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Introduction

We evaluate Chapter 14 of this Thesis ‘Evaluation of a novel human fetal liver cell line 
-cBAL111- in the AMC-BAL in rats with complete liver ischemia’ by addressing several 
thoughts and recommendations for future experiments.

Thoughts and recommendations 

Animals

Flendrig et al. used male Wistar rats that were not further defined. In this study, we 
selected male Wistar rats of the ‘Hannover’ (Han:Wist) race. A second race, ‘Unilever’ 
Wistar (HsdCpb:WU), was not chosen. For future experiments, one may investigate the 
differences of these two races (www.Harlan.com) in relation with progression of acute 
liver failure (ALF) and survival time of ALF rats. 

Pre-operative conditions

The difference in ALF progression between rats used in this study and in the study of 
Flendrig et al.1 may be attributed to different pre-operative conditions, i.e. basic differences 
related to animal keeping at the facilities of the animal supplier or the laboratory, e.g. the 
composition of food and light/dark cycle.2-5 Unfortunately, these differences cannot be 
retrieved anymore. In the present study, the rats were not fasted. Fasting for more than 
24 hours (12 hours during day time for nocturnal animals plus 12 hours actual fasting) 
can have an enormous impact on the well-being of the animals and cause unjustifiable 
stress in perspective of a long ex vivo experiment. Moreover, in the study of Flendrig 
et al.1 it was highly unlikely that the animals were fasted for each experiment (personal 
communications). For future experiments, one may investigate the effect of fasting, as a 
possible variable, in relation to the outcome of survival time of ALF rats. 

Anesthesia

We chose for isoflurane and buprenorfine anesthesia for the portocaval shunt (PCS) 
operation and isoflurane alone for the liver ischemia (LIS) operation, since ether has fallen 
into disuse in our department and buprenorfine was considered to improve animal well-
being after the operation in terms of analgesia. Flendrig et al.1 performed all operations 
under ether anesthesia, which has a major advantage of fast recovery after anesthesia but a 
disadvantage of insufficient analgesia. The LIS rats in the study of Flendrig et al. seemed 
to develop ALF faster and more pronounced than in our study. In literature, however, no 
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indications were found that ether is more hepatotoxic than isoflurane and/or buprenorfine 
that could explain this difference.6-10 For future experiments, one may investigate the 
effect of ether vs. isoflurane w/o buprenorfine in relation to the ALF progression of LIS 
rats, although in most institutions, the use of ether is nowadays prohibited by the local 
animal ethical committees.

PCS

End-to-side PCS11 were performed by an experienced biotechnician, previously involved 
in the experiments of Flendrig et al.1. In total, 34 rats underwent a PCS procedure, of 
which 6 (18 %; including ‘re-’learning-curve) were lost due to various reasons (Table 2, 
Chapter 14). It is crucial that a PCS opens immediately after the last clamp is removed, 
preventing further splanchnic congestion. Buprenorfine, on the other hand, had an effect 
on the hemodynamics of the rat, causing a slight decrease in the blood pressure. In some 
cases, this led to diminished blood flow through the PCS, increasing the chance of blood 
clot formation at the site of the anastomosis. Massage of the PCS anastomosis with two 
cotton buds may help to stimulate blood flow after clamp removal, however, this was not 
always sufficient. Decreasing the dose of buprenorfine in subsequent PCS operated rats 
was effective to some extent. A consideration for future experiments may be to perform 
the operation exclusively with isoflurane or with even lower buprenorfine concentrations. 
To prevent possible decrease in blood pressure, one may consider to administer a sufficient 
amount of saline to temporarily increase the blood pressure and thereby, subsequent blood 
flow through the PCS.

Jugular vein cannula

Small air embolism can cause major problems or can lead to death when not prevented. 
The jugular vein cannula should therefore have a safety valve or a three-way tap with a 
small additional piece of tubing for the interception of small air bubbles coming from the 
ex vivo bioreactor support system in order to prevent air embolism. This system should 
preferably, as a bubble catcher, be operable on a stand-alone basis without continuous 
attention of the system operators. 

