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Abstract

Orthotopic liver transplantation (OLT) models in rats have been investigated in many studies, but 

detailed information on the impact of hepatic artery (HA) reconstruction on postoperative factors 

remains to be investigated. HA reconstruction also requires advanced skills. The effect of the 

reconstruction of the HA by a hand-suture technique in rats with a whole-liver syngeneic graft was 

investigated. Long-term survival, histopathological assessment, immunohistological evaluation, 

and blood biochemistry were investigated until postoperative day (POD) 28. From the early 

postoperative period, significant differences between OLTs with or without HA reconstruction 

were found in graft parenchymal damage, induction of apoptosis, and transaminase levels, though 

survival curves and the coagulation profile showed no differences. In OLT without HA 

reconstruction, biliary proliferation was decreased at POD 5–14, and total bilirubin level was 

increased at PODs 10 and 14. The study indicates that HA reconstruction is required for reliable 

OLT in rats.

Keywords

hepatic artery; microsurgery

INTRODUCTION

The surgical technique for orthotopic liver transplantation (OLT) in a rat model was first 

reported using hand-suture methods in 1973 [1]. A second study in 1975 described a 
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modified rat OLT model without reconstruction of the hepatic artery (HA) and a temporal 

shunt with porto-jugular veno-venous bypass [2]. However, since these models required 

advanced surgical skills, they were not widely adopted. The cuff method for venous 

reconstruction was introduced in 1973 [3], and thereafter more modified models of rat OLT 

without HA reconstruction became the standard for research in OLT [4, 5].

Although the detailed effects of HA reconstruction on rodent OLT are still controversial, 

several researchers have suggested that transplanted grafts with HA reconstruction resulted 

in an improved function after OLT compared with grafts without HA reconstruction [6–10]. 

However, HA reconstruction is technically difficult and requires advanced skills [6–9, 11, 

12]. End-to-end anastomosis of HA is the ideal method, but this requires ultra-microsurgery, 

including reconstruction of vessels or nerves with a diameter <0.5 mm in rodents [11–13]. 

HA reconstruction is very difficult in rats and may be impossible or unreliable in mice [11, 

12]. In order to simplify the procedures of HA reconstruction, many researchers have 

focused on modification of the technical aspect of microsurgery [4, 6, 11, 12, 14–20].

The aims of this study were to determine the impact of HA reconstruction on the syngeneic 

graft in rat OLT, and we discuss the necessity for HA reconstruction.

MATERIALS AND METHODS

Animals

Lewis rats (RT-11) were purchased from Harlan Laboratories, Inc. (Indianapolis, IN, USA). 

Graft donors and recipients were 8- to 10-week-old rats. All rats were male. The 

experimental protocols were approved by the Ethical Committee of our institution (Mayo 

Clinic, Institutional Animal Care and Use Committee, No. A19609), and all operative 

procedures were performed aseptically under the accordance with approved protocol. Rats 

were cared for according to the institutional guidelines for Animal Welfare based on the 

Ethical Guidelines of the Declaration of Helsinki.

Surgical Procedures for OLT

Comprehensive details of the surgical procedures for rat OLT in our institution have 

previously been described [11, 12]. General anesthesia was performed using a commercial 

anesthesia system (VetEquip Inc., Pleasanton, CA), including an evacuation canister (f/air, 

Bickford Inc., New York, NY) and induction chamber (2 Liter Induction Chamber, 

VetEquip Inc.). All operative procedures were performed under general anesthesia using 

isoflurane accompanied with oxygen, and inhalational anesthesia was induced and 

maintained by isoflurane using an anesthesia system. In brief, the suprahepatic and 

intrahepatic inferior vena cavae were reconstructed by the hand-suture or cuff method, 

although only the cuff method was employed in portal venous reconstruction to shorten the 

anhepatic phase [12]. The common biliary duct was reconstructed using a stent tube. A 

surgical microscope of ×5–20 magnification (Surgical Scope M680, Type 10445496, Leica 

Microsystems Inc., IL, USA) was used. End-to-end anastomosis of the HA was performed 

under ×20 magnification. The sleeve technique was documented as an innovative technique 

for HA reconstruction [4, 15, 17], but we often found that the graft common HA and 
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recipient’s proper HA had similar diameters. Thus, the common and proper HAs were 

skeletonized from the portal venous trunk, then the donor and recipient common HAs were 

anastomosed in an end-to-end fashion using the hand-suture technique. Interrupted sutures 

were made with monofilament nylon suture (10–0 Ethilon, BV130–3, 2820G, Ethicon Inc., 

Johnson & Johnson Company, NJ, USA).

