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Abstract

This work describes the whole-mount immunohistochemistry staining method in detail, using neurofilament protein antibody to label
the innervation of the biliary tract in Suncus murinus (S. murinus ). First, the specimen was dissected from S. murinus and fixed in 4%
paraformaldehyde (PFA). Second, an enzymatic treatment and potential endogenous peroxidase inactivation were performed. The specimen
was then exposed to the primary antibody, anti-neurofilament protein antibody, for 3-6 days. It was then incubated with the secondary antibody
conjugated with horseradish peroxidase. The color reaction was revealed by reacting the specimen with a 3,3'-diaminobenzidine (DAB)
substrate. This method can be applied to analyze the innervation of all visceral organs. Furthermore, this protocol can also be adapted to
test other neuronal antibodies, but optimization of the antibodies should be done first. This method was originally introduced by Kuratani and
Tanaka1,2,3.

Video Link

The video component of this article can be found at https://www.jove.com/video/55483/

Introduction

The house musk shrew, Suncus murinus, belongs to the order Insectivora and the family Soricidae. This tiny mammal is distributed throughout
Southeast Asia and inhabits houses and grassy areas that are situated near human habitations or cattle pens4. This species exhibits general
morphological characteristics more similar to humans than other laboratory animals, such as the mouse, rat, and rabbit5. Previously, whole-
mount immunostaining with a peripheral neuron marker for S. murinus neurofilament protein (NFP) was used to label peripheral nerves in the
pancreas6, major duodenal papilla7, pylorus8, gallbladder5, and extrahepatic biliary tract9.

NFP is a macromolecular complex that is part of the mature neuronal cytoskeleton. Neurofilament-related proteins mediate interactions between
NFP and the zygosome. Both enzyme function and the structure of linker proteins are regulated by NFP10. The NFP complex is made of three
polypeptides: NF-L (70 kDa), NF-M (150-160 kDa), and NF-H (200 kDa). NFP can be found in neuronal axons in both the central and peripheral
nervous system. Anti-human NFP antibody has been shown to label axons of the central and peripheral nervous system. Anatomical and
electrophysiological investigations have demonstrated that the sphincter, gallbladder, and proximal gastrointestinal tract are connected11,12,13,14.
However, the morphological features of their neuronal connections have not yet been defined.

This work demonstrates the use of a whole-mount immunohistochemical staining method to label the innervation of the S. murinus biliary tract
with an NFP antibody.

Protocol

All experimental procedures were approved by the Tokyo Metropolitan University Institutional Animal Care and Use Committee (IACUC). The
animals were housed and handled in accordance with the Guide for the Care and Use of Laboratory Animals and the Guide for the Care and
Use of Experimental Animals of the Canadian Council on Animal Care. We used animals bred and maintained at the Functional Morphology
Laboratory, Department of Frontier Health Sciences, Tokyo Metropolitan University, Japan.

1. Animal Care and Housing

1. Obtain 7 S. murinus (3 females and 4 males weighing 70-90 g) from a closed breeding colony.
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2. Cage the S. murinus individually after weaning (20 d after birth) in plastic cages equipped with a wooden nest box containing paper strips.
Keep them in a conventionally conditioned animal room: 23-27 °C, no humidity control, and a 12:12 h light:dark cycle. Supply commercial
trout pellets and water ad libitum.

2. Tissue Preparation

1. To prepare 4% (w/v) paraformaldehyde (PFA), dissolve 40 g of PFA in 1,000 mL of 0.01 M Phosphate-Buffered Saline (PBS, pH 7.4). In a
fume cupboard, mix using a vortex until the solution is clear. Store the 4% PFA O/N at 4 °C.
 

Caution: Wear appropriate Personal Protective Equipment (PPE) when handling PFA.
2. To perfuse and fix the animal, anesthetize it with ether and then give it an intraperitoneal injection of somnopentyl (pentobarbital sodium, 0.6

mL/kg bodyweight).
3. After the animal is completely narcotized, open the abdominal cavity with a scalpel, creating a midline abdominal incision 3 cm long. While

incising the inferior vena cava for exsanguinating, insert a catheter retrogradely into the abdominal aorta at the level immediately above the
bifurcation of this artery into the common iliac arteries.

4. Inject somnopentyl (pentobarbital sodium, 1.0 mL/kg bodyweight). After complete euthanasia, perfuse with 0.01 M PBS (pH 7.4) and then
with 4% PFA in a fume cupboard.

5. After perfusion, inject 2-3 mL of white neoprene latex (dilute white neoprene latex 3:2 with Distilled Water (DW)) to label the blood vessels.
6. Extract the abdominal organs, including the liver, gallbladder, common bile duct, duodenum, and pancreas en bloc, with the related nerves

and vessels.
7. Inject approximately 0.1 mL of blue neoprene latex (add a drop of blue ink to 10 mL of the diluted white neoprene latex) to the gallbladder to

label the biliary system.
8. Post-fix overnight with 4% PFA at 4 °C for whole-mount immunostaining.

