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Fallopian tube rheology regulates epithelial
cell differentiation and function to enhance
cilia formation and coordination

Melati S. AbdulHalim1, JenniferM.Dyson2,3,MaxM.Gong4,MoiraK.O’Bryan 5&
Reza Nosrati 1

The rheological properties of the extracellular fluid in the female reproductive
tract vary spatiotemporally, however, the effect on the behaviour of epithelial
cells that line the tract is unexplored. Here, we reveal that epithelial cells
respond to the elevated viscosity of culture media by modulating their
development and functionality to enhance cilia formation and coordination.
Specifically, ciliation increases by 4-fold and cilia beating frequency decreases
by 30% when cells are cultured at 100mPa·s. Further, cilia manifest a coordi-
nated beating pattern that can facilitate the formation of metachronal waves.
At the cellular level, viscous loading activates the TRPV4 channel in the epi-
thelial cells to increase intracellular Ca2+, subsequently decreasing the mito-
chondrial membrane potential level for ATP production to maintain cell
viability and function. Our findings provide additional insights into the role of
elevated tubal fluid viscosity in promoting ciliation and coordinating their
beating—a potential mechanism to facilitate the transport of egg and embryo,
suggesting possible therapeutic opportunities for infertility treatment.

The female reproductive tract is a complex microenvironment lined
with folded epithelium that provides a range of rheological and bio-
chemical cues to facilitate fertilisation1–3. The geometrical complexity
of the tract, including epithelial folds and crypts, considerably
increases surface area to enhance nutrient transport, optimising the
environment for egg support and fertilisation4,5. The tubal fluid in the
fallopian tube originates from blood plasma transduction6 and secre-
tion ofmetabolic components and proteins via the lining epithelium7,8.
The secretory products such as glucose, amino acids and oviduct-
specific glycoprotein play important roles in reproductive events9 by
providing nutrients to promote gamete function and embryo
development10. Steroid hormones, such as progesterone and oestro-
gen, regulate the secretory activity of epithelial cells to modulate the
composition and concentration of their secretions, thus altering the
rheology of the tubal fluid11–13. The epithelium lining the tract becomes

less extensively folded anddecreases in height from the ampulla to the
isthmus14, coupled with an increasing depth of crypts15. During the
menstrual cycle, crypt epithelium consists mainly of secretory cells15.
Hence, the viscosity of the mammalian tubal fluid varies considerably
along the fallopian tube16,17, radially (near the folds, crypts and lumen)
and throughout the menstrual cycle18,19, ranging from 1 mPa·s (similar
to that of water) to over 103mPa·s (similar to that of glycerine)19–23. The
tubalfluid ismore viscous at theutero-tubal junction—theport of entry
to the fallopian tube6 and decreases towards the ampulla and infun-
dibulum at the distal end7,9—a mechanism to prevent spermwith poor
motility from entering the fallopian tube24,25. The composition of ovi-
ductal secretion also varied over the menstrual cycle, induced by
endocrine stimuli and influenced by both paracrine and autocrine
effects26. The tubal fluid is most viscous at the pre-ovulatory stage and
gradually decreases post-ovulation14,27,28 to facilitate fertilisation by
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accentuating sperm flagellar beat dynamics23,29 and progression of
sperm towards the egg14,30.Whilemost focus has beenon exploring the
effects of viscosity on sperm swimming behaviour31–33, the role of such
a complex and dynamic rheological environment on the differentia-
tion and function of epithelial cells within the female reproductive
tract is unknown.

Fallopian tube epithelial cells (FTEC) include secretory and cili-
ated cells34,35. Secretory cells function to nourish gametes and
embryos, while ciliated cells with actively beating cilia36,37 regulate the
flow and form metachronal waves38 to transport the egg and embryo
along the tube34,39,40. The ratio of ciliated to secretory cells changes
during the menstrual cycle39,41 and also increases along the length of
the fallopian tube, from ~30% in the isthmus to ~80% closer to the site
of fertilisation in the ampulla34,42. Defects in cilia formation, functionor
the cooperative cilia beating behaviour (with either sperm or egg) can
result in infertility43,44. A three-dimensional (3D) cellular micro-
environment has been shown to be crucial for the development of
epithelial cells, as ciliated cells rapidly transform into flattened cells
without cilia in a two-dimensional (2D) culture system45,46. However,
the role of viscosity in the formation and differentiation of ciliated and
secretory epithelial cells is unknown. Similar mechanical and physical
stimuli in the extracellular environment have been shown to influence
the development and function of other cell types47–50. The viscoelas-
ticity and crosslinking density of extracellular fluid (ECF) influence the
spreading behaviour of breast cancer cells, liver cancer cells and
fibroblast by activating their mechanotransductive signalling
pathways51–53. This additional mechanical loading due to an increase in
the viscosity causes actin remodelling, cell swelling and calcium influx
regulation via the transient receptor potential vanilloid 4 (TRPV4)
channel in breast and brain cancer cells52,54, leading to increased cell
contractility and collectively enhancing cell migration. The activation
of TRPV4 channel on oviductal ciliated cells by inducing viscous
loading over just 10min also regulates the ciliary beating frequency
and elevates intracellular Ca2+ levels55. Similar mechanical and rheolo-
gical stimuli regulate sperm swimming behaviour near flat or curved
surfaces and at higher viscosities14,56 and have provided unique
microfluidic opportunities to select high-quality sperm in high-
viscosity media57,58, demonstrating the importance of probing the
effects of extracellular fluid viscosity for a better understanding of the
event of fertilisation.

Traditional static cell culture models have been used to under-
stand the biophysics and biomolecular mechanisms of cellular func-
tions, due to the possibility of controlling the growth environment and
maintaining cell homogeneity in vitro59. Recently, microfluidic organ-
on-a-chip systems have offered new capabilities to closely mimic the
in vivo microenvironment compared to conventional cell culture
platforms60,61. Biological organs such as the liver, lung, brain and skin
were reconstructed in organotypic micro-platforms ex vivo such that
they are able to reproduce their natural form and function62,63. In the
context of mammalian reproduction, microfluidic culture models of
the fallopian tube have been shown to be able to recapitulate the
human 28-day menstrual cycle hormone profile64 and improve bovine
embryo production65. These organotypic platforms demonstrate the
involvement of epithelial cells in the programming of an early embryo
genome for improved implantation rates66 and their secretions help to
reduce parthenogenic oocyte activation65. While these culture models
advanced our understanding of cellular and molecular processes
relevant to mammalian reproduction, the role of tubal fluid viscosity
on the differentiation and function of FTEC has not been addressed
to date.

