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1. Introduction  

1.1. General Introduction 

The liver has a vital function in the human body and plays important roles in 

metabolism, digestion and excretion, including the regulation of glycogen storage, the 

secretion of bile acids and phospholipids, the excretion of bilirubin and cholesterol, 

plasma protein synthesis, hormone production and detoxification1. As an accessory 

digestive gland, it produces alkaline bile, which is composited by 97% water, 0.7% 

bile acids, 0.2% bilirubin, 0.51% fats (cholesterol, fatty acids and lecithin)2 and 200 

meq/l inorganic salts3. Bile acids are conjugated with taurine or glycine in the liver, 

forming the primary bile salts. They help in emulsification of fat and formation of fat 

micelles, which increases their contact with the intestinal brush border membrane4. 

The secondary bile slats are those who have been altered by bacterial metabolism in the 

intestine and reabsorbed first by the enterocytes, entering the enterohepatic circulation, 

and then by the hepatocytes and secreted again into be bile. 

The biliary ductal system transfers bile juice from hepatocytes to intestinal tract. 

Any pathological changes of bile composition, biliary anatomy and function will 

cause biliary disease, thus influence biliary flow. On the contrary, the bile juice itself 

is a very important reason for bile duct disease. The acidic toxicity of high millimolar 

levels of hydrophobic bile salt monomers such as glycochenodeoxycholate (GCDC) 

can injure cholangiocytes which may ultimately develop to pathological changes5,6. 

Many bile duct diseases finally lead to end stage of hepatic failure, such as primary 

biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC), IgG4-associated 

cholangitis (IAC), cystic fibrosis-associated liver disease (CFALD), or 

non-anastomotic stricture (NAS) after liver transplantation. 

Since the bile canaliculus is the space formed between rows of hepatocytes, 

forming a continuous groove covered with the hepatocyte apical surface (Fig.1), 

injury to hepatocytes and to cholangiocytes cannot be distinguished at the level of the 
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 The Bicarbonate Umbrella 1.1.1.

In recent years, the concept of ‘biliary bicarbonate umbrella’ is considered as a 

critical protective mechanism of cholangiocytes. As we know, intracellular pH (pHi) 

plays a key role in many cellular functions10,11. To maintain the intracellular pH in a 

narrow physiological range, a variety of ion carriers including channels, pumps, 

exchangers and transporters have collaborative work to import or export acid and base 

equivalents12,13. But not only the intracellular pH is regulated, recent results suggest 

that epithelia also regulate a luminal pH-microclimate close to their apical surfaces. 

This concept was first established for the gastric epithelium, but has been shown to 

apply also to small and large intestine, the lung, and most recently, the pancreatic and 

biliary ductal system14,15. According to this hypothesis, abundant apical biliary HCO3
- 

secretion is considered an important protection against uncontrolled penetration of 

protonated bile acid monomers and hydrophobic bile salt monomers which can lead to 

biliary epithelial cell damage. A defect in this biliary umbrella function could 

contribute to development and progression of various chronic cholangiopathies 

including PBC, PSC, CFALD, or NAS.  

 

 Major ion carriers that may regulate pH in BECs 1.1.2.

1.1.2.1. Bicarbonate extruder 
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suggest that NBC1 will take over the HCO3
− excluding when AE2 is defective. On the 

other hand, both AE2 and NBCe1 are expressed exclusively basolaterally in all other 

epithelia, and it is unclear at this point if AE2 and NBCe1 are truly expressed apically 

in hepatocytes, or if members from the Slc26a family, who have been identified as the 

apical anion exchangers in most epithelia to date, are performing this function also in 

the hepato- and cholangiocytes. 

 

Cystic fibrosis transmembrane conductance regulator (CFTR) 

 Cystic fibrosis transmembrane conductance regulator (CFTR) is classically 

described as a Cl− channel. It has important roles as a hub protein in the regulation and 

in co-operative transport function of many transport proteins. It has been shown to 

play a role in transport of HCO3−, the mechanism of which is still unclear. In the 

intestinal tract, CFTR was reported to transport Cl− ion in exchange of HCO3− ion 

with a stoichiometry of 1:123–25. CFTR protein is more likely to be co-localized with 

AE2 transporter in the cholangiocytes. Efflux of Cl− by CFTR in these cells probably 

creates the necessary gradient for the eventual HCO3− secretion into the lumen by 

AE2, in exchange of apical Cl− ion (Fig.2)26,27. 

 

Na
+
-Bicarbonate Cotransporters (NBCs) 

 The function of Na+-Bicarbonate cotransporters (NBCs) couple HCO3
− influx 

with a downhill influx of Na+, but the stoichiometry and the direction of transport flux 

depend upon the location of the transporter and intracellular environment. NBC is 

known to mediate the bicarbonate influx in mouse cholangiocytes28. The isoform 

Na+-HCO3
− cotransporter 1 (NBCe1) was found in basolateral membrane of 

pancreatic ducts, gastrointestinal and renal epithelial cells. It couples HCO3
− with 

downgrade influx of Na+ from extracellular side to intracellular side, with the HCO3
−: 

Na+ coupling ratio of 2:1 for the gastrointestinal subtype pNBC or NBCe1B, and 3:1 

for the renal isoform kNBC or NBCe1A. When the stoichiometry is 3:1, the direction 
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There are 9 known mammalian NHE isoforms (NHE1-9), all of which differ in their 

biological function and as well as their subcellular localization. The output of H+ from 

intracellular side to ductular lumen is mainly through NHEs31. The major members of 

NHEs family are NHE1-3 which present in most mammalian cells. They have 

different locations, functions, regulatory mechanisms, inhibitors, but all of them play 

a crucial role in maintenance pHi homeostasis. In HCO3
− loading cells, carbonic 

anhydrase catalyzes CO2 hydration by the following reaction: CO2+ H2O ↔ 

HCO3
−+H+; the H+ produced in turn is extruded by NHEs. NHE1 is primarily located 

in the basolateral membrane, where it plays important roles in regulation of 

intracellular pH and cell volume32. It is believed that the NHE2 and NHE3 isoforms 

are responsible for the majority of Na+ and fluid absorption from the apical membrane 

of bile duct (Fig.3)33,34. 

 

 Na
+
-driven Cl

−
/ HCO3

− 
exchangers (NDCBEs) 

 NBCs are found staying an inactive status in human cholangiocytes under 

physiological intracellular pH, and the influx of HCO3− is carried out by Na+-driven 

Cl−/HCO3− exchangers (NDCBEs) which is located in the basolateral membrane35. 

NDCBE transports two HCO3− ion and one Na+ ion into the cell in exchange of 

transporting one Cl− ion out of the cell. SLC4A8 is the only known isoform of 

NDCBEs known to be expressed in human liver36. 

 

1.2. Carbonic Anhydrase XIV 

Carbonic anhydrases (CAs) are zinc-containing enzymes that catalyze the 

reversible hydration of carbon dioxide, and accelerate the spontaneous reaction by up 

to 6,000 times: 

CO2+ H2O ⇔ HCO3
-+H+ 

 They are a large family of enzymes with great physiological importance and 
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participate in a wide range of physiological processes in the vertebrate organism, such 

as pH homeostasis, carbon dioxide and ion transport and respiration. The different 

isoforms have a distinct tissue expression, but overall carbonic anhydrases are present 

in every tissue37.  

 CAXIV was first discovered by Fujikawa-Adachi et al. in 1999. When the group 

of scientists were searching an EST database for sequences homologous to CAs, they 

identified a partial cDNA encoding CAXIV38. CAXIV is a membrane-associated 

protein with a 275 amino acid long extracellular catalytic domain, a transmembrane 

helix, and a short intracellular polypeptide at the C-terminus (Fig. 4).                  

 

 

Fig. 4 Structure of the murine CA XIV: 275 amino acid long extracellular catalytic domain is 

shown in ball-and-stick representation outside the cell membrane as a functional structure37. 

 

 Using in situ hybridization, CAXIV was localized in mouse renal proximal 

convoluted tubule, which is the major segment for bicarbonate reabsorption, and also 

in the outer border of the inner stripe of the outer medulla39–41, all these results 

suggested that CAXIV probably contributes to the bicarbonate reabsorption in kidney. 

