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The study of biliary physiology and pathophysiology has long been hindered 
by the lack of in vitro models that accurately reflect the complex functions of 
the biliary system. Recent advancements in 3D organoid technology may offer 
a promising solution to this issue. Bovine gallbladder models have recently 
gained attention in the investigation of human diseases due to their remarkable 
similarities in physiology and pathophysiology with the human gallbladder. In this 
study, we  have successfully established and characterized bovine gallbladder 
cholangiocyte organoids (GCOs) that retain key characteristics of the gallbladder 
in vivo, including stem cell properties and proliferative capacity. Notably, our 
findings demonstrate that these organoids exhibit specific and functional CFTR 
activity. We believe that these bovine GCOs represent a valuable tool for studying 
the physiology and pathophysiology of the gallbladder with human significance.
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1. Introduction

The gallbladder stores and releases bile, which is essential for the digestion of fats (1). 
Abnormalities in gallbladder function and structure can lead to a range of disorders, including 
gallstones, cholecystitis, and gallbladder cancer (2). The study of biliary physiology has been 
hampered by the lack of in vitro models that accurately represent the complex functions of the 
biliary system (3). However, recent advancements in organoid technology have provided a 
promising breakthrough in this field (4, 5). Organoids are three-dimensional (3D) culture 
technologies that can recapitulate the architecture and function of donor tissues, closely 
mimicking the characteristics of donor epithelial cells, including gene expression patterns and 
structural features (6–9). Organoids, derived from stem cells, offer a unique platform for 
mimicking the complexity of living tissues, as they contain various cell types and recreate the 
stem cell niche in vivo (4, 6, 7, 9). Additionally, numerous studies have demonstrated that 
organoids exhibit gene expression patterns that closely resemble those found in living organs 
(1–4), and these patterns remain stable over multiple passages (9, 10). These similarities between 
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organoids and in vivo organs suggest that organoids can accurately 
reflect the characteristics of the donor tissue. This allows the 
investigation of cellular behavior and physiological processes in a 
more accurate and physiologically relevant manner, providing greater 
insights into the underlying mechanisms of various biliary disorders 
and potential therapeutic interventions.

Bovine gallbladders can be  accessibly obtained from healthy 
animals, whereas human gallbladders are often obtained from patients 
who have undergone surgical procedures due to gallbladder-related 
diseases (11, 12). This can make it difficult to expand normal human 
gallbladder tissue in vitro for research purposes. By using bovine 
gallbladders as a model for human gallbladder physiology, the ion 
transport properties of the organ without the ethical and practical 
concerns associated with obtaining normal human tissue samples can 
be accomplished. The close resemblance between the mechanisms of 
electrolyte transport and hydrogen ion secretion in the gallbladder 
epithelium of bovine and human species is highly relevant in the study 
of potential translational applications of bovine gallbladders (13, 14). 
Furthermore, bovine bile has been shown to have lithogenic 
properties, which may have implications in the study of gallstone 
formation and treatment (15–18).

Furthermore, isolation and persistent colonization of E. coli 
O157:H7 and Salmonella in the gallbladders of cattle have been 
investigated (19, 20) and these facts pose a risk to humans who come 
into contact with contaminated animal products (21, 22). Therefore, 
investigating the mechanisms by which these pathogens colonize and 
persist in the bovine gallbladder could lead to the development of 
more effective control measures to reduce the risk of human exposure 
to these pathogens.

In this study, we  established organoids derived from bovine 
normal gallbladder from both calf and adult cattle. The morphology, 
protein expression, and proliferation were analyzed. Finally, 
we  investigated the function of cystic fibrosis transmembrane 
conductance regulator (CFTR), one of the ion channels that is mainly 
expressed in epithelial cells, in bovine GCOs. Our main objective of 
this study was to demonstrate a proof-of-concept study where the 
reliable production of GCOs from bovine tissue and the feasibility of 
performing well-established ion transport assays in this in vitro  
system.

2. Materials and methods

2.1. Bovine gallbladder tissue acquisition

The gallbladder tissues from calves and beef yearling were 
collected from local slaughterhouses for this study. All donors in 
our study were clinically healthy cows with normal gallbladders 
since they were free of digestive and biliary symptoms, and 
we  observed no edema, hemorrhage, parasites, or obvious 
inflammation on the mucosal surface of the gallbladder tissues. 
The animals used in this study were humanely euthanized by 
gunshot, which is a widely accepted method for rapid and humane 
slaughter on farms in North America. Following euthanasia, blood 
was collected via the carotid artery to avoid any potential 
confounding effects of stress or other factors associated with 

prolonged exsanguination (23). Briefly, immediately following the 
slaughtering, the gallbladder was isolated using sterile surgical 
scissors and opened longitudinally. Half of the gallbladder was put 
in ice-cold Dulbecco’s phosphate-buffered saline (PBS, Gibco) 
supplemented with 1x Penicillin/Streptomycin (Gibco), and 25 μg/
mL gentamicin (Gibco) and kept on ice until further processing. 
All procedures associated with tissue sampling were exempt by the 
Washington State University Institutional Animal Care and Use 
Committee (IACUC) because the gallbladder samples were 
harvested from animals after they were humanely euthanized or 
slaughtered for purposes unrelated to this project.