The recipient was warmed on a hot pad immediately after surgery. A total of 2.0–2.5 ml of 

warm lactate Ringer’s solution was injected via the penile vein, at every 2 hr after surgery 

until 6 hr after surgery. As an analgesia, 0.1 mg/kg of analgesic agent (buprenor-phine, 

Buprenex Injectable; Reckitt Benckiser Pharmaceuticals Inc., Richmond, VA) was routinely 

given intramuscularly every 8 hr for five days after surgery. As part of the aseptic technique, 

30 mg/kg of antibiotics (Cephalexin Hydrate, MP Biomedicals, Cleveland, OH) was 

administered intravenously every 8 hr for two days after surgery. For the euthanasia, all rats 

were sacrificed by using a CO2 chamber.

In this study, the whole-liver graft had a cold ischemic time of 2 hr at 4°C in normal 

Ringer’s preservation solution. In rat OLT, we previously demonstrated the importance of a 

short anhepatic phase and the exclusion of unreliable samples based on autopsy and 

histopathological findings [11, 12]. In this study, the anhepatic phase was kept within 20 

min in each surgery, and autopsy findings showing no critical complications and reasonable 

histopathological findings were confirmed in each case.

Impact of HA Reconstruction on Postoperative Factors

To confirm the effect of HA reconstruction on long-term survival after OLT, we performed 

laparotomy only (n = 10), OLT with HA reconstruction using the hand-suture technique (n = 

10), and OLT without HA reconstruction (n = 10). Liver specimens immediately after 

induction of graft circulation were used for samples at postoperative day (POD) 0. Samples 

(n = 3) at each of nine time points at POD 1, 2, 3, 5, 7, 10, 14, 21, and 28 were obtained in 

the three groups.

Biochemical Assay and Coagulation Profile after OLTs with or without HA Reconstruction

Aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (T-Bil), 

and the international normalized ratio of prothrombin time (PT-INR) were measured at each 

time point. Serum and plasma were obtained by separator tubes (BD Microtainer, Becton, 

Dickson and Company, Franklin Lakes, NJ, USA). Serum AST, ALT, and T-Bil were 

assessed by commercial kits (SGOT, SGPT, and total bilirubin reagent, respectively, 

Biotron, Hemet, CA, USA). A wavelength of 540 nm was set in the microplate reader to 

measure absorbance (Spectra Max M5e, Molecular Devices, Sunnyvale, CA, USA). The PT-

INR in the plasma was measured by i-STAT System (Abbott, Princeton, NJ 08540, USA).

Histopathological and Immunohistological Assessments after OLTs with or without HA 
Reconstruction

Histopathological and immunohistological parameters were assessed at each time point. 

Liver tissue was fixed in 10% neutral-buffered formalin (Protocol, 032–059, Fisher 

Scientific, Inc., Kalamazoo, MI, USA), embedded in paraffin, and sliced into 4-μm sections. 
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The morphological characteristics and graft injury scores were assessed after hematoxylin-

eosin (H-E) staining. The graft damage score (point) for the rat OLT model, which was 

slightly modified from a previous score [21, 22], has previously been described [11].

