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SUMMARY: 
Vascular reconstructions in recipients, including the suprahepatic inferior vena cava (SHIVC), portal vein, and infrahepatic inferior vena cava (IHIVC), are the key procedures for successful mouse orthotopic liver transplantation. We herein provide suture techniques and tips for SHIVC and IHIVC reconstruction in the mouse liver transplant model.

ABSTRACT: 
Translational research using animal models is essential for addressing the clinical issues in organ transplantations. Although mouse orthotopic liver transplantation (LT) is a useful tool for investigating the mechanisms of liver regeneration, ischemia-reperfusion injury, and immune responses following LT, technical challenges in this procedure restrict its feasibility. The key aspects for successful mouse orthotopic LT are vascular reconstruction in recipients, including the suprahepatic inferior vena cava (SHIVC), portal vein (PV), and infrahepatic inferior vena cava (IHIVC). In addition to the technical difficulties in reconstructing these vessels, the time limitation of the anhepatic phase to within 20 min makes this procedure more challenging. Although a cuff technique can be used for PV reconstruction, a safe and quick suture technique is required to reconstruct the SHIVC during the anhepatic phase. For IHIVC reconstruction, while both cuff and suture techniques are applicable, the suture technique leads to a shorter operation time in donor surgery and back-table preparation and can maintain a larger vascular lumen than the cuff technique. We herein provide guidelines for SHIVC and IHIVC reconstruction using a suture technique to facilitate mouse orthotopic LT.

INTRODUCTION: 
With advances in surgical techniques, immunosuppressive drugs, and intensive care medicine, organ transplantation has been established as a standard therapy for end-stage organ diseases. Liver transplantation (LT) is currently the only curative treatment for end-stage liver disease and certain hepatic malignancies. Translational research using animal models is essential to address clinical issues in LT. As various genetically modified animals are available in mouse models, mouse orthotopic LT is an important tool to explore mechanistic insights into liver regeneration, ischemia-reperfusion injury, and immune responses following LT1. However, as the technical challenges in this procedure restrict its feasibility, research groups working on this model are limited2–10.

Mouse orthotopic LT was first described by Qian et al. in 19912. The surgical procedure, developed by applying orthotopic LT techniques in the rats, comprises three steps: donor surgery, back-table preparation of the liver graft, and recipient operation6. The technically challenging parts of mouse LT are biliary and vascular reconstruction in recipients, including the suprahepatic inferior vena cava (SHIVC), portal vein (PV), and infrahepatic inferior vena cava (IHIVC). In addition to the surgical techniques, the anhepatic phase from clamping to releasing the PV flow should be within 20 min for successful mouse orthotopic LT 2,6,11. Furthermore, in our experience, the total reperfusion time from PV clamping to IHIVC release should be within 30 min to achieve long-term survival in mouse LT. This is consistent with the previous report for rat LT describing the preferable time of unstable systemic hemodynamic state as within approximately 30 min12. Thus, technical difficulties and time limitations in mouse LT make this procedure more challenging. 

Although the cuff technique can be used for PV reconstruction, a suture technique is required to reconstruct the SHIVC during the anhepatic phase. Therefore, a safe and rapid suture technique is essential for SHIVC anastomosis. While both cuff and suture techniques are applicable for IHIVC reconstruction, most previous studies have employed a cuff technique5–7,11,13. However, the use of a cuff technique in IHIVC reconstruction leads to a longer operation time in donor and back-table operations. In addition, inserting a cuff may be harder than suturing for beginners because of the short margin of recipient inferior vena cava (IVC)13. 

We herein provide guidelines for successful SHIVC and IHIVC reconstruction using a suture technique in mouse orthotopic LT. 

PROTOCOL: 
All animal experiments were approved by the Kyoto University Animal Experimentation Committee and performed in accordance with the Kyoto University Animal Protection Guidelines. Mouse surgeries were performed under general anesthesia using isoflurane inhalation. The vaporizer was set to 3% isoflurane with 1 L/min oxygen to induce anesthesia. After laparotomy, isoflurane was reduced to 1% to maintain anesthesia. The microsurgical tools used in this protocol, including those used in our previously published vascular reconstruction protocol13, are listed in the Table of Materials. A Microscope was required to perform mouse orthotopic LT13. A Heating pad was used to maintain the mouse body temperature13.

1. Animals

1.1. Use a mouse weighing 25–30 g.

NOTE: Although mice weighing 20–35 g can be used, approximately 25 g mice are suitable for both donors and recipients. As age and liver steatosis affect LT outcomes, appropriate mice should be selected for each purpose of the experiments. 

