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The Isolated Perfused Liver (IPL) model is a widely used and appreciated method to
assess liver viability and metabolism. Claude Bernard was the first to describe the IPL
concept in 1855 and used it to study glycogen storage in hepatocytes1. To date, the IPL-
model is used by many groups involved in liver research, allowing physiological,
toxicological and pharmacological studies2-5. In comparison to other in-vitro models,
i.e. isolated hepatocytes or the liver slice model, the IPL-model does have considerable
advantages, such as the possibility to use frequent sampling of the perfusion solution,
an intact inter-cellular architecture. The use of an a-cellular perfusion solution,
furthermore, prevents allo-reactivity and facilitates the use of additives as it is described
by Gores et al. in 19866. The disadvantage of the IPL-model is the duration of
reperfusion, which is limited to 90-120 minutes and the fact that it remains an in-vitro
tool, and merely simulates the initial phase after liver transplantation. The IPL-model
mostly uses perfusion of the portal vein only. This implies that probable effects of
(under-)perfusion of the hepatic artery and thus of the peribiliary capillary plexus have
been neglected7,8. 

Perfusion of the hepatic artery and peribiliary capillary plexus7 is associated with bile
production. For experimental liver research, we felt that an improvement of the
conventional IPL-model by perfusion via both portal vein and hepatic artery is important
to prevent ischemic bile ducts and stimulate bile production to prevent so-called
Ischemic-Type-Biliary-Lesions (ITBL). Especially, studies concerning bile components,
transport of bile components and its transporting proteins, but also ischemia-
reperfusion, pharmacological and toxicological experiments can benefit from an
improved IPL-model. The relevance of arterial reperfusion can be illustrated by the
following example: in clinical liver transplantation a considerable morbidity is due to the
development of ITBL, however, the pathogenesis of ITBL remains unclear yet. Recently,
it has been demonstrated that the incidence of ITBL can be reduced when a meticulous
additional wash-out via the hepatic artery is performed during cold-preservation.
Arterial perfusion is thus important9 and should be studied in an in-vitro arterialized IPL
model or an in-vivo arterialized transplantation model. 

Reperfusion of the intact organ is necessary to adequately determine liver viability
after preservation. Although the transplant model is the ultimate test, confounding
systemic effects, or an allo-reaction after (arterialized) liver transplantation could
prevent a conclusive answer in ischemia-reperfusion research. To evade these model-
related complications and to create an in-vitro alternative for better assessment of liver
viability using isolated liver perfusion, we have now re-designed a reperfusion model
using both portal vein and hepatic artery, the so-called Isolated dual Perfused Liver
(IdPL) model. Although the rat IdPL-model has previously been used; different perfusion
pressures, flows or flow ratios between portal vein and hepatic artery have been
reported. In these previously described methods Krebs-Henseleit buffer solution with or
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without rat blood has mostly been used10,11. We think that a nutrient rich solution with
amino acids, vitamins and co-factors is a better choice, since these solutions will allow
synthesis of proteins during reperfusion12. In this study we have described the IdPL-
model, as an in-vitro transplantation model, and compared it to the conventional IPL-
model.
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Materials and Methods

Adult male inbred Wistar rats (250-350 gram) were used. All animals received care in
compliance with the guidelines of the local Animal Care and Use Committee following
National Institutes of Health Guidelines.

Experimental design. Twelve livers were studied, subdivided into two groups with six
rats in each group. The first group consisted of livers that were procured and
immediately reperfused in the IPL-model and the second group comprised livers that
were reperfused in the IdPL-model. 

Hepatectomy. For the hepatectomy procedure inhalation anesthesia with isoflurane
and a gas mixture of nitrous oxide (66%) and oxygen (33%) was used. The common bile
duct and celiac trunc13 were cannulated (polypropylene cannulae, inner diameter
0.28 mm). The gastroduodenal artery and splenic artery were coagulated for the IdPL
experiments. One ml 0.9% NaCl with 500 iE/ml of heparin was intravenously
administered. Ligation of the infra-hepatic lower caval vein was followed by portal
perfusion using a 10 ml syringe and 18 G cannula (Insyte IV catheter, Becton Dickinson,
The Netherlands) for an immediate in-situ perfusion of the liver with ice cold University
of Wisconsin organ preservation solution (UW). The portal cannula was fixated with a 3-0
silk ligature holding the cannula, portal vein and hepatic artery. For the IdPL-model the
hepatic artery was dissected from the portal vein. Before reperfusion in the IPL and the
IdPL, UW was flushed out of the liver with 20 ml perfusate at 37 ºC.

