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Abstract: Bile canaliculi (BC) are the smallest vessels of the biliary tree. They are 

formed from the apical surfaces of adjoining hepatocytes, resulting in lumenal conduits 

for bile flow. Bile is propelled along the BC by hepatocyte contractions that arise from 

cyclic waves of apico-basal Ca2+, but the source and regulation of Ca2+ has been 

unclear. We report that BC contraction correlates with cyclic transfer of Ca2+ from BC 

lumen to apico-basal Ca2+ waves in adjacent hepatocytes, and does not correlate with 

endoplasmic reticulum Ca2+. BC contractility was triggered by ionophore A23187 and 

unaffected by Thapsigargin. The cycles of Ca2+ transfer could be blocked by the 

mechanosensitive calcium channel inhibitor GsMTx-4, resulting in cholestatic 

generation of BC-derived vesicles. The mechanosensitive calcium channel Piezo-1 is 

preferentially localized at BC membranes, and its hyper-activation by Yoda1 causes 

increased Ca2+ transfer and increased BC contractility. We propose that canaliculi 

achieve biomechanical homeostasis through the following feedback system: the 

pressure of accumulated bile is sensed by mechanosensitive channel, which transmit 

biliary calcium into adjacent hepatocytes for contraction of the BC lumen and propulsion 

of the bile. 

Keywords: Piezo, canalicular pressure, bile-containing vesicles, cholestasis, 

mechanosensitive ion channels,  
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Introduction: 

Lumenal contractility plays an important role in multiple physiological processes such as 

fluid flow and bowl movement. In these systems of contractile propulsion, the trigger for 

contraction is the content itself. For instance, the food we eat triggers sensory neurons 

that regulate smooth muscle contraction along the gastrointestinal tract to drive bowl 

movement. Some finer lumenal structures lack muscle layer but exhibit peristaltic-like 

contraction driven by myosin. For instance, bile is secreted into a branched network of 

intra-hepatic lumen known as bile canaliculi (BC)1. Secretion and segregation of bile is 

important for liver physiology, as any breach can lead to jaundice or cholestasis2. BC 

show peristaltic motion to facilitate flow of bile contents into the bile duct3. Studies of BC 

dynamics are generally performed with in vitro culture systems,4 which have been 

shown to exhibit periodic expansion and contraction5, reminiscent of the in-vivo 

peristaltic motion6. BC expand due to activity of  transporters on the BC membrane7; 

and BC contracts due to the actomyosin contractility triggered by increased intracellular 

Ca2+ 8 9. Ca2+ micro-injection studies by Watanabe et al.10 and subsequent studies show 

that the increase in intracellular Ca2+ can induce BC contractions11-14. However, the 

source of Ca2+ remains elusive. One theory suggests that BC contraction is regulated 

by extracellular Ca2+ 14, 15, while another suggests that BC contraction is regulated by 

Ca2+ release from the endoplasmic reticulum (ER)16. In this study, we utilized various 

Ca2+ probes and live imaging of BC contractions to trace the source and propagation of 

Ca2+ waves associated with BC contractions. We found that BC contractions are 

triggered by the release of Ca2+ from the BC lumen, corresponding to a transient Ca2+ 

increase in the cytoplasm adjacent to the BC. We did not find any correlation between 
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BC contractions and the release of Ca2+ from the ER. We therefore deduce that BC 

regulate their own contractions by providing Ca2+ to surrounding cells. Furthermore, we 

hypothesize that the BC membrane can sense canalicular pressure via 

mechanosensitive channel (MCC); and that BC membrane tension acts as a 

homeostatic switch leading to BC contractions.  

Result 

Ca2+ is concentrated in BC 

Hepatocytes were isolated from rat using collagenase perfusion17 and grown in collagen 

sandwich cultures to support the maintenance of hepatocyte polarity. BC developed  24-

48 hours after cell seeding18. The BC appear as bright tube-like structures19 along the 

cell-cell interface (Figure 1A). They are dynamic structures that expand and contract 

periodically (Supporting Video 1)1, 5-7, 16. BC contraction can be dependent or 

independent of BC-derived vesicles (BCV) (Figure 1B and C). In sandwich culture, in 

the presence or absence of up to 1% DMSO, 80-90% contractions occur via BCV-

independent mechanism while 10-20% contractions happen via BCV formation. Here 

we will first focus on the BCV-independent contractions. 