2.2. Development of bovine GCO model

Methodology for the organoid model was adapted from 
published protocols for human gallbladder tissues (11). Tissue 
samples were rinsed five times with sterile PBS supplemented with 
penicillin, streptomycin, and gentamicin. The tissues were incubated 
in 0.25% w/v% Trypsin (Gibco) at 37°C for 60 min. After the 
inactivation of trypsin by adding 10% fetal bovine serum (FBS, 
Gibco), allow the tissues to settle, then collect the upper portion of 
the fluid containing free stem cells. The collected portion was filtered 
through a 100 μm cell strainer (Fisher Scientific), and centrifuged at 
200×g, 4°C for 5 min. After another wash with DMEM/F12 (Gibco) 
supplemented with 1x Penicillin/Streptomycin (Gibco), 2 mM 
GultaMAX (Gibco), and 10 mM HEPES (Gibco), the pellet was 
resuspended in Matrigel (Corning) and seeded to a 24-well plate 
(Thermo Scientific) in 30 μL per well. After the seeding, the plate was 
inverted and incubated at 37°C for 10–15 min until the Matrigel 
dome was solidified. Then, 500 μL of culture medium was added to 
each well. Composition of the GCO culture medium was adapted 
from published protocols for human gallbladder tissues (11) 
(Supplementary Table S1). Briefly, DMEM/F12 (Gibco) was 
supplemented with 2 mM GultaMAX (Gibco), 10 mM HEPES 
(Gibco), 1x Penicillin/Streptomycin (Gibco), 10%(vol/vol) 
conditioned medium of Noggin (24), 20%(vol/vol) conditioned 
medium of R-spondin, 100 ng/mL recombinant murine Wnt-3a 
(PeproTech), 50 ng/mL murine Epidermal Growth Factor (EGF) 
(R&D Systems), 100 ng/mL human Fibroblast Growth Factor-10 
(FGF10) (PeproTech), 25 ng/mL Hepatocyte Growth Factor (HGF) 
(PeproTech), 10 nM Gastrin (Sigma-Aldrich), 500 nM A-83-01 
(Sigma-Aldrich), 10 μM SB202190 (Sigma-Aldrich), 1 mM N-Acetyl-
L-cysteine (MP Biomedicals), 10 mM Nicotinamide (Sigma-
Aldrich), 1x B27 supplement (Gibco), 1x N2 MAX Media 
supplement (R&D Systems), 100 μg/mL Primocin (InvivoGen), 
10 μM Y-27632 (StemCellTechnologies), and 100 nM 
Dexamethasone (R&D Systems). The culture medium was replaced 
every other day. Organoids were passaged approximately once every 
1–2 weeks. Matrigel dome was dissociated by incubating it with Cell 
Recovery Solution (Corning) for 30 min at 4°C. After collection of 
organoids containing solution, organoids were broken down using 
TrypLE Express (Gibco). Following 1 min incubation at 37°C, 
TrypLE Express was inactivated by dilution with DMEM/F12. 
Organoid containg solution was centrifuged at 200×g for 5 min and 
organoids were re-seeded in Matrigel at a dilution of 1:2–3.
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2.3. Bovine GCO immunocytochemistry

GCOs cultured in Matrigel were treated with 500 μL of 4% 
paraformaldehyde (PFA, Thermo Scientific) at room temperature for 
15 min. Following the treatment with 0.3% Triton X-100 (Thermo 
Scientific) and blocking with 2% bovine serum albumin (BSA, Cytiva), 
primary antibodies were applied to the organoids. To visualize 
E-cadherin, EpCAM, MUC5AC, and SOX9, monoclonal anti-mouse 
E-cadherin antibody (36/E-cadherin, BD Biosciences), polyclonal 
anti-rabbit EpCAM antibody (ab71916, Abcam), monoclonal anti-
mouse MUC5AC antibody (45 M1, Thermo Fisher Scientific), and 
monoclonal anti-rabbit SOX9 antibody (EPR14335-78, Abcam) were 
used as primary antibodies. Then, the organoids were washed with 
PBS twice, and incubated with secondary antibodies (Anti-Mouse IgG 
H&L labeled with DyLight 488 and Alexa Fluor 555, and Anti-Rabbit 
IgG H&L labeled with DyLight 488 and Alexa Fluor 555). After 
washing, nuclei and F-actin were stained using 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI) (Thermo Fisher Scientific) and 
Alexa Fluor 647 Phalloidin (Thermo Fisher Scientific), respectively. 
Then, washed organoids were suspended in Prolong Gold Antifade 
reagent (Thermo Fisher Scientific) and then mounted on a glass 
bottom dish (Matsunami). Stained organoids were imaged using white 
light point scanning confocal microscope (SP8-X, Leica). Acquired 
images were processed by LAS X (Leica).