IPL and IdPL setup. Isolated liver perfusion was performed in a re-circulating circuit
via the portal vein (IPL) or via both portal vein and hepatic artery (IdPL, Figure 1). A
total perfusion of 3.0 ml/min/g-liver was used in both IPL and IdPL. In the IdPL a portal
flow of 2.4 ml/min/g-liver and an arterial flow of 0.6 ml/min/g-liver. The portal vein
was perfused using a roller pump (Masterflex 7518-00, Cole-Parmer, The Netherlands),
while for the hepatic artery a pulsatile pump (Lab pump model OV, FMI, USA) was used at
360 bpm which is a normal rat heart rate. Minimal essential medium (Gibco/Invitrogen
51200) supplemented with the essential amino acids: ascorbic acid 2.0 mg/l (Sigma A-
4034), cysteine 40 mg/l (Sigma C-7352), glutamine 300 mg/l (Sigma G-8540), glycine
50 mg/l (Sigma G-8790), the co-factors: zinc 0.2 µg/l and manganese 0.1 µg/l, was used
as warm reperfusion solution (MEM+). Prior to attachment of the liver, the perfusate was
gassed with an O2:CO2 mixture (95%:5% respectively) via an in-line oxygenator (HG100,
AH 73-0104, Harvard Apparatus, England) resulting in a partial oxygen tension of at
least 65 kPa. The temperature was maintained at 37 ºC (Julabo-5, Labortechnik,
Germany). At time point 0-min a bolus of MEM+ containing the markers phenol-red,
3 mg, (Sigma P-5530) and hyaluronic acid, 30 µg, (Sigma H-5388) were added to the
perfusion solution. MEM+ was supplemented with sodium taurocholic acid (TC, Sigma T-
9034), phenol-red (PR) and hyaluronic acid (HA), and continuously infused in to the
perfusate at a rate of 15.2 µmol/hour TC, 1.6 mg/hour PR and 180 µg/hour HA. The
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portal and arterial flow (ultrasonic in-line flow probe, 1N, Transonic Systems, Ithaca,
USA) and pressure (Truwave, Edwards Lifesciences, Irvine, USA) were continuously
monitored using a data acquisition program (Labview 5.0, National Instruments, Austin,
Texas, USA). The vascular resistance pattern was used to show perfusion dynamics.
Vascular resistance (R) was calculated by dividing perfusion pressure (P) by perfusion flow
(Q) and subtracting cannulae resistances: Rliver = (Ptotal / Qtotal) – (Pcannula / Qcannula).
Bile and perfusate samples were collected at an interval of 30 minutes. A period of 90
minutes was chosen to perfuse the organ in the IPL, since 90 minutes is considered to
be the maximal reperfusion time. 90 minutes were used for reperfusion in the IdPL as
well, followed by an additional 90 minutes to test if the reperfusion time could be
lengthened. Before sampling and administration of the bolus, a 10-minute period was
used for initial stabilization of perfusion. A sample at the ‘-10 minutes’ time point
served as control. After 180 minutes of warm reperfusion approximately 1 ml of 0.2 mM
trypan blue was injected in the hepatic artery to check if the cannula was correctly
positioned.

Figure 1: Schematic view of the IdPL set-up, showing the portal and arterial circulation. The IPL-
model comprised portal circulation only.

Cell and tissue integrity. Levels of aspartate amino transferase (AST), alanine amino
transferase (ALT) and lactate dehydrogenase (LDH) (Mega, Merck, Amsterdam, The
Netherlands) were determined. Staining of liver tissue using periodic acid schiff (PAS)
was used to assess changes in morphology and glycogen content of the tissue. RECA-1
staining was used to determine if vascular endothelium, including the peribiliary
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capillary plexus, remained intact. RECA-1 (1 to 20) staining was performed using rabbit-
anti-mouse (1 to 50) and goat-anti-rabbit (1 to 50) as second and third peroxidase
conjugated antibody, with color-development using AEC14.