BC contractions might be due to the Ca2+ release from the ER near BC15 or extracellular 

Ca2+16. However, the exact Ca2+ source regulating BC contraction has not been 

determined. We imaged the hepatocytes incubated with a Fluorescent Ca2+ marker 

(either Calcium Green™-1 AM (thermos fisher), Fluo-4 or Fluo-8) and found that Ca2+ is 

highly localized in the BC (supporting figure 1A). Fluo-8 was used as it was stable for 

long-term live cell imaging. A few earlier reports have shown localization of ER 
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(containing Ca2+) surrounding BC; however, our observation is the first report that Ca2+ 

is concentrated inside BC instead of localized on BC membrane where ER is present 

(Figure 1D). We used live actin dye (SiR actin, cytoskeleton) to label actin and imaged Z 

stack using the confocal microscope. After 3D reconstruction (supporting Video 2), we 

found that Ca2 is localized inside BC (Figure 1E and supporting figure 1A-B). The 

visualization of Ca2+ requires either wide-field imaging or confocal imaging at ~2-4 µm 

above the cell-substrate contact since BC is lumenal and positions ~1.5 µm above the 

cell-substrate contact plane.  Most of the previous research on Ca2+ waves in 

hepatocytes was performed near the cell-substrate15 contact plane using either TIRF or 

confocal imaging; thus, BC Ca2+ was not observed in those studies. 

The Ca2+ intensity was much higher in BC than in the cells (Figure 1F and supporting 

figure 1C). Due to extremely high BC Ca2+, it is difficult to image Ca2+ concurrently in 

both the ER (inside a cell) and BC (supporting figure 3D and E). We have adjusted the 

laser power and acquisition setting so as it is only sensitive to changes in BC Ca2+ and 

not to any changes in Ca2+ level in the cells.  Presence of such a high concentration of 

Ca2+ inside BC intrigued us and we hypothesized that the canalicular Ca2+ may play a 

role in BC contractions.  

BC Ca2+ drop triggers BC contraction 

We imaged the BC (30 sec intervals) in the presence of Fluo-8 to test for association 

between contractions and BC Ca2+ levels. Fluctuations in BC Ca2+ intensity were 

observed to correlate with contractions (Figure 2A-D and supporting figure 1E). 

Kymograph have been plotted using center lines of the BC. Each group of continuous 

signals represents one contraction cycle (Figure 2C and Supporting figure 1F). The 
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signal from Fluo-8 bleached after 40 min, so we restricted our imaging to 40 min (Black 

box in Supporting figure 1E).  Specifically, the Ca2+ levels in BC dropped upon 

contraction  (Supporting Video 3). The rate of Ca2+ drop was much faster than the rate 

of BC contractions. However, the 30 sec imaging intervals obscured the detailed 

temporal relationship between BC contraction and BC Ca2+ depletion. Slow frame-rate 

was required for 40 min duration, so to observe finer-scale dynamics, we imaged BC at 

~2 sec intervals (Figure 2E) for 5-10 minutes each. Videos containing any contraction 

were quantified. Results show the BC Ca2+ drop started prior to BC contraction (Figure 

2F), with a time difference of ~10 seconds (10.37±1.17 sec) between the start of the 

Ca2+ drop and the start of the BC contraction (Figure 2F and supporting figure 2A-B). 

This indicates that BC contraction is not the cause of BC Ca2+ removal, and leaves 

open the possibility that BC Ca2+ removal might be a cause of BC contraction. We could 

detect a small increase in Ca2+ inside the surrounding hepatocytes near the BC 

interface, at the same time as removal of Ca2+ from BC (Supporting figure 3 C and D).  

However, Fluo-8 is not ideal for detecting Ca2+ in hepatocytes due to low ratio of signal 

to laser power,  cytotoxicity, and photobleaching (Supporting figure 3 E and F). For 

intracellular imaging we used the Ca2+ sensor GCaMP20. 

Ca2+ waves in hepatocytes are associated with BC contractions 

We transfected the Ca2+ sensor GCaMP into hepatocytes (Figure 3A). The most 

optimized transfection protocol has transfection efficiency of ~1% for primary rat 

hepatocytes. In the hepatocytes that were transfected, we detected transient increases 

in Ca2+ near BC, followed by apico-basal Ca2+ waves (Figure 3B and C). However, the 

maximum Ca2+ intensity decreased as it travelled through cell; and these waves could 
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only be tracked with high laser power (Supporting Figure 4A). While most Ca2+ waves 

originated at the BC interface, we also observed some Ca2+ waves originated from cell-

cell contacts (R4 in Figure 3B). We presume these non-BC Ca2+ waves originated from 

Ca2+ transfer across gap junctions. The non-BC waves showed no temporal association 

with BC contractions, but when we observed the BC lumen, each BC contraction was 

associated with a transient increase in intracellular Ca2+ at the BC interface (Figure 3C 

and D, supporting figure 3 B and C, and supporting video 4). In considering cells that 

had more than 1 BC (Figure 3A), a Ca2+ wave that started at a particular BC interface 

could travel through the cell to another BC interface, but the intensity was much 

reduced and did not lead to a second contraction at the distal BC. For instance, the 

Ca2+ wave that originated at R2 (large red arrowhead in Figure 3B) also travelled to R1 

and R3 (large red arrowhead) but its intensity decreased during transit, and was not 

associated with BC contractions at R1 or R3 (Figure 3D).  

The contractions can be expressed mathematically as a decrease in the slope of BC 

area over time (Figure 3E); and we found a significant decrease in slope after the Ca2+ 

wave (Figure 3F). Our studies of spatiotemporal correlation are entirely consistent with 

the hypothesis that BC contractions are caused by Ca2+ transfer from BC to surrounding 

hepatocytes, but the observations are not consistent with hypothetical mechanisms of 

contractile calcium signaling from gap junctions or cross-cell propagation.  