Here, by elevating the culture media viscosity to mimic the
rheological properties of the fallopian tube tubalfluid19, we explore the
effects ofmechanical stimuli on FTECdifferentiation and functionality.
Our findings reveal that an increase in the culturemedia viscosity from
1mPa·s to 200mPa·s regulates cell proliferation, reduces cell count,

and significantly enhances ciliation by 4-fold. This is potentially
attributed to amechanistic response of FTEC, possibly via activationof
the yes-associated protein (YAP) transcription factor to inhibit the
Notch signalling pathway. Most notably, FTEC cultured in elevated
viscosity also demonstrate a 30% reduction in cilia beating frequency
but self-organise to facilitate the formation of metachronal waves. By
blocking relevant ion channels in controlled experiments, we
demonstrate that FTEC elevate intracellular Ca2+ level via TRPV4
channel in response to viscous loading, and subsequently, increase
their mitochondria activity for adenosine triphosphate (ATP) produc-
tion to maintain their viability and functionality. Collectively, our
findings provide additional insights into understanding the biology of
reproduction and the crucial role of tubal fluid viscosity in promoting
ciliation and coordinated cilia beating to facilitate fertilisation.

Results
Viscous loading enhances the proportion of ciliated
epithelial cells
To simulate a physiologically relevant range of ECF viscosity19,21, we
cultured epithelial cells in media supplemented with 0%, 0.7%, 0.82%
and 1% methylcellulose (MC, see “Methods”), representing culture
media with nominal viscosities of 1mPa·s, 50mPa·s, 100mPa·s and
200mPa·s, respectively. To facilitate cell attachment and ensure a
valid comparison, we first seeded the cells at 8 × 105 cells per well on
collagen-coated plates using 1mPa·s culture media (0% MC) for 24 h
(Fig. 1a). This resulted in a similar number of cells attached perwell and
similar confluency levels before switching to culture media of varying
viscosities. Upon cell attachment, we then cultured the cells in media
of different viscosities for another 48 h, replacing themedia every 24 h.
While the number and viability of aspirated cells remained similar
(Supplementary Fig. 1), the confluency of cultured cells decreased
considerably by increasing the media viscosity at the 72-h time point
(Fig. 1a). Specifically, the 1mPa·s culture demonstrated a high level of
confluency, but the confluency level decreased by approximately 54%
at 200mPa·s (Fig. 1a).

Cell density (number of cells per unit area of the well) also
decreased significantly from 2.1 ± 0.1 × 105 cells/cm2 to 0.9 ± 0.1 × 105

cells/cm2 by increasing the culturemedia viscosity from 1mPa·s to 200
mPa·s (Fig. 1b, c; Methods). However, the area covered by each cell
increased from 431 ± 139 µm2 to 1052 ± 356 µm2 by increasing the cul-
turemedia viscosity from 1mPa·s to 200mPa·s (Fig. 1d). This indicates
that increased fluid viscosity encourages cell spreading, as also
reported for human liver cancer cells under viscous loading51. Inter-
estingly, despite a lower overall cell count, the proportion of ciliated
cells increased considerably by 4-fold (from 2.7 ± 0.9% to 10.0 ± 1.8%,
Fig. 1b, e) by increasing media viscosity from 1 to over 100mPa·s. This
reveals the influence of media viscosity on epithelial cells ciliation,
despite a lower preference for attachment to plates by ciliated cells
compared to secretory cells45,67. We also measured the osmolarity of
the culture media (Supplementary Table 1, see “Methods”), which
decreased from 312mOsm/kg at 1mPa·s (0% MC) to 257mOsm/kg at
200mPa·s (1% MC), within the physiologically relevant range of
osmolarity for oviductal fluid in mammals and embryo culture media
(ranging from 250 to over 355mOsm/kg)68,69. This change in osmo-
larity might also contribute to the effects observed here. Our results
demonstrate the role of mechanical stimulation via viscous loading in
regulating epithelial cell differentiation and ciliation. During the
menstrual cycle, secretory cells regulate the viscosity of the in vivo
fluid by changing the protein content and composition of the tubal
fluid70. This change in viscositymay contribute as a naturalmechanism
to trigger ciliation.

We also compared our well plate culture system with cells cul-
tured in transwell systems under different viscosities (Supplementary
Fig. 2). For cell culture using transwell systems, the same overall trend
as in traditional well plates was observed, where the proportion of
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ciliated cells increased significantly with increasing media viscosity
(from6.5%at 1mPa·s to 18.5% at 200mPa·s). These results indicate that
high-viscosity culture also facilitates ciliation in epithelial cells. More-
over, the overallmorphology of the cellswas comparable betweenwell
plate and transwell systems (Supplementary Fig. 2c), with no sig-
nificant changes in cilia length (P ≥ 0.05) between the two culture
systems (well plate vs. transwell). Both measurements were also
directly comparable with the cilia length of cells from the epithelial
tissue (4.9 ± 0.3 μm). Interestingly, the percentage of ciliated cells
under transwell culture was higher compared to cells in a well plate.
This lower percentage of ciliated cells in well plates is potentially
attributed to the inherent nature of our 2D culture system, which
promotes flattening and deciliation of epithelial cells45,46. In contrast,
the viscoelastic and inherent 3D structure of MC polymeric chains in
high-viscosity buffers may have the opposite effect, facilitating

ciliation. This latter result is relevant to previous work where viscoe-
lasticity and extracellular fluid density have been shown to influence
the development and spreading behaviour of other cell types51–53. It is
noteworthy that the cell density (number of cells per unit area of the
well) of cells cultured in transwell maintained the same decreasing
trend as compared with well plate culture, decreasing from
2.2 ± 0.1 × 105 cells/cm2 at 1mPa·s to 1.6 ± 0.1 × 105 cells/cm2 at
200mPa·s (Supplementary Fig. 2d), with no significant changes in
nucleus size betweenwell plate and transwell cultures (Supplementary
Fig. 2e). This comparable trend and similar behaviour of cells in the
well plate and transwell systems suggest the role of high-viscosity
fluidic environments in maintaining the developmental behaviour of
ciliated epithelial cells, hindering their rapid dedifferentiation into
secretory cells as traditional well plate culture systems at low
viscosities do.