Induction of apoptosis was measured by terminal deoxynucleotidyl transferase-mediated 

deoxyuridine triphosphate nick-end labeling (TUNEL) (Apop-Tag Peroxidase In Situ 

Apoptosis Detection Kit, S7100, Chemicon International, Inc., Billerica, MA, USA), and 

cysteine aspartic acid protease (caspase)-3 immunostaining [Cleaved Caspase-3 (Asp175) 

Antibody, 9661S, Cell Signaling Technology, Inc., Danvers, MA, USA]. A TUNEL-positive 

nucleus was stained brown, and a negative nucleus was stained light blue. A caspase-3-

positive nucleus was stained brown, and a negative nucleus was stained blue. Slides were 

scanned with an automated high-throughput scanning system (Scanscope XT, Aperio 

Technologies, Inc., Vista, CA, USA). To quantify the histological findings, positive-stained 

nuclei were counted by Aperio Imagescope software (Aperio Technologies, Inc.). All nuclei 

were classified into four-color intensity levels, and the higher two levels were considered as 

positive. The ratio of positive-stained nuclei to all nuclei was calculated and the mean ratio 

per mm2 was determined.

Cytokeratin-7 (CK7) is widely used for immunostaining of the biliary epithelium because 

the detection of the peripheral biliary duct is often difficult in H-E staining. HA flow has a 

large influence on biliary proliferation after OLT [8, 23]. Therefore, biliary proliferation 

after OLT was evaluated by CK7 immunostaining (cytokeratin-7 antibody, RCK105, 

ab9021, Abcam, Cambridge, MA, USA). Previous reports documented CK7 antibodies for 

immunostaining of the biliary epithelium in the rat [24, 25], but because we found 

unspecific immunostaining of red blood cells, steatosis, and Mallory bodies, blocking 

reagents for farnesoid X receptor (XR Factor Blocking Reagent, XRF964 CGH, Biocare 

Medical, LLC., Concord, CA 94520, USA) and red blood cells (Rodent Block R Blocking 

Reagent, RBR962 GHL, Biocare Medical, LLC) were used beforehand. To quantify the 

existence of the peripheral biliary duct, we manually counted CK7-positive peripheral 

biliary ducts in the field under ×100 magnification with no count of unspecific stains. 

During this procedure, the biliary duct was confirmed under ×600 magnification, if required.

Statistical Analysis

The results were presented as mean ± standard deviation. The Student t test was used for the 

comparison of unpaired continuous variables between groups. Survival curves were 

constructed by the Kaplan–Meier method. Statistical calculations were performed using 

SPSS Software Version 16.0 (SPSS Inc., Chicago, IL, USA). A p value < .05 was 

considered statistically significant.

RESULTS

Survival Curves after OLTs with or without HA Reconstruction

Recipients in all groups survived until POD 28 (Figure 1a). HA reconstruction itself had no 

significant effect on long-term survival after OLT with a whole-liver graft.
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Biochemical and Coagulation Profiles after OLTs with or without HA Reconstruction

Actual changes in AST, ALT, T-Bil, and PT-INR are shown in Figure 2. There were 

significant differences in AST levels between OLTs with or without HA reconstruction at 

PODs 1 (135.2 ± 3.6 vs. 248.7 ± 8.2 U/L, p = .0038) and 2 (119.9 ± 12.0 vs. 148.8 ± 6.5 

U/L, p = .0212). There were significant differences in ALTs between the two groups at 

PODs 1 (153.8 ± 23.6 vs. 256.5 ± 13.7 U/L, p = .0028), 2 (124.4 ± 19.5 vs. 191.9 ± 33.0 

U/L, p = .0381), and 3 (93.3 ± 12.3 vs. 135.9 ± 23.0 U/L, p = .0470). T-Bil showed 

significant differences between the two groups at PODs 10 (1.06 ± 0.10 vs. 2.13 ± 0.20 

mg/dL, p = .0011) and 14 (0.87 ± 0.17 vs. 1.42 ± 0.29 mg/dL, p = .0028). There were no 

significant differences in PT-INR between the two groups at any time point.