BC contracts independently from the Ca2+ release from ER 

ER is an important Ca2+ store in cells. It has been proposed previously15 that apico-

basal Ca2+ waves in hepatocytes might be due to the Ca2+ release from ER (which 

surrounds BC) and IP3 generation in response to growth factors 14. We imaged BC in 
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the presence of multiple ER inhibitors (Figure 4A) such as 1 µM Thapsigargin (Figure 

4B and D and Supporting Figure 4) 21, 22, 5 µM Cyclopiazonic acid 23, 24 and 1 µM 2,5-di-

(ter-butyl)-1,4-benzohydroquinone (tbuHBQ) (Supporting figure 5)25. Thapsigargin is a 

specific and potent inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase (SERCA). It 

forms a dead-end complex and depletes ER Ca2+. Cyclopiazonic acid competes with 

the ATP binding site of SERCA and leads to ER Ca2+ depletion, whereas tbuHBQ 

blocks receptor-activated Ca2+ entry, leading to ER leakage26. BC contractions still 

occurred in the presence of any of these drugs, with no change in the Ca2+ cycles, nor 

their temporal association with BC contractions.  This indicates that BC contractions are 

independent of ER Ca2+ stores and SERCA pumps. Similar results were obtained in the 

presence of 3�μM Xestospongin C (Supporting figure 5) 27, 28, a reversible IP3 receptor 

antagonist29. These results show that BC contractions do occur independently of IP3-

dependent activation of ER  Ca2+ release.  

In the presence of 2 μM A23187, a Ca2+ ionophore (Supporting figure 4) 9, 30, we 

observed that BC Ca2+ intensity dropped,  followed by BC contraction and collapse, 

within 10 minutes (Figure 4 C, E and F). A23187 removes the Ca2+ gradient across the 

apical membrane (the BC interface); and in the absence of this gradient, BC never 

recovered (Figure 4F). This destruction of BC morphology by the A23187 ionophore 

further supports the hypothesis that Ca2+ shuttling between BC and hepatocytes 

determines BC morphology and cytoskeletal mechanics around the BC cortex. 

Piezo-1 acts as a tension sensor in BC 

We hypothesized that increased intra-canalicular pressure (ICP) could activate the 

opening of mechanosensitive calcium channel (MCC) to allow Ca2+ transport at the BC 
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membrane. We tracked the subcellular localization of four MCCs  (Supporting figure 6)31 

and found that Piezo1 is localized at the BC membrane (Figure 5A and supporting video 

5). Piezo1 is a calcium channel that is regulated to open whenever membrane pressure 

exceeds a threshold level.  To confirm the role of ICP in regulating Piezo1 activity, we 

used 10 µM Yoda-1, an activator of Piezo1 that reduces the pressure threshold for 

Piezo1 to open. In the presence of Yoda-1, we found a significant increase in the 

frequency of BC contractility (Figure 5B-D), indicating more frequent opening of the 

MCC is sufficient to cause more frequent contraction of BC.  Furthermore, the maximum 

Ca2+ intensity observed during these BC contractions was lower, suggesting there may 

be a decreased Ca2+ gradient across the BC membrane and/or lower ICP as a result of 

Yoda1-induced sensitization.  

We next inhibited the mechano-activation of Piezo1 (the opposite intervention) 

using 10 μM GsMTx-4 Piezo32. In the presence of GsMTx-4, we observed no instances 

of Ca2+ depletion from the BC and no BC contraction cycles (Figure 6A-D, flat 

kymograph), while the control kymograph (Figure 2D) showed periodic BC Ca2+ cycles. 

We could no longer find a correlation between mean Ca2+ (measured as “line Ca2+ 

intensity”) and BC area, indicating that GsMTx-4 was sufficient to abrogate calcium 

transport at the BC interface and to halt BC contractions. This suggests that MCC 

activity is required for calcium transport at the BC interface and is required for BC 

contractions.  There is a correlation between total BC area and total Ca2+ Figure 6B, but 

this may be a trivial finding because bile is rich in calcium and any non-contractile 

changes in BC area, such as pinching off BCV, must result in simultaneous changes in 

total BC volume and total BC calcium (Figure 6 C). Inability to transfer BC Ca2+ to cells 
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halted contraction, which is presumed to impair the propulsion of contents and the 

release of ICP.  In such cases, cells resort to remodeling through BCV, which 

resembles to some extent the cytoskeletal mechanics of blebbing33. The presence of 

GsMTx-4 caused ~8-fold higher frequency of BCV (Figure 6E), leading to a complete 

suppression of BCV-independent contractions, which is a recognized BC response to 

cholestasis33. The agonist and inhibitor of Piezo1 show that Piezo1 is required for 

transfer of Ca2+ from BC to surrounding hepatocytes and is required for cyclic BC 

contractions (Figure 5E and 6F). 