Fig. 1 | Effect of culture media viscosity on the development of the fallopian
tube epithelial cells (FTEC). a Representative phase contrast images of FTEC 24h
(top) and 72 h (bottom) post-seeding as a function of culture media viscosity ran-
ging from 1mPa·s to 200mPa·s. b Representative immunofluorescent images of
FTEC 72h post-seeding, where the green stain indicates the cilia and the blue stain
indicates nuclei. Scale bars, 30 µm. c Epithelial cell density (number of cells per cm2,
n = 9 images from three biological replicates per each condition), d area per cell

(n ≥ 200 single cells from three biological replicates per each condition), and e the
proportion of ciliated cells as a function of viscosity (n = 9 images from three
biological replicates per each condition), after 72 h of culture. Data are represented
as mean ± s.d. and analysed using one-way ANOVA with Tukey post hoc testing,
*P ≤0.05, **P ≤0.01, ***P ≤0.001 and ****P ≤0.0001. For exact P values see Supple-
mentary Table 3. Source data are provided as a Source Data File.
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To evaluate the role of viscosity on cell viability, as a potential
cytotoxic factor to affect cell counts, we stained the cells at the 24-h
and 72-h time points with green-fluorescent calcein-AM and red-
fluorescent ethidium homodimer-1 to indicate live and dead cells,
respectively (Fig. 2a, see “Methods”). At each time point, the cells
maintained a consistent viability of ~90% regardless of the culture
condition (Fig. 2b), demonstrating no cytotoxic effects in response to
viscous loading. Ki67 staining was also used to assess whether the
change in cell count was a consequence of a change in proliferation
(Fig. 2c).Whileweobserved a ~ 55% increasebetween the 24-h and72-h
time points (from an average of 42 % to 65 %), no significant change in
proliferation was detected in response to viscous loading at each time
point (Fig. 2c). We also evaluated the number of dead cells being
aspirated from the culture as we replaced themedia between different
time points, and similarly no significant change was observed between
different culture conditions (Supplementary Fig. 1). Considering the
lower cell counts (Fig. 1c) and higher proportion of ciliated cells
(Fig. 1e) at higher viscosities, the results suggest that viscous loading
enhances the proportion of cells that are differentiating into ciliated
cell, independent of the proliferation rate.

Proliferation of FTEC under viscous loading over multiple
passages
FTEC, particularly ciliated cells, are often sourced from primary cul-
tures, where cells are dissociated from fresh tissue, due to challenges
associated with maintaining viability and ciliation over multiple
passages45,71. To indicate the proliferation competency of cells over
time, Fig. 3 compares the percentage of actively proliferating cells
(Ki67 positive cells) over 3 passages (a total of 9 days) as a function of
viscosity. The proliferative capability of cells after 1 and 3 passages
were comparable (P ≥0.05, ANOVA followed by a post hoc Tukey test)

for cells cultured in 1mPa·s, 50mPa·s and 200mPa·s, with a slight
decrease from 69 ± 2% to 65 ± 3% (P <0.05, ANOVA followed by a post
hoc Tukey test) for cells cultured in 100mPa·s (Supplementary
Table 2). Moreover, the percentage of proliferating cells rate was
similar for passage 1 cells, regardless of media viscosity, with a higher
proportion of ciliated cells at higher viscosities (similar to results
shown in Fig. 1e). However, after 3 passages, the percentage of Ki67
positive cells decreased by 9% (from 74% to 65%) by increasing the
media viscosity from 1mPa·s to 100mPa·s, and then increased back to
72% for cells cultured at 200 mPa·s. While the cells demonstrated
active proliferation by mitosis over multiple passages, the results
suggest the potential role of high viscous loading on maintaining
growth and differentiation competency of the FTEC over time.

Viscous loading facilitates self-organisation and coordination of
ciliated cells
The dominant factors of ciliary transport are the beating frequency
and direction which can be regulated by chemical and mechanical
cues72 to form metachronal waves for transporting egg and embryo
along the fallopian tube34,39,40. To quantitatively analyse cilia beating
behaviour at different viscosities, a fast Fourier transform algorithm,
based on a model developed by Ringers et al.73 (Supplementary Fig. 3,
see “Methods”), was used to evaluate cilia beating and coherence as a
measure of cilia coordination. In this model, a frequency map was
established by grouping cells with similar oscillation frequencies
( ± 0.5 Hz) into patches (Supplementary Fig. 4). Figure 4 compares the
dynamic properties of cilia beating and coordination of cells cultured
at different viscosities (Supplementary Movie 1). When comparing
phase angles (as an indicator of the phase difference between neigh-
bouring patches), larger areas with relatively similar phase angles were
observed at lower viscosities (as suggested by the colour map in

Fig. 2 | Effect of culture media viscosity on FTEC viability and proliferation.
a Representative live/dead (green/red) fluorescence staining images of cells at the
72-h time point and the b percentage of live cells (cell viability). Cell nuclei were
stained using blue-fluorescent Hoechst 33342 (n = 9 images from three biological
replicates per each condition). Scale bar, 50 µm. c The percentage of Ki-67 positive

cells at the 24-h and 72-h time points. Experiments were carried out on n = 3 from
three biological replicates and≥ 200cells for each conditionwere analysed. All data
are represented asmean ± s.d. and analysed using one-wayANOVAwith Tukey post
hoc testing. Source data are provided as a Source Data File.
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Fig. 4b) with an average standard deviation of 1.2 rad and 1.1 rad
between neighbouring patches at 1mPa·s and 50mPa·s, respectively
(Supplementary Fig. 5). However, as the culture viscosity increased to
100mPa·s and 200mPa·s, smaller areas with a similar phase angle and
a smooth transition between neighbouring areas were observed, with
an average standard deviation of 1.3 rad and 1.7 rad, respectively
(Supplementary Fig. 5). The results reveal viscous loading induces a
phase shift between neighbouring cilia, that is crucial to the develop-
ment of metachronal waves74,75. Interestingly and in contrast to the
phase angle results, the wave direction (Fig. 4c, Supplementary Fig. 6)
and wavelength (Fig. 4d, Supplementary Fig. 7) were relatively similar
between neighbouring patches of cells cultured at higher viscosities.
At 200mPa·s in particular, a relatively stable wave direction (Fig. 4c)
and a significantly larger ciliated area (P ≤0.01, Supplementary Fig. 8)
with a similar wavelength of 2.13 ± 0.74 μm was observed. To better
evaluate how this coordinated cilia movement might facilitate the
formation of metachronal waves or enable effective transport, we
manually traced cilia beating direction and used kymographs as the
common approach73,76 to evaluate whether the metachronal wave-like
activity was present (Supplementary Fig. 9, Supplementary Movie 2).
While cilia beat randomly relative to each other at 1mPa·s, our results
indicate that cilia not only coordinate in phase but also in direction,
beating in a coordinated manner towards one direction at 200 mPa·s.
Our kymograph results (Supplementary Fig. 9b) also show how cilia
movement results in a smoothwavewith a stable direction over time at
high viscosity, suggesting the formation of metachronal waves.

