B) white arrow, OFF] or
presence of optical tweezers [(C) orange
arrow, ON]. [(B’) and (C’)] Cilium highlighted
in white box in [(B) and (C)]. Scales: [(B) and (C)]:
5 µm; [(B’) and (C’)]: 2 µm. (D and E) Repre-
sentative kymographs of LRO cilia from
c21orf59 embryos in the absence [(D) OFF] or
presence of oscillatory optical tweezers [(E)
ON]. Scales: vertical: 1 μm; horizontal: 1 s.
(F) Graph with illustrative pictures, representing
percentage of uninjected and c21orf59 morphants
displaying normal right-sided (dark blue) and
abnormal left-sided (green) or bilateral
(magenta) dand5 expression. n = total number
of embryos analyzed. Statistical comparison
was analyzed by a Pearson’s chi-square test
(Bonferroni corrected); *P < 0.05 and ns: P ≥ 0.05.
Scale: 50 μm. (G) Graph represents percentage
of uninjected, control morpholino-injected (CMO)
and c21orf59 morphants displaying normal
left-sided (light blue) and abnormal right-sided
(green) or middle (magenta) positioned hearts.
n = total number of embryos analyzed. Data shown
are pooled from three independent experiments.
Statistical comparison was analyzed by one-way
ANOVA with Tukey’s multiple comparison test;
***P < 0.001, ****P < 0.0001 and ns: P ≥ 0.05.
(H to K) Model for calcium-mediated ciliary
mechanosensation in the LRO during LR development.
At early stages of LR patterning, counterclockwise
left-biased flow (curved orange arrow) or ciliary
optical bending triggers Pkd2-dependent intraciliary
calcium signaling (in cilia, magenta ICOs; in cells,
dark blue) on the side of the LRO subjected to ciliary
mechanical stimulation (1). Cilia-to-cytosolic LRO
calcium (2) is then transmitted to neighboring cells
of the mesendoderm in a side-biased manner
(3), which in turn ultimately direct asymmetric
gene expression (4) leading to LR patterning.
A, anterior; P, posterior; L, left; R, right.
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ciliumon the left side of the LROwas sufficient
to rescue proper right-biased dand5 expres-
sion (Fig. 4F).
Ciliary bending can rescue the laterality of

asymmetric organs such as the heart, simi-
lar to experiments in the mouse LRO utiliz-
ing artificial directional fluid flow (3). We
optically bent cilia in c21orf59 knockdown
zebrafish, which normally exhibit complete
LR randomization of cardiac jogging, a pre-
cursor for asymmetric cardiac looping in
zebrafish (illustrated in movie S11) (20, 37).
After tweezer stimulation of a single immotile
cilium on the left side of the LRO for 1 hour,
embryos were raised until 24 hours post fer-
tilization (hpf) and scored for the LR direction
of cardiac jogging. Bending a cilium on the left
side of the LRO resulted in normal, leftward
cardiac jogging (Fig. 4G), similar to the rescue
of asymmetric dand5 expression described
above. These rescue data further confirmed that
our optical tweezers approachdid not negatively
affect LR development or embryonic viability.
Bending a cilium on the right side of the LRO
led to the opposite—rightward cardiac jogging
(Fig. 4G). These results indicate that ciliary
mechanosensation is sufficient and instructive
for both LR asymmetric gene expression and
cardiac situs.
Finally, we examined whether Pkd2 is re-

quired for ciliarymechanosensingduring cardiac
LR patterning by applying the same approach
to pkd2 knockdown embryos, which also have
LR randomized cardiac looping and jogging
(43, 44). In contrast to c21orf59 embryos, bend-
ing immotile cilia on the left side of the LRO
for 1 hour in pkd2 knockdown embryos failed
to rescue proper leftward cardiac jogging (fig.
S11), demonstrating the key role of Pkd2 as a
mechanosensor required in LRO cilia for car-
diac situs determination. Altogether, our find-
ings establish ciliary force sensing as necessary,
sufficient, and instructive for LR asymmetry.