Discussion: 

Cells and tissues can sense and respond to changes in their local mechanical 

environment34. For instance, blood vessel contractility and RBC size are altered in 

response to changes in blood flow; and mechanosensitive channels (MCC) such as 

Piezo play a central role in pressure sensing to regulate blood flow35-37. Analogous 

regulation occurs in esophageal food sensing and the initiation of peristalsis38. In these 

and various other lumenal structures, the volume of contents can in itself regulate the 

contractility of tissues by stimulating muscle cells39. There are other lumenal structures 

in the body where contractility does not depend on the activity of muscle cells40. Here 

we have investigated the contractility in one such lumenal structure, BC, and found that 

local pressure sensing via MCC play a role in regulating contractility.  

Physiologically the contractile nature of BC is supposed to propel bile from BC to bile 

duct2, 3, 7, 9, 13, 41. However, the mechanism of the contraction process is poorly 

understood. Previous studies from ourselves and others suggested that the BC 
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contractility is a cyclic process and each cycle consists of at least two phases9, 10, 13, 19, 

33, 42. The first phase is expansion, wherein the BC expands due to activity of transporter 

proteins such as MRP2, BSEP and others2, 43-45. In the second phase, following 

expansion, the lumen contracts. These contractions are important for volume reduction 

because the lumen membrane is finite and cannot tolerate limitless BC expansion. In 

order to contract the BC, the actomyosin network surrounding the lumen contracts33. A 

BC can reduce its volume or contract in vitro by two different mechanisms. One method 

is by para-cellular leak42 and other is by the formation of BCV 33. In case of increased 

pressure46 and compromised cytoskeleton, BC favors BCV-driven mechanisms33.  

Growth factors and hormones such as vasopressin trigger the release of IP3 in cells. 

Released IP3 then binds to IP3R on the ER membrane, causing the ER to release Ca2+ 

and this Ca2+ has been postulated to cause BC contractions12. Intracellular Ca2+ can 

cause contractions; however, whether growth factor-induced Ca2+ release from the ER 

causes BC contractions is not proven. There are reports suggesting an increase in 

intracellular Ca2+ in hepatocytes in the absence of IP3 generation. Other studies have 

suggested a role of extracellular Ca2+ rather than ER Ca2+ in regulating BC 

contraction16, 47. Even in the absence of any growth factor, BC expand and contract 

periodically in vitro. Thus, we hypothesize that the trigger and control unit for BC 

contractions might not be extra-canalicular but from BC itself. To test this hypothesis, 

we used Ca2+ dyes to image Ca2+ and found that Ca2+ shuttles inside and outside of BC; 

and Ca2+ depletion from BC precedes BC contraction.  

Using GCaMP for intracellular Ca2+ measurements, we found that most Ca2+ waves 

originated from the BC membrane. BC-originating Ca2+ waves were associated with a 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 22, 2018. ; https://doi.org/10.1101/449512doi: bioRxiv preprint 

https://doi.org/10.1101/449512


significant decrease in BC area, signifying a tight temporal association with BC 

contractions. This is in contrast to previous reports that the BC membrane was 

associated with the ER which releases Ca2+ under IP3 regulation. In order to test 

whether BC contractions depend on ER or IP3 generation in cells, we used multiple 

SERCA inhibitors and Xestospongin C, a competitive inhibitor of IP3. None of these 

inhibitors could stall BC contractions or change the BC Ca2+ cycles. BC contractions and 

BC Ca2+ cycles were inhibited by A23187, an ionophore, supporting that extracellular 

Ca2+ (e.g. BC) instead of ER Ca2+ regulate BC contractions. We further screened MCC 

and found that Piezo-1 is localized on the BC membrane. Currently there are a few 

classes of ion channels such as Piezo-1 that are considered truly mechanosensitive48. 

Piezo-1, a cationic MCC, responds to lateral membrane tension49 and can sense 

mechanical forces in membrane48. As BC expands, the BC membrane tension 

increases beyond certain threshold; Piezo-1 should open causing Ca2+ leakage into the 

cells surrounding BC (Figure 5E). To test this hypothesis, we treated hepatocytes with 

Yoda1, a specific potent activator of Piezo150. Yoda1 decreases the pressure threshold 

for Piezo1 activation which should increase BC contractility. We observed 

approximately two-fold increase in BC contractility confirming the role of Piezo1 in 

regulating Ca2+ transfer from BC and BC contractions. Further, we used GsMTX-4 

peptide, the most widely used Piezo-1 Inhibitor32 51.  We observed a complete 

suppression of BC contraction. Ca2+ was retained in BC and not removed nor show 

cyclic fluctuations. We also observed BCV-driven contractions with eight-fold increase in 

the BCV formation indicating activation of cholestatic response. Thus, BC is an 
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autonomous contractile entity and its contractility is independent of external factors such 

as hormones or growth factor. 