LIS

The LIS operation induces ALF and is the last surgical intervention before connecting 
the rat to the ex vivo bioreactor support system. After ligating the bile duct and hepatic 
artery, closure of the abdomen should be performed rapidly in order to exploit the ex 
vivo bioreactor support system as efficient as possible. However, before connecting the 
rat to the ex vivo system, the animal should be anti-coagulated or otherwise the whole 
system will be blocked immediately. Unfortunately, the reopened abdominal incision is 
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highly vascularized and can cause (small) bleedings after re-closure of the abdomen and 
subsequent administration of anti-coagulants. This may lead to a slow but eventually fatal 
abdominal bleeding. We therefore suggest to coagulate the wound rims using diathermy 
before administering dalteparine and closing the abdomen. Another option is to open de 
abdomen via an alternative route, leaving the closed mid-line laparotomy untouched. 
A third option, which has been tried in previous studies, is to ligate the bile duct and 
hepatic artery via a tunneled open tubing. A disadvantage of this ‘blind’ procedure is 
the possibility of incomplete hepatic artery closure, causing failure of LIS. Although 
these options may have potential to prevent abdominal bleeding, small lacerations or 
needle/suture holes may still cause loss of blood that may become uncontrollable with 
continuous systemic administration of anti-coagulants. A fourth option is to incorporate 
a lag-phase of 1 or 2 hours after inducing LIS, before anticoagulants are administered.12 
During this period, the intrinsic coagulation system will close the bleeding sites after 
which anti-coagulants can be administered more safely. The disadvantage of this option 
is of course the progression of ALF without intervention of the ex vivo bioreactor support 
system. 

Blood pump

Total bilirubin linearly increased in all groups connected to the ex vivo bioreactor support 
system, suggesting iatrogenically induced hemolysis. A possible cause of this hemolysis 
can be the blood pump. We used the 8-roller Watson and Marlow 205S pump at revolution 
of 10.8 rpm to direct blood through a silicon pump-segment tubing at a flow of 1.5 mL/
min. During one hour, the roller compresses the tubing, including erythrocytes, 5184 
times over a distance of 1 cm to pump the blood forwards. We did not assess different 
pumps to compare the induction of hemolysis. One may consider to investigate this issue 
in future experiments.13

Plasmapheresis system

One of the two key components of the ex vivo bioreactor support system is the 
plasmapheresis module. The modules we used in this study were simple to hydrophilize 
and fairly easy to prime with blood. Although most of the plasmapheresis modules 
worked properly, a significant portion caused minor to major problems, even leading to 
replacement. Specific problems were 1. induction of hemolysis, 2. (partial) obstruction 
of blood flow in capillaries, 3. diminished pheresis capacity (less plasma withdrawal), 
and 4. capillary leakages causing blood to enter in the plasma circuit. We believe that 
the applied anti-coagulation plays an important role in the functional capacity of the 
plasmapheresis module. However, no direct correlation exists between problems with the 
plasmapheresis module and well anti-coagulated bioreactor support systems, supporting 
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the hypothesis that many of the problems with plasmapheresis were intrinsic to the 
module. This plasmapheresis module therefore is not perfect, but can still be used in 
future experiments. However, one may consider to investigate alternative devices and 
focus on the four problem issues mentioned before.1,14-17 

Bioreactor

The second key component of the ex vivo bioreactor support system is the bioreactor. The 
small laboratory-scale bioreactor was already used in another study18, and was slightly 
modified in this study by doubling the number of capillaries. Other important differences 
with the bioreactor used by Flendrig et al. were 1. the smaller internal volume due to a 
different housing, and 2, a decreased surface of the non-woven polyester matrix due to 
a smaller matrix width. These important configurational differences were the result of 
limitations in the possibility of the manufacturer to construct the same bioreactor within 
the time-frame we imposed. The small laboratory-scale bioreactor is constructed with two 
loading ports adjacent to the matrix layers. When charging the bioreactor via one loading 
port, air can escape from the capillaries as well as from the second loading port. During 
this process, the capacity to loose air via the capillaries is rapidly reduced as they become 
wet, leaving the second loading port as the only alternative. Unfortunately, the wet cell 
isolate quickly exits via the second loading port preventing the remaining air to come 
out, with the consequence that it is extremely difficult to load the remaining cell mass. In 
addition, if not all air is removed, that part of the bioreactor (mainly the opposite side of 
the first cell loading port) remains filled with air during the attachment phase, which is an 
unwanted situation. For future experiments, one may consider to construct a bioreactor 
(using the current housing) with 1. a broader/wider matrix sheet, 2. three or four ports 
placed more laterally and away from the matrix layers, and 3. a thinner matrix.19