 The most interesting research of CAXIV outside liver is in the nervous system. It 
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has been reported to be a key element in the normal bicarbonate homeostasis in 

excitable tissues, acting synergistically with Cl−/HCO3− exchanger protein AE342. In 

the central nervous system, the catalytic domain of CAXIV is anchored to the 

extracellular surface and associate with AE3 forming a bicarbonate transport 

metabolon. Acting together, they maximize the HCO3
− influx across the plasma 

membrane of neuronal and glial cells43. 

 High mRNA expression of CAXIV has been reported in liver tissue by northern 

blots analysis38,39. In histochemical staining, hepatocytes displayed a plasma 

membrane-associated carbonic anhydrase activity44. The predominant canalicular 

localization of this protein probably plays a role in regulation of pH and ion transport 

between the hepatocytes, sinusoids and bile canaliculi45.  

We can summarize a clue from previous descriptions. In nervous system, it has 

been proved that CAXIV plays important roles in bicarbonate homeostasis in 

cooperation with AE3. In the liver, high expressed CAXIV was located in the apical 

membranes of hepatocytes, in which the major bicarbonate extruder is AE2, a 

homolog of AE3. But since the catalytic site of the CAXIV is in the lumen, it would 

not necessarily help HCO3
- export into the lumen by increasing the HCO3

- availability 

at the inner transport site of AE2. Therefore, physiological role of the high expression 

of CAXIV in the canalicular membrane requires further study.  

 

1.3. Study of Liver function: Liver injury models  

The liver has a rapid regenerating capacity and a high functional reserve. In order 

to study the protective effects of biliary bicarbonate, and the alkaline microclimate 

adjacent to the canalicular membrane of hepatocytes and cholangiocytes, the so called 

“bicarbonate umbrella”, it is therefore important for us to establish a model of liver 

injury, in order to find evidence for this protective mechanism to operate in an in vivo 

pathophysiological context. Mouse models for sclerosing cholangitis have 
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demonstrated inflammation and fibrosis of the bile ducts in liver, and also an altered 

composition of the bile with higher concentration of bile salts9,46,47. These models 

may be useful models to study this protective function. Mdr2/Abcb4-deficient mouse 

model and 3,5-diethoxycarbonyl-1,4-dihydro-collidine (DDC) fed mouse model are 

the two of the most popular and well-established mice models of cholangitis 

nowadays. 

 Chemically-induced cholangitis: DDC-fed mouse model 1.3.1.

DDC is a dihydropyridine with 2,4,6-trimethyl-1,4-dihydropyridine substituted by 

ethoxycarbonyl groups at positions 3 and 5.  

 

Chronic feeding of DDC in mice was first used for studying the formation of 

Mallory bodies which are hepatocytes inclusion bodies characteristically associated 

with alcoholic cirrhosis, metabolic liver diseases, and chronic cholestatic liver 

diseases48,49. Further investigation also exhibited that DDC feeding leads to 

inflammation, sclerosing cholangitis, a reactive cholangitic phenotype and biliary type 

liver fibrosis50. 
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1.5. Aim of the study 

The aim of this study includes: 

 

1) To study the role of carbonic anhydrase 14 in biliary bicarbonate secretion. 

2) To evaluate the development of sclerosing in different mouse models of liver 

injury, and to evaluate the changes in total bile flow secretion and biliary bicarbonate 

output in the same models. 

3) To study the role of carbonic anhydrase 14 in development and protection against 

the biliary injury in the mouse models of cholestatic liver injury. 
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2. Materials and Methods 

2.1. Animals 

Mouse                     Strain 

Car14  B6.129S1-Car14
tm1Sly

 

Mdr2 FVB/N-Abcb4 
tmBor

 

Car14/Mdr2 B6.129S1-Car14tm1SlyxFVB/N-Abcb4 
tmBor

 

B6N C57BL/6NCrl 

Tab. 1 Mouse strains used in this study. 

 

All mice were bred in in the animal facility of Hannover Medical School. All of 

these animal strains were maintained with controlled light/dark cycles and free access 

to water and food. All experiments were approved by the Local Institutional Animal 

Care and Research Advisory Committee at the Hannover Medical School and 

authorized by the Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherhetit (LAVES). At the end of the experiments, mice were under 

anesthesia by cervical dislocation. The experimental procedures performed and the 

type of anesthesia used were according to university and national guidelines and are 

explained below. 

 

2.2. Diet and feeding protocol 

For the establishment of the 3,5-diethoxycarbonyl-1,4-dihydroxychollidine (DDC) 

induced mouse model of sclerosing cholangitis and biliary fibrosis, the mice were fed 

with 0.1% DDC supplemented diet for a period of 3 weeks65. DDC-supplemented diet 

was purchased from Altromin Spezialfutter GmbH, Germany. Age-matched mice fed 

with isocaloric diet were used as a control group of all experiments. After beginning 

with the DDC diet, the mice were weighed every three days. Initial weight loss was 

due to avoidance of the chow, then stabilized or even was followed by a weight gain, 
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but from 10-14 days there was progressive weight loss. The mice, which lost more 

than 30% from their initial body weights, were sacrificed and excluded from this 

study. Feeds and bedding were weighed and changed twice per week to provide an 

estimate of food intake. All the mice were fasted 4 hours before experiments. 

2.3. Reagents 

Reagent Company 

TUDCA(Tauroursodeoxycholic 

acid) 

Mayer's hematoxylin 

Eosin Y solution                   

Xylene                             

Permount  

Picric acid       

Direct Red 80                                        

Goat Serum                                      

CK19 antibody                               

EDTA     

AEC (red) substrate Kit                      

Fast Green FCF     

30% H2O2                                               

PBS 

Goat anti-mouse IgG 

Calbiochem/MerckBiosciences(Germany) 

 

Sigma-Aldrich GmbH (USA) 

Sigma-Aldrich GmbH (USA) 

J.T. Baker GmbH (Netherlands) 

Thermo Fisher Science GmbH (Germany) 

Sigma-Aldrich GmbH (USA) 

Sigma-Aldrich GmbH (USA) 

Vector Laboratories GmbH (USA) 

DSBH of Iowa university(USA) 

Sigma-Aldrich GmbH (USA) 

Life Technologies GmbH(Germany) 

Thermo Fisher Science GmbH (Germany) 

Merck GmbH (Germany) 

Life Technologies GmbH(Germany) 

Life Technologies GmbH(Germany) 

Tab. 2 List of reagents. This table lists reagents applied during this study with the respective 

companies from which they were bought. 

All other chemicals were obtained from Applichem GmbH, Germany, unless 

mentioned otherwise. 
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2.4. In vivo biliary drainage experiments 

Mice were anaesthetized by isoflurane (Forene; Abbott Germany, Wiesbaden, 

Germany) under spontaneously breathing. After induction of anesthesia, the mice 

received tracheal intubation and mechanical ventilation was initiated with an 

anesthesia unit which was constituted of an isoflurane pump (Univentor 1250 

Anaesthesia Unit; AgnTho, Lidingö,Sweden) and a ventilator (MiniVent Type 845; 

Hugo Sachs Electronik, March-Hugstetten, Germany). The isoflurane pump supplied 

mixed narcotic gas (mixture of ∼10-15% oxygen, ∼85-90% air, and 2.0 ± 0.2% 

isoflurane) to the ventilator. Mice were ventilated mechanically at a rate of 

120-160/min with a tidal volume of 6-8 ml/kg body weight and kept on a rectal 

thermistor-controlled heating pad, to maintain the core body temperature between 

37-38°C, for the duration of the surgery and the experiment. A catheter was then 

placed into the left carotid artery and was connected with a blood pressure transducer 

operating with PowerLab system (AD Instruments, Hastings, UK), for a continuous 

monitoring of blood pressure and continuous injection. An alkaline solution was 

infused into carotid artery at a rate of 0.3ml/h to correct the systemic acid–base 

balance as following composition: 200mM Na+, 100mM CO3
2-, 0.005mM K+ and 

0.005mM Cl−. The left carotid vein was also intubated for infusion of 

tauroursode-oxycholate(TUDCA) dissolved in PBS at the rate 600 nmol/min63,64. The 

abdomen was opened with a short (2-3 cm) mid-ventral celiotomy and the neck of the 

gallbladder was ligated with a suture. The common bile duct was then cannulated with 

a polyethylene tubing, for continuous collection of bile. Finally, the abdominal cavity 

was closed with a continuous suturing and the animal was allowed to rest for ~20 min, 

before start of the experiment. 