Discussion

The importance of flow in the LRO has long
been realized and a variety of experimental
investigations have shown that its absence
leads to aberrant LR asymmetry of molecular
markers and organ development (14, 15, 17). A
large body of data has accumulated that are
consistent with flow mediating these LR differ-
ences by the transport of morphogens or by
mechanosensation, but without clear demon-
stration of either. Our results directly show that
LRO ciliary mechanosensation is both necessary
and sufficient for molecular and morphologi-
cal LR asymmetry.
Using carefully controlled optomechanical

manipulations of cilia within the LRO, we pro-
vide evidence that Pkd2-dependent intraciliary
calcium transients are mechanically generated
in the LRO and that LRO ciliary mechano-
sensation is determinative for LR development

(Fig. 4, H to K). By applying an oscillatory
bending force directly to cilia for up to an
hour, we emulated physiological conditions
for in vivo cilia deflection at the LRO and
demonstrated that oscillatory bending on a
scale of seconds to minutes is critical to stimu-
late a calcium response in LRO cilia. This sim-
ilarity to endogenous LRO ICOs (20, 36), that
occur at a low frequency (ranging from 3.3 to
5.2 min) (20), indicates that a single cilium
requires repetitive and consistent mechanical
stimulation before a calcium signal is trans-
mitted to the cell. This allows the cilium to dis-
criminate between true (repetitive) and false
(random) stimuli by filtering out extraneous
biological noise in tissues subjected to abundant
biomechanical forces, including directional ex-
tracellular fluid flow and nondirectional cyto-
skeletal movements. We posit that the cilium’s
noise filtering capability may be adaptable,
as the filter threshold in WT embryos with
intrinsic flow appears to be higher than in
flowless embryos as suggested by the lower
number of responses in WT LRO cilia (Fig. 3,
I and J) compared with c21orf59 cilia (Fig. 3,
C and D).
Our results suggest that LRO cilia may be

heterogeneous, as among all the LRO cilia we
optically tweezed, 20 to 30% responded posi-
tively to the oscillatory optical bending (Fig.
3, C and I). Notably, our previous study found
the same percentage of cilia that display ICOs
in WT LROs with endogenous flow (20). These
observations, coupled with another report that
found a similar percentage of immotile cilia
in the LRO (31), suggest that a distinct sub-
population of LRO cilia function as mechano-
sensors as hypothesized in the two-cilia model
of LR development (1, 19). Although our find-
ings experimentally validate this model, we
cannot definitively rule out that a morphogen
participates in LR development (2, 18). It re-
mains possible that mechanosensation and
chemosensation cooperate at the LRO; for ex-
ample, mechanical cues might expose ligand
receptor sites on cilia or Pkd2 itself.
Investigating endogenous ciliary dynamics

in WT LROs revealed that left-sided LRO cilia
experienced a greater angle displacement than
right-sided ones (fig. S2B). We found that the
75th percentile of WT cilia on the left side of
the LRO exhibited an angular displacement
of 31.2 ± 1.5° (mean ± SEM, fig. S2F), which
mirrored the mean angular displacement of
tweezed cilia that responded positively to opti-
cal bending (31.7 ± 2.5°; Fig. 2E). These results
suggest that a greater displacement angle due
to force exerted by directional flow increases
the likelihood of an intraciliary calcium tran-
sient on the left-side of the LRO.
Our conclusions in the zebrafish LRO utiliz-

ing CiliaSPOT mirrored results in the mouse
LRO in an accompanying research article (48).
Both studies independently interrogated the

function of cilia as calcium-mediated mecha-
nosensors in the LRO using different experi-
mental models and cilia deflection approaches.
Despite this, we found surprising similarities
in ciliary mechanosensation and intraciliary
calcium transients between the mouse and
zebrafish LRO, emphasizing an evolutionarily
conserved mechanism for cilia mechanotrans-
duction during LR development in vertebrates
with ciliated LROs. Intriguing findings from
previous work in mice and zebrafish point to
slow, localized LRO flow currents as sufficient
for normal LR patterning (9, 49), suggesting
that fast, coordinated LRO flow at later stages
is not essential for initiating asymmetry. Our
work demonstrates that mechanical stimula-
tion of a single cilium in the LRO for extended
periods of time was determinative for molec-
ular and cardiac asymmetry, resolving prior
discrepancies (24). These findings show that
ciliary mechanosensing is a fundamental and
potent cellular signaling mechanism in devel-
opment and disease, as a single ciliated cell was
sufficient to create chiral vertebrate asymmetry.
Finally, our study reveals that, in addition to
biochemical and molecular mechanisms, small
physical forces at the level of single cells and
organelles play essential roles in shaping the
bilateral body of the developing embryo.
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GLACIERS