2. Dissection of the IHIVC in the donor liver

2.1. Isolate the IHIVC from the surrounding tissue. Seal the lumbar veins with an electrocautery if needed. 

2.2. Remove the fat from IHIVC to expose the vessel wall.

2.3. Dissect the IHIVC above the right renal artery and vein (Figure 1). 

NOTE: If the suture technique is used for the IHIVC reconstruction, dissection of the right renal vein in the donor site is unnecessary. Donor surgery usually takes less than 30 min when applying the suture technique for IHIVC reconstruction.

3. Dissection of the SHIVC in the donor liver

3.1. After perfusion of the storage solution from the PV, cut the anterior and posterior walls of the SHIVC (Figure 1).

NOTE: Isolation of the SHIVC posterior wall from the diaphragm crus is crucial to obtain a sufficient margin for reconstruction. 

4. Back-table preparation of the liver graft

4.1. Attach a cuff to the PV, as previously described13.

4.2. Attach a clamp clip to the IHIVC.

4.3. Turn the liver upside down and expose the stump of SHIVC.

4.4. Place a stay suture with 10-0 nylon on both edges of the SHIVC and hold them with bulldog clamps. 

NOTE: Back-table preparation takes approximately 10 min without a cuff attachment to IHIVC.

5. Reconstruction of the SHIVC in the recipient

5.1. Encircle the SHIVC with 4-0 silk to retract the liver downward.

5.2. Reduce the concentration of isoflurane to 0.3–0.5% before the anhepatic phase.

5.3. Clamp the IHIVC above the right renal vein using a microserrefine.

5.4. Clamp the PV using a Pean forceps13.

5.5. Clamp the SHIVC with the diaphragm using a bulldog clamp while retracting the liver downward.

5.6. Cut the anterior wall of the SHIVC, and then cut the posterior wall (Figure 1).

NOTE: Isolation of the SHIVC posterior wall from the diaphragm crus in the recipient and donors is crucial to obtain a sufficient margin for the reconstruction.

5.7. After dissecting PV and IHIVC closely to the recipient’s liver, remove the liver from the recipient (Figure 1).

5.8. Put the prepared liver graft into the abdominal cavity of the recipient and place the liver appropriately. 

5.9. Place and ligate a stay suture on the right end of the SHIVC and hold it with a bulldog clamp to pull the suture toward the ventral side of the recipient (Figure 2A).

NOTE: The right side of the SHIVC lies deep in the abdominal cavity. Pull out the right side of the SHIVC so that the posterior wall is placed in front.

5.10. Place and ligate a stay suture on the left end of the SHIVC.

5.11. Start continuous suturing with an intraluminal method on the posterior wall of the SHIVC from the left side (Figure 2A).

5.12. When reaching the right end of the posterior wall of the SHIVC, turn the operating table 90° counterclockwise.

NOTE: Rotate the operating table 90° clockwise for left-handed surgeons. Alternatively, surgeons can suture the anterior wall from the front towards the back without rotation. 

5.13. Continue the suture with an over-and-over suture on the anterior wall of the SHIVC from the right side (Figure 2A).

NOTE: Approximately six to eight stitches for the posterior wall and eight to ten stitches for the anterior wall are required. The suture on the left end of the anterior wall is important to prevent bleeding. 

5.14. After flushing the air in the SHIVC, ligate the continuous suture with the stay suture on the left side of the SHIVC.

5.15. Rotate the operating table 90° clockwise to restore the recipient position to the original position.

5.16. After the reconstruction and reperfusion of the PV, unclamp the SHIVC.  

NOTE: It takes 10–15 min for the SHIVC reconstruction. As the PV clamping time can affect LT outcomes, the anhepatic time (from PV clamping to PV unclamping) should be fixed for up to 20 min based on the surgeon’s skill. After PV reperfusion, isoflurane is reset to 1% to maintain anesthesia.

6. Reconstruction of the IHIVC in the recipient

6.1. Place and ligate stay sutures with 10-0 nylon on both ends of the IHIVC.

6.2. Hold the stay sutures with bulldog clamps to pull toward both sides, so that the IHIVC stump becomes wide and straight. 

6.3. Start the continuous suturing with an intraluminal method on the left side of the posterior wall (Figure 2B).

6.4. After reaching the right side, continue suturing over and over on the anterior wall from the right side of the recipient (Figure 2B).

NOTE: Rotation of the operating table is not required for IHIVC reconstruction. Approximately six to eight stitches for each posterior and anterior wall are sufficient.

6.5. Flush the air in the IHIVC.

6.6. Unclamp the IHIVC clips from the graft side, and then the recipient side.

NOTE: Ligation of the continuous suture with the stay suture on the left side of the IHIVC is unnecessary. It takes 8–10 min for IHIVC reconstruction. The total reperfusion time from PV clamping to IHIVC release should be within 30 min. 