Hepatocyte function. Bile production was used as a functional marker representing
hepatocyte function. The metabolic capacity of the hepatocytes was demonstrated by
calculating the PR excretion in bile. Perfusate and bile samples were measured
spectrophotometrically at 540 nm after alkalization of the samples with 0.1 M NaOH.
Excretion of the bile salt TC was used as a marker for hepatocyte viability as well. Samples
containing 3Alfa-hydroxysteroids, bile salts and TC, were diluted in 0.1 M Tris-buffer
(SIGMA T1503) at pH 9.0. 3Alfa-hydroxysteroid dehydrogenase was used to hydrolyse
bile salts and convert NAD to NADH. Diaphorase converted resazurine, in the presence
of NADH, to the fluorescent resorufine that was measured with fluorescence
spectrophotometry at 530/590 nm. 

Figure 2: Schematic view of Hepatocyte transporters tested with taurocholic acid (TC) and 
phenol-red (PR).

ATP was measured after 90 minutes IPL and 180 minutes IdPLin tissue. The ATP
Bioluminescence assay kit CLS II (Roche Diagnostics GmbH, Mannheim, Germany) was
used: homogenized (Cole-Parmer, Vernon Hills, USA) tissue samples were diluted in a 100
mM phosphate buffer (pH 7.6-8.0). After one minute centrifugation at 1000 g, 50 µl of
luciferase was added to 50 µl of the supernatant and measured in an luminescence
apparatus (Lucy-1, Anthos Labtec instruments, Salzburg). ATP levels were corrected for
the protein concentration of the sample. The Bio-Rad protein micro photospectrometric
assay (Bio-Rad, München, Germany) was used at 620 nm. The pH was monitored
(pHprober, Cole-Parmer, The Netherlands) at a sample rate of two samples per minute.
Levels above 6.8 were excepted as normal values. 

Statistical analysis. Each experiment was performed with six livers. Results are mean
+/- SEM. The non-parametric Mann-Whitney test was used with a p-value of <0.05
considered statistically significant. A linear regression analysis was used to test if the
increase in arterial resistance was in proportion with the increase in the portal
resistance, demonstrating an adequate arterial flow to portal flow ratio. 
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Results

The hepatectomy procedure for the IdPL method involved the routine cannulation of
the portal vein and bile duct, and an additional cannulation of the celiac trunc. Correct
positioning of the cannula in the celiac trunc was verified using trypan blue staining
(Figure 3). The hepatectomy procedure took an additional 11 minutes for the IdPL
experiments compared to the IPL experiments due to microsurgical preparation of the
celiac trunc, the ligation of its side branches and dissecting of the hepatic artery from
the portal vein. The average operation time was for the IdPL-model 30 +/- 1 minutes and
for the IPL-model 19 +/- 0 minutes. The rat weights were 288 +/- 9 and 305 +/- 9 gram
and liver weights were 7.8 +/- 05 and 8.0 +/- 0.7 gram for IPL and IdPL, respectively.

Vascular resistance (R) during reperfusion is considered as a parameter allowing the
assessment of (micro)vascular injury. The portal resistance during IPL reperfusion
showed a pattern with a slight decrease during the reperfusion period. R-values reached
0.4 +/- 0.0 mmHg.min.ml-1 after 90 minutes reperfusion. The portal resistance during the
IdPL experiments showed an initial slight decrease to 0.2 +/- 0.1 mmHg.min.ml-1 at 30
minutes reperfusion, but increased during the last 90 minutes reaching 0.5 +/- 0.2
mmHg.min.ml-1 (Figure 4). The arterial resistance was 30.2 +/- 5.0 and 44.0 +/- 11.0
mmHg.min.ml-1 at 90 and 180 minutes, respectively, and showed an increasing pattern
that was in proportion to the increase in portal resistance. 