MCC are required for multiple functions such as hearing and substrate stiffness 

sensing52. In addition, MCC have been shown to play a major role in regulating 

endothelial lumen dynamics by sensing intra-vascular pressure35, 36, 53. However, the 

role of MCC in regulating the pressure in secretory lumens (such as acini, canaliculi, 

blastocyst) is not clear. Here we have shown an example of a secretory lumen, BC, 

where the MCC Piezo1 regulated the contractile dynamics, suggesting a feedback 

mechanism for secretion-driven pressure to activate propulsion and homeostasis. 

Identification of Piezo-1 as a molecular target provides an opportunity to further develop 

therapeutic agents that might  provide an alternate therapy for cholestatic conditions. 
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Material and Methods 

1. Chemicals: Linoleic acid, 10x phosphate buffer saline (PBS), William’s E 

medium, bovine serum albumin (BSA), glutamine, dexamethasone, penicillin, 

insulin, sodium hydroxide, were obtained from Sigma Aldrich, USA. Type I bovine 

dermal collagen solution was obtained from Advanced Bio Matrix, USA. Calcium 

Green™-1, AM , Lipofectamine® 2000 Transfection Reagent was purchased 

from Thermo Scientific, USA. 2,5-di-(ter-butyl)-1,4-benzohydroquinone (tbuHBQ) 

(ab120276), Thapsigargin (ab120286), A23187 (ab120287), Cyclopiazonic acid 

(ab120300), Xestospongin C (ab120914), Fluo-8 AM were purchased from 

Abcam, United Kingdom. SiR-Actin Kit containing SiR-Actin and Verapamil was 

purchased from Cytoskeleton, Inc., USA. GsMTx-4, Anti Peizo-2, Anti-TRPC-4, 

Anti-TRPC-6 and Anti Peizo-1 Antibody (host: rabbit) were obtained from Almone 

lab, Israel.   

2. Isolation and culture of rat hepatocytes: Hepatocytes were isolated from male 

Wistar rats (weight 200-300gm) via two step collagenase perfusion method. The 

animals were obtained from InVivos, Singapore. Animals were handled in 

accordance to the IACUC protocol approved by the IACUC committee of the 
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National University of Singapore, protocol number R15–0027. ~300 million cells 

were isolated with viability above 90% as determined by the Trypan blue 

exclusion assay.  

3. Collagen sandwich culture. Isolated hepatocytes were cultured in collagen 

sandwich culture system. 35 mm culture dishes were coated with 1.5 mg mL-1 

neutralized Type I bovine dermal collagen solution diluted in 0.01 M 

hydrochloride for 2 h. Coated dishes were washed twice with 1x PBS, and 0.8 

million cells were seeded in the dish. Hepatocytes were allowed to attach for 2 h. 

Unattached cells were removed by washing twice in 1x PBS. Hepatocytes were 

then incubated for an additional 1 h to allow spreading. Following which, a layer 

of collagen solution was pipetted over the cells (1mL of 0.5 mg mL-1 neutralized 

collagen solution per well). 1.5 mg mL-1 neutralized collagen was obtained by 

mixing 3 mg mL-1 of acidic collagen with a neutralizing solution (in equal parts). 

The neutralizing solution comprises 0.1M sodium hydroxide, 10x PBS, 1x PBS in 

a volume ratio of 1:1:6 respectively. Working concentration of the neutralized 

collagen (0.5 mg mL-1) was then obtained by diluting the 1.5 mg mL-1  neutralized 

collagen solution with culture medium. Culture medium comprises William’s E 

medium supplemented with 2 mM L-Glutamine, 1 mg mL-1 BSA, 0.3 μg mL-1 of 

insulin, 100 nM dexamethasone, 50 μg mL-1 linoleic acid, 100 unit mL-1 penicillin, 

and mg mL-1 streptomycin. Cells were incubated with 5% CO2 at 37°C and 95% 

humidity. Culture medium was changed daily. 

4. Labelling of hepatocytes with SiR-Actin: Hepatocytes were labelled with SiR-

Actin using manufacturer protocol. Briefly, 40 hours after seeding hepatocytes, 
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Hepatocyte media was changed to 1mL fresh WE media (containing 200nM SiR 

actin). Hepatocytes were incubated for 1h and then imaged using an inverted 

confocal microscope (Nikon A1R). 1 μM Verapamil was added for taking static 

images but was not added in samples used for time lapse images. Verapamil is a 

transporter inhibitor. It prevents SiR-Actin from going into BC and gives a clearer 

image, however we found that it can also inhibit contractility thus it was not 

added in samples used for tracking BC. In absence of Verapamil some SiR-Actin 

did go to BC, however the contrast was still high to segment BC boundary.  