2.4. Proliferation assay

To detect proliferative cells in bovine GCOs, 5-ethynyl-2-
deoxyuridine (EdU) assay was conducted based on the manufacture’s 
protocol (Thermo Fisher Scientific). Briefly, bovine GCOs were 
preincubated with 10 μM of EdU solution for 3 h and fixed using 4% 
PFA (Thermo Scientific). After the fixation, organoids were 
permeabilized using 0.3% Triton X-100 (Thermo Scientific) and 
stained using EdU staining solution. Then, the nuclei were stained by 
DAPI (Thermo Fisher Scientific) for 30 min and stained organoids 
were mounted using Prolong Gold Antifade reagent (Thermo Fisher 
Scientific). The EdU (+) cells within the organoids were imaged using 
white light point scanning confocal microscope (SP8-X, Leica). 
Acquired images were processed by LAS X (Leica).

2.5. Organoid swelling assay

In order to confirm whether physiologically functional ion 
channels are at work in GCOs, we investigated the function of CFTR, 
one of the ion channels that is mainly expressed in epithelial cells. 
Forskolin-induced swelling assay was performed to confirm the 
functionality of CFTR (25). Bovine GCOs were seeded into 48-well 
culture plate with 30 μL of Matrigel and 300 μL of organoid culture 
medium. After the maturation of organoids, organoids were divided 
into three groups. The carrier control group was treated with dimethyl 
sulfoxide (DMSO, Sigma-Aldrich). The forskolin group was treated 
with fresh medium containing 10 μM Forskolin (Thermo Scientific). 
In order to specify whether the swelling was caused by activation of 
CFTR, the negative control group of organoids were pre-incubated 
with 50 μM CFTR(inh)-172 (Sigma-Aldrich), selective inhibitor of 

CFTR, prior to forskolin stimulation. Bright-field images of organoids 
were obtained using phase-contrast microscopy (DMi1, Leica) before 
stimulation and 1 and 2 h. The surface area of organoids was quantified 
using ImageJ (FIJI, http://fiji.sc/Fiji) (26). The average percent change 
of the surface area was calculated and compared in each condition. 
This experiment was conducted with three biological and three 
technical replicates. At each time, randomly selected five fields in each 
well and a minimum of 10 organoids were evaluated.

2.6. Statistical analyses

Quantitative data were analyzed using R Studio v1.4.1717 
(RStudio). Figure was generated using GraphPad Prism 9.5.1 
(GraphPad Software). For Forskolin-induced swelling assay, the 
changes in area were compared among three conditions using 
Kruskal-Wallis test and Dunn test. The results were presented as 
mean ± standard error of the mean. A p value was processed using 
Bonferroni correction and p < 0.05 was judged significant.

3. Results

3.1. Establishment of bovine GCOs

We generated 3D GCOs from isolated epithelial cells taken from 
the gallbladder tissue of four healthy calves and five healthy adult 
cattle following humane euthanasia using gunshot method 
(Figure  1A). The signalment of each donor is summarized in 
Supplementary Table S2. The generation efficiency was 77.8%, which 
is comparable to what has been reported for intestinal organoids (27). 
Two of the donors failed to grow; one was contaminated by bacteria, 
and the other organoid line failed to develop, likely due to autolysis 
during sample transportation.

Bovine GCOs formed within 2–3 days of dissociating the 
gallbladder epithelial cells. They developed a spherical structure with 
a central lumen surrounded by a layer of epithelial cells (Figure 1B), 
as previously reported in healthy humans (11), mice (28), and pigs 
(29). These organoids were successfully expanded for an average of 
four passages and maintained stable cultures for 1–2 months.