Mice were killed by cervical dislocation at the end of the collection period. Livers 

and blood samples were preserved for histology and laboratory examinations. 

During the experiment, blood pressure was continuously monitored and if too low, 

either the isoflurane concentration was adjusted, or the infusion speed was increased, 
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or both. Sequential blood samples were taken for blood gas analysis and adjustments 

were made by increasing the infusion speed, or by giving a solution with less NaCO2 

(rarely necessary). The sample for blood gas was taken as described in Chapter 2.5.2, 

but it also could be done via cannulation of the left carotid artery by a heparinized 

glass capillary (Clinitubes, Radiometer, Copenhagen, Denmark) during the experiment 

if necessary. The blood sample was analyzed in a Radiometer blood gas analyzer 

(ABL-5 Blood Gas Analyzer, Radiometer, Copenhagen, Denmark) immediately before 

coagulation.  

 

2.5. Measurement 

 Measurement of bile flow 2.5.1.

After the surgery, the abdominal cavity was closed and the mice were left to 

stabilize for 20 min before the collection of bile flow. The common bile duct was 

cannulated and bile samples were collected every 20 min. Baseline values were 

collected for 40 min, after which the mice were infused with TUDCA via carotid 

artery for another 60 min. 

Bile flow was measured by gravimetric method of fluid measurement. Bile juice 

was collected in a pre-weighed plastic tube and was weighed again, immediately after 

the end of the collection period. The difference in measured weight was considered as 

the bile flow for that collection period. All volume measurements were calculated 

from weight, with the density of normal saline set arbitrarily to 1.0. The rates of bile 

flow are expressed as microliter of the base secreted per hour (µl/h). 

 

 Measurement of biliary bicarbonate secretion
66,67

 2.5.2.

The rate of luminal alkalinization was determined via back titration of the bile 
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sample to pH 4.5 with 5mM HCl under continuous N2 gassing using pH-stat 

equipment (PHM82 Standard pH meter, Radiometer, Copenhagen, Denmark). The pH 

electrode was routinely calibrated with standard buffers before the initiation of the 

titration. The amount of titrated HCl was considered equivalent to the biliary 

bicarbonate secretion. The rates of bile alkalinization are expressed as micromoles of 

the base secreted per hour (µmol/h). 

 

2.6.  Handling of tissue and samples 

 Blood Sample  2.6.1.

After in vivo experiments or anesthesia of mice, carotid artery was found and cut 

off. Blood samples were collected by a syringe. The fresh blood was centrifuged at a 

speed of 100000 times/min and a temperature of 4℃ immediately (Sigma 2-16KL 

refrigerated centrifuge, Germany). Serum was pipetted into ice-cold Eppendorf tubes 

and immediately frozen, and kept frozen at -80℃ separately after centrifugation for 

further analyses.  

 

 Liver tissue work-up 2.6.2.

We followed the guidelines for standardized work-up for mouse models of the 
International PSC Study Group (IPSCSG)68. 
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each. The sections then were dehydrated in 2 changes of absolute alcohol, 5 minutes 

each, 95% alcohol for 2 minutes, 70% alcohol for 2 minutes, and were washed briefly 

in distilled water at the end. After that, sections were stained in hematoxylin solution 

for 30 seconds and washed in running tap water for 5 minutes. Then sections were 

counterstained in eosin solution for 8 seconds, dehydrated with 95% alcohol for 2 

minutes, 2 changes of absolute alcohol, 5 minutes each and clear in 2 changes of xylene, 

5 minutes each. Finally, slides were mounted with xylene based mounting medium. 

For Sirius Red staining, sections were deparaffinized in warming bath at 60˚C for 45 

min and incubated in picro-sirius red solution for 60 min, the rest of the staining 

procedure was the same as H&E staining. 

 

 CK 19 Immunohistochemistry Staining 2.7.2.

The CK 19 immunohistochemistry staining was performed based on Ki67 

immunohistochemistry staining protocol, described by Vector Labs Company 

(Germany) with the following changes. Sections were placed in small metal containers, 

containing hot EDTA antigen retrieval buffer. The container was heated in a water bath 

for 30 min at 96-98°C, blocked with 5% goat serum in PBST for 60 min, and incubated 

with anti-cytokeratin 19 (CK19) 1:200 overnight at 4°C. The sections were then 

thawed at room temperature for 30 min, incubated with goat anti-rat IgG 1:500 for 60 

min, and stained by AEC substrate Kit. Finally, the slides were mounted with medium. 

 

2.8. Statistics 

Statistical analyses were performed using the Prism analysis program (Graphpad 

6.0, San Diego, CA, USA). The statistical significance of data was tested via repeated 

measures analysis of variance. To test differences within a group, one-way ANOVA 

was used followed by a Tukey post-hoc test. Between groups, two-way ANOVA was 
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used followed by a Bonferroni post-hoc test. A p-value of less than 0.05 was considered 

significant. All data are presented as means ± standard error of the means (SEM).  
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3. Results 

3.1. Monitoring of vital signs 

Blood pressure and temperature of all the animals were continuously monitored 

and kept in a physiological range during the course of all experiments. The mean 

arterial pressure was maintained between 80-120 mmHg. Apart, blood-gas analysis 

was done in each experiment. In our surgical setup, the mice were maintained with 

very good vital values, including the blood-gas analysis (Tab.3). Any deviation from 

normal was corrected by changing the dose of isoflurane, rate of breathing, amount of 

O2 and infusion speed. Animals with abnormal blood-gas values and/or blood pressure 

control were excluded from the study. 

As previously described, CAXIV probably accounts for a large proportion of the 

bicarbonate reabsorption in the kidney 39–41, the deficiency of CAXIV in Car14 KO 

mice may theoretically affect the acid-base balance in vivo. All the blood gas data we 

collected in the in vivo experiments indicated that there was no difference between 

Car14 WT mice and KO mice (Tab.3), as well as Mdr2 mice (Tab.4) during the course 

of the experiment. 
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  Car14 DDC-fed 

  WT (n=18) KO (n=18)  Car14 WT(n=7) Car14 KO(n=7) 

PH 7.39±0.041 7.38±0.038  7.399±0.015 7.39±0.039 

PCO2 35±5.54 31±4.58  36.72±1.68 42.875±5.35 

PO2 (mmHg) 177±32.15 169.±22.23  187.7±33.05 155.5±41.90 

SO2 (%) 99.2±1.05 99.0±1.03  99.5±0.19 99.67±0.51 

HCO3
-
(mM) 24.6±2.42 22.7±3.19  25.33±0.65 25.25±2.12 

ABE (mM) 0.18±2.40 0.06±2.97  0.83±1.72 0.52±2.26 

Tab. 3 Blood gas analysis of Car14 mice and DDC-fed Car14 mice.  All the mice were infused 

with the same carotid perfusion solution for correcting the systemic acidosis caused by anaesthesia. 

There was no difference between Car14 WT mice and KO mice. Data are presented as means±SD. 

 

 

 

 
WT 

(n=13) 

Mdr2
-/- 

(n=13)
 

Car14
-/-

Mdr2
-/- 

(n=13) 

PH 7.38±0.042 7.39±0.053 7.39±0.0432 

PCO
2
 41.14±6.91 40.15±6.96 42.42±5.48 

PO
2
 (mmHg) 186.14±56.94 183.5±45.81 184.8±50.25 

SO
2
 (%) 99.4±0.86 99.3±0.75 99.5±0.65 

HCO3
-
 (mM) 24.07±3.262 24.0±4.16 25.21±2.96 

ABE (mM) -0.28± 2.78 -0.46±3.97 0.64±3.12 

Tab. 4 Blood gas analysis of Mdr2 mice. All the mice were infused with the same carotid perfusion 

solution for correcting the systemic acidosis caused by anaesthesia. There was no difference between 

Mdr2 WT mice and KO mice. Data are presented as means±SD. 
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3.2. Loss of carbonic anhydrase 14 results in decreased biliary bicarbonate 

output and a slowly progressive cholangiopathy 

 Bile flow and biliary bicarbonate output rates in Car14
-/-

 and WT mice at 3.2.1.

different ages 

Basal and TUDCA-stimulated bile flow and biliary bicarbonate output was 

measured in 11 weeks-, 20 weeks- and 1 year-old mice. There was a small and 

non-significant decrease in basal bile flow and in biliary bicarbonate secretion in 

Car14 KO mice as compared to WT mice in baseline at all age groups (Fig.8, 9, 10). 