 

Caution: PFA is toxic. Avoid handling PFA directly. PFA should be used in a fume cupboard.

3. Whole-mount Immunohistochemistry

Note: Throughout the protocol, including during washing, antibody incubation, and coloration, the specimen must remain on the nutator, gently
rocking at RT or at 4°C.

1. Day 1: Enzymatic treatment and inactivation of potential endogenous peroxidase
1. Wash the prepared specimen with DW 4x for 1 h each at RT in an appropriately sized glass vial. Rock the specimen gently on the

nutator to remove the PFA. Avoid damaging the specimen when exchanging solutions.
2. To prepare 1% (w/v) orthoperiodic acid, dissolve 1 g of orthoperiodic acid in 100 mL of DW.
3. Incubate the specimen in 1% orthoperiodic acid for 20 min at RT to prevent any intrinsic peroxidase reaction.
4. Prepare 0.004% (w/v) papain by dissolving 0.004 g of papain in 100 mL of 0.025 mol/L Tris-HCl buffer (pH 7.6).
5. Wash the specimen with DW for 10 min at RT.
6. Incubate the specimen in freshly prepared 0.004% papain for 2 h at 37 °C in a constant-temperature bath with gentle rocking.
7. Wash the specimen with DW for 50-60 min at RT.
8. Store the specimen in 4% PFA at 4 °C O/N.

2. Day 2: Enzymatic treatment
1. Wash the stored specimen with DW 4 times for 1 h each at RT.
2. Incubate the specimen in freshly prepared 0.004% papain for 2 h at 37 °C in a constant-temperature bath with gentle rocking.
3. Wash the specimen with DW for 50-60 min at RT. Store the specimen in 4% PFA at 4 °C O/N.

3. Day 3: Freezing treatment
1. Wash the stored specimen with DW 4x for 1 h each at RT, as above.
2. Prepare 2.5% (w/v), 5% (w/v), and 10% (w/v) sucrose by dissolving 2.5 g, 5 g, and 10 g of sucrose, respectively, in 100 mL of 0.01 M

PBS (pH 7.4).
3. Immerse the specimen in 2.5% (w/v), 5% (w/v), and 10% (w/v) sucrose for 30 min each.
4. Freeze the specimen at -20 °C for 30 - 60 min and then completely thaw it at RT; repeat the cycle 3x.
5. To prepare 2% Triton X-100 (v/v), add 2 mL of Triton X-100 to 100 mL of 0.01 M PBS (pH 7.4).
6. Store the specimen in 2% Triton X-100 at 4 °C O/N.

4. Day 4: Primary antibody incubation
1. Prepare the dilution solution of the primary antibody by dissolving 0.2 g of Bovine Serum Albumin (BSA), 0.3 mL of Triton X-100, and

0.1 g of sodium azide in 100 mL of 0.01 M PBS (pH 7.4).
 

Caution: Sodium azide is acutely toxic. Inhalation and touching must be avoided. Wear appropriate PPE.
2. Dilute the primary antibody (NFP) 1:600 in the above dilution buffer (step 3.4.1). Incubate the specimen with NFP antibody at 4 °C for

3-6 days, keeping the specimen gently rocking on the nutator. Larger specimens will require increased incubation times.

5. Secondary antibody incubation
1. Wash the specimen in PBS 4x for 1 h each at RT to remove unbound primary antibody.
2. Prepare the dilution solution for the secondary antibody by dissolving 0.2 g of BSA and 0.3 mL of Triton X-100 in 100 mL of 0.01 M

PBS (pH 7.4).
3. Dilute the secondary antibody (peroxidase-conjugated, affinity-purified sheep anti-mouse IgG-HRP) 1:600 in the dilution buffer (step

3.5.2). Incubate the specimen with the secondary antibody at 4 °C for 3 d, and keep the specimen rocking gently on the nutator.

6. Coloration
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1. Prepare DAB coloration solution by adding 0.002 g of 3,3'-diaminobenzidine tetrahydrochloride (DAB) to 100 mL of 0.05 mol/L Tris-HCl
buffer (pH 7.6) under a fume cupboard, keeping the solution in the dark.

2. Wash the specimens at RT in PBS 4x for 1 h each.
3. Add 10 µL of 30% H2O2 in freshly prepared DAB coloration solution and incubate with the solution at 4 °C O/N or for 3 d while rocking

gently on the nutator.
4. Stop the reaction by placing the specimen in PBS with 0.04% sodium azide when the optimal staining intensity is reached.

 

NOTE: Avoid the use of sodium azide until this step, as it inhibits horseradish peroxidase.

7. Imaging the stained tissue
1. Carefully transfer the specimen to a petri glass dish (5 cm high, 10 cm in diameter) containing PBS. Capture whole-mount images

using a camera mounted on a stereomicroscope.
 

NOTE: Whole-mount stained tissue should be imaged while immersed completely in PBS on a transparent glass dish.