Graft Parenchymal Injury after OLTs with or without HA Reconstruction

In H-E staining, actual changes in graft injury scores are shown in Figure 1b. Important 

findings, such as neutrophil aggregation, mononuclear cell infiltration, vacuolization, 

hepatocyte ballooning, and hepatocyte necrosis, were confirmed after OLTs with or without 

HA reconstruction, and the graft injury score showed significant differences between the 

two groups at PODs 2 (5.7 ± 1.5 vs. 8.3 ± 0.6 points, p = .0474) and 3 (6.3 ± 0.6 vs. 9.3 ± 

1.2 points, p = .0158).

The severe parenchymal damage in OLT without HA reconstruction in the early 

postoperative period (POD 0–3) compared with OLT with HA reconstruction is shown in 

Figure 3. Although neutrophil aggregation and mononuclear cell infiltration appeared to be 

more obvious in OLT with HA reconstruction at POD 2, patchy and/or focal necrosis was 

clearly more severe in OLT without HA reconstruction at PODs 2 and 3. 

Histopathologically, OLT without HA reconstruction clearly showed more severe 

parenchymal damage than OLT with HA reconstruction.

Induction of Apoptosis after OLTs with or without HA Reconstruction

Patchy and/or focal necrosis was confirmed from the early postoperative period by TUNEL 

and caspase-3 immunostaining at each time point. Actual values in TUNEL immunostaining 

are shown in Figure 1c. OLT without HA reconstruction showed a high ratio of TUNEL-

positive cells compared with OLT with HA reconstruction at PODs 1 (0.013 ± 0.003 vs. 

0.028 ± 0.005, p = .0099), 2 (0.068 ± 0.017 vs. 0.108 ± 0.013, p = .0318), and 3 (0.005 ± 

0.004 vs. 0.033 ± 0.012, p = .0192).

Actual values of caspase-3 immunostaining are shown in Figure 1d. OLT without HA 

reconstruction showed a high ratio of caspase 3-positive cells compared with OLT with HA 

reconstruction at PODs 2 (0.098 ± 0.008 vs. 0.186 ± 0.017, p = .0318), 3 (0.121 ± 0.034 vs. 

0.195 ± 0.016, p = .0258), 5 (0.044 ± 0.018 vs. 0.093 ± 0.021, p = .0373), 7 (0.040 ± 0.014 

vs. 0.084 ± 0.008, p = .0097), 10 (0.012 ± 0.010 vs. 0.035 ± 0.010, p = .0274), and 14 (0.011 

± 0.004 vs. 0.025 ± 0.006, p = .0245). Caspase-3 showed significant differences during the 

longer term to POD 14 compared with TUNEL. Typical immunohistological findings of 

caspase-3 in OLTs with or without HA reconstruction at each time point are shown in Figure 

4. These findings showed that OLT without HA reconstruction had markedly increased 

induction of apoptosis compared with OLT with HA reconstruction.
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Biliary Proliferation after OLTs with or without HA reconstruction

Although major biliary duct proliferation was easily confirmed around the Glisson capsule 

(Figure 5a), peripheral biliary ducts were also important in biliary proliferation (Figure 5b). 

The number of CK7-positive peripheral bile ducts was clearly decreased in OLT without HA 

reconstruction at PODs 5 (3.3 ± 0.6 vs. 0.0 ± 0.0, p = .0006), 7 (1.3 ± 0.6 vs. 0.0 ± 0.0, p = .

0161), 10 (2.3 ± 0.6 vs. 0.0 ± 0.0, p = .0022), and 14 (2.0 ± 1.0 vs. 0.0 ± 0.0, p = .0257) 

(Figure 5c).

In OLTs with or without HA reconstruction, typical immunohistological findings of CK7 at 

each time point are shown in Figure 6. Major and peripheral biliary ducts were confirmed at 

each time point in OLT with HA reconstruction. Note that peripheral biliary ducts were 

never detected in OLT without HA reconstruction at PODs 5, 7, 10, and 14, although major 

biliary ducts were confirmed at each time point (Figure 6b).