Figure 3: 3a: Homogeneous aspect of the rat liver after 180 minutes of warm reperfusion with
a-cellular MEM solution.
3b: Normal, heterogeneous, aspect of the rat liver after infusion of trypan blue via the hepatic
artery at 180 minutes of warm reperfusion.
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Figure 4: Vascular resistance of the portal vein (right axis) and hepatic artery (left axis) in the
IdPL-model (means +/- SEM).

Cell and tissue integrity. AST, ALT and LDH were measured to determine the integrity
of mainly parenchymal, but also non-parenchymal cells. Transaminases and LDH all
showed higher levels in the IPL experiments compared to the IdPL experiments. At 90
minutes reperfusion an increase of 31 percent for ALT levels was found. AST and LDH
showed a similar trend (Table 1 and Figure 5). Also, the correlation variation, indicative
for reproducibility, showed lower values for the IdPL experiments. PAS staining showed
normal glycogen content for both IPL and IdPL in zone 1 and 2, no positive PAS staining
was recognized in zone 3. A slight morphological deterioration of livers that were
reperfused in the IdPL was observed (Figure 6a and 6c). RECA-1 staining showed normal
endothelial staining patterns in both models (Figure 6b and 6d).
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Table 1: Aspartate amino transferase (AST), lactate dehydrogenase (LDH), sodium taurocholic acid 
excretion into bile (TC) and phenol-red excretion into bile (PR) values for 30, 60 and 90 minutes
reperfusion. Results from extended IdPL-reperfusion are shown in gray bars. No statistically
significant changes were found between both IPL and IdPL.

# = p<0.05 versus time points 30, 60, 90 and 120 minutes or *= p<0.05 versus time points 60, 90 and 120
minutes in the IdPL group only. 

Min IPL IdPL
AST (U/30-min/g-liver) 30 0.07 +/- 0.04 0.11 +/- 0.01

60 0.17 +/- 0.03 0.12 +/- 0.01
90 0.21 +/- 0.03 0.13 +/- 0.01

120 0.18 +/- 0.03
150 0.42 +/- 0.13
180 0.73 +/- 0.18#

LDH (U/30-min/g-liver) 30 0.50 +/- 0.13 0.49 +/- 0.05
60 0.65 +/- 0.13 0.52 +/- 0.06
90 0.86 +/- 0.22 0.57 +/- 0.07

120 1.00 +/- 0.26
150 2.81 +/- 1.34
180 5.66 +/- 1.94#

TC excretion (mg/30-min/g-liver) 30 0.39 +/- 0.02 0.42 +/- 0.03
60 0.55 +/- 0.02 0.53 +/- 0.03
90 0.54 +/- 0.12 0 .54 +/- 0.04

120 0.50 +/- 0.03
150 0.46 +/- 0.04
180 0.31 +/- 0.03*

PR excretion (mg/30-min/g-liver) 30 0.12 +/- 0.02 0.17 +/- 0.01
60 0.13 +/- 0.02 0.15 +/- 0.01
90 0.11 +/- 0.02 0.11 +/- 0.01

120 0.08 +/- 0.01
150 0.05 +/- 0.01
180 0.02 +/- 0.00#
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Figure 5: Alanine amino transferase levels for 90 minutes reperfusion in the IPL ( ) model and
180 minutes reperfusion in the IdPL ) model. Means +/- SEM at an interval of 30 minutes. * =
p<0.05 IPL versus IdPL, # = p<0.05 versus time point 180 minutes. 
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Figure 6: PAS and RECA-1 staining, * portal vein, # bile duct, arrow indicates a branch of the
peribiliary capillary plexus.
6a: PAS and 6b: RECA-1 staining after 90 min. IPL reperfusion.
6c: PAS and 6d: RECA-1 staining after 90 min. IdPL reperfusion.
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Hepatocyte function. Hepatocyte function was assessed by bile production, changing
form normal yellowish bile into red bile based on excretion of phenol red (PR), and ATP
levels measured after completion of the experiments. Bile was excreted at a significantly
higher rate in the IdPL-model compared to the IPL-model: 90 minutes reperfusion
showed cumulative levels of 176.3 +/- 8.4 in the IdPL and 126.1 +/- 12.2 µg/g-liver in
the IPL-model (Figure 7). Taurocholic acid excretion concentrations were not
significantly different at 90 minutes and levels were 0.54 +/- 0.12 in the IPL and 0.54
+/- 0.04 mg/30-min/g-liver in the IdPL. PR clearance showed no significant differences:
At 90 minutes reperfusion levels were 0.11 +/- 0.02 mg/30-min/g-liver in the IPL as well
as the IdPL-model. ATP levels after reperfusion were 0.43 +/- 0.23 at 90 minutes in the
IPL and 0.59 +/- 0.16 pmol/mg-protein at 180 minutes IdPL. PH showed for both models
a decreasing trend which was stronger in the IPL-model than in the IdPL-model. PH
remained in both models above the level of 6.8.