3.2. Characterization of bovine GCOs

Using MU5AC staining, we confirmed that all cells in the bovine 
GCOs produced MUC5AC, a gel-forming mucin commonly found in 
the gallbladder (30) (Figure 2A). These organoids were composed of 
EpCAM-positive cells, confirming that these cells are epithelial cells. 
The GCOs showed clear E-cadherin staining at the cell borders, 
indicating that the tight formation of junctional proteins at the cell 
borders (Figure  2B). We  also performed SOX9 staining on the 
organoids, which is one of the stem cell markers (28), and observed 
distinct nuclear staining (Figure  2C). This finding confirms the 
presence of SOX9-positive cells in the bovine GCOs and suggests the 
retention of stem cell characteristics in these cells. Additionally, the 
EdU assay confirmed the presence of actively proliferating cells in the 
bovine GCOs, indicating ongoing cell division (Figure 2D).
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3.3. Forskolin-induced swelling assay

Next, to confirm the function of CFTR, we performed an organoid 
swelling assay using forskolin, a cyclic adenosine monophosphate 
(cAMP) agonist that activates CFTR in bovine GCOs (25) (Figure 3A). 
CFTR is a chloride ion channel expressed in epithelial cells that 
secretes water from the apical side of the cells when the intracellular 
cAMP concentration increases. If CFTR is functional, this water 
secretion causes the organoids to swell (25). In the DMSO control 
group, the size of the organoids increased slightly after exposure to the 
solvent, with a mean size of 112.6 ± 6.8% and 106.3 ± 5.4% larger from 
0 h after 1 h and 2 h, respectively. These results indicate that exposure 
to DMSO alone cannot lead to significant increase in the size of the 
GCOs. In the forskolin treatment group, the size of the organoids 
increased significantly after exposure to 10 μM of forskolin, with a 
mean size of 204.8 ± 47.7% (p < 0.01) and 261.6 ± 52.7% (p < 0.01) 
larger compared to the size at 0 h after 1 h and 2 h, respectively. These 

results indicate that exposure to forskolin alone can lead to a 
significant increase in the size of the GCOs. Furthermore, the 
observed size increase of bovine GCOs following forskolin treatment 
was diminished when the organoids were pre-treated with CFTR(inh)-
172, a selective inhibitor of CFTR (Figure 3B).

4. Discussion

This proof-of-concept study reports the successful 
establishment and characterization of bovine GCOs that preserve 
key characteristics of the gallbladder in vivo. We generated a total 
of seven lines of GCOs from calves and cattle and confirmed their 
expression of stem cell characteristics and proliferative properties. 
Notably, our results demonstrate specific and functional CFTR 
activity in bovine GCOs. To the best of our knowledge, this is the 
first study to report the stable culture of healthy GCOs from calves 

FIGURE 1

Establishment of organoids derived from bovine healthy gallbladder. (A) A schematic of our experimental design. Normal gallbladder tissues were 
obtained from calves and cattle that were euthanized or slaughtered humanely (donor information for the tissues used in the study is presented in 
Supplementary Table S1), and the processing method is detailed in the Methods section. After establishing the organoids, various techniques such as 
phase contrast imaging, immunofluorescence staining, and confocal imaging were employed to characterize them. Additionally, a forskolin-induced 
swelling assay was performed to further assess the functionality of cystic fibrosis transmembrane conductance regulator (CFTR) within the organoids. 
Created with BioRender.com. (B) A growth profile of the GCOs isolated from a donor. Representative phase contrast brightfield microscopy images of 
organoids were taken at days 0–8. Scale bar = 100 μm. Created with BioRender.com.
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and cattle. Overall, our findings provide a valuable tool for studying 
the physiology and pathophysiology of the bovine gallbladder 
in vitro.

The scarcity of normal human gallbladder epithelium has been a 
significant constraint in investigating its physiological and pathological 
properties. However, this limitation has been mitigated by the 

FIGURE 2

(Pattern A) Characterization of bovine GCOs. The bovine GCOs on day 4 were used to visualize the markers highlighting the characteristics of the cells 
within normal gallbladder. (A) Immunofluorescence (IF) staining on GCOs confirms expression of MUC5AC (Green) and EpCAM (Cyan) with a 
counterstaining of F-actin (Magenta) and nuclei (Blue). The population of E-cadherin ((B); Green), stem cells ((C); SOX9, Yellow), and proliferative cells 
((D); EdU, Cyan) were also visualized by using IF staining. As a counterstaining, F-actin (Magenta for (C)), or nuclei (Blue for (B–D)) were displayed. Scale 
bar = 25 μm. (Pattern B) Characterization of bovine GCOs. The bovine GCOs on day 4 were used to visualize the markers highlighting the characteristics 
of the cells within normal gallbladder. (A) Immunofluorescence (IF) staining on GCOs confirms expression of MUC5AC (Green) and EpCAM (Cyan) with 
a counterstaining of F-actin (Magenta) and nuclei (Blue). The population of E-cadherin ((B); Green), stem cells ((C); SOX9, Yellow), and proliferative cells 
((D); EdU, Cyan) were also visualized by using IF staining. As a counterstaining, F-actin (Magenta for (C)), or nuclei (Blue for (B–D)) were displayed. Scale 
bar = 25 μm.