Both biliary bicarbonate output and bile flow increased rapidly after TUDCA infusion 

in all different age groups. While basal bile flow did not change with age in WT mice 

as well as Car14 KO mice, basal biliary bicarbonate output decreased progressively in 

both genotypes. Car14-/- mice displayed significantly lower bicarbonate output rates 

after TUDCA stimulation compared with WT mice in all age groups (Fig.8A, 9A and 

10A). In contrast, TUDCA-stimulated bile flow rates decreased with age, and a 

significantly lower bile flow rate was observed in Car14-/- compared to WT mice at 1 

year of age (Fig.8B, 9B and 10B).  
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 Histological analysis 3.2.2.

No apparent difference between WT and Car14 KO mice was observed in the 

histological and immunohistological evaluation at 11 weeks and 20 weeks of age. In 

the 1 year old Car14 KO mice, pathological changes suggesting fibrosis and small bile 

duct cholangiopathy were present in the peripheral parts of the liver. Proliferation of 

small bile ducts (Fig.14F), with some mild fibrosis (Fig.16F), was evident in those 

segments, without any apparent changes in the central liver regions.
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3.3. Car14 expression cannot protect against the severe toxic cholangiopathy 

induced by DDC-feeding 

 DDC cholangiopathy model development 3.3.1.

In order to investigate whether the absence of CAXIV expression aggravates the 

bile duct injury induced by DDC (3,5-diethoxycarbonyl-1,4-dihydroxychollidine), we 

first established the DDC-induced cholangiopathy model in our laboratory. 

C57BL/6N mice were fed with 0.1% DDC supplemented diet for 3 weeks. In 

comparison to the mice fed with normal mouse chow, the DDC-fed mice gradually 

lost weight, became lethargic, the skin in fur-free areas and the abdominal fat pad 

appeared icteric. Both the bile flow rate and the biliary bicarbonate output rate was 

significantly lower in the DDC-fed than the control group (Fig.17).  
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 DDC-induced decrease in biliary secretion in Car14 WT and KO mice 3.3.2.

In order to investigate whether the loss of Car14 and the resulting decrease in 

biliary bicarbonate output aggravates DDC-induced cholangiopathy, Car14 WT and 

KO mice, aged 20 weeks, were fed with 0.1% DDC for 3 weeks, after which bile flow 

and biliary output rates were determined. The results showed that biliary bicarbonate 

output in the DDC-fed WT mice was, as expected, significantly lower than the 

chow-fed control mice, and DDC-fed Car14 KO mice had a reduced biliary 

bicarbonate output compared to DDC-fed WT mice (Fig.18A). However, the 

difference of bicarbonate output between DDC-fed WT mice and KO mice was not 

accompanied by a difference in bile flow rates between DDC-fed Car14 KO and WT 

mice, which were equally reduced compared to control chow-fed mice (Fig.18B).  

 

 

 

 

 









42 
 

 

Fig. 21 Liver CK19 immunohistochemistry staining of DDC-fed mice. DDC caused severe 

periductal proliferation in DDC-fed mice. There was no obvious difference between DDC-fed Car14 

WT mice(B) and Car KO mice(C). PV, portal vein. 
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3.4. Loss of carbonic anhydrase XIV aggravates the bile-acid induced 

cholangiopathy of the Mdr2
-/-

 mouse model 

The loss of the lecithin exporter Mdr2 results in an alteration of the transport of 

bile acid, cholesterol and phospholipids in so called mixed micelles and “liquid 

crystals” and overall decreased bile flow. The resulting cholangiopathy that develops 

in Mdr2-/- mice is believed to be due to the toxic action of bile acid to the 

cholangiocytes. Thus, this model seems optimally suited to test the “bicarbonate 

umbrella” hypothesis by generating CAXIV/Mdr2 double knockout mice. 

We chose to cross B6.129S1-Car14 mice with FVB/N-Abcb4 mice, because the 

loss of MDR2 causes a more rapidly progressing fibrosing cholangiopathy in the 

C57B/6 background than the FVB/N background, with early cholangiocarcinoma 

development, which was not our goal. From the same progenitors, we bred the four 

different genotypes: Car14+/+Mdr2+/+, Car14+/+Mdr2-/-, Car14-/-Mdr2+/+ and 

Car14-/-Mdr2-/-, and studied bicarbonate output and bile flow rates in these four 

genotypes at the age of 6 weeks and 11 weeks.  

 

 Result of the in vivo experiments 3.4.1.

Bicarbonate output was measured in Car14+/+Mdr2+/+, Car14+/+Mdr2-/-, 

Car14-/-Mdr2+/+ and Car14-/-Mdr2-/- mice at age of 6 weeks. Compare to basal rates, 

after TUDCA stimulation, HCO3
− output rate increased significantly slower and to 

lesser values in the absence of CAXIV, both in Car14-/- mice, regardless of the 

defectiveness of Mdr2 gene. However in Car14+/+Mdr2-/- mice, bicarbonate output was 

surprisingly higher than the other genotypes (Fig.23). Only Car14-/-Mdr2-/- mice has 

significantly lower of bile flow increase after the stimulation of TUDCA, the other 

genotypes had almost the similar volume of bile flow secretion (Fig.24). 
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At the age of 11 weeks, bicarbonate output increase was significantly less in 

Car14+/+Mdr2-/-, Car14-/-Mdr2+/+ and Car14-/-Mdr2-/- mice compared to the control 

mice after TUDCA stimulation. Car14-/-Mdr2-/- group had even less increase than 

Car14-/-Mdr2+/+ group (Fig.25). Increase of bile flow in Car14-/-Mdr2-/- group was 

significantly less in comparison with the other groups. Car14+/+Mdr2-/- group also had 

lower bile flow secretion than Car14+/+Mdr2+/+ group (Fig.26). 

If we put the data of 6 weeks-old mice and 11 weeks-old mice together, we can 

find some interesting changes. Bicarbonate output after TUDCA stimulation in 

Car14+/+Mdr2-/- mice decreased from significantly higher than control group at 6 

weeks of age to significantly lower than control group at 11 weeks of age, so was the 

drop of bile flow. 
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Age of 6 weeks is a very crucial time point to Car14/Mdr2 mice according to our 

results. In contrast to the 3 weeks of age Mdr2-/- mice, Mdr2-/- mice at 6 weeks of age 

showed significant differences in histological examination. Interestingly, 

Car14+/+Mdr2-/- mice and Car14-/-Mdr2-/- mice also showed different pathological 

degree. The inflammation, ductular proliferation and fibrosis of bile duct in 

Car14+/+Mdr2-/- mice were limited in periductal area (Fig.30B, 31B and 32B). 

Car14-/-Mdr2-/- mice not only had severe pathological changes in periductal area, but 

also extended to portal-to-portal bridge (Fig.30C-D, 32C).   
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4. Discussion 

4.1. Improvement of experimental design 

 Choosing the appropriate model to study the importance of biliary 4.1.1.

bicarbonate output on cholangiocytes health in vivo (the so-called “biliary 

bicarbonate umbrella” hypothesis)  

It is known for a long time that a subgroup of patients with cystic fibrosis 

develops liver fibrosis, cholangiopathy and in the worst case end-stage liver 

cirrhosis69. The etiology is not completely understood. When the importance of the 

CFTR channel for bicarbonate secretion became known, it was speculated that the 

cholangiopathy that develops in cystic fibrosis patients and, under certain 

circumstances, in CF mouse models, is due to the lack of bicarbonate in the bile ducts. 