5. Transfection of hepatocytes: Hepatocytes were transfected with GCaMP using 

Lipofectamine® 2000 according to the manufacturer’s protocol but with 

modifications for use with primary rat hepatocytes. DNA:Lipofectamine ratio and 

amount were optimized based on transfection efficiency and viability. Under 

optimized conditions, the transfection mixture was prepared by adding 2 μg of the 

plasmid dissolved in 250 μL of antibiotic-free William’s E medium to a solution 

containing 4 μL of Lipofectamine dissolved in 250 μL of antibiotic-free William’s E 

medium. This solution was the incubated at room temperature for 20 min and 

then added to hepatocytes cultured on collagen-coated glass 35-mm dishes 

(IWAKI) for 4 h. Hepatocytes were incubated with the transfection mixture 

overnight. Hepatocytes were then washed and overlaid with collagen as 

described earlier for sandwich culture. Under these optimized transfection 

conditions, transfection efficiency of approximately 2% was achieved within 24 h 

of transfection. Plasmids used in this study were expanded in E. coli (DH5α™ 
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competent cells, ThermoFisher), and extracted using the Qiagen Maxiprep kit 

following the manufacturer’s protocol. 

The dynamics of Ca2+  in labelled cells was monitored using an inverted confocal 

microscope (Nikon A1R). Time-lapse images were captured at time intervals of 

1-2 s (or fastest possible) for 5-10 minute. Images were analyzed as described in 

Imaging Analysis. 

6. Labelling Hepatocytes with Ca2+  dyes: We used multiple Ca2+ dyes to image 

Ca2+ in hepatocytes as per manufacturer protocol. Fluo-8 was primarily used in 

all the experiments as it was most stable for long term imaging. 40 hours after 

seeding hepatocytes, Hepatocyte media was changed to 1mL fresh WE media 

(containing 4 µM Fluo-8) and incubated for 30 minutes. Following incubation, the 

cells were imaged at 30 sec intervals for 40 minutes using Nikon IMQ at 20X 

magnification. For faster imaging, hepatocytes were also stained with SiR actin 

and imaged using inverted confocal microscope (Nikon A1R) at 1-2 second 

interval for 5-10 minutes. We saw cell death after longer imaging time and thus 

restricted faster imaging to less than 10 minutes. 

7. Drug treatment of hepatocytes: 40 hours after seeding hepatocytes, Hepatocyte 

media was changed to 1mL fresh WE media (containing 4 µM Fluo-8) and 

incubated for 30 minutes. Following incubation, 1mL fresh WE media containing 

drug (either tbuHBQ, Thapsigargin, A23187, Cyclopiazonic acid, Xestospongin 

C, glyburide, verapamil or GsMTx-4) was added to give desired drug 

concentration.  The drugs were added while sample was placed on microscope 
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and imaged immediately after drug addition. Cells were imaged at 30 sec 

intervals for 40 minutes using Nikon IMQ at 20X magnification. 

8. Image processing: For long term images X-Y drift (in any) was corrected in 

IMARIS and corrected images were analyses either using MARLAB, Fiji or 

IMARIS.  

Phase contrast images obtained using Nikon biostation IMQ were segmented 

using a custom made software. We develop a software for segmentation of a bile 

canaliculus from a time-lapse phase-contrast image. The software is written in 

MATLAB and is based on a combination of interactive thresholding, 

morphological image processing, pattern matching, and manual segmentation. A 

user friendly graphical user interface (GUI) is also implemented. At the 

beginning, a region of interest (ROI) for a bile canaliculi to be segemented is 

selected. In the software software, each image frame is associated with the 

following information: 1) a threshold for thresholding on the frame, 2) boundary1 

storing the canaliculus boundary by automatic thresholding, 3) boundary2 storing 

the canaliculus boundary by manual segmentation or by manual selection (if 

any), 4) status1 (status1 > 0 indicates that there is a manual region 

selection/segmentation/merging in the frame), and 5) status2 (status2 > 0 

indicates that the frame is segmented automatically based on the segmentation 

from the previous frames). Before the image frames are processed, all the 

intensities are normalized to the range of [0, 1], and a default threshold value 

within that range is set for all the frames. Also, boundary1 and boundary2 are set 

as empty, and status1 = status2 = 0 for each frame. At the beginning, the current 
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frame is set as the first frame. Then thresholding with the default threshold is 

applied on the first frame. Segmented regions are displayed on the screen, and 

the largest region is selected for boundary1. For each image frame, the user can 

choose to execute the operations such as changing threshold, selecting correct 

ROI, merging to ROIs, segmenting BC manually, Automatic processing all the 

remaining frames and saving the result.   

BCV frequency was manually calculated by visualizing individual BC in Fiji. 

For determination of Ca2+ waves, a small ROI was drawn at BC surface and 

intensity measured across time lapse images. BC area form SiR actin stained 

images were auto thresholded in Fiji and area measured using in built plugin. 

9. Image Analysis: Ca2+ level fluctuation inside BC were represented as 

kymographs.  Kymograph are drawn along a line drawn in middle of BC. Most of 

the kymograph show a time scale of 40 minutes unless otherwise stated. We 

have to limit imaging to 40 minutes as at longer imaging time we had issues with 

bleaching (supporting figure 1F). Also Ca2+ intensity during the contraction is 

measured using 1) Integrated intensity for the area equivalent to maximum 

projected area for all the frames captured and is mentioned as “Integrated Ca2+ 

Intensity” 2) a line scan across kymograph and is mentioned as “Line Ca2+ 

intensity”. First methods describe the total Ca2+ in the BC and is sensitive to both 

area change and Ca2+ level drop in BC whereas second method is sensitive only 

to Ca2+ level drop in BC (fast removal of Ca2+ from BC) (supporting figure 1F-I). 