FIGURE 3

Swelling assay of bovine GCOs for CFTR function. (A) After organoids reaching matured on day 6, bovine GCOs were incubated in media containing 
vehicle control (DMSO) (top row) or 10 μM forskolin (second row). The third group of organoids was treated with 50 μM CFTR(inh)-172 prior to the 
forskolin treatment (bottom row). Representative images of organoids were taken at 0, 1, and 2 h following the treatment, at ×10 magnification. Scale 
bar = 100 μm. (B) The profile of % change in the area of organoids from randomly selected five fields per condition a minimum of 10 organoids (closed 
circle; forskolin, open circle; DMSO control, grey circle; CFTR(inh)-172) as determined by ImageJ among three biological replicates. In each biological 
replicate, three technical replicates were performed. Error bars indicate SEM. *p < 0.01.
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development of liver transplantation programs (31), which have made 
normal gallbladder tissue more accessible. Additionally, animal 
models have been extensively utilized as an alternative approach to 
overcome the lack of availability of normal human tissue. Notably, the 
remarkable similarity in the composition of bile, as well as the 
mechanisms of electrolyte transport and hydrogen ion secretion, 
between bovine and human species, is particularly noteworthy and 
carries significant value in the study of gallbladder physiology (13, 14). 
Moreover, research on the ion transport and electrical properties of 
the gallbladder epithelium in animal models can help to identify 
potential targets for drug development to treat these conditions.

The presence of persistent gallbladder infections with E. coli 
O157:H7 and Salmonella that can affect both human and animal 
populations can have significant public health implications (32, 33). 
Investigation of bacterial colonization utilizing bovine GCOs can offer 
valuable insights into the pathogenesis of infectious diseases in 
humans, as well as potential therapies to prevent or treat such 
infections. Recent advancements in 3D organoid culture applied to 2D 
monolayer culture represent a breakthrough in the study of host-
pathogen interactions (34), particularly for zoonotic pathogens that 
are transmitted through the consumption of contaminated food or 
contact with infected animals. Similar application can be made with 
bovine GCOs to investigate the mechanisms by which these pathogens 
colonize and persist in the bovine gallbladder. This could lead to the 
development of more effective control measures to reduce the risk of 
human exposure to these pathogens.

In this study, modified medium was used to generate normal 
GCOs, and a success rate of 77.8% was achieved. However, initial 
attempts using our current medium without HGF, FGF-10, and 
dexamethasone resulted in low efficiency of organoid generation 
(data not shown). Our current medium was modified from Yuan 
et al. (11), and we removed Prostaglandin E2 (PGE2), Forskolin, 
and Insulin-like growth factor (IGF), which were not commonly 
included in the media described in other studies (12, 28, 35). Our 
medium contains Noggin, R-spondin-1, EGF, FGF-10, and HGF, 
which are all the growth factors included in the media listed in 
Supplementary Table S1 (28, 35). Despite the minor modifications 
we made to the medium, our results suggest that it was effective in 
promoting the growth and maintenance of GCOs. Moreover, 
we tried another medium, William’s E medium based complete 
medium (29), but organoids were not developed from single cells. 
The failure of the culture using modified medium in this study was 
attributed to several factors, including contamination of the 
samples and autolysis of gallbladder tissues during transportation. 
The latter issue led to a reduced number of available epithelial cells 
for organoid generation and decreased cell vitality, ultimately 
contributing to the low generation rate. Furthermore, the number 
of passages of GCOs could not continue as long as reported in 
humans and mice (11, 28). We suspect the support of proliferation 
of stem cells was not enough in bovine GCOs. Similar situations 
have been reported in other animal organoids (7, 36). Specifically, 
several different compositions of media reported in humans and 
mice were tried to grow feline intestinal organoids, but growth 
stopped without reaching the passages as reported in other animal 
species (36). To date, the cause of the cessation of its proliferation 
is unclear, however, it is thought that a species-specific factor may 
be necessary to promote the proliferation of organoids. In other 

case, human pancreatic organoids stopped the proliferation in 
early passage, though mice pancreatic organoids can proliferate in 
the same condition more than 30 passages (7). Examination of the 
medium conditions revealed that the nutrient composition 
requirements of mouse and human organoids are very different. To 
improve the efficiency and maintenance of organoids, the 
generation protocol and culture conditions should be  further 
optimized in future studies (7).

