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SUMMARY:
We present a rather simple and sensitive method for accurate quantification of bile duct density in the mouse liver. This method can aid in determining the effects of genetic and environmental modifiers and the effectiveness of potential therapies in mouse models of biliary diseases.

ABSTRACT:
Mouse is broadly used as a model organism to study biliary diseases. To evaluate the development and function of the biliary system, various techniques are used, including serum chemistry, histological analysis, and immunostaining for specific markers. Although these techniques can provide important information about the biliary system, they often do not present a full picture of bile duct (BD) developmental defects across the whole liver. This is in part due to the robust ability of the mouse liver to drain the bile even in animals with significant impairment in biliary development. Here we present a simple method to calculate the average number of BDs associated with each portal vein (PV) in sections covering all lobes of mutant/transgenic mice. In this method, livers are mounted and sectioned in a stereotypic manner to facilitate comparison among various genotypes and experimental conditions. BDs are identified via light microscopy of cytokeratin-stained cholangiocytes, and then counted and divided by the total number of PVs present in liver section. As an example, we show how this method can clearly distinguish between wild-type mice and a mouse model of Alagille syndrome. The method presented here cannot substitute for techniques that visualize the three-dimensional structure of the biliary tree. However, it offers an easy and direct way to quantitatively assess BD development and the degree of ductular reaction formation in mice.

INTRODUCTION: 
The biliary tree is a critical part of the mammalian liver, allowing the passage of bile from hepatocytes into the gut. Intrahepatic bile ducts (BDs) are formed by cholangiocytes, which differentiate from bipotential hepatoblasts through Notch and TGFβ signaling1,2. Proper specification and commitment of cholangiocytes and their assembly into mature BDs are critical for the development of the intrahepatic biliary tree. As the liver grows during development or upon organ regeneration, the biliary system needs to develop along the liver to ensure proper bile drainage. Moreover, a number of syndromic and non-syndromic diseases result in the paucity of intrahepatic BDs3. In addition, a number of acute and chronic liver diseases give rise to so-called ductular reactions in the liver, which are defined as the presence of a significant number of cells that express biliary markers but do not necessarily arise from biliary cells or form patent BDs4. In the multisystem disorder Alagille syndrome (ALGS), haploinsufficiency of the Notch ligand jagged1 (JAG1) results in poor BD formation and cholestasis5,6. Our lab recently demonstrated that a previously generated Jag1 heterozygous mouse line7 is an animal model of BD paucity in ALGS8. In this mouse model of ALGS, cholangiocytes are still present. However, they fail to commit to incorporation into mature, patent BDs8. Therefore, analysis of the liver in a model of BD paucity requires more than the apparent presence or absence of cholangiocytes. It is important to accurately assess the degree to which mature BDs are present in the liver. 

In anatomic pathology, there are accepted quantitative methods for assessing whether BD paucity exists9. For example, studies on ALGS in human patients often quantify the BD to portal vein (PV) ratio by analyzing at least 10 portal vessels per liver biopsy9,10. Analysis of the shape and overall presence or absence of patent BDs, combined with serum chemistry, can provide valuable information about BD development in mice11-13. However, mice can lose a significant number of BDs with only a modest increase in serum bilirubin level8. Accordingly, a quantitative method that evaluates the number of BDs present per PV can provide a more direct measure of the degree of BD paucity in mice. In a recent report, we quantified the number of BDs per PV across all liver lobes and reported a significant decrease in the BD to PV ratio in Jag1+/– animals8. During the course of our analysis, we noticed that despite the significant variation in the degree of inflammatory response and ductular reactions, the BD to PV ratio does not show much variability8. Moreover, quantification of the BD to PV ratio allowed us to demonstrate that removing one copy of the glucosyltransferase gene Poglut1 in Jag1+/– animals can significantly improve their BD paucity8. In a Jag1+/+ background, conditional loss of Poglut1 in vascular smooth muscle cells results in a progressive increase in BD numbers, which is modest (20-30%) at P7 but becomes prominent in adults8. Again, this technique allowed us to show that even at P7, the increase in BD density in these animals is statistically significant. Of note, the increased BD density in this genotype at four months of age was validated through resin cast analysis as well.8 These observations and other reports which measured BD density in different ALGS mouse models14,15 prompted us to incorporate this method into our overall strategy to analyze biliary defects in various mutant and transgenic mice.