DISCUSSION

Valuable studies for liver transplantation focus into two fields, i.e., liver regeneration 

including reperfusion injury and transplant immunity including alloantigen-specific 

tolerance. Rat OLT is a demanding procedure, but has become a popular model to 

investigate these themes [4, 5]. In this study, from the viewpoint of liver regeneration, we 

focused on the necessity of HA reconstruction in a whole-liver syngeneic graft because the 

impact of HA reconstruction on the graft remains controversial [6–10]. Many investigators 

had different opinions about the necessity of HA reconstruction in long-term survival studies 

of rat OLT. Although several investigators documented that HA reconstruction was 

indispensable for a reliable model of long-term survival [4, 8, 26], other investigators 

suggested that the importance of HA reconstruction for experimental investigations was 

negligible [27–30]. In our study, HA reconstruction had no effect on survival after OLT with 

a whole-liver graft. However, significant differences were confirmed in the graft injury 

score at PODs 2 and 3, in TUNEL expression and ALT level at PODs 1–3, in AST level at 

PODs 1 and 2, and in caspase-3 expression at PODs 2–14. Our results clearly demonstrated 

that graft parenchymal damage and induction of apoptosis were more severe in the 

transplanted grafts that did not have HA reconstruction.

During long-term observation, arterialized grafts may develop better graft function after the 

early postoperative period. One of the current topics in the liver transplantation field is that 

an initial migration of inflammatory cells plays an important role for liver regeneration from 

the early postoperative period after OLT [31–33]. Our histopathological findings at POD 2 

revealed differences in the infiltration of inflammatory cells between grafts with or without 

HA reconstruction. We suggest that HA reconstruction may also be required in research in 

the transplant immunity field and should be performed in any studies using samples after 

POD 1.

Some investigators have paid serious attention to HA reconstruction in rat OLT in order to 

prevent bile duct ischemia [9, 15, 34]. The expression of CK7 was clearly decreased in OLT 

without HA reconstruction at PODs 5–14 and was unexpectedly observed in the peripheral 

biliary ducts but not in the major biliary duct. In order to maintain biliary proliferation over 
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the long term after OLT, we suggest that HA reconstruction is important for reliable grafting 

without injury. OLT with a whole-liver graft showed bimodal peaks of T-Bil levels at PODs 

1 and 10. Although the T-Bil level at POD 1 showed no significant difference between OLT 

with or without HA reconstruction, OLTs without HA reconstruction clearly showed higher 

T-Bil levels at PODs 10 and 14, and thereafter seemed to recover slowly. These higher 

levels at PODs 10 and 14 in OLT may reflect the attenuation of biliary proliferation. 

Previous researchers documented that arterial collateral vessels from adjacent tissues were 

observed in the nonarterialized grafts at three weeks after OLT [27, 35]. A possible 

explanation for the slow recovery of biliary proliferation and T-Bil levels after POD 14 is 

the time taken for establishment of arterial flow from adjacent tissues and/or the graft 

volume we used. The reconstruction of the HA supply is crucial for rat liver regeneration 

after small-for-size grafting [36], and we speculate that the worst scenario in the split OLT 

model without HA reconstruction is prolonged jaundice after POD 10 and subsequent poor 

survival during the long-term postoperative course. Our results clearly showed that a 

deficiency in HA flow did not affect long-term survival in OLT with a whole-liver graft. 

However, we recognize that HA reconstruction is necessary for reliability in some studies, 

such as a survival study using the split OLT model.

Onset of graft injury related to reperfusion occurs at least several hours after resumption of 

portal flow [37–39]. Patchy and/or focal necrosis is a key histopathological finding in shear 

stress and reperfusion injury resulting from reduced liver volume and graft recirculation 

after cold ischemia, and this finding is also confirmed several hours after surgery [40, 41]. 

Paradoxically, many researchers actually ignored the effects of HA flow in studies using 

samples within 24 hr after OLT [42, 43]. OLT with HA reconstruction is more physiological 

than OLT without HA reconstruction [15, 34]. Because HA reconstruction is indispensable 

for reliable studies of liver regeneration, HA reconstruction by suturing has already been 

established, but it does involve technical difficulties [6–9, 11, 12]. Therefore, technical 

modifications that simplify the process of HA reconstruction have also been documented [4, 

6, 14–20, 34]. Although Kashfi et al. [4] considered faster surgical techniques in short-term 

survival studies and Post et al. [26] documented that HA reconstruction is not necessary for 

study of leukocyte–endothelial interaction after rat OLT, we suggest that a good physiologic 

model with a simple but sure technique is currently needed even in short-term studies of 

reperfusion injury.