In conclusion, our proof-of-concept study demonstrates that 
the bovine GCOs retained key characteristics of normal gallbladder 
tissue as well as replication property, and provides a useful model 
for studying gallbladder function. Understanding the role of ion 
channels in gallbladder function and dysfunction can help in 
developing new therapeutic strategies for these conditions. The 
development of bovine GCOs opens up new possibilities for 
studying the function of human gallbladder, advancing our 
understanding of basic physiology and disease mechanisms across 
different species.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary files, further inquiries can be directed to the 
corresponding author.

Ethics statement

The animal study was reviewed and approved by Washington State 
University Institutional Animal Care and Use Committee. Written 
informed consent was obtained from the owners for the participation 
of their animals in this study.

Author contributions

IN and YA designed the experiments, wrote and edited the 
manuscript, tables, and figures. IN performed the experiments. All 
authors contributed to the article and approved the submitted version.

Funding

This work was supported in part by the Office of the Director, 
National Institutes of Health (K01OD030515 and R21OD031903 to 
YA) and Japan Society for the Promotion of Science Overseas 
Challenge Program for Young Researchers (202280196 to IN).

Acknowledgments

The authors would like to thank the Washington State University 
Knott Dairy Center and the C&L Locker for their support in supplying 
donor calves and cattle. The authors also would like to thank Gerald 
Dykstra, Takashi Goyama, Yurika Tachibana, Minae Kawasaki, and 
Nao Nagao-Akiyama for their help in gallbladder sampling.

https://doi.org/10.3389/fvets.2023.1179836
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Nagao and Ambrosini 10.3389/fvets.2023.1179836

Frontiers in Veterinary Science 07 frontiersin.org

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2023.1179836/
full#supplementary-material

References
 1. Qi L, Tian Y, Chen Y. Gall bladder: the metabolic orchestrator. Diabetes Metab Res 

Rev. (2019) 35:e3140–8. doi: 10.1002/dmrr.3140

 2. Lam R, Zakko A, Petrov JC, Kumar P, Duffy AJ, Muniraj T. Gallbladder disorders: 
a comprehensive review. Dis Mon. (2021) 67:101130. doi: 10.1016/j.
disamonth.2021.101130

 3. Shiota J, Samuelson LC, Razumilava N. Hepatobiliary organoids and their 
applications for studies of liver health and disease: are we there yet? Hepatology. (2021) 
74:2251–63. doi: 10.1002/hep.31772

 4. Sato T, Vries RG, Snippert HJ, Van De Wetering M, Barker N, Stange DE, et al. 
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal 
niche. Nature. (2009) 459:262–5. doi: 10.1038/nature07935

 5. Schutgens F, Clevers H. Human organoids: tools for understanding biology and 
treating diseases. Annu Rev Pathol Mech Dis. (2020) 15:211–34. doi: 10.1146/annurev-
pathmechdis-012419-032611

 6. Bartfeld S, Bayram T, Van De Wetering M, Huch M, Begthel H, Kujala P, et al. In 
vitro expansion of human gastric epithelial stem cells and their responses to bacterial 
infection. Gastroenterology. (2015) 148:126–136.e6. doi: 10.1053/j.gastro.2014.09.042

 7. Boj SF, C H, Baker LA, Chio IIC, Engle DD, Corbo V, et al. Organoid models of 
human and mouse ductal pancreatic cancer. Cells. (2015) 160:324–38. doi: 10.1016/j.
cell.2014.12.021

 8. Sato T, Stange DE, Ferrante M, Vries RGJ, Van Es JH, Van Den Brink S, et al. Long-
term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, 
and Barrett’s epithelium. Gastroenterology. (2011) 141:1762–72. doi: 10.1053/j.
gastro.2011.07.050

 9. Huch M, Gehart H, Van Boxtel R, Hamer K, Blokzijl F, Verstegen MMA, et al. 
Long-term culture of genome-stable bipotent stem cells from adult human liver. Cells. 
(2015) 160:299–312. doi: 10.1016/j.cell.2014.11.050

 10. Usman OH, Zhang L, Xie G, Kocher HM, Hwang C-I, Wang YJ, et al. Genomic 
heterogeneity in pancreatic cancer organoids and its stability with culture. NPJ Genom 
Med. (2022) 7:71. doi: 10.1038/s41525-022-00342-9

 11. Yuan B, Zhao X, Wang X, Liu E, Liu C, Zong Y, et al. Patient-derived organoids for 
personalized gallbladder cancer modelling and drug screening. Clin Transl Med. (2022) 
12:e678. doi: 10.1002/ctm2.678

 12. Zarei K, Thornell IM, Stoltz DA. Anion transport across human gallbladder 
organoids and monolayers. Front Physiol. (2022) 13:1–10. doi: 10.3389/
fphys.2022.882525

 13. Kyriacou E. Reconstitution of single potassium channels from bovine gall-bladder 
epithelium. J Int Med Res. (1998) 26:188–99. doi: 10.1177/030006059802600403

 14. Hussain I, Plevris JN, Hayes PC, Bouchier IA. The effect of alcohol on acid 
secretion by the bovine gall bladder in vitro. Eur J Gastroenterol Hepatol. (1995) 7:141–4.