The average cilia beating frequency decreased significantly by
30% (from 13.3 ± 1.2Hz to 9.1 ± 0.7Hz, P ≤0.0001) by increasing the
culture media viscosity from 1mPa·s to 50mPa·s, and then plateaued
at 7.9 ± 0.5Hz (P ≥0.05) at higher viscosities (Fig. 4e). To test the
hypothesis that TRPV4 channel contributes to maintaining cilia beat-
ing frequency at higher viscosities, we repeated our experiments in the
presence of the TRPV4 antagonist RN-1734 (see “Methods”). At
200mPa·s, the cilia beating frequency further decreased to 5.3 ± 0.5 Hz
for cells treated with RN-1734 (Fig. 4e), while the results for the vehicle
control were comparable to untreated cells. The results indicate that
ciliary beating is sustained at high viscosity through the activation of
TRPV4 channels, which subsequently increase the intracellular calcium
level. To further quantify the collective beating behaviour of ciliated
cells, Fig. 4f shows coherency as a function of culture media viscosity
(see “Methods”). The coherence level significantly increased by 102%
(from 1443 ± 380 to 2919 ± 681)when the viscosity of the culturemedia
increased from 1mPa·s to 200mPa·s (P ≤0.0001), indicating the

effects of mechanical stimulation caused by the viscous loading on
cilia coordination and the overall beating consistency. In contrast, cells
treated with RN-1734 to block the TRPV4 channel exhibited a con-
siderably lower coherence level at 200mPa·s (Fig. 4f), highlighting the
role of this channel in regulating cilia beating and coordination. These
results align with previous studies that used a TRPV4 activator to
demonstrate that TRPV4 regulates ciliary beating in both oviduct cili-
ated cells and tracheal cilia at high viscosities55,77, further supporting
the role of TRPV4 in ciliary activity regulation. These results indicate
that, under viscous loading, ciliated cells self-organise their beating
behaviour to form waves of similar frequency, direction and wave-
length, associatedwith a shift in phase angle over a relatively large area
to facilitate the formation of metachronal waves.

TRPV4 expression is regulated in response to viscous loading
TRPV4 channel is a calcium-permeable cation channel that is sensitive
to osmotic and mechanical stimulation78,79. To assess the role of the
TRPV4 channel in regulating intracellular calcium levels, wemonitored
calcium uptake over a period of 120 s for cells treatedwith RN-1734 (to
block theTRPV4 channel) as comparedwith a control groupof vehicle-
treated cells (Fig. 5a, see “Methods”). Calcium uptake was reduced by
up to 40% in cells with blocked TRPV4 channels, indicating the crucial
role of this channel in modulating calcium influx into the cytosol in
response to viscous loading. In non-blocked cells, increase in intra-
cellular Ca2+ level elevates the influx of cytosolic Ca2+ into the
mitochondria80,81, reducing the mitochondrial membrane potential
(MMP)82,83 and increasing ATP production84–86. To test the cellular
response under viscous loading, cultured FTEC were stained with JC-1
dye to evaluate theMMP level (Fig. 5b–d). JC-1 dye exhibits a potential-
dependent accumulation in mitochondria such that low MMP cells
with JC-1 monomer emit green fluorescence and high MMP cells with
JC-1 aggregate emit red fluorescence (Fig. 5b, c). Consequently, mito-
chondrial depolarization can be indicated by an increase in the ratio of
cellswith lowMMPto highMMP87 (see “Methods”). As shown in Fig. 5d,
our results demonstrate a 38% increase in the low MMP/high MMP
ratio (from 0.13 ± 0.02 to 0.18 ± 0.02) by increasing the culture visc-
osity from 50 to 100mPa·s (*P ≤0.05; ANOVA followed by a post hoc
Tukey test).

To evaluate ATP production, cells cultured in different viscosities
were also stained using MitoTracker deep red (Supplementary Fig. 10,
see “Methods”) that specifically labels respiring mitochondria88. Epi-
thelial cells cultured at higher viscosities showed a significantly higher
level of mitochondrial respiration (63% increase when comparing

Fig. 3 | Comparisonof FTECproliferationbetween the initial culture and after 3
passages as a function of viscosity at 72-hour time point for each passage.
a Representative Ki67 positive staining images of cells at the 72-h time point for
passages 1 and 3, and the b percentage Ki67 positive cells. Scale bar, 30 µm.

Experiments were carried out on n = 3 from three biological replicates and ≥ 200
cells for each condition were analysed. Data are represented as mean ± s.d. and
analysedusing a two-tailed t-test, *P ≤0.05 (P =0.0131). Source data are provided as
a Source Data File.
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cultured cells at 1mPa·s with 200mPa·s), indicating that more mito-
chondria are respiring under viscous loading to convert the intracel-
lular energy to ATP. The results also agree with previous findings
where a decrease inMMP increasesmitochondria ATP production84–86.

To further elucidate the effects of viscosity on TRPV4 activity, we
evaluated the expression of TRPV4 using a TRPV4 antibody (see
“Methods”)89. A linear rise in TRPV4 intensity (R2 = 0.99) was observed,
with a 5-fold increase in intensity (i.e. active TRPV4 channels) when the

Fig. 4 | Characterisation of cilia beating and coordination under viscous
loading. a Representative widefield images of live ciliated cells, and the corre-
sponding (b) phase angle, (c) wave direction and (d) wavelength of beating cilia as a
function of media viscosity. Scale bars, 10 µm. e Average cilia beating frequency,
and f coherence (ameasure of the cilia coordination) as a function of culturemedia

viscosity and for cells treatedwith RN-1734 to block the TRPV4 channel, and for the
vehicle control. Data are represented as mean ± s.d. and analysed using one-way
ANOVA with Tukey post hoc testing, *P ≤0.05, **P ≤0.01 and ****P ≤0.0001, n = 9
images from three biological replicates per each condition. For exact P values see
Supplementary Table 3. Source data are provided as a Source Data File.
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culture viscosity was elevated from 1 to 200mPa·s (Fig. 5e, Supple-
mentary Fig. 11). It is noteworthy that, while TRPV4 is an ion channel,
it can be immunolocalised at the cytoplasm due to the potential
trafficking pathways of the ion channel to and from the plasma
membrane, as confirmed by previous studies using the same immu-
nofluorescent staining antibodies89–91. Since TRPV4 channels can also
be activated via agonists such as phorbol ester (4α-PDD) and

GSK1016790A, Baratchi et al.90 reported that GSK1016790A induces
the translocation of TRPV4 from the plasma membrane to the cyto-
plasm, where the channels formed vesicular structures with
concentration-dependent cytoplasmic aggregation. Differentiated
mouse mammary epithelial cells (HC11) cultured in a growth medium
also demonstrated TRPV4 protein pooled in intracellular cytoplasmic
compartments for both single and clustered cells92.