REPRESENTATIVE RESULTS: 
A mouse recipient recovered from anesthesia within 30 min when successful vascular reconstruction was performed using a normal liver graft without an extended cold ischemic time. A success rate of >90% can be considered skilled for this procedure. We examined the learning curves in one surgeon for post-LT recovery rates (recovery from anesthesia), anhepatic time (from clamping to releasing the PV flow), and total reperfusion time (from clamping the PV to releasing the IHIVC flow). Over 60 cases were required to obtain satisfactory recovery rates, and over 80 cases were needed to obtain a stable anhepatic time within 20 min and a total reperfusion time of approximately 30 min (Figure 3A−C).

We then evaluated the surgical outcomes regarding the cuff and suture techniques for IHIVC reconstruction, which were performed by two well-skilled surgeons. The IHIVC diameters using the suture technique were significantly larger than those using the cuff technique (Figure 4A). In addition, the total reperfusion time was comparable between the suture and cuff techniques in IHIVC reconstruction (Figure 4B). In contrast, the operating time for donor surgery and back-table preparation was significantly shorter with the suture technique than with the cuff technique in reconstruction of the IHIVC (Figure 4C,D).

FIGURE AND TABLE LEGENDS: 
Figure 1: Incision lines for SHIVC and IHIVC. Dotted and solid lines indicate incisions for a donor and recipient, respectively. SHIVC, suprahepatic inferior vena cava; IHIVC, infrahepatic inferior vena cava.

Figure 2: SHIVC and IHIVC anastomosis. (A) SHIVC anastomosis. Anterior wall of the SHIVC was sutured with a 90° counterclockwise rotation of the operating table. (B) IHIVC anastomosis.  SHIVC, suprahepatic inferior vena cava; IHIVC, infrahepatic inferior vena cava.

Figure 3: Learning curves in one surgeon for SHIVC and IHIVC reconstruction. (A) Post-LT recovery rates from anesthesia. (B) Anhepatic time (from clamping to releasing the PV flow). (C) Total reperfusion time (from PV clamping to IHIVC releasing). Data are shown as the mean ± SD. SHIVC, suprahepatic inferior vena cava; IHIVC, infrahepatic inferior vena cava; PV, portal vein.

Figure 4: Comparison between the suture and cuff techniques in IHIVC reconstruction.  (A) IHIVC diameters after the reconstruction. Scale bars = 2 mm. (B) Total reperfusion time (from PV clamping to release of the IHIVC). (C) Operating time for donor surgery. (D) Operating time for back-table preparation. Data are shown as the mean ± SD. n = 3 (A), n = 5 (B−D) per group. ***P < 0.001, ****P < 0.0001, Student’s t-test. SHIVC, suprahepatic inferior vena cava; IHIVC, infrahepatic inferior vena cava; PV, portal vein.

DISCUSSION: 
This article documented the detailed techniques for the reconstruction of the SHIVC and IHIVC with a suture technique in mouse orthotopic LT. Vascular reconstruction, especially SHIVC anastomosis, which requires a suturing technique during the anhepatic phase, is a crucial skill for successful mouse LT. In addition to the safe and secure suturing technique, quick suturing is necessary to keep the anhepatic phase within 20 min for reproducible outcomes in mouse orthotopic LT2,7,11.

Rotation of the operating table 90° counterclockwise (or clockwise for left-handed surgeons) is needed to secure the working space for the anterior wall suture. Alternatively, surgeons can suture the anterior wall from the front towards the back without turning the table. As the suture time does not differ between the methods, either method can be selected based on the surgeon’s skill and preference. 

Both cuff and suture techniques can be used to reconstruct the IHIVC5,11,13. We recommend the suture technique for IHIVC reconstruction for the following reasons: first, the cuff method requires ligation of the right renal vein in the donor to secure the vessel length for cuff attachment; second, the cuff technique might be more challenging to apply than the suture technique due to the short length of the recipient IVC in which the cuff is inserted13; third, the diameter of the reconstructed IHIVC is larger when the suture technique is used than when the cuff technique is applied (Figure 4A); fourth, there is no difference in the total reperfusion time (from PV clamping to IHIVC releasing) between the cuff and suture techniques (Figure 4B). The suture technique can produce consistent outcomes and may be less stressful than the cuff technique in IHIVC reconstruction. Future studies should investigate the survival difference between these procedures.

In summary, we have provided detailed techniques and tips for the reconstruction of the SHIVC and IHIVC, which are the most critical points for successful mouse orthotopic LT. As shown in the learning curve, although practice is needed to obtain reproducible outcomes in this procedure, mouse orthotopic LT is still important for conducting mechanistic studies in LT research. We believe that this article will facilitate further advances in the field of LT research to improve patient outcomes. 
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