However, the absence of the CFTR channel results in a severe compromise of epithelial 

Cl- and fluid secretion  as well, and it is not possible to distinguish these effects from 

each other when trying to determine the cause of pathological changes in the bile 

ducts70. In vitro work in cholangiocytes cell culture substantiated the concept that this 

epithelium is protected against the potential toxicity of bile acids by an alkaline 

pH-microclimate at its apical membrane13,71. However, an in vivo unequivocal 

confirmation of the hypothesis is lacking. One publication has provided circumstantial 

evidence by stimulating bile salt synthesis through stimulation of the transcription 

factor FXR-α, which results in an increase in bile flow as well as bicarbonate output72.  

We chose the Car14-/- mouse model, because we had observed in the stomach and 

the duodenum that these enzymes conveyed a protective effect against the damaging 

effects of luminal acid. However, the molecular mechanism of how this protection was 

mediated was dependent on the location of the carbonic anhydrase. Expression analysis 

of CAXIV in the different organs revealed a high expression in the liver40. 

Immunohistochemical investigations demonstrated that the predominant expression of 
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the CAXIV was in the canalicular membrane of hepatocytes and cholangiocytes45. As 

explained in the introduction, the carbonic anhydrase XIV is believed to be an 

exoenzyme, with the catalytic part of the molecule exposed to the lumen. Any carbonic 

anhydrase will enhance the conversion of HCO3
- and H+ to CO2 and water, and vice 

versa. The intracellular CAII, for example enhances the dissipation of pH gradients in 

cardiomyocytes and may be important in energizing cardiomyocytes and possibly 

preventing arrhythmogenic effects of the low pH during hypoxia73. In the duodenocyte, 

it is essential for the signal of “acid in the lumen” to traverse the duodenocyte and 

stimulate an increase in bicarbonate secretory rate into the lumen74. A luminally 

situated carbonic anhydrase in the hepatic canaliculi and in the bile ducts could enhance 

the “buffering” of bile acid monomers, which are present at much higher concentration 

at low pH, and shift the balance to the micellar transport form of the bile acids. The 

presence of the luminal carbonic anhydrase would not be expected to increase luminal 

alkalinity directly. However, it may or may not enhance biliary bicarbonate secretion, if 

the generated CO2 diffuses back into the hepatocyte and enhances 

bicarbonate-transporting ion transport processes. This has been shown for the 

duodenum, for example75. But it is also possible that the back-diffusing CO2 stimulates 

fluid absorption, via lowering the intracellular pH and thus stimulating the apical 

Na+/H+ exchanger NHE3. This process has been demonstrated in the jejunum or the 

colon76,77, and NHE3 has been shown to be expressed in biliary epithelial cells34. Thus, 

it was not clear to us what effect the absence of CAXIV has on biliary fluid transport, 

and we decided to study this mouse model in the hope to learn more about the 

physiological function of CAXIV in the liver. 

In order to do so, we applied our experience gathered over many years in studying 

fluid, electrolyte and bicarbonate transport in murine intestine in vivo to investigate 

biliary secretion. We studied the literature, but decided to optimize currently used in 

vivo techniques to assess murine biliary secretion.  
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 Hematocrit determination and continuous fluid resuscitation during the 4.1.2.

biliary drainage period 

Abdominal operations in mice are accompanied by evaporation of fluid, even if the 

wound is closed after the surgery. In addition, the mice loose fluid via the airways. In 

order to prevent hemoconcentration or hemodilution, if only the arterial blood pressure 

is taken as a parameter to guide fluid replacement, we performed sequential 

hematocrite measurements with very small glass capillaries, and kept the hematocrit 

stable during the experiment by placing both an arterial line into the carotis, for fluid 

and base replacement, and a venous line into the femoral vein for application of 

TUDCA. 

 Advantage of direct collection of bile from the hepatic duct 4.1.3.

Collection of bile is mostly performed by cannulation of the gallbladder64,78.  

However, the major function of gallbladder is to concentrate and store bile, and its 

epithelium expresses, among other transporters, the Na+/H+ exchanger isoform 3 at 

very high levels. This transporter will not only rapidly absorb electrolytes and fluid and 

thus modify measured bile flow rates, but also transport hydrogen ions into the lumen 

and thus alter biliary bicarbonate concentrations in a major fashion. Therefore the 

measurement of external drainage from gallbladder could be imprecise.  

We resolved this issue by improving our surgical process. We made a ligation at 

neck of gallbladder which is completely blocked the way of bile going ahead to 

gallbladder. Then we intubated the common bile duct under microscopy for external 

drainage of bile that the bile flow and bicarbonate secretion of live had a faithful 

reflection. The difficulty of this way lies in the fact that the common bile duct is very 

thin and it’s hiding in the hepatoduodenal ligament, thus the operator need to be 

familiar with the anatomy of mice and experienced at microsurgery. However, the 

technique allowed us to precisely assess basal and stimulated biliary fluid and 
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bicarbonate output rates. 

 The pH-stat titration technique is optimal for exact assessment of bicarbonate 4.1.4.

output  

Bicarbonate is commonly assessed by a CO2 electrode and by calculating the 

bicarbonate output with the Henderson Hasselbalch equation. With the pH-stat titration 

technique, the gaseous CO2 (which does not act as an alkaline buffer) is eliminated at a 

pH set to of 7.4, and only the bicarbonate in the bile is assessed as bicarbonate.  

 Control of the systemic acid/base status during the in vivo biliary drainage 4.1.5.

Another important experience we learned from human clinic practices is the 

control of blood gas during the experiment. The only demand of most animal 

experiment under anesthesia is to keep the animal alive, or to keep the blood pressure 

stable during the experiment at most. We found that mice under anesthesia regularly 

develop metabolic acidosis related to some metabolic effect of the isoflurane (which, 

for example, decreases insulin secretion79), and they also develop either respiratory 

alkalosis because of hyperventilation, if anesthetized lightly, or acidosis, if anesthetized 

deeply, which causes CO2 retention. This is not enough for our aim. It has been proved 

decades ago that CO2 in plasma can rapidly cross cell membranes, dissociate into H+ 

and HCO3
− with H2O

80. This is the major source of the intracellular HCO3
− of 

hepatocytes and cholangiocytes which can be transported into bile ductal lumen. The 

disorder of acid-base in blood will certainly affect the bicarbonate secretion in all 

organs. The crucial part of our experiment is to measure and analyze the bicarbonate 

secretion in the bile, therefore control the blood gas in a physiological range seems 

essential. All the mice in our vivo experiments were anaesthetized by isoflurane under 

mechanical ventilation. A fixed setting of the anesthesia machine and the ventilator 

cannot cover all the individual difference of these mice if we want a physiological 

blood gas. We controlled blood gas by adjusting the depth of anesthesia, the tidal 
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volume and stock speed of ventilator, also the infusion speed of alkaline solution. These 

changes were made based on the analysis of arterial blood gas during and after the 

experiment. If mice did not have blood gases within a physiological “near normal” 

range, the results were abandoned. 

 

 Being able to get at the “liver function reserve” in order to assess early biliary 4.1.6.

functional defects 

In our vivo experiments, we measured both biliary bicarbonate output and bile flow. 

The reduction of bile flow is per definition the symptom of “cholestasis”, which can be 

caused by a primary disturbance in bile formation81, or by biliary obstruction caused by 

blockage of small or large bile ducts, which can be secondary to defects in the bile flow . 

If we try to find out the relation between the changes of bicarbonate output in bile and 

the injury of the bile ducts, bile flow rate is a very important parameter which can only 

be tested in vivo. The use of different gene-deleted mouse models demonstrate that the 

reduction of bicarbonate output is not necessarily linked to a decrease in bile flow, and 

we can thus study a reduction of bicarbonate output as an independent parameter, which 

has never been done before. TUDCA has been shown to stimulate bile flow and biliary 

bicarbonate secretion, although the mechanisms may be multifactorial21,82,83. By 

studying both spontaneous as well as bile-salt stimulated biliary secretion, we may 

assess even early changes biliary secretory function that is associated with no obvious 

alteration of the mouse behavior or weight development.   

We know that the liver has powerful functional reserve which based on two of its 

properties. First of all, liver is an organ with high regenerative capacity84–86. In 

mammals, animals can survive from a resection up to 75% of the total liver weight. 