Global glacier change in the 21st century:
Every increase in temperature matters
David R. Rounce1,2*, Regine Hock2,3, Fabien Maussion4, Romain Hugonnet5,6,7, William Kochtitzky8,9,
Matthias Huss5,6,10, Etienne Berthier7, Douglas Brinkerhoff11, Loris Compagno5,6, Luke Copland8,
Daniel Farinotti5,6, Brian Menounos12,13, Robert W. McNabb14

Glacier mass loss affects sea level rise, water resources, and natural hazards. We present global glacier
projections, excluding the ice sheets, for shared socioeconomic pathways calibrated with data for
each glacier. Glaciers are projected to lose 26 ± 6% (+1.5°C) to 41 ± 11% (+4°C) of their mass by 2100,
relative to 2015, for global temperature change scenarios. This corresponds to 90 ± 26 to 154 ±
44 millimeters sea level equivalent and will cause 49 ± 9 to 83 ± 7% of glaciers to disappear. Mass loss
is linearly related to temperature increase and thus reductions in temperature increase reduce mass
loss. Based on climate pledges from the Conference of the Parties (COP26), global mean temperature is
projected to increase by +2.7°C, which would lead to a sea level contribution of 115 ± 40 millimeters
and cause widespread deglaciation in most mid-latitude regions by 2100.

G
laciers, here referring to all glacial land
ice excluding the Greenland and Ant-
arctic ice sheets, are responsible for 21 ±
3% of sea level rise from 2000 to 2019,
contributing 0.74 ± 0.04 mm sea level

equivalent (SLE) yr−1 (1). Projections suggest
this contribution could increase to 2.5 mm
SLE yr−1 by 2100 (2). Glaciers are also a crit-
ical water resource for ~1.9 billion people (3),
and projected losses will alter water avail-
ability impacting annual and seasonal runoff
(4). Glacier-related hazards, including glacier
outburst floods, are also expected to change
in frequency and magnitude over the next
century as a result of mass loss (5). Projecting
the magnitude, spatial pattern, and timing of
glacier mass loss is therefore essential to sup-
port climate adaptation and mitigation efforts
for communities ranging from the coast to the
high mountains.
Previous projections of glacier mass loss

from the glacier model intercomparison project
(GlacierMIP) (2) estimated glacier contribu-
tion to sea level rise for ensembles of repre-
sentative concentration pathways (RCPs), and

results were extended to shared socioeconomic
pathways (SSPs) using statisticalmodels of these
simulations (6). GlacierMIP provided these
projections at regional scales based on sim-
ulations from 11 glacier evolution models that
varied with respect to the complexity of model
physics, simulated physical processes, model
calibration, spatial resolution, and modeling
domain. Calibration data varied from in situ
measurements of less than 300 of the world’s
more than 215,000 glaciers to regional geo-
detic and/or gravimetric mass balance obser-
vations. Furthermore, only one global model
simulated glacier dynamics using a flowline
model (7), whereas all others relied on em-
pirical volume-area scaling or parameteriza-
tions of mass redistribution; only one model
accounted for frontal ablation (i.e., the sum
of iceberg calving and submarine melt) of
marine-terminating glaciers (8), whereas all
others treated any glacier as land-terminating;
further, no global model accounted for debris
cover. Existingmultimodel projections (2, 6, 9)
are thus limited to regional scales and ne-
glect key physical processes controlling glacier
mass loss.
We produce a set of global glacier projec-

tions for every glacier on Earth for SSPs from
2015 to 2100 by leveraging global glacier mass
balance data (1) and near-global frontal ab-
lation data (10–13). To provide policy-relevant
scenarios, our projections are grouped based
on mean global temperature increases by the
end of the 21st century compared with pre-
industrial levels to explicitly link differences in
glaciermass loss, sea level rise, and the number
of glaciers that vanish in response to changes
in mean global temperature. Our glacier evo-
lution model, a hybrid of the Python Glacier
Evolution Model (PyGEM) (14, 15) and Open
Global Glacier Model (OGGM) (7), enables us
to produce global glacier projections that ex-
plicitly account for glacier dynamics using a
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