 15. Nunes DP, Afdhal NH, Offner GD. A recombinant bovine gallbladder mucin 
polypeptide binds biliary lipids and accelerates cholesterol crystal appearance time. 
Gastroenterology. (1999) 116:936–42. doi: 10.1016/s0016-5085(99)70077-6

 16. Afdhal NH, Ostrow JD, Koehler R, Niu N, Groen AK, Veis A, et al. Interaction 
of bovine gallbladder mucin and calcium-binding protein: effects on calcium 
phosphate precipitation. Gastroenterology. (1995) 109:1661–72. doi: 10.1016/0016- 
5085(95)90656-8

 17. Afdhal NH, Niu N, Gantz D, Small DM, Smith BF. Bovine gallbladder mucin 
accelerates cholesterol monohydrate crystal growth in model bile. Gastroenterology. 
(1993) 104:1515–23. doi: 10.1016/0016-5085(93)90364-i

 18. Smith BF, LaMont JT. Bovine gallbladder mucin binds bilirubin in  vitro. 
Gastroenterology. (1983) 85:707–12. doi: 10.1016/0016-5085(83)90029-X

 19. Holschbach CL. Salmonella in dairy cattle. Vet Clin North Am Food Anim Pr. 
(2018) 34:133–54. doi: 10.1016/j.cvfa.2017.10.005

 20. Jeong KC, Kang MY, Heimke C, Shere JA, Erol I, Kaspar CW. Isolation of 
Escherichia coli O157:H7 from the gall bladder of inoculated and naturally-infected 
cattle. Vet Microbiol. (2007) 119:339–45. doi: 10.1016/j.vetmic.2006.08.023

 21. Hoelzer K, Switt AIM, Wiedmann M. Animal contact as a source of human non-
typhoidal salmonellosis. Vet Res. (2011) 42:34. doi: 10.1186/1297-9716-42-34

 22. Rangel JM, Sparling PH, Crowe C, Griffin PM, Swerdlow DL. Epidemiology of 
Escherichia coli O157:H7 outbreaks, United States, 1982-2002. Emerg Infect Dis. (2005) 
11:603–9. doi: 10.3201/eid1104.040739

 23. Fulwider WK, Grandin T, Rollin BE, Engle TE, Dalsted NL, Lamm WD. Survey of 
dairy management practices on one hundred thirteen north central and northeastern 
United States dairies. J Dairy Sci. (2008) 91:1686–92. doi: 10.3168/jds.2007-0631

 24. Heijmans J, Van Lidth De Jeude JF, Koo B-K, Rosekrans SL, MCB W, van de 
Wetering M, et al. ER stress causes rapid loss of intestinal epithelial stemness through 
activation of the unfolded protein response. Cell Rep. (2013) 3:1128–39. doi: 10.1016/j.
celrep.2013.02.031

 25. Dekkers JF, Wiegerinck CL, De Jonge HR, Bronsveld I, Janssens HM, De Winter-
De Groot KM, et al. A functional CFTR assay using primary cystic fibrosis intestinal 
organoids. Nat Med. (2013) 19:939–45. doi: 10.1038/nm.3201

 26. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. 
Fiji: an open-source platform for biological-image analysis. Nat Methods. (2012) 
9:676–82. doi: 10.1038/nmeth.2019

 27. Costales-Carrera A, Fernández-Barral A, Bustamante-Madrid P, Domínguez O, 
Guerra-Pastrián L, Cantero R, et al. Comparative study of organoids from patient-
derived normal and tumor colon and rectal tissue. Cancers (Basel). (2020) 12:2302. doi: 
10.3390/cancers12082302

 28. Lugli N, Kamileri I, Keogh A, Malinka T, Sarris ME, Talianidis I, et al. R-spondin 
1 and noggin facilitate expansion of resident stem cells from non-damaged gallbladders. 
EMBO Rep. (2016) 17:769–79. doi: 10.15252/embr.201642169

 29. Zarei K, Stroik MR, Gansemer ND, Thurman AL, Ostedgaard LS, Ernst SE, et al. 
Early pathogenesis of cystic fibrosis gallbladder disease in a porcine model. Lab Investig. 
(2020) 100:1388–99. doi: 10.1038/s41374-020-0474-8.Early