10. Antibody staining: Hepatocytes cultured for 40 hours were fixed with 4% 

paraformaldehyde (PFA) for 20 min at 37 °C and permeabilized thereafter with 
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0.1% Triton X-100 in PBS for 10 min. Nonspecific binding was prevented by 

blocking the permeabilized cells for 1 hour in a PBS solution containing 5% BSA 

at room temperature. Cells were then incubated with primary antibodies for 

PEIZO-1, PEIZO-2 TRPC-6 or TRPC-4 (1:100) in 1X PBS solution with 5% BSA 

overnight at 4 °C. Cells were then washed five times with gentle shaking in 1X 

PBS and incubated for 2 hours with rabbit mouse secondary antibodies (1:100) 

at room temperature. After washing five times in PBS, nuclei were stained for 30 

min with the nuclear dye DAPI (1:1,000) and actin was stained with phalloidin 

(1:200). Cells were then washed five times in 1X PBS and imaged using Nikon 

A1R. Images were processed using IMARIS (Bitplane Technologies, USA) and 

fiji. 

11. Statistical Analysis: Data values in this report are presented as average ± 

standard error of the mean (SEM). In most groups, the initial test of difference 

across groups was analyzed using one-way ANOVA. The Student’s t test was 

then used as a post-hoc test to identify the significant differences among the 

different conditions in the experiment.  p values <0.05 (∗), p <0.01 (∗∗) were 

considered statistically significant. For testing significance of change in slop with 

Ca2+ wave, sign test was also used to analyse the significance of the reduction of 

BC area.  
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Figure1: Ca2+ is present inside BC which can dynamically expand and contract. A) 

Schematic showing isolation of rat hepatocytes and culturing in collagen sandwich. 

Hepatocytes form tubular structure known as BC. These structures appear as bright 

tubes in phase contrast microscopy where BC actively expand and contract. A single 

BC can contract via one of the two ways. B) BC can contract via unknown mechanism 

of volume reduction possibly due to para-cellular leakage; C) BC can contract via BCV 

formation, which is the pinching of BC segment to reduce the BC volume. ~85 % of 

contractions are driven by the first contraction mechanism and ~ 15% via BCV 

formation. D) BC also store high concentration of Ca2+. BC are labelled for Actin (cyan 

from SiR actin), and for Ca2+ (green from Fluo-8). E) A line scan across a BC (red box in 

1D) reveals that Ca2+ is present inside BC. F) Ca2+ intensity is much higher in BC than 

cells, suggesting that BC is the Ca2+ source. All scale Bar 10 µm 

 

Figure 2: Ca2+ level fluctuates in BC and the BC Ca2+ level drops prior to BC 

contraction. A) Time-lapse images (30 second interval) of BC (A’) and Ca2+ (B) in 

cultured hepatocytes. Green signal disappearance (decrease in Ca2+ intensity) is 

associated with the decrease in BC area (BC contraction).  C) shows Ca2+ intensity 
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fluctuation as kymographs for 6 BC from 3 independent experiments. Third kymograph 

is drawn across yellow line in B and yellow box highlights kymograph for time lapse 

shown in B. D) Correlation of the BC area change and the Ca2+ intensity fluctuation. 

Ca2+ steadily increases in BC and then drops precipitously in periodic cycles always 

associated with BC contraction cycles. To investigate whether the BC Ca2+ drop triggers 

BC contraction in each cycle, we imaged BC labelled with Fluo-8 and SiR actin at high 

temporal resolution (1-3 sec interval). E) Kymograph showing fast Ca2+ intensity 

fluctuation at high temporal resolution. F) BC Ca2+ drops ~10s prior to a BC contraction 

(F’ is the region highlighted by black box in F) supporting that BC Ca2+ drop triggers 

rather than the result of BC contraction.  
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Figure 3: Apical Ca2+ triggers BC contraction. A) Shows a hepatocyte transfected 

with GCaMP (a Ca2+ indicator) and BC are marked in cyan. A’) shows the same cell with 

the only Ca2+ channel showing 4 different regions marked R1-R4. R1, R2 and R3 are 

along three distinct BC and R4 is along cell-cell contact.  B) shows kymograph drawn 

across region R1-R4. As R1 shows transient increase in intensity (Large blue 

arrowhead), this increase in intensity around R1 is followed by slight increase at the 

other regions (small blue arrow). Similarly, the Ca2+ wave can occur at R2 (Large red 

arrow). This is followed by slight increase in Ca2+ intensity at R1 and R2 (small red 

arrow) suggesting travelling Ca2+ wave. Ca2+ waves can be generated via BC 

independent mechanism such as transport across cell membrane via gap junction or 

Ca2+ release from ER. One such example is shown by Ca2+ increase in R4 (large cyan 

arrow). This led to travelling Ca2+ wave (small cyan arrow), however not resulting in any 

contraction. Some BC (R3) do not show any Ca2+ wave during the imaged period and 

also did not show any contraction (Supporting figure 4C). C) A few time stamps (2.2 

second interval) of the cell shown in Figure 3A showing Ca2+ wave at R1 as the Ca2+ 

intensity increases instantaneously at BC. D) shows the correlation of these Ca2+ waves 

with the BC contraction. BC area is steady before the Ca2+ peak (at ~2.5 minute) and 

can be seen decreasing after Ca2+ wave. There are small Ca2+ peaks at around 5.5 and 