Representative Results

Figures 1-4 show typical results for NFP-positive nerve fibers in the extrahepatic biliary tract in S. murinus. The antibody against NFP
reproducibly labeled the innervation in the entire image of the extrahepatic biliary tract (Figure 1), gallbladder (Figure 2), upper bile duct (Figure
3), and duodenal papilla area (Figure 4), with high specificity and minimal background.

For all tissues of the specimen, regardless of shape and size, the tegmental nerves can be dyed at the same time. In addition to the
innervation of the extrahepatic biliary tract, the running and distribution density of the vagus of the esophagus and the stomach were exhibited
unambiguously (Figure 1).

As the blood vessels of the gallbladder were labeled with white neoprene latex, thin nervous fibroses were clearly demonstrated with high
contrast. The density of innervation was higher in the neck than in the fundus of the gallbladder (Figure 2).

In the upper bile duct, two types of nerve bundles were labeled. The fine nerve bundles formed an irregular and dense network of nerves, ran
adhesively, and resided on/in the biliary tract; the thicker neural bundles were distributed parallel to the surface of the biliary tract (Figure 3).

The common bile duct was labeled with blue neoprene latex and the vessels with white neoprene latex. The thin nervous fibers at the end of the
common bile duct and the duodenal papilla area were clearly demonstrated with high contrast (Figure 4).
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Figure 1: NFP-positive Nerve Fibers in the Biliary Tract, the Esophagus, and the Stomach. Arrows show the vagus running along the
esophagus to the stomach. CBD, Common Bile Duct; Es, esophagus; St, stomach. Scale bar = 1,300 µm. Please click here to view a larger
version of this figure.
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Figure 2: NFP-positive Nerve Fibers in the Gallbladder. The blood vessels of the gallbladder were labeled with white latex. Abundant
innervation occurred in the neck of the gallbladder (arrows). Scale bar = 1,000 µm. Please click here to view a larger version of this figure.

 

Figure 3: NFP-positive Nerve Fibers in the Upper Bile Duct. Two types of nerve bundles were observed. One type was the fine nerve bundles
that ran adhesively and resided on/in the extrahepatic biliary tract (arrows); the other type was thicker neural bundles that were distributed
parallel to the surface of the extrahepatic biliary tract and ran between the gallbladder and duodenum (triangles). PV, Portal Vein. Scale bar =
650 µm. Please click here to view a larger version of this figure.
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Figure 4: NFP-positive Nerve Fibers in the Duodenal Papilla Area. The common bile duct was labeled with blue latex and the vessels with
white latex (*). Arrows show the innervation of the end of the common bile duct, and triangles show the innervation of the duodenal papilla area
(P), which comes from the common bile duct and vessels. Scale bar = 1,000 µm. Please click here to view a larger version of this figure.

Discussion

This work describes the experimental procedure for the visualization of the innervation of the extrahepatic biliary tract using an antibody against
neurofilament protein. This protocol was adapted from the protocol described by Kuratani and Tanaka1,2,3.

For this experiment, plan the timeline for each of the experiments, as the whole-mount staining approach continues for 2-3 weeks. The vessel
containing the tissue must be rotated on a nutator at all times, except during the freeze/thaw process. Particularly during incubation with the
primary and secondary antibodies, the specimen was set in a cold storage chamber while rotating on a nutator to ensure the uniform exposure
of the specimen to the reaction solutions. Several solutions – 1% (w/v) orthoperiodic acid, 0.004% (w/v) papain, and the dilution buffer for
the primary/secondary antibodies – must be made fresh for each experiment. Throughout the protocol, to avoid touching and damaging the
specimen when changing solutions, the solutions should be poured out instead of being removed with forceps15.

After fixing with PFA, the samples should be washed sufficiently with DW or PBS. In addition, the enzymatic treatment with the papain incubation
is important. The heat and the enzyme used for antigen retrieval help to prepare the tissue for antibody penetration. To enhance the penetration
of the solutions, the outside membrane of the tissue should be disrupted by a freezing treatment at -20 °C for 30 min or -80 °C O/N15.

It is important to completely submerge the experimental specimen in adequate volumes of buffer solution to ensure that the solution can incubate
the whole specimen. The incubation time of the primary antibody must be empirically determined for different tissues and sample sizes. Usually,
it must be 3 days for a 2-3 cm sample. The optimal dilution must be empirically determined for each antibody. A dilution at 1:600 is recommended
for both the primary and secondary antibodies when using the appropriate antibody buffer.

This work describes, in detail, the protocol of a versatile whole-mount immunohistochemical approach to reveal neurofilament protein expression
in the biliary tract of S. murinus. This method can be used to analyze the innervation of all visceral organs in many species. Furthermore, this
protocol can also be adapted to test other neuronal antibodies, but optimization of the antibodies should be performed.

However, the technique was limited in labeling shallow nervous tissue and in constructing a three-dimensional model of innervation. Also, it could
not identify the characteristics of the nervous fibers (i.e. sympathetic or parasympathetic, motor or sensory, etc.).
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