Here, we detail a straightforward technique which can be used to examine the degree of BD paucity in mouse models of liver disease (Figure 1). In this method, co-staining with cholangiocyte markers cytokeratin (CK) 8 and CK19 (hereafter wide-spectrum CK, wsCK) is used to visualize BDs and unincorporated cholangiocytes in the mouse liver. An antibody against alpha-smooth muscle actin (αSMA) is added to the staining to label vessels. Systematic analysis of the BD to PV ratio in a section covering all liver lobes ensures that a large number of PVs are analyzed for each genotype. Since our method relies on quantifying BDs and PVs in 2D images, it is not suitable for studying the effects of a given mutation on the 3D structure of the biliary tree or the integrity of the small biliary conduits. Nevertheless, it provides a simple and objective strategy for investigators to assess biliary development in the mouse. 

[bookmark: _Hlk536784825]PROTOCOL:
All animals were housed in a barrier animal facility at Baylor College of Medicine per Institutional Animal Care and Use Committee guidelines and under approved animal protocols.

1. Collection of mouse liver tissue

1.1. Preparation of mouse for liver harvest

1.1.1. Euthanize the mouse using isoflurane. 

1.1.2. Perform cervical dislocation of the mouse to ensure death.

1.1.3. Make a transverse incision approximately one inch below the rib cage.

1.1.4. Expose the entire ventral surface of the liver.

1.2. Collection of the mouse liver

1.2.1. Carefully, with small scissors, cut through the ligaments connecting the liver to other organs in the abdomen.

1.2.2. Cut through the common BD to detach the liver from the intestine.

1.2.3. Carefully remove the liver by holding onto the gallbladder and immediately place in a 50 mL tube filled to three-quarters by 4% paraformaldehyde (PFA). 

2. Fixation and embedding the liver in paraffin 

2.1. [bookmark: _Hlk536784842]Fixation

2.1.1. Fix the liver tissue for 48 h in 4% PFA at 4 °C.

2.1.2. Wash the tissue with 70% EtOH for 1 h at 4 °C.

2.1.3. Wash the tissue twice with 95% EtOH for 1 h each at 4 °C.

2.1.4. Wash the tissue twice with 100% EtOH for 1 h each at 4 °C.

2.2. [bookmark: _Hlk536784858]Clearing

2.2.1. Wash the liver tissue with clearing agent (Table of Materials) three times for 30 min each at room temperature.

NOTE: The liver should feel rigid following the third wash.

2.3. [bookmark: _Hlk536784868]Embedding in paraffin

2.3.1. Place the tissue cassette in a tissue mold in paraffin wax for 3 washes, 30 min each. Wax should be preheated to 60 °C.

2.3.2. Fill the tissue mold with paraffin wax to three-quarters height and keep on a heating block at 60 °C.

2.3.3. Place the liver in the mold with the ventral side facing up.

2.3.4. Carefully remove the mold from the heating block.

2.3.5. Place the top of the cassette on the mold and top off with hot liquid paraffin.

2.3.6. Allow the mold and block to cool to room temperature overnight.

NOTE:	Tissue blocks can now be stored at room temperature.

3. Sectioning liver tissue

3.1. Preparation of the block for sectioning

3.1.1. Place the mold on ice for 5 min before removing the block from the mold.
	
3.1.2. Place the block on ice with a lab tissue paper present between block and ice.

3.1.3. Keep the block on ice when not sectioning for best tissue slicing results.

3.2. [bookmark: _Hlk536784883]Sectioning the liver blocks

3.2.1. Using a microtome, begin by sectioning through the superficial, dorsal side of the liver. Sections should be 5 µm.

3.2.2. Check the superficial sections under a dissection microscope to ensure sections are not sheared or folded.

3.2.3. Take a section of the liver that includes the caudate lobe. 

NOTE: For some blocks, you will have the left, medial, right and caudate lobes on the same tissue slice.

3.2.4. For those blocks where all four lobes are not present on the same slide, continue to slice until the left, medial and right lobes are present on the same slide. 