Within 1 week after surgery, the total volume of liver cells is restored87,88. And also, the 

liver is capable of full function to support the whole body with less than half of its 

normal hepatocyte and cholangiocytes content8. It suggests that cholangiocytes and 
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hepatocytes don’t devote all their efforts or/and just part of them are involved into daily 

task in a physiological situation. That also explained why some patients with a partial 

hepatectomy can have a completely normal liver function even from the first day after 

operation. The regeneration of liver is very fast but not that fast. For the same reason 

many patients still have functional compensation even in advanced liver disease.  

When investigating the liver damage of Car14-/- mice, DDC-fed mice or Mdr2-/- 

mice, alterations in the expression of pro- and anti-inflammatory genes and 

profibrogenic genes are observed early (Zhenzhen Zhou, unpublished observations), 

while the mice are developing normally without any obvious symptoms of disease. 

They gain weight and are fertile. Even the basal bile flow and bicarbonate output rates 

are normal. However, maximally stimulated flow rates and bicarbonate output rates are 

compromised. TUDCA is a good option to stimulate the liver to release the rest of 

reserve that we can take a panoramic view to its full capacity of bile flow and 

bicarbonate secretion in vivo. That is why in our results, normally there were no 

differences between control and experiment group in baseline but significant 

differences after TUDCA stimulation. Some previous studies, in which only the 

spontaneous bile flow and bicarbonate output rates were considered, concluded that 

DDC-fed and Mdr2-deficient mice do not exhibit a reduction of bicarbonate output and 

bile flow50,56. Now we realize that this is true only for spontaneous secretory rate, which 

is not the physiologically important postprandial rate during which the bile salts taken 

up via the enterohepatic circulation stimulate bile flow to replenish the gallbladder bile 

content.  

 

4.2. Role of the CAXIV in biliary physiology 

We studied the Car14-/- mice and WT littermates at different ages: 11 weeks (young 

adulthood), 20 weeks (full maturity) and 1 year (late adulthood for laboratory mice, 

which usually die before 2 years of age). We observed a difference in basal bicarbonate 
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output in young mice, which had the highest bicarbonate output rates, but this did not 

obtain significance when a two way ANOVA analysis was used for statistical 

significance evaluation between all groups (both basal and stimulated). However, a 

significant difference of biliary bicarbonate output after TUDCA stimulation was 

observed in all age groups between CAXIV WT mice and KO mice, which indicated 

that the loss of CAXIV will cause a decrease in the bicarbonate output into bile (Fig.8A, 

9A, 10A). At week 11 and 20, the decrease in biliary bicarbonate output was not 

associated with a decrease of basal or stimulated bile flow. How can this be explained? 

One possibility is that bile flow in mice is largely independent of 

bicarbonate-transporting channels like CFTR, which would be linked to Cl- and fluid 

secretion. Biliary bicarbonate is assumed to be regulated by cholangiocytes rather than 

hepatocytes in normal rat liver. It appears that different anion transporters are involved, 

since Ach-induced bicarbonate excretion depends on both chloride channels and 

bicarbonate exchange, whereas secretin-induced bicarbonate excretion is independent 

of bicarbonate exchange17, but a role of the CFTR channel has been postulated by 

others89. It has been shown that ursodeoxycholic acid-stimulated choleresis is 

independent of CFTR expression90, while secretin-stimulated choleresis is claimed to 

be CFTR-dependent by some but not all researchers. It has also been shown in cultured 

cholangiocytes that ursodeoxycholic acid stimulates cholangiocytes fluid secretion in 

mice via CFTR-dependent ATP secretion. Thus, while both bile flow and biliary 

bicarbonate output may depend on anion channels (for example CFTR, but not 

exclusively so), the fact that CAXIV deficiency results in a significant decrease in 

bicarbonate output but not bile flow rate argues against a channel-dependent 

mechanism whose transport rate is augmented by CAXIV activity. 

The recycling of CO2, which is bound to occur when bile acids are neutralized by 

biliary HCO3
-, may result in an increase in the membrane association and/or functional 

activity of another carbonic anhydrase, such as CA II, at the inner leaflet of the 

canalicular membrane, resulting in enhanced intracellular CO2 hydration, with 
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basolateral H+ extrusion and apical exchange of bicarbonate for chloride, either by AE2 

(if that is truly apically expressed in the liver), by an as yet not identified member of the 

Slc26 family, or by one or several other anion exchanger(s). This would result in an 

exchange of bicarbonate for chloride ions with no obligatory change in water flow. 

Another mechanism how the presents of an extracellular carbonic anhydrase may 

augment the activity of an anion exchanger is by facilitation of the dissipation of 

nanoscale pH-gradients by increasing the conversion rate of the slowly diffusible 

protons and base ions to the rapidly diffusion CO2. 

Another possibility is that CAXIV is involved in hepatocyte intracellular pHi 

regulation, as suggested for the nervous system43,91 and the heart92 by facilitating the 

operation of AE3, another  member of the Slc4 anion transporter gene family. An 

effect on intracellular pHi is more likely when there is a basolateral (as well as apical) 

expression of the CAXIV, as described by Parkkila45. In that case, the carbonic 

anhydrase activity would enhance the removal of protons from the outer leaflet of the 

hepatocyte membrane by buffering with blood borne bicarbonate. This function has 

been shown for the basolateral CAXIV in the stomach. It would also result in an 

increase in intracellular pHi and more bicarbonate for output via the canalicular 

membrane. 

Although the bicarbonate output was reduced in 11 and 20 week old Car14-/- mice, 

suggesting that their biliary protection by luminal bicarbonate is reduced, the mice did 

not show any signs of histological damage to hepatocytes or bile ducts. At 1 year of age, 

the mice displayed a reduction of basal bicarbonate output and less response to TUDCA 

even in the WT mice, although basal bile flow was not different from young mice. 

However, the fluid secretory response to TUDCA was more sluggish. Interestingly, in 

that age group we observed a difference not only in bicarbonate output but in bile flow 

rate between Car14-/- mice and WT littermates. Since biliary fluid secretion is normal in 

Car14-/- mice at young and middle age, this reduction is not due to the lack of this gene 

in the molecular mechanisms of biliary fluid transport. The surprise came with the 
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histochemical staining for Cytokeratin 19 (CK19), which demonstrated enhanced 

CK19 expression in the walls of the small bile ducts in the peripheral parts of the liver, 

while the central parts of the lob did not appear significantly altered. Likewise, fibrotic 

changes were observed in the peripheral parts of the Car14-/- liver. This is indicative of 

a slowly progressing small bile duct cholangiopathy in the absence of CAXIV 

expression. We therefore assume that the reduction in TUDCA-stimulated biliary fluid 

secretion is secondary to the development of biliary duct wall thickening and sclerosis, 

and peripheral liver fibrosis leading to an overall reduction in active biliary units.   

 

4.3. Using the DDC-fed mice as a pathological model to study the protective 

effects of a higher bicarbonate output into bile in the presence of CAXIV 

expression 

We next wondered whether hepatocyte/cholangiocyte CAXIV expression is more 

important during injury. We searched for mouse models of sclerosing cholangiopathy 

and first tested the frequently utilized model in which the mice are fed with DDC. As 

stated in the discussion, DDC is a cytotoxic molecule that leads to a massive 

inflammatory reaction of the biliary epithelial cells which release proinflammatory and 

profibrogenetic cytokines and adhesion molecules, such as TNF-α, VCAM, PDGF, 

TGF-β. These cytokines and molecules cause periductal inflammation51,52,93,94. Then 

the portal-to-portal bridge fibrosis appears as a ductal reaction after the injury of Bile 

epithelial cells (BECs) getting worse. Inflammation of periductal induces promotes 

fibrosis, increases proliferation of fibroblast and fibrocyte, and deposition of 

extracellular matrix (ECM). The mechanism indicates that DDC-induced sclerosing 

cholangitis is an inflammation-induced disease. Using the standard feeding protocol, 

the mice developed liver disease within three weeks. Functionally, the DDC-fed 

C57BL/6N mice displayed both lower bicarbonate output, as well as bile flow than 

chow-fed mice. We also observed onion skin type-like periductal fibrosis and 
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proliferation and cholangitis in DDC-fed liver. It’s reasonable to conclude that DDC 

induced severe toxic injury to the biliary system injury which results in including 

inflammation of periductal area, ductular proliferation and porphyrin plugs, as 

demonstrated in the histological assessment.  