6.5 minutes. Those were due to travelling wave generated at R2 and R4 (small red and 

cyan arrow in 3B). In this example low laser power was used and hence Ca2+ spikes 

around BC are much more visible than Ca2+ waves. Ca2+ waves are more visible at 

higher laser power as shown in supporting figure 4. E) shows the line fitting for area 

changes observed for two minutes before (blue box in D) and after (orange box in D) 

Ca2+ wave. There is a difference in slope before and after Ca2+ wave and slope become 

negative indicating BC contraction. E) Quantification of the slope for 8 such BC 

contractions. The slope was near ‘0’ prior to Ca2+ wave indicating no change in the BC 

area. Following Ca2+ wave all the slopes decrease indicating contraction. Ca2+ waves in 

hepatocytes can trigger BC contractions. All scale bar 10 µm 
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Figure 4: BC contraction and BC Ca2+ cycles are independent of the ER Ca2+. A)  

cumulative analysis of BC contractions using various ER and IP3 inhibitors showing no 

difference in the number of BC contractions observed in 40 minutes compared to a 

single contraction observed for A23187. BC Ca2+ cycles are maintained in presence of 1 

µM Thapsigargin, a specific and potent inhibitor of SERCA. C) BC contraction are 

sensitive to the extracellular Ca2+ as the addition of A23187, an ionophore causing Ca2+ 

leakage from BC, abolishes the BC Ca2+ cycles. D) shows the BC Ca2+ cycles in 
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correlation with the BC contractions are maintained independent of the ER Ca2+. E) 

A23187 results in one massive BC contraction and the BC Ca2+ drop are very closely 

correlated F) BC does not expand again after massive contraction. Scale Bar B and C) 

5 µm F) 10 µm.  
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Figure 5: Mechanosensitive Ca2+ channel Piezo1 is involved in the BC Ca2+ 

mediated BC contraction. (A)  We investigated the localization of various MCC in 

hepatocytes and found Piezo1 to be localised around BC. To verify if Piezo1 is the 

major MCC regulating BC contractions, we used 10 µM Yoda-1, an activator of Piezo1 

that reduces the pressure threshold to open. (B) In the presence of Yoda-1, we 

observed a rapid decrease in Ca2+ intensity within the first 10 minutes suggesting 

opeining of Piezo1 resulting in the lower peak Ca2+ intensity for subsequent 

contractions. C) This can be demonstrated in the kymographs (from 3 independent 

experiments). D) Yoda-1 also led to more frequent BC contraction with less strength. E) 

Based on these result we propose a model for the BC Ca2+ mediated BC contractility. 

BC membrane has multiple transporter proteins (such as MRP2). These transporter 

protein constantly secrete content into BC leading to BC expansion and increased intra-

canalicular pressure. As pressure threshold for Piezo1 is reached it opens up leading to 

Ca2+ efflux from BC to cells. This Ca2+ transfer is seen as the apico-basal Ca2+ wave 

and Ca2+ interacts with actomyosin cortex surrounding BC to contract it in cyclic 

manners. In the presence of Yoda-1, pressure threshold for Piezo1 activation is 

reduced, as pressure inside BC increases it opens at lower pressure leading to 

increased BC contraction frequency with less strength. Scale Bar A) 20 µm. C)5 µm 
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Figure 6: Mechanosensitive Ca2+ channel Piezo1 regulates BC contraction and 

inhibition using GsMTx-4 induces BCV driven contraction. (A) To confirm if Piezo1 

regulates BC contraction, we used 10 µM GsMtx-4, an inhibitor of mechanosensitive 

Ca2+ channels. GsMtx-4 abolished the highly synchronized BC Ca2+ level and BC 

contractions. We did not observe any sharp decrease in BC Ca2+ intensity. Total Ca2+ 

signal is still correlated with the BC area. In the presence of GsMTx-4, BC area 

decreases and the total Ca2+ signal reduced due to the BCV formation (black arrow in A 

and B) as shown in C (scale bar 10 µm). D) This can be seen in all the kymographs 

(from 3 independent experiments) wherein no sharp Ca2+ decrease is observed. Yellow 
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arrowheads marks the BCV. E) shows quantification of BCV frequency (n=30). The BCV 

frequency is ~8 fold higher in the presence of GsMTx-4. F) Illustrates a model showing 

that GsMTx-4 blocks MCC leading to increased pressure and BCV formation. 
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