4. Immunohistochemistry for wsCK and αSMA 

4.1. [bookmark: _Hlk536784895]Processing of slides for immunohistochemistry

4.1.1. Select one slide per genotype to be analyzed.

4.1.2. Wash the slide for 15 min in Xylene, 100% EtOH, 95% EtOH and finally 70% EtOH (3 x 5 min in each solution).

4.1.3. Wash the slide for 5 min in deionized H2O.

4.1.4. Immerse the slide in the antigen retrieval solution (Tris-based, high pH).

4.1.5. Heat under pressure in a pressure cooker for 3 min at 10 psi.

4.1.6. Allow the slide to cool to room temperature (approximately 35 min).

4.2. [bookmark: _Hlk536784906]Blocking the tissue sections

4.2.1. Using a Pap Pen, outline the sections on the slide.

4.2.2. Apply phosphate-buffered saline (PBS) + 0.1% Tween to cover the section twice, 5 min each.

4.2.3. Make blocking buffer by mixing Normal Goat Serum (NGS) at 1:50 in PBS + 0.3% Triton. To have enough buffer for both blocking and primary antibody application, 100 µL per section is sufficient.

4.2.4. [bookmark: _Hlk536784915]Apply 100 µL of blocking solution per section. 

4.2.5. Incubate the slides covered with the blocking solution at 4 °C for 1 h.

4.3. [bookmark: _Hlk536784922]Staining for wsCK and αSMA 

4.3.1. Dilute anti-CK8 and anti-CK19 antibodies16 (Developmental Studies Hybridoma Bank, TROMA-I and TROMA-III, respectively) 1:20 in blocking buffer to stain for wsCK. Dilute the anti-αSMA antibody17 (Table of Materials) to 1:200 in the same buffer. 

4.3.2. [bookmark: _Hlk536784931]Apply 100 µL of the diluted antibody solution containing all three antibodies to each section.

4.3.3. Incubate the slides covered with the antibody solution at 4 °C overnight.

4.3.4. Wash the slides with PBS + 0.1% Triton three times, 5 min each.

4.3.5. Dilute secondary antibodies (anti-rat-Alexa488 and anti-mouse-Cy5) 1:200 in PBS + 0.3% Triton.

4.3.6. [bookmark: _Hlk536784939]Apply 100 µL of the secondary antibody solution containing both secondary antibodies to the slides.

4.3.7. Incubate at room temperature for 1 h.

4.4. DAPI nuclear staining and mounting

4.4.1. Wash the slides three times, 5 min each.

4.4.2. Apply 100 µL of DAPI (1:3000) to each section for 10 m.

4.4.3. Apply Antifade Mounting Medium (Table of Materials) to the slides and place a glass coverslip on top of the tissue sections. Leave the slides at 4 °C overnight. Seal the slides the next day. 

4.4.4. Store the slides at 4 °C and image within 1 week of mounting.

5. Imaging and quantification of BDs

5.1. Imaging liver sections

5.1.1. Prior to imaging, blind yourself to the genotype of the sample with help from a lab member. Ensure all imaging files are devoid of genotype or other specific identifying information besides an animal/sample number.

5.1.2. Using a fluorescent microscope, take 20X images at 1X zoom of each section and ensure that every portal vessel across the liver is imaged. Include the left, medial, right and caudate lobes. 

NOTE: We usually find 60-90 portal tracts per animal depending on the size of the liver.

5.1.3. To identity the portal vessels, look for αSMA plus wsCK staining. Structures that are αSMA positive but lack wsCK staining are not portal structures.

5.2. Identification and counting of BDs

5.2.1. [bookmark: _Hlk536784952][bookmark: _Hlk536785024]Create a spreadsheet with the following columns: Animal/Sample Number, Image Number, Number of Portal Vessels and Number of BDs.

5.2.2. [bookmark: _Hlk536784962]Going through each image, identify and record the number of portal vessels per image. 

5.2.3. Identify patent BDs in each image by the presence of cholangiocytes (wsCK+) surrounding a definable lumen. Structures should be distinct and separated by mesenchyme from other wsCK+ cells.

5.2.4. Count each patent BD and place in the same column as the image number.

5.2.5. Do this for each image taken of a portal vessel.

5.2.6. Calculate the sum of all portal vessels and all BDs in the liver sample.

5.2.7. Calculate the BD to PV ratio for the liver sample.

REPRESENTATIVE RESULTS: 
We previously documented biliary defects in Jag1+/– animals, a mouse model of ALGS8. To determine the BD to PV ratio, we sectioned P30 mouse livers and co-stained them for CK8 and CK19 (wsCK) along with the vascular marker αSMA. We then imaged all the portal vessels in each of the liver lobes. As shown in Figure 2A, we defined PVs as αSMA-stained vessels that have adjacent wsCK staining (arrowheads). The αSMA-stained structures without wsCK were central veins and should not be included in the analysis (arrow).