Fluid management 

Total fluid administration in the study was 0.67 ml per hour per 100 gr animal weight 
(standardized to 2 ml / rat). This volume was 33% below the generally required fluid 
replacement in a 300 gr weighing rat, based on fluid loss after abdominal surgery, 
respiration, diuresis and evaporation via the skin. Total fluid administration was based 
on 0.1 ml / hour dalteparine, 0.5 - 1.4 mL / hour 20% glucose (dependent on the blood 
glucose levels) and 0.5 - 1.4 ml / hour plasma solution (dependent and adjusted to the 
20% glucose infusion). We conclude from the volume of diuresis of all rats that this 
fluid regime was not a restricted one. Flendrig et al., however, described and personally 
communicated that their rats only received a 20% glucose infusion between 0.2 - 0.7 mL 
/ hour, showed diuresis, and were euglycemic at 10 mmol/L as well. In our setting, an 
average of 0.8-0.9 mL / hour 20% glucose would lead to a euglycemia of ± 7 mmol/L 
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(including the 1.1-1.2 mL / hour infusion of human pasteurized plasma solution (HPPS) 
containing glucose as well). Thus, it seems that a large difference exists between the fluid 
regime and physiological outcome of this study and the study of Flendrig et al., which 
cannot easily be explained. In a pilot study using a LIS rat without the plasma solution 
infusion, we observed that the rat required a 20% glucose infusion ranging from 0.5 -1.4 
mL/hour. Another relevant issue is the effect of an extra infusion of HPPS. Since HPPS 
contains vitamins, essential and non-essential amino acids, one may assume that this is 
a more supportive fluid regime than Flendrig et al. used, and therefore, may be more 
supportive than necessary. Particularly, this issue is interesting when planning future 
experiments. The main question to answer, before chosing a definitive experimental set-
up, is of course, whether within the boundaries of the experimental pathology, there still 
is a physiological situation and how far or mild the model should be taken (addressing 
animal well-being as well as relevance).

Weight measurement during the experiments

It is difficult to secure the exact fluid balance during an ex vivo experiment. In general, 
fluid addition is easily measured, but fluid loss due to diuresis, evaporation and respiration 
is more difficult. For future experiments, one may therefore consider to adopt the simple 
method of weighing the animal. One has to take into account, however, that fluid may 
shift between different physiological compartments, e.g. vascular, extra-vascular, intra-
abdominal, interstitial etc. 

Donor blood, sample frequency and sample volume

We administered citrated donor blood to compensate for the loss of blood due to hourly 
withdrawal of 0.5 mL samples. As a consequence, we introduced an extra dilution 
factor. Despite this intervention, hemoglobin levels decreased in time, likely related to 
hemolysis. For future experiments, one may consider 1. to reduce the sample regime to 
a 2-hourly frequency, 2. to reduce the sample volume by using glass capillaries for ABL 
measurements, 3. to reduce the number of analytical assessments using plasma, 4. to 
introduce on-site analytical blood checkers using strips for ammonia, glucose, lactate, Hb, 
creatinine and aPTT. These recommendations, however, imply that a future model should 
first be fully and thoroughly tested in pilot studies before starting new experiments.

Anticoagulant management

An optimal anticoagulant regimen is essential for the success of an ex vivo extra-corporeal 
device study. The practical implications have been addressed in the previous paragraphs. 
For future experiments, on-site monitoring of the anticoagulant status of the rat and ex 
vivo system is essential in order to be abale to adjust the dose of heparin administration.
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Pressure transducers and monitor

Pressure monitoring in a pressure-tight ex vivo bioreactor support system is essential, 
since pressure changes can indicate membrane fouling of the plasmapheresis device and 
obstructions in tubings. Measuring the rats’ blood pressure is only possible when the 
blood circuit is stopped. For future experiments, one may consider to introduce a non-
invasive blood pressure monitor, e.g. a tail cuff, if sufficiently reliable and practical.