Fig. 5 | Effects of viscous loading on intracellular calcium uptake, mitochon-
drialmembranepotential andTRPV4expression. aCalciumuptake expressed as
the ratio of F/F0 over 120 s for cells treated with control or RN-1734 (to block the
TRPV4 channel) as compared with a control group of untreated cells. F is the
instantaneous fluorescence intensity and F0 is the baseline intensity. b The
zoomed-in view for a low MMP cell with JC-1 monomer (top) and a high MMP cell
with JC-1 aggregate (bottom). Scale bar, 10 µm. c Representative overlaid immu-
nofluorescence staining images of epithelial cells stained with JC-1 at 72-h
time point as a function of culture media viscosity. JC-1 monomers and aggregates
were imaged in green and red channels, respectively. The asterisks (*) indicate cells

with lowmitochondrial membrane potential (MMP). Cell nuclei were stained using
blue-fluorescent Hoechst 33342. Scale bar, 20 µm. d The ratio of low MMP (green)
to high MMP (red) cells as a function of culture media viscosity, indicating the
degree of depolarization. Experiments were carried out on n = 3 from three biolo-
gical replicates and ≥ 200 cells for each condition were analysed. e TRPV4 fluor-
escence intensity (TRPV4 activated channels) in cells as a function of culturemedia
viscosity, n ≥ 6 images from three biological replicates per each condition. All data
are represented asmean ± s.d. and analysed using one-wayANOVAwith Tukey post
hoc testing, *P ≤0.05, **P ≤0.01, ***P ≤0.001. For exact P values see Supplementary
Table 3. Source data are provided as a Source Data File.
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We also compared TRPV4 expression for cells at different visc-
osities using Western blot (see “Methods”). TRPV4 protein expression
increased under high-viscosity conditions (Supplementary Fig. 12),
specifically by about 1.5-fold when media viscosity increased from
1mPa·s to 200mPa·s. This is supported by our calcium uptake results
(Fig. 5a), showing that inhibition of TRPV4 with RN-1734, a well-
established TRPV4 channel inhibitor93, leads to a significant reduction
in calcium influx into the cell. Overall, our results indicate that viscous
loading leads to increased TRPV4 expression and encourages ciliation.
Conversely, blocking TRPV4 channel restricts cilia beating frequency
and coherence (Fig. 4e, f), consistent with similar previous work
including those that used knockout mouse models52,77. Therefore,
viscous loading activates TRPV4 channel to increase intracellular Ca2+,
subsequently decreasing the MMP level and increasing ATP produc-
tion to maintain cell viability and functionality at higher viscosities.

Discussion
We used culture media viscosity mimicking the rheological properties
of the fallopian tube19 to study the effects of mechanical stimuli on
FTEC differentiation and function. Our results reveal that increasing
extracellular fluid viscosity from 1mPa·s to 200mPa·s significantly
enhances the proportion of ciliated cells by 4-fold while reducing cell
density by 57%. This increase in viscosity orchestrated cellular differ-
entiation, as the cells also exhibited active proliferation and main-
tained high cell viability ( ~ 90%) after 72 h of culture. These findings
suggest that viscous loading can regulate ciliation by enhancing the
proportion of cells that are differentiating into ciliated cells, inde-
pendent of the proliferation rate. It is noteworthy that a slight change
in the osmolarity of culture media, within the physiologically relevant
range (from 312mOsm/kg to 257mOsm/kg, Supplementary Table 1),
due to the increasing MC concentration, might also contribute to the
regulation of epithelial cell behaviour. While considerably more sig-
nificant changes in osmolarity have been reported to regulate airway
epithelial cells behaviour and cilia length94, this effect is potentially
negligible here aswedonot see changes in cilia length (Supplementary
Fig. 2). Previous studies using up to 2% MC or 1% Dextran (with similar
osmolarity to 1% MC) have also shown insignificant changes in cell
behaviour due to this range of changes in osmolarity53.

The significant increase in ciliation at higher viscosities (Fig. 1e),
with comparable trends between the well plate and transwell systems
(Supplementary Fig. 2), and cilia lengths from these systems are similar
to native tissue, indicate the crucial role of a high-viscosity environ-
ment in facilitating ciliation and maintaining the developmental
behaviour of epithelial cells. This increasing ciliation trend is con-
sistent with how the proportion of ciliated cells and viscosity change
during the menstrual cycle as the epithelial tissue matures. Similar to
our results, the ratio of ciliated to secretory cells increases during the
menstrual cycle alongwith the tubalfluid viscosity, both peaking at the
time of ovulation27,95.

The activation of mechanosensitive transcription factors that
inhibit the Notch signalling pathway in epithelial cells may serve as a
potential mechanism to facilitate ciliation in response to viscous
loading34,96,97. The Notch signalling pathway is a critical mediator of
short-range cell-cell communication97 that governs the fate of neigh-
bouring cells, including cell proliferation, differentiation, and death.
The inhibition of Notch signalling in a 3D organoid model of human
fallopian tube96 and embryonic epidermis of the amphibian Xenopus
laevis34 has been shown to regulate the balance between formation of
ciliated and other cell types. YAP is a mechanotransductive transcrip-
tion factor that can suppress the Notch signalling pathway97, for
example to promote cellular stemness in somatic stem cells98 and
endothelial cells99. YAP is responsible for sensing mechanical proper-
ties of the microenvironment97, and is activated under elevated
mechanical stresses51,100. Interestingly, extracellular fluid viscosity has
also been shown to activate YAP in liver cancer cells (HepG2)51.

Therefore, mechanoactivation of YAP under viscous loading can
potentially suppress the Notch signalling pathway in epithelial cells to
encourage ciliation and prevent cells from differentiating into secre-
tory cells34. With respect to reproduction, these findings provide a
foundation for future research into signalling pathways in healthy and
diseased fallopian tubes, sinceoneof themost commonand important
alteration in ovarian cancer patients is the deregulation of Notch
signalling101.

Moreover, our results indicate that viscous loading regulates the
biophysics of cilia beating and coordination to potentially facilitate the
formation of metachronal waves at higher viscosities ( > 100mPa·s).
Specifically, the beating frequency of ciliated cells reduced sig-
nificantly by over 30% by increasing culture viscosity, and plateaued at
7.9 ± 0.5Hz for viscosities higher than 100mPa·s. The combination of
hydrodynamic effects, changes in ATP production rate, and potential
regulation of themolecular motor activity that governs themovement
of cilia may contribute to influence cilia beating behaviour at different
viscosities23,102,103. The increased drag at higher viscosities can reduce
the beating velocity of the cilia104, and consequently their beating
frequency. This increase in hydrodynamic resistance also leads to a
decrease in cilia beating amplitude (Supplementary Fig. 13) and a
higher energy consumption rate per beat cycle23,103. Moreover, similar
to other flagellated eukaryotic cells, under viscous loading, the higher
force production rate of dynein arms that govern the beating wave-
form may act as a molecular-level mechanism to regulate motor
activity105. The higher Ca2+ influx and TRPV4 channel activity at higher
viscosities, and the subsequent increase in ATP production, support
this later mechanism.