Once portal vessels were identified, we identified patent BDs by their characteristic shape. As shown in Figure 3, patent ducts have a clearly definable lumen that is surrounded by wsCK+ cholangiocytes. The ducts are usually separated from nearby ducts or cholangiocytes by mesenchyme (arrowhead). wsCK+ cells that do not have a definable lumen, are attached to adjacent cells, or appear in isolation, are not counted toward the total number of BDs (arrows). Figure 3A shows a wild-type liver section with a PV which is associated with a fully patent duct along with several unincorporated cells. Figure 3B is a representative liver section from a P30 Jag1+/– animal. No patent BDs are present around the three PVs in this section. All wsCK+ cells are unincorporated and therefore should not be counted. This image highlights the importance of careful BD counting, as presence or absence of wsCK+ cells does not differentiate the Jag1+/– and wild-type livers.

As demonstrated in Figure 1D, analysis of the BD to PV ratio involves counting every PV in the liver section along with the total number of patent BDs present around each portal vessel. While analyzing the Jag1+/– livers, we noticed that different lobes are not necessarily affected to the same extent in these animals (unpublished data). Therefore, we usually count portal vessels across the left, medial, right and caudate lobes to ensure complete liver coverage. Following tabulation of total portal vessels and BDs, the ratio is calculated for the whole section. 

In Figure 4, we showed the analysis of the BD to PV ratios for 3 wild-type and 3 Jag1+/– animals. This graph shows how the two genotypes can be readily distinguished based on BD counts. Additionally, this method provides a quantitative measure for analysis of the degree of rescue of the Jag1+/– phenotype by genetic manipulations, as reported previously8.

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic of the experimental process. (A). The liver is harvested whole from the mouse. (B). Liver samples are fixed for 48 h, dehydrated and cleared. (C). The liver tissue is embedded in paraffin. Sections are made and placed on charged slides and stained for wsCK and αSMA. (D). Slides are imaged, and the number of PVs and BDs are recorded. The BD to PV ratio (BD:PV) is calculated for the entire liver section. HA, hepatic artery; CV, central vein.

Figure 2: Distinguishing central veins from portal vessels. (A). A portal vessel is identified by the presence of αSMA staining and surrounding wsCK+ cholangiocytes (arrowheads). (B). Central veins are identified by the presence of αSMA staining with no wsCK+ cholangiocytes present around the structure (arrow). (A’ and B’). Grayscale images showing the αSMA channels from A and B, respectively. Scale bar in A is 100 µm and applies to all panels.

Figure 3: Identification of patent BDs. (A-A’). In P30 wild-type livers, we count round to ellipsoid structures with a discernable lumen surrounded by wsCK+ cholangiocytes as a patent BD (arrowhead). Cholangiocytes which are not surrounding a lumen are considered unincorporated and are not counted (arrows). (B-B’). In Jag1+/– livers, cholangiocytes are still present (arrows). However, most are not incorporated into patent BDs. Scale bar in A is 100 µm and applies to all panels.

Figure 4: The BD to PV Graph from P30 mouse livers. BDs and PVs are quantified and the BD to PV ratio is generated. As reported previously8, Jag1+/– animals have a characteristic and significant decrease in BD to PV ratio compared to wild-type animals. For statistical analysis, two-way t-test was performed. Horizontal lines show means. *** P<0.001.

DISCUSSION:
Analysis of BD development and repair in mice is an important tool in studying the pathogenesis and mechanism of cholestatic disorders. In addition, development of new therapies is in part dependent upon establishing a reproducible and preferably quantifiable phenotype. Current phenotyping in mouse models usually involves serum chemistry, liver histology and immunostaining for cell-type specific markers. Although these techniques generate valuable information about the structure and function of the biliary system, they do not provide a direct measure of the effects of a given genetic manipulation on the number of BDs. In anatomic pathology, BD paucity in human patients is determined through the analysis of BD to PV ratio in a biopsy section9. While clinicians employ serum chemistry analysis to determine the severity of cholestasis and liver disease in ALGS and other cholestatic diseases18,19, histological assessment in mouse models is critical to both understanding the effects of disease modifiers on BD development and the effectiveness of therapies on restoring normal duct development. This is in part because mice can have a severe decrease in the number of patent BDs but still show only a modest increase in the serum bilirubin level8, likely due to the highly efficient bile drainage in the mouse liver. Our previous work has shown that Jag1 heterozygosity results in impaired BD maturation but not the absence of cholangcioytes8. Thus, to analyze BD development and assess disease severity in mouse models, it is not sufficient to merely examine the absence or presence of cholangiocytes. To address this issue, here we have presented a simple method for objective measurement of patent BD numbers in the mouse liver.