We next subjected both Car14-/- and WT littermates to the DDC-feeding 

experiment, while carefully monitoring them for weight loss and signs of severe disease, 

upon which the experiment would have to be terminated prematurely. The mice 

developed rapid weight loss in the first few days, which was due to food avoidance. The 

weight then stabilized or even increased, but then the mice lost weight and became 

listless at about three weeks of DDC feeding, which is when the experiment was 

terminated. Chow-fed control mice had significant higher bicarbonate secretion and 

bile flow than DDC-fed CAXIV WT mice and KO mice. But we noticed that although 

DDC-fed CAXIV WT mice has significant higher bicarbonate output in bile than KO 

mice, their bile flow rates were not significantly different. As shown in the results, the 

damage was severe and not significantly different between DDC-fed Car14-/- and WT 

littermates. Obviously, the function of the CAXIV is not able to offer significant 

protection against the toxic actions of DDC, which causes a very rapid release 

proinflammatory and profibrogenetic cytokines and adhesion molecules, such as 

TNF-α, VCAM, PDGF, TGF-β. Mechanism of action is very rapid and very severe, 

with spontaneous deaths from end-state liver disease occurring within a few weeks. We 

therefore conclude that this model does not reflect the “idiopathic sclerosing 

cholangitis” in humans well, and that the lack of apparent protection by CAXIV 

expression does not refute the “biliary bicarbonate umbrella hypothesis”. We needed to 

search for a better model.  

 

4.4. The Mdr2
-/-

 mouse model  

As described above, we found that the feeding of DDC results in very rapid and 
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very severe damage of  the biliary ductular system, in which the role of biliary 

bicarbonate output is not likely to play a major difference (since the exclusive loss of 

CAXIV results in a slowly developing small bile duct cholangiopathy over many 

months). Therefore, we had to look for another model of injury to the biliary system. 

Mdr2 (Abcb4) gene knockout in mice results in a deficiency in excretion of 

phosphatidylcholine into bile. Low biliary phospholipid levels trigger non-purulent 

inflammatory cholangitis with portal inflammation and ductular proliferation 

beginning shortly after birth and progressing to end-stage disease in the course of 3 to 6 

months. The animals develop a phenotype resembling sclerosing cholangitis with 

biliary fibrosis and develop hepatocellular carcinoma in the late stages of the disease95.  

The interesting aspect of this model is that the pathophysiology of the Mdr2-/- 

cholangiopathy is believed to that the lack of phospholipid transport into bile, and thus 

an alteration of the mixed micelles, which under physiological situation carry the 

cholesterol with phospholipids and bile acids into the gut. The lack of phospholipids 

results in an alteration of those mixed micelles, with an excess of bile acid monomers, 

and via an alteration of the enterohepatic circulating bile acid pool an increase in the 

composition of the bile acids, with more hydrophobic bile acids in bile. We speculated 

that this model is intuitively the more suitable model to study the importance of biliary 

bicarbonate output or, even more precisely, the buffering capacity adjacent to the 

luminal membrane of the cholangiocyte provided by the presence of CAXIV. Since we 

did not want extremely early damage, and also wanted to have more genetic variation 

resembling the human situation, we outcrossed the mice on a mixed Sv129 and FVBN 

background, which indeed slowed the progression of disease (see results). 

We created four genotypes: Car14+/+Mdr2+/+ mice is control group, Car14+/+Mdr2-/- 

and Car14-/-Mdr2-/- groups can display whether there is any difference of liver damage 

in Mdr2-/- mice with lower bicarbonate bile (Car14-/-) and higher bicarbonate bile 

(Car14+/+) at different ages. 3 weeks old mice are too young to survive the in vivo 

biliary drainage experiment, but we took the liver tissue and blood sample for histology, 
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immunohistochemistry and blood gas measurements. At this early age, only the 

Car14-/-Mdr2-/- mice displayed occasional mild incrassation of periductal tissue and 

infiltration of inflammatory cells.  

In the 6 weeks old groups, we were able to perform in vivo biliary drainage 

experiments, which is per definition the most sensitive test for measuring cholestasis 

(reduction in bile flow). In the basal state, the only groups that significantly differed 

were the Car14+/+/Mdr2-/- and the Car14-/-/Mdr2-/- mice, which displayed a significant 

difference in bicarbonate output (Fig.23C). However, after TUDCA stimulation, the 

Car14+/+/Mdr2-/- mice had significant higher bicarbonate output than all other groups 

even in the basal state. The underlying mechanism could be severalfold and represent 

either the sequelae of the toxic bile acid effect on the biliary tree that is believed to 

cause the underlying damage in this mouse model, or it could represent a protective 

response. The lack of phospholipid in bile in Mdr2−/− mice induces higher 

concentration of hydrophobic bile salts and free bile acids (Fig.36). The damage of 

hydrophobic bile salts results in inflammation of bile epithelial cells, subsequently may 

develop paracellular leakage of bicarbonate. A similar mechanism was found to exist in 

the mildly inflamed proximal colon of TNF-α overexpressing mice96. However, the fact 

that additional CAXIV deletion completely abolishes the increased bicarbonate output, 

even to a lower value than in the single Car14-/- mice, argues against the paracellular 

leakage hypothesis. 
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AE2101–103. Thus, the proliferation of the bile duct epithelial cells observed in the 

Mdr2-/- mice may result in an increase in bicarbonate output. However, one would 

expect increased fluid secretion if CFTR activation was part of this increased 

bicarbonate output. In addition, the group of Hugo deJonge provided evidence for a 

CFTR-independent mechanism for the TUDCA-induced bicarbonate-rich choleretic 

response90
. 

We lastly speculated that this higher bicarbonate output may be an adaptive 

response to the noxious effects of the hydrophobic bile acids. Bile acids have been 

shown to stimulate bicarbonate secretion in the human colon as early as 1971104, and 

later have been shown to do the same in other epithelia including the biliary system. 

The underlying mechanism how the altered bile composition, or even the alteration of 

hepatocyte ion homeostasis due to the lack of Mdr2 results in a higher bicarbonate 

output into bile despite no change in bile flow at early age needs to be further 

investigated.  

We also noticed that the bicarbonate output of all Car14-/- mice was significant 

lower than Car14+/+ mice which accord with our previous study. But only 

Car14-/-Mdr2-/- mice had lower bile flow exhibited that Mdr2 deficiency will lead to 

much severer injury to bile duct with weaker bicarbonate protection. Accordingly, the 

histological examination of the liver samples displayed a very mild pericholangic 

infiltration in the Car14-/-Mdr2-/- mice at three weeks, but a difference in the severity of 

the inflammatory alterations and the bile duct proliferation at 6 weeks, as well as a 

difference in the development of fibrosis.   

In 11 weeks old mice, the interesting change is that the high bicarbonate output in 

Car14+/+Mdr2-/- mice is abolished. The bicarbonate output is still slightly higher than 

Car14-/-Mdr2-/- mice, but there is no statistical difference. Compared with 6 weeks old 

Car14+/+Mdr2-/- mice, we can find the much severe pathological changes in histology as 

well. Bile flow of 11 weeks Car14+/+Mdr2-/- mice was significantly reduced in contrast 

with control mice. We believe that these changes were caused by the progression of 
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cholangiopathy. Higher biliary bicarbonate in Car14+/+Mdr2-/- mice can neutralize some 

but not all of the toxic of hydrophobic bile salts which means these mice has slower 

progression of cholangitis in comparison with Car14-/-Mdr2-/- mice, but the availability 

of biliary bicarbonate cannot protect against the disease in this mouse model. Once 

damage to the cholangiocytes has happened, this will reduce the bicarbonate output in 

bile even in the presence of CAXIV.  

 

4.5. The protective function of “bicarbonate umbrella” in liver 

Hydrophobic (monomeric, non-micellar) bile salts induce cytotoxicity in many cell 

types, including hepatocytes, even at low micromolar concentrations105–107. The 

long-time exposure of hepatocytes and cholangiocytes to high concentrations of 

hydrophobic bile acids induces cholangiocyte impairment, which is thought to be the 

increased impairment. In previous studies, it has already been confirmed that more bile 

acid will get into hepatocytes and cholangiocytes in lower PH environment108. But 

interestingly, human BECs are exposed to high millimolar concentrations of 

hydrophobic bile salts since new born without any signs of cytotoxicity109.  