At such high viscosities, ciliated cells also self-organised their
beating behaviour to induce a phase shift between neighbouring cilia
(Fig. 4b) while beating with a similar wave direction (Fig. 4c), cilia
beating direction (Supplementary Fig. 9), wavelength (Fig. 4d), and
frequency (Fig. 4e). This spatial heterogeneity in cilia beating (i.e.
separate patches with a gradual phase shift), but with a similar beating
frequency, wavelength and direction, is crucial to encourage the for-
mation of metachronal waves73,74, and has been shown to produce a
unidirectional flow towards the uterus106,107. The coordinated move-
ment of cilia to enable effective transport is further demonstrated by
evaluating cilia beating direction and kymographs (Supplementary
Fig. 9, Supplementary Movie 2). The results indicate that cilia self-
organise to beat in a unidirectional manner with a stable wave direc-
tion over time at 200mPa·s, while they beat randomly at 1mPa·s.While
our study is limited by the number of ciliated cells observed and our
limited spatial resolution, this metachronal wave-like activity with
unidirectional cilia movement under viscous loading can result in
effective transport. The observed increase in the tendency of cilia to
beat in the same direction has been shown to be an effective transport
mechanism for airway epithelial cells108,109, even in the absence of
metachronalwavesorbeating coordination. Thismechanism, together
with fluid flow and muscle contractions1,110, provides an effective
means for the transport of the egg and embryo, which are up to 10
times larger than the cilia111, at the time of ovulation when the viscosity
peaks in vivo19,112.

We also indicated that TRPV4 expression increases by 5-foldwhen
the culture viscosity is elevated from 1 to 200mPa·s (Fig. 5e). Since
TRPV4 channels modulate calcium influx into the cytosol (Fig. 5a), this
increase results in additional Ca2+ influx into the mitochondria80,81,
reducing the MMP ratio by 38% in response to viscous loading
(Fig. 5c, d). This reduction in MMP leads to a 63% increase in mito-
chondrial respiration (Supplementary Fig. 10) and increases ATP
production84–86. The increase in Ca2+ influx through the TRPV4 channel
subsequently mediates cilia beating frequency (Fig. 4e), with cells
treated with RN-1734 showing reduced cilia beating. Moreover, the
higher influx of Ca2+ has been shown to sustain ciliary beating beha-
viour at high viscosities without collapse55. TPRV4 activity has also
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been shown to regulate mechanotransduction via the YAP/TAZ
nuclear-shutting mechanism in various cell types, such as cellular
epithelial-mesenchymal transition (EMT) in keratinocytes, mesenchy-
mal stem cells and HUVEC endothelial cells113–115. Hence, viscous load-
ing activates the TRPV4 channel in FTEC to increase intracellular Ca2+,
possibly via the regulation of YAP, subsequently decreasing the MMP
level and increasing ATP production to maintain cell viability and
functionality at higher viscosities. Previous work has also demon-
strated a correlation between TRPV4 expression and the menstrual
cycle116,117. It has been shown that TRPV4 expression peaks at the time
of ovulation116, as does the tubal fluid viscosity19,112, which is then
downregulatedpost-ovulationas theprogesterone level increases. The
increase in progesterone level during the menstrual cycle has been
suggested to suppress oviductal ciliation118 and inhibit TRPV4 protein
expression using mammary gland epithelial cells117. Therefore, our
findings suggest how the interplay of changes in tubal fluid viscosity,
progesterone level, and TRPV4 expression during the menstrual cycle
might influence ciliation and cilia activity.

Ourfindings suggest that the interplaybetweenTRPV4expression
levels and subsequent Ca2+ influx to increase ATP production is crucial
for regulating cilia beating under viscous loading. When comparing
cells with blocked TRPV4 channels to untreated cells (Fig. 4e, f), we
observed a drop in cilia beating frequency and coherence, indicating
that the reduction in ATP production due to lower Ca2+ influx119,120

influences cilia beating. While ciliated cells can self-generate ATP
through either oxidative phosphorylation in mitochondria or glyco-
lysis within the cilium itself 121, the activation of relevant signalling
pathways is required to achieve this. Hence, enhanced TRPV4 activity
and mitochondrial function trigger more ATP production at higher
viscosities to ensure persistent cilia activity. These findings are con-
sistent with previous studieswhere ciliated cells incubatedwith TRPV4
ion channel activators (instead of inhibitors, as in our case) or ATP
showed an increased cilia beating frequency77, also confirming that
additional ATP is required under increased viscous loading122 to
maintain cilia beating.

In the fallopian tube, viscosity varies from 1mPa·s to over
200mPa·s19–22 along the tract, radially across the cross-section of the
tract, and more importantly, throughout the menstrual cycle. These
changes in the tubal fluid viscosity, combined with our findings,
highlight the potential role of these rheological changes in altering
sperm migration behaviour in vivo, coordinating the timing of fertili-
sation, and facilitating egg and embryo transport in the fallopian tube.
The interactions between sperm and ciliated surfaces are suggested to
provide storage sites for sperm123,124, stimulate capacitation, and
influence the timing of fertilisation1,34. Our findings suggest that
increased viscosity of the tubal fluid, peaking at the time of
ovulation19,112, can enhancecilia beating and coordination to encourage
metachronal wave formation. This enhanced cilia activity may act as a
mechanism to release sperm from storage sites when they have gained
fertilisation competence through direct physical contact with epithe-
lial tissue125, and also to coordinate this timingwith egg transport in the
tract for optimal meeting at the fertilisation site. Moreover, our find-
ings are relevant to infertility cases where tubal flushing with oil-based
media has been shown to significantly improve fertilisation outcomes,
although the underlying mechanism of this fertility-enhancing effect
has been unknown126. Our results suggest a potential mechanism for
facilitating cilia beating and gametes transport within the reproductive
tract due to an increase in tubalfluid viscosity from the introduction of
oil-based media126.

Taken together, our findings reveal that physiologically relevant
changes in the viscosity of the tubal fluid regulate the differentiation
and function of epithelial cells, via mechanotransductive signalling
pathways. In the context of reproduction, our findings bring additional
perspectives into the mechanistic response of FTEC to elevated tubal
fluid viscosity that peaks during ovulation and along the reproductive

tract to facilitate egg and embryo transport for successful fertilisation
outcomes, with potential insights into embryo-endometrium layer
interactions. This highlights the importance of matching the viscosity
of tubal fluid in in vitro culture models to accurately replicate the
natural developmental and functional properties of the epithelial cells,
offering additional insights into studies of other tissues with ciliated
epithelium. Our findings also offer additional insights into the under-
lying causes of infertility where abnormal changes in the tubal fluid
viscosity can inhibit ciliation. Moreover, our approach suggests
potential therapeutic opportunities for infertility or ovarian cancer
patients, where viscous loading could be utilised to potentially rectify
their deregulated Notch signalling pathway.

Methods
Viscous media preparation
Methyl cellulose (MC) is a water-soluble, non-ionic viscoelastic poly-
mer that closely represents the rheological properties of the high
viscosity ECF in the reproductive tract19–22,53. To prepare the viscosity-
adjusted culture media, the Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12) with no glutamine (ThermoFisher,
21331020) was supplemented with 0.7%, 0.8% and 1% MC (Sigma,
M0512) in sterile conditions (corresponding to nominal viscosities of
50, 100 and 200mPa·s, respectively). All culture media were also
supplemented with 100 U mL−1 penicillin-streptomycin (Life technol-
ogies) and 10% (v/v) foetal bovine serum (FBS, Scientifix), and pH was
adjusted to 7.4. The osmolarity of the culture media was measured
using an osmometer (John Morris and Advanced Instruments, Model
2020) based on the manufacturer's guidelines.