Temperature control

The temperature of the rat is recorded using a rectal probe and maintained at 36.5-37.5oC 
with the help of a heating lamp. The bioreactor is kept at a constant temperature of 37oC 
using a heating block, whereas the infused plasma and oxygenation gas is heated to 37oC 
via two heating systems. Blood from the system to the rat, however, is not pre-heated. For 
future experiments, one may consider to introduce a third heating system for the venous/
return blood line or simply temperature-isolate this return line.

Tubing

We used the same tubing as Flendrig et al. However, for future experiments, one may 
consider using a thinner tubing for the plasma and bioreactor circuits to reduce the fluid 
volume of the system. In addition, pre-fabricated sterile tubing elements for all parts of 
the system should at any time be available during the experiment. Furthermore, re-use 
of tubing-sets is inevitable, but one should take into account the consequences of the 
wear-and-tear effects of the pump system and the possibility of protein depositions on the 
luminal side of the tubings. 

Fluid flow meter

It is difficult to estimate the plasma-withdrawal efficiency of the plasmapheresis module. 
In general, pressure changes will predict the efficiency of the module. For future 
experiments, however, one may consider to use an extra-luminal fluid flow meter, e.g. a 
rat aorta blood flow meter, for accurate measurement of fluid flow in ml/min.

Intracranial pressure (ICP) monitoring

Measuring intracranial pressure as a parameter for the development of HE is an elegant 
and quantitative method. Whether this invasive method is applicable in the setting of 
the current ex vivo set-up, particularly with respect to the risk of bleeding, should be 
investigated. A new and less invasive method to measure ICP is via a lumbar puncture, 
which should be considered as an alternative option for future experiments.
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Modeling ex vivo system

Mathematical modeling of the ex vivo system may provide more insight in the potential of 
a specifically designed system in light of the functional capacity of a cell type / BAL. By 
constructing a three-compartment model, one can integrate the rat, the blood circuit and 
the plasma circuit (including the BAL) and analyze for example the kinetics of ammonia 
per compartment.

Golden standard cell type

We and Flendrig et al. used mature porcine hepatocytes (MPH) as the standard cell type. 
MPH have been used in all AMC-BAL pre-clinical and clinical studies and have proven 
to be functional. For future experiments, one may consider to use mature rat hepatocytes 
as a new standard for ex vivo experiments. A major advantage is the easier, faster and 
cheaper isolation procedure in contrast to the isolation procedure of MPH. Another option 
is the use of MPH isolated from slaughterhouse livers20, although, sterility and ischemia 
times can pose new problems.

After an ex vivo experiment

Ex vivo experiments using ALF rats and BALs loaded with hepatocytes are long and complex 
and are therefore not easily repeatable. After analyzing all results, many questions may 
arise concerning physiological, cellular, metabolic and genetic mechanisms. To answer 
these possible questions, one may consider to collect as much material in anticipation of 
future and more in depth analysis. A few -self explanatory- examples: 1. redraw as much 
blood from the deceased rat as quickly as possible and store in different blood tubes; 2. 
remove the brain, dissect transversally and store one half in liquid nitrogen (N2-liq) and 
the other half in 4% paraformaldehyde (PFA); 3. remove liver, kidney, spleen, lung and 
intestine; dissect and store at N2-liq and PFA (possibly also in Trizol for gene expression 
analysis); 4. fix the BAL with PFA for histological analysis and store at 4oC or remove a 
big large piece of the inner matrix and capillaries (including cells) and store at -80 oC in 
Trizol. These actions are labour intensive, but may provide valuable material for further 
analysis in various HE and ALF issues in relation to any cell type used.



Thoughts & Recommendations on Chapter 14

319

Reference List

1.  Flendrig LM, Chamuleau RA, Maas MA, Daalhuisen J, Hasset B, Kilty CG, Doyle S, Ladiges NC, 
Jorning GG, la Soe J, Sommeijer D, te Velde A. Evaluation of a novel bioartificial liver in rats with 
complete liver ischemia: treatment efficacy and species-specific alpha-GST detection to monitor 