Our analysis is dependent on proper fixation and embedding of the mouse liver. Livers are embedded ventral side up to ensure similar sectioning from one sample to another. This is the most stable position. The sections used for staining must be deep enough in the liver lobes, as there are differences in the number of BDs and the size of PVs in the periphery versus the hilum of the liver. We occasionally see portal vessels that are cut longitudinally. In those cases, there is usually a neighboring BD that is also cut longitudinally and appears like a long open tube. To ensure reproducibility, we count these long tubes as a single BD. Identification of patent BDs is unambiguous for the most part. However, some biliary structures appear lumenized but do not show the round to ellipsoid morphology typically seen in normal BDs14. In our hands, this can sometimes result in one structure being called a BD by an investigator but not by another colleague. Therefore, to ensure consistency and reproducibility in data analysis and presentation, we recommend that all samples related to a specific project be analyzed by two investigators independently.

Anti-CK8 has been shown to mark immature and mature biliary cells, while anti-CK19 only marks mature biliary cells12,20. Therefore, even if a PV is not associated with a mature BD, it can be readily differentiated from central veins because of the presence of CK8+ cells. Using these two antibodies in combination with anti-αSMA ensures complete coverage of portal tracts in our quantification. Moreover, in our hands, the individual CK19 or CK8 staining of the biliary cells generates a relatively weak signal and is associated with some background staining. Mixing the two CK antibodies results in a consistently strong signal in biliary cells and therefore facilitates the quantification. 

Maturation of the intrahepatic biliary tree occurs in a hilar-to-peripheral direction and continues postnatally21. Indeed, there are many more immature cholangiocytes in early postnatal livers, especially in peripheral areas, which are at the leading front of postnatal liver expansion. Moreover, we observed a change in BD numbers as the animals age8, with more ducts in older animals. In addition, some portal structures contain multiple BDs while others have one or no ducts, particularly along the liver periphery. We use a microscopy slide covering all liver lobes for each animal and systematically quantify the BD to PV ratio across the whole slide. While this is not essential, it ensures that ample portal tracts are analyzed for each animal regardless of age and liver size (60-90 PVs per liver depending on the genotype and age). Moreover, by analyzing all PVs on the slide, we ensure that both more mature hilar and less mature peripheral areas are counted at all stages of liver development. Covering all liver lobes for each animal can also decrease variability in measurements if a given mutation does not affect BD development uniformly across the liver. 

The method is limited in distinguishing smaller bile conduits from groups of unincorporated biliary cells. The bile ductules4 are usually too small to be recognized as a lumenized structure in the magnification that we use to analyze these stainings. Therefore, they are likely to be excluded from our quantifications, and thus the method is skewed towards identifying medium to large ducts. Despite this limitation, the method described here readily distinguishes between the Jag1+/– and Jag1+/+ livers. Moreover, it is sensitive enough to detect the partial rescue of the Jag1+/– BD paucity upon simultaneous loss of one copy of Polgut1+/– and the modest increase in BD density in Jag1+/+ animals with conditional loss of Poglut1 in vascular smooth muscle cells8. These observations indicate this method’s usefulness in determining alterations in BD density in various genetic backgrounds, even when the changes in BD number are modest.

In recent years, visualization of the 3D structure of the biliary tree has been used by several groups to analyze BD development22-25. These elegant methods rely on filling the biliary tree from the common BD by ink or resin, and therefore examine the patency of the biliary system. Moreover, they provide information about the 3D structure of the biliary tree and its formation in the liver periphery as the liver grows, which cannot be assessed by 2D assessment used in protocols like the one presented here. However, successful performance of these 3D visualization techniques requires considerable expertise26. In contrast, the technique presented here is rather straightforward and can be executed by any group with access to routine equipment for histological and imaging analysis. Moreover, analysis of the sections double-stained for wsCK and αSMA will also show whether ductular reactions or vascular smooth muscle cell abnormalities exist in the liver8,27,28. We suggest that quantifying the BD to PV ratio in the whole liver sections can provide a sensitive and reproducible measure of biliary development in mice and can serve as a relatively easy technique to help the investigators decided whether they should consider more sophisticated techniques like 3D visualization of the biliary tree. 
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