Isolation of fallopian tube epithelial cells (FTEC)
Ewe oviducts were collected from the local abattoir (Wagstaff, Cran-
bourne) in cold phosphate-buffered saline (PBS) after slaughter and
transported to the laboratory on ice. The abattoir (Wagstaff, Cran-
bourne) complies with the Australian animal welfare standards
through annual audits conducted by AUS-MEAT Limited (Aus-Meat
Limited Certificate of Accreditation Establishment No. 46, 578 & 2773).
The isolation and cell seeding procedures were all done in a sterile
condition and within 2 h of tissue collection. The oviducts were dis-
sected free of surrounding tissue and washed three times in cold PBS.
The oviduct was opened up and minced into smaller pieces. The cell
dissociation process was done enzymatically in tubes with cold dis-
sociation media67. Dissociation media were made up of Minimum
Essential Medium (MEM, 11095080, ThermoFisher), supplemented
with 1.4mgml−1 Pronase (Sigma-Aldrich, 10165921001) and 0.1mgml−1

DNAse (Sigma-Aldrich, DN25). The tubes were then rocked for 48 h at
4 °C. The dissociationmedia was then inactivated using 10% volume of
FBS, and then centrifuged at 200 g for 5min. The isolated cells were
then resuspended in DMEM/F12 supplemented with 10% FBS and 1%
penicillin-streptomycin (without any MC) for initial seeding.

Cell culture
Prior to seeding, 24-well plates were coated overnight with type IV
collagen fromhumanplacenta (Sigma-Aldrich, C7521), and then rinsed
three times with PBS. Cells were then seeded at 800×103 cells per well.
Each culture was always maintained under humidified conditions at
37 °C with 5% CO2. Upon cell attachment after 24 h, the media was
replaced with the relevant viscosity-adjusted culture medium. The
media was replaced at the 48-h time point and further analysis was
carried out at 72-h timepoint. The same culture protocol was used for
culturing cells in transwells, with cells seeded in the insert and the
culture media in the bottom well replaced over time.

Quantification of cellular and nuclear phenotypes
To evaluate cell and nuclear phenotypes, phase contrast images (cell
phenotypes) and Hoechst 33342 stained images (nuclear phenotypes)
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were captured using an inverted IX83 fluorescence microscope
(Olympus, Japan) equipped with an ORCA-Flash4.0 V3 Digital CMOS
camera (Hamamatsu, Japan) and a 20× magnification objective (NA =
0.45) and the images were processed in ImageJ. Hoechst stained
images were used to count the number of cells in each experiment.

Cell viability assay
Cell viability was assessed using a live/dead staining kit (L3224, Life
Technologies) according to themanufacturer’s instructions. Live/dead
stain was conducted at both 24-h and 72-h time points. Images were
taken using an inverted IX83 fluorescence microscope (Olympus,
Japan) equipped with an ORCA-Flash4.0 V3 Digital CMOS camera
(Hamamatsu, Japan) and a 20×magnification objective (NA =0.45) and
the quantitative analysiswas performedusing ImageJ. Cell viabilitywas
calculated as the percentage ratio of live cells to the total number of
cells. At least 200 cells were analysed per measurement. The area
covered per cell was quantified by manually tracing at least 200 indi-
vidual cells in ImageJ for each condition for cells stained with
Calcein AM.

Immunofluorescence Staining
To evaluate cell proliferation and ciliation alongside cell and nuclear
morphology changes, immunofluorescence staining was performed.
Cell monolayers were washed with PBS and fixed for 10min in 4%
paraformaldehyde (PFA, Sigma, USA) diluted in PBS at room tem-
perature. Cells were washed three times in PBS (5min per wash), per-
meabilized for 15min with 0.2% Triton X-100 (Sigma, USA) diluted in
PBS, and then blocked in 3% (w/v) bovine serum albumin (BSA) diluted
in PBS for 30min. Cells were then incubated in primary antibodies
overnight at 4 °C, either with mouse anti-acetylated tubulin (Sigma,
T7451, 1:10,000 dilution) for ciliation study, monoclonal mouse anti-
Ki67 (Dako, M7240, 1:200 dilution) for proliferation study, or rabbit
polyclonal TRPV4 antibody (Abcam, ab39260, 1:180 dilution) for
TRPV4 assays. Cells were then washed three times in PBS (5min per
wash) and incubated for 1 h at room temperature with secondary
antibodies Alexa Fluor 488 goat anti-mouse (Thermo Fisher Scientific,
RS37120, 1:500 dilution in PBS) or with Rhodamine–conjugated goat
anti-rabbit IgG (Proteintech, SA00007-2, 1:200 dilution) for TRPV4
assays. Nuclei staining was done by using Hoechst 33342 (Thermo-
Fisher, 62249) diluted in Dulbecco′s Phosphate Buffered Saline (DPBS,
ThermoFisher, 14190144) at 5 µgml−1. Immunofluorescence staining
microscopy images were captured using anOlympus FV3000 confocal
microscope at 60× magnification (NA= 1.4, PLAPON oil immersion
objective) for proliferation and ciliation study, and 100×magnification
(NA = 1.4, UPLSAPO oil immersion objective) for TRPV4 assays, before
being processed in ImageJ. Reconstructed confocal microscopy
z-stacks were used to view the side profiles of ciliated cells and mea-
sure cilia length. The expression of TRPV4 channels in cultured cells
was quantified using rabbit polyclonal TRPV4 antibody (Abcam,
ab39260, 1:180 dilution) as the primary antibody and
Rhodamine–conjugated goat anti-rabbit IgG (Proteintech, SA00007-2,
1:200 dilution) as the secondary antibody89. This primary antibody has
been shown to specifically target TRPV489,90. To ensure the secondary
antibody does not result in nonspecific binding or autofluorescence,
we also conducted a negative control experiment where the cells were
only stained with the secondary antibody, resulting in no fluorescent
signal (Supplementary Fig. 11). The average fluorescence was quanti-
fied using ImageJ (with background compensation) and expressed as
arbitraryunits. All immunofluorescence images for each antibodywere
acquired using identical parameters (HV, gain, offset) to ensure a
consistent signal-to-noise ratio across datasets.