Figure 7: Bile production (µg/g-liver/30-min) for 90 minutes reperfusion in the IPL ( ) model
and 180 minutes reperfusion in the IdPL ( ) model. Means +/- SEM at an interval of 30 minutes.
* = p<0.05 IPL versus IdPL, # = p<0.05 versus time points 30, 60 and 90 minutes, + = p<0.05
versus 150 minutes. 
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Discussion

Transplantation research in small rodents depends to a large extent on four
experimental models. Each of these models has their (dis)advantages, but all contribute
to a better insight in a variety of aspects in fundamental liver transplantation research.
Demonstration of cellular events focusing on cellular metabolism and cytotoxicity
becomes possible with the use of isolated cells15,16. Another model is the liver slice
model that can be used to show intercellular and tissue effects related to
transplantation17-19. The third in-vitro model and last step before using the more
complicated liver transplantation model, is the isolated (re)perfused liver model
(IPL)3,6. The IPL allows experiments that address relevant questions and parameters
concerning the entire intact organ instead of only single cells or several layers of cells
(e.g. the hepatocyte and slice model). Survival in these experiments is not an issue, but
the in-vitro models can be used to assess liver function after reperfusion even though
the liver is not actually transplanted into another animal. The ultimate model and proof
is the liver transplant model. This technique, however, is difficult, expensive and often
cumbersome, and in many cases constitutes a black-box as the sequence of events can
not be unraveled. Although rat liver transplantation is a known technique we consider
it a black-box due to unpredictable immunological reactions and the influences of other
organs on the transplanted graft. Successful transplantation of the liver remains,
nevertheless, the ultimate test and is the final step towards large animal models or
clinical application. However, before that stage, the IPL-model already allows a
comprehensive analysis of transplant related questions, minimizing the use of laboratory
animals and allowing a pre-clinical selection of potential improvements in liver
transplantation. The disadvantage of the IPL-model is the single vessel approach to
reperfuse the liver, i.e. the portal vein. To better simulate the in-vivo situation and
improve liver viability we redefined the arterialized IPL-model: dual perfusion at a
physiological pulse rate of 360 bpm for the hepatic artery and continuous perfusion via
the portal vein, using a recirculating nutrient rich solution. The IdPL-model is a
refinement of the previously described in-vitro rat liver reperfusion models10,11,20. 

Vascular resistance reflects injury of the perfused organ and remained stable in both
IPL and IdPL during the first 90 minutes. The decrease in liver viability was confirmed
by an increase of injury markers. ALT increased in both models, but the total release of
ALT after 90 minutes reperfusion was 59% lower for the IdPL. An important functional
marker for the assessment of liver viability is the production of bile and transport of bile
components from sinusoids via hepatocytes into bile. Although bile components change
during a-cellular perfusion, the major bile components remain present. Bile production
showed a clear improvement when livers were arterially reperfused. Two transporters of
the ABC-transporters family were considered: the multi-drug resistance associated
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protein (MRP-2), the transporter for phenol red, and the bile salt export pump (BSEP),
transporting taurocholic acid across the canalicular membrane. Both transporters did not
show differences in clearance of phenol red and taurocholic acid. 