The highly accurate animal models in the research field are so important, and the 

reproducibility depends on the reliability of the surgical techniques [44, 45]. The frequency 

of surgical issues was reported as approximately 10%–40% in rat OLT models including 

split OLT [5, 11, 12, 27]. Many researchers recognized the surgical difficulties of this 

model. We also understood that the hand-suture method under ultra microsurgery for end-to-

end anastomosis of the common HAs is always very stressful, even for experienced 

microsurgeons. However, HA reconstruction is important in the rat OLT model and can 

provide reliable and relevant data in the liver transplantation field.
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OLT orthotopic liver transplantation

HA hepatic artery

POD postoperative day

AST aspartate aminotransferase

ALT alanine aminotransferase

T-Bil total bilirubin

PT-INR international normalized ratio of prothrombin time

H-E hematoxylin-eosin

TUNEL transferase-mediated deoxyuridine triphosphate nick-end labeling

caspase cysteine aspartic acid protease

CK7 cytokeratin 7
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FIGURE 1. 
Survival curves and histopathological/immunohistological findings after OLTs with or 

without HA reconstruction. (a) Survival curves: HA reconstruction itself had no significant 

effect on long-term survival after OLT with a whole-liver graft. (b) Changes in graft injury 

score: there were significant differences between OLTs with or without HA reconstruction 

at PODs 2 and 3. (c) Changes in TUNEL-positive nuclei and all nuclei per mm2: OLT 

without HA reconstruction showed a high ratio of TUNEL-positive cells compared with 

OLT with HA reconstruction at PODs 1, 2, and 3. (d) Changes in caspase-3-positive nuclei 

and all nuclei per mm2: OLT without HA reconstruction showed a high ratio of caspase-3-

positive cells compared with OLT with HA reconstruction at PODs 2, 3, 5, 7, 10, and 14.
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FIGURE 2. 
Changes in AST, ALT, T-Bil, and PT-INR after OLTs with or without HA reconstruction. 

For AST, there were significant differences between OLTs with or without HA 

reconstruction at PODs 1 and 2. ALT showed significant differences between the two OLT 

groups at PODs 1, 2, and 3. There were significant differences in T-Bil between groups at 

PODs 10 and 14. There were no differences in PT-INR between the two groups at any time 

point.
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FIGURE 3. 
Histopathological findings in the early postoperative period after OLTs with or without HA 

reconstruction. Actual histopathological findings by H-E staining from POD 0 to POD 3 

after OLT with HA reconstruction (a) and OLT without HA reconstruction (b) (×100).
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FIGURE 4. 
Immunohistological findings for caspase-3 after OLTs with or without HA reconstruction. 

OLT with HA reconstruction (a) and OLT without HA reconstruction (b) (×200). Caspase-3-

positive nuclei are stained brown; normal nuclei are stained in blue.
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FIGURE 5. 
Histopathological findings of major and peripheral biliary ducts with CK7-positive biliary 

epithelium after OLTs with or without HA reconstruction. (a) Typical immunohistological 

findings of major biliary duct with CK7-positive biliary epithelium (×400). (b) Typical 

immunohistological findings of the peripheral biliary duct with CK7-positive biliary 

epithelium (×600). (c)The number of peripheral biliary ducts with CK7-positive biliary 

epithelium was clearly decreased at PODs 5, 7, 10, and 14 in OLT without HA 

reconstruction.
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FIGURE 6. 
Immunohistological findings for CK7 after OLTs with or without HA reconstruction. OLT 

with HA reconstruction (a) and OLT without HA reconstruction (b) (×200). CK7-positive 

biliary epithelium is stained brown; normal nuclei are stained blue. Peripheral biliary ducts 

with CK7-positive biliary epithelium are marked by red arrows.
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