Mitochondrial membrane potential (MMP) measurements
JC-1 dye (Invitrogen, USA), was used to evaluate the MMP. JC-1 is a
membrane-permeable dye that exhibits potential-dependent

accumulation in mitochondria, emitting green fluorescence ( ~ 525 nm)
in the monomeric form (low MMP) and red fluorescence ( ~ 590nm) in
aggregate form (high MMP). Briefly, 10 µMworking solution of JC-1 was
prepared by diluting 1.53mM JC-1 stock solution in prewarmed DMEM/
F-12 media. The cultured cells were rinsed with prewarmed the DMEM/
F-12 solution, and then 200μL of the JC-1 staining solution was added
per well. The cells were incubated at 37 °C for 30min in an incubator
with 5% CO2. An inverted IX83 fluorescence microscope (Olympus,
Japan) equipped with an ORCA-Flash4.0 V3 Digital CMOS camera
(Hamamatsu, Japan) and a 40× magnification objective (NA=0.6) was
used to image the stained cells in green and red fluorescence channels.
To validate the JC-1 staining, 5mM Carbonyl Cyanide Chlorophenylhy-
drazone (CCCP) was used as the MMP negative control to disrupt the
membrane potential of JC-1 stained cells. Closed up view of the mito-
chondrial structure (Fig. 5b) was imaged using an Olympus FV3000
confocal microscope at 100× magnification (NA= 1.4, UPLSAPO oil
immersion objective). To evaluate the degree of polarisation, the low
MMP to highMMP ratio was quantified by counting the number of cells
imaged in green (low MMP) and red (high MMP) fluorescent channels.

Mitochondria activity
MitoTracker® Deep Red (Invitrogen, M22425) was used to label mito-
chondria. Briefly, 1mM stock solution is prepared by adding dime-
thylsulphoxide (DMSO). The stock solution was diluted to 200nM
working concentration using prewarmed Dulbecco’s Modified Eagle
Medium:NutrientMixture F-12 (DMEM/F-12, ThermoFisher, 21331020).
Nuclei staining was done using Hoechst 33342 (ThermoFisher, 62249)
at 5 µgml−1. Culture media was aspirated before the staining solution
was added, and then the cells were incubated at 37 °C with 5% CO2 for
30min. Mitochondria activity was measured as the average fluores-
cence intensity per cell.

Cilia beating analysis
Cilia beatingwas analysedusing a custom-written script inMATLAB, by
modifying a code developed by Ringers et al.73 to quantify beating
frequency and coherence based on a fast Fourier transform method
(Supplementary Figs. 3, 4). First, cilia beating across the viscosity range
was recorded at 200 frames per second using a widefield Leica
microscope equipped with a CMOS camera and a 100× magnification
objective (NA = 1.4). The stacked images were spatially down-sampled
by a factor of 5, and then Fourier transform of each pixel intensity over
time was performed to obtain the cilia beating frequency. Noise (area
without cilia movement) was removed using a 3×3 kernel, as reported
by Ringers et al.73, to identify regions with beating cilia. The neigh-
bouring pixels with similar oscillation frequency ( ± 0.5Hz) were then
grouped into patches to establish cilia beat frequencymap. The angle()
function in MATLAB was used to extract the phase angle from the
Fourier output, and the calculated phase angles were then used to
quantify wave direction and wavelength using the imgradienty(phase,
‘prewitt’) function in MATLAB. The gradient map was generated over
both x and y direction, and over phase and phase+π to adjust for the
circular nature of the phase. From the gradient maps, wave directions
and wavelengths were extracted as the mean angle and the mode
magnitude per patch, respectively (Supplementary Figs. 6, 7). The
coherence was expressed as the total area covered by ciliated cells
(total area of the patches) over the number of segmented patches. To
quantify cilia beating amplitude, themovement of the tip of the cilia in
the top-view widefield microscopy videos was manually tracked in
ImageJ, and the average maximum travelled distance over multiple
cycles was reported. Cilia beating direction was evaluated for 750ms
and thewave propagationwas analysed using the kymograph plugin in
ImageJ. For TRPV4 inhibition experiment, cells were incubated with
10 µM of TRPV4 antagonist RN-1734 (Sigma-Aldrich, R0658) dissolved
inDMSOprior to experiments. The inhibitor dissolved inDMSO for the
200 mPa·s media was used as the vehicle control.
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Ca2+ transients imaging
The vehicle (DMSO) or RN-1734 treated cells were loaded with 5 µM
Fluo-4, AM, (ThermoFisher, F14217) calcium indicator for ratiometric
Ca2+ confocal imaging at the 72-h time point for 30min at 37 °C. Cells
were washed using Ca2+ free Hanks’ Balanced Salt Solution (HBSS,
Thermo Fisher Scientific, 14170112) according to the manufacturer’s
protocol before imaging. Cells were imaged continuously up to 120 s
with an interval of 2 s on an Olympus FV3000 confocal microscope.
Transient Ca2+ level was expressed as F/F0, where F is the instantaneous
fluorescence intensity and F0 is the baseline intensity as calculated by
averaging the fluorescence signal for the first 20 s.

Western Blot Analysis
Cell pellets were collected at the 72-h time point and lysed in
Laemmli Sample Buffer (Bio-Rad). Samples were boiled at 95 °C for
5min, then diluted and loaded into 10-well gels (Bio-Rad). The gels
were run for 1 h, after which the protein was then transferred to a
PVDF membrane (Immobilon®). The membrane was blocked in 5%
non-fat milk for 1 h, then incubated with primary antibodies over-
night (TRPV4, Abcam ab39260, GAPDH, Invitrogen, MA5-15738).
Secondary antibodies against the primary (Goat Anti-Rabbit HRP
conjugate, Invitrogen, 31460, and Goat Anti-Mouse HRP conjugate,
Invitrogen, A16066) were incubated with the blot for 1 h. Blots were
imaged using a Uvitec Chemiluminescence Imaging System and
analysed with ImageJ. Two bands with molecular weights of ~98 kDa
were detected, with the higher molecular weight band representing
the glycosylated form127,128, consistent with previous studies129,130,
confirming the expression of TRPV4. Protein expression for TRPV4
was normalised to GAPDH131.

Statistics and Reproducibility
Each experiment was conducted using three independent biological
samples with three repeats per biological sample, with ≥ 200 cells
analysed per data point. No statistical methods were employed to
predetermine the sample size, and no data were excluded from the
analyses. Oviducts from different animals were randomly shipped by
the abattoir and used in the study. GraphPad Prism version 8.0.2
(GraphPad Software, San Diego, CA, USA) was used to process data. A
Kolmogorov–Smirnov test was performed and all groups were nor-
mally distributed. Differences between groups were statistically
examined using either a Student’s t-test or one-way ANOVA followed
by Tukey’s post hoc analysis, as stated. P < 0.05 was considered sig-
nificant (*P ≤0.05, **P ≤0.01, ***P ≤0.001, ****P ≤0.0001). The exact P-
values are provided in Supplementary Table 3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data supporting the findings of this study are available
within the article and its Supplementary Information files or upon
request from the corresponding author, Reza Nosrati (reza.nosrati@-
monash.edu). The data generated in this study are provided in the
Source Data file. Source data are provided with this paper.

Code availability
Matlab version 9.7.0.1190202 (R2019b) was used to generate custom
scripts based on scripts developed by Ringers et al.73 to analyse cilia
beating and synchronisation. Please contact Reza Nosrati (reza.-
nosrati@monash.edu) for access.
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