The IPL and IdPL-models are both relatively simple techniques allowing a clear
interpretation of results. Both models are specific and allow analysis of acute
reperfusion effects without systemic interference or interference from other organs.
Possible markers that can be used in IdPL experiments facilitate a clear analysis of
viability related to perfusion, cellular injury or cellular function. Perfusion related
markers are e.g. vascular resistance or in-vivo fluorescent microscopy. Cellular injury
related markers include trypan blue or propidium iodide staining and functional markers
are bile transport and its transporters, urea synthesis or labeled amino-acid
incorporation during protein synthesis. In this study, we have used several examples for
functional measurements. Phenol-red active secretion into bile by the MRP-2
transporter21. PR is a pH indicator as well, and allows an easy way to check for adequate
oxygenation since anaerobic glycolysis will result in a rapid pH decrease and
discoloration of the red solution into yellow. 

The limited reperfusion time is the disadvantage of the IPL, the IdPL-model was,
however, not able to increase it beyond 90 minutes. An increase in reperfusion time
beyond the usually used 90 minutes, resulted in an increase in vascular resistance which
is an indication that (micro)vascular injury has occurred and that liver viability is likely
to decrease. The resistance pattern revealed that a maximum duration of reperfusion
with an a-cellular solution is limited to 90 minutes. Portal resistance increased in
proportion to arterial resistance demonstrating that the proportion of portal and arterial
flow was adequately chosen7. RECA-1 showed intact portal veins, hepatic arteries and
peribiliary capillary plexuses, in both models. Thus, perfusion pressures, tissue
distribution of the perfusate and the ratio between portal vein and hepatic artery in the
IdPL-model was safe to use without additional endothelial cell injury. Also, the IdPL-
model showed a continuing increase of ALT values after 90 minutes reperfusion,
demonstrating that 90 minutes was the maximum duration of isolated liver perfusion
with an a-cellular solution without introducing model-related artefacts. Others have
claimed that an increase in reperfusion time is possible11, we were, however, unable to
confirm this and suggest that the in-vitro IdPL-model is representative for acute
reperfusion effects of no longer than 90 minutes when an a-cellular perfusion solution
is used. 

The IdPL-model showed during 180 minutes reperfusion a decrease in ATP dependent
excretion of TC and PR into bile without a change in ATP content. In retrospect, after
90 minutes IPL reperfusion a similar concentration of ATP was found when compared to
180 minutes reperfusion in the IdPL. Also, glycogen remained present in 180 minutes
reperfusion in the IdPL, indicating that oxygen and nutrients were sufficiently supplied.
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Our conclusion that the reperfusion time can not be increased beyond 90 minutes is thus
based on vascular resistance, transaminases release, LDH release and a decrease in ATP
dependent excretion of taurocholic acid and phenol red after 90 minutes reperfusion.
Ninety minutes might, however, not always be sufficient, for example, to detect changes
in mRNA levels and its resulting protein synthesis. In this respect, an increase in
reperfusion time could become feasible when another reperfusion solution would be
introduced. The use of whole blood, diluted blood or a look-a-like might be
necessary3,6,22, although others have reported that blood containing solutions did not
improve the reperfusion time23. In our current experiments we did not test blood
containing solutions, since the effects of leukocytes and thrombocytes would result in
an indistinctive answer to the questions posed in this study11,24.

Summarizing, this study describes an improvement of an alternative in-vitro liver
reperfusion model in an easy to use in-vitro set-up for studies concerning
transplantation related hypotheses, metabolism, pharmacological kinetics and clearance
of toxic substances. This study also introduces the use of phenol-red as a viability marker
in liver perfusion. In our hands, the Isolated dual Perfused Liver model proved to be an
easy and elegant method to study arterialized reperfusion of the rat liver. We feel that
this in-vitro model simulates in vivo reperfusion of the liver in general and especially
mimics the initial phase of reperfusion after liver transplantation. The IdPL allows the
in-vitro study on effects of arterialized transplantation and assessment of liver function
and ischemia-reperfusion injury, using both the hepatic artery and the portal vein to
reperfuse the liver. We found the IdPL-model to be at least as good as the IPL-model
since the IdPL-model showed similar results and an improvement in a few parameters
like ALT levels and bile production. Due to the benefit of arterial perfusion in ischemia-
reperfusion studies, we do prefer the use of the IdPL above the IPL for our further liver
preservation studies. 
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