 30. Buisine M, Devisme L, Degand P, Dieu M, Gosselin B, Copin M, et al. 
Developmental mucin gene expression in the gastroduodenal tract and accessory 
digestive glands. II. Duodenum and liver, gallbladder, and pancreas. J Histochem 
Cytochem. (2000) 48:1667–76. doi: 10.1177/002215540004801210

 31. Sharma S, Saner FH, Bezinover D. A brief history of liver transplantation and 
transplant anesthesia. BMC Anesthesiol. (2022) 22:363. doi: 10.1186/s12871-022-01904-1

 32. Callejón RM, Rodríguez-Naranjo MI, Ubeda C, Hornedo-Ortega R, Garcia-
Parrilla MC, Troncoso AM. Reported foodborne outbreaks due to fresh produce in the 
United States and European Union: trends and causes. Foodborne Pathog Dis. (2015) 
12:32–8. doi: 10.1089/fpd.2014.1821

 33. Majowicz SE, Scallan E, Jones-Bitton A, Sargeant JM, Stapleton J, Angulo FJ, et al. 
Global incidence of human Shiga toxin–producing Escherichia coli infections and 
deaths: a systematic review and knowledge synthesis. Microorganisms. (2015) 35:447–55. 
doi: 10.1089/fpd.2013.1704.Global

 34. Ambrosini YM, Park Y, Jergens AE, Shin W, Min S, Atherly T, et al. Recapitulation 
of the accessible interface of biopsy-derived canine intestinal organoids to study 
epithelial-luminal interactions. PLoS One. (2020) 15:e0231423–17. doi: 10.1371/journal.
pone.0231423

 35. Sampaziotis F, Muraro D, Tysoe OC, Sawiak S, Beach TE, Godfrey EM, et al. 
Cholangiocyte organoids can repair bile ducts after transplantation in the human liver. 
Science. (2021) 371:839–46. doi: 10.1126/science.aaz6964

 36. Tekes G, Ehmann R, Boulant S, Stanifer ML. Development of feline ileum-and 
colon-derived organoids and their potential use to support feline coronavirus infection. 
Cells. (2020) 9:2085. doi: 10.3390/cells9092085

https://doi.org/10.3389/fvets.2023.1179836
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2023.1179836/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2023.1179836/full#supplementary-material
https://doi.org/10.1002/dmrr.3140
https://doi.org/10.1016/j.disamonth.2021.101130
https://doi.org/10.1016/j.disamonth.2021.101130
https://doi.org/10.1002/hep.31772
https://doi.org/10.1038/nature07935
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1038/s41525-022-00342-9
https://doi.org/10.1002/ctm2.678
https://doi.org/10.3389/fphys.2022.882525
https://doi.org/10.3389/fphys.2022.882525
https://doi.org/10.1177/030006059802600403
https://doi.org/10.1016/s0016-5085(99)70077-6
https://doi.org/10.1016/0016-5085(95)90656-8
https://doi.org/10.1016/0016-5085(95)90656-8
https://doi.org/10.1016/0016-5085(93)90364-i
https://doi.org/10.1016/0016-5085(83)90029-X
https://doi.org/10.1016/j.cvfa.2017.10.005
https://doi.org/10.1016/j.vetmic.2006.08.023
https://doi.org/10.1186/1297-9716-42-34
https://doi.org/10.3201/eid1104.040739
https://doi.org/10.3168/jds.2007-0631
https://doi.org/10.1016/j.celrep.2013.02.031
https://doi.org/10.1016/j.celrep.2013.02.031
https://doi.org/10.1038/nm.3201
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3390/cancers12082302
https://doi.org/10.15252/embr.201642169
https://doi.org/10.1038/s41374-020-0474-8.Early
https://doi.org/10.1177/002215540004801210
https://doi.org/10.1186/s12871-022-01904-1
https://doi.org/10.1089/fpd.2014.1821
https://doi.org/10.1089/fpd.2013.1704.Global
https://doi.org/10.1371/journal.pone.0231423
https://doi.org/10.1371/journal.pone.0231423
https://doi.org/10.1126/science.aaz6964
https://doi.org/10.3390/cells9092085

	Ion channel function in translational bovine gallbladder cholangiocyte organoids: establishment and characterization of a novel model system
	1. Introduction
	2. Materials and methods
	2.1. Bovine gallbladder tissue acquisition
	2.2. Development of bovine GCO model
	2.3. Bovine GCO immunocytochemistry
	2.4. Proliferation assay
	2.5. Organoid swelling assay
	2.6. Statistical analyses

	3. Results
	3.1. Establishment of bovine GCOs
	3.2. Characterization of bovine GCOs
	3.3. Forskolin-induced swelling assay

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