Our findings perform the “reality check” for the “biliary bicarbonate umbrella” 

hypothesis, which has been formulated based on studies in a cultured cholangiocyte cell 

line110. We were fortunate to find an animal model in which biliary bicarbonate output 

was affected without a concomitant change in bile flow, and this allowed us to 

selectively study the influence of bicarbonate on the progression of cholangiopathy in 

three different mouse models: A slowly progressive peripheral small duct fibrosing 

cholangiopathy in the exclusive absence of the carbonic anhydrase XIV, a progressive 

inflammatory and fibrosis cholangiopathy in the Mdr2-/- mouse, which was accelerated 

and aggravated by the concomitant lack of the apical carbonic anhydrase XIV, and a 

very rapidly progressive severe toxic hepato-cholangiopathy inflicted by feeding DDC, 

in which the presence or absence of the carbonic anhydrase did not affect the disease 
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progression. 

While our findings are in line with the general idea of a protective alkaline 

pH-microclimate in the juxtamucosal space, i.e. directly above the epithelial cells, they 

differ in the mechanism how such a microclimate is established and provide evidence 

that the static “unstirred layer” hypothesis of the protective mucus bicarbonate barrier 

in the gastric, duodenal or colonic mucosa111. In the stomach and duodenum, the pH of 

gastric acid is 1.5 to 3.5 in the lumen which is extremely over-acidic to the gastric 

epithelial cells112. The most abundant epithelial cells are mucous cells, which cover the 

entire luminal surface and extend down into the glands as "mucous neck cells". These 

cells secrete a bicarbonate-rich mucus that coats and lubricates the gastric surface, and 

serves an important role in protecting the epithelium from acid and other chemical 

insults113. Similar mechanisms have been described for the duodenum and the colon, 

and the general idea is that the mucus gel allows the buildup of a pH gradient within an 

unstirred fluid layer, and that this permits the neutralization of the back-diffusing H+ 

ions, even if their luminal concentrations are high and that of the measured bicarbonate 

output rate relatively low. The theory has been controversial, but recent sophisticated 

studies using two-photon microscopy support the concept114. However, the finding of 

extracellular carbonic anhydrase activity in gastrointestinal mucus115,116 and the fact 

that the presence of bicarbonate accelerates the diffusions of protons through mucus117  

suggests that the presence of extracellular carbonic anhydrases dissipate the 

pH-gradient and this was seen as a potential danger to the mucosa. However, our results 

demonstrate that the presence of an extracellular carbonic anhydrase in the glycocalyx 

increases the rate of bicarbonate output, and that the rates of gastrointestinal 

bicarbonate secretion measured in vitro in Ussing Chambers and also in vivo by 

application of luminal perfusion techniques have strongly underestimated the rate of 

bicarbonate secretion, because for technical reasons, no CO2/HCO3
- can be present in 

the luminal perfusate. We therefore believe that the rates of epithelial bicarbonate 

secretion may well match those of proton diffusion though the mucus/glycocalyx in 
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gastrointestinal epithelia, and that the so-called “proton back diffusion”118, may be a 

readout of the physiological neutralization of protons by bicarbonate in the mucus layer, 

with subsequent intraluminal CO2 generation and diffusion of the freely permeable 

nontoxic CO2.  

 

4.6. Conclusion  

In this thesis, we investigated the bicarbonate umbrella theory in liver via the 

zinc-containing enzyme carbonic anhydrase XIV. The deficiency of CAXIV in 

hepatocytes significantly reduced the bicarbonate output in bile. Car14-/- mice induced 

a long-time lower bicarbonate milieu finally developed cholangitis of primary bile duct 

in physiological condition. In higher intraluminal hydrophobic bile salts situation such 

as Mdr2-/- mice, the deficiency of CAXIV also resulted faster and severer cholangitis 

compared to Car14+/+Mdr2-/- mice. But biliary bicarbonate didn’t offer much protective 

effect to inflammation induced cholangitis in DDC-fed mice. These results indicate that 

biliary bicarbonate (bicarbonate umbrella) is a specific protection against the toxicity of 

hydrophobic bile salts. Therefore, bicarbonate umbrella is an important and 

indispensable protective mechanism in biliary physiology. But like the other protective 

mechanisms in organism, bicarbonate umbrella also has its limitation. The HCO3
-/BA 

ratio is important for the protective function of the bicarbonate umbrella119. If biliary 

bicarbonate is too low or hydrophobic bile salts is too high will finally lead to BECs 

damage. We believe that biliary bicarbonate can provided effective protection before or 

at the early stage of BECs damage. 

Based on the positive results from our in vivo study, we can make further analysis 

applying molecular biology techniques such as quantitative PCR and western blot of 

inflammation cytokines to support our theory of CAXIV, by which the biliary 

bicarbonate mechanism can be further elucidated. 
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6. Abstract 

Background and aim: One of the most important functions of the liver is to produce 

bile which aids in digestion via the emulsification of lipids. Bile acids are the major 

components of bile. But they are also important contributors to diseases of bile duct. 

The acidic toxicity of high-molarity hydrophobic bile salt monomers can injure biliary 

epithelial cells (BECs) which may develop pathological changes and ultimately lead 

to end-stage hepatic failure. The ‘biliary bicarbonate umbrella’ is considered to be a 

critical protective mechanism of BECs. Abundant apical secretion of bicarbonate from 

BECs may provide protection against uncontrolled penetration of protonated bile acid 

monomers and hydrophobic bile salt monomers, which are transferred from bile via 

apical membranes into the cholangiocytes. Carbonic anhydrase 14 (CAXIV) is a 

zinc-containing enzyme which catalyzes the reversible hydration of carbon dioxide. 

CAXIV has been proved that it plays the key element of normal bicarbonate 

homeostasis in excitable tissues. High mRNA expression of CAXIV is also found in 

liver tissues, and immunohistochemical studies localize CAXIV predominantly to the 

canalicular membrane of hepatocytes and the cholangiocyte apical membrane. We 

hypothesized that CAXIV played a critical role in bicarbonate protection of the liver.   

Methods: We measured the bile flow and bicarbonate output before and after 

tauroursodeoxycholic acid (TUDCA) stimulation in anesthetized Car14 knockout mice, 

3,5-diethoxycarbonyl-1,4-dihydro-collidine (DDC) -fed mice and Car14/Mdr2 double 

knockout mice as well as the wild types at different ages. The liver tissues of these mice 

were fixed, sectioned and analysed with histological and immunohistochemical 

methods (H&E staining, Sirius Red staining, CK19 immunohistochemistry staining), 

as well as Western and quantitative PCR analysis were performed. 

Results: The Car14-/- mice had a significantly lower bicarbonate output in comparison 

with Car14+/+ mice. Histological changes consistent with fibrosis and sclerosing 

cholangiopathy, as well as a reduction of bile flow rates were observed in 1-year-old 

Car14-/- mice compare to younger mice both with Car14-/- and Car14+/+. Similar 

differences were observed between 6-week-old Car14+/+Mdr2-/- and Car14-/-Mdr2-/- 

mice, where lower bicarbonate output correlated with lower bile flow and histological 

features of cholangitis in the latter in the 3 and 6 week-old groups. But in the 

11-week-old Car14+/+Mdr2-/- and Car14-/-Mdr2-/- mice, these differences became 

smaller, most likely because the progressive nature of the disease in the Mdr2-/- mice is 

only slowed, but not fully prevented by a higher bicarbonate output facilitated in the 

presence of CAXIV expression. In the mouse model with DDC induced liver damage, 
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no difference in bile flow and histology were observed between the Car14 knock-out 

and wild type mice. 

Conclusions: Deficiency of CAXIV in hepatocytes significantly reduced the 

bicarbonate output in bile which caused series of functional and histological changes. 

Biliary bicarbonate can provide effective protection to BECs, but cannot fully prevent 

injury caused by severe bile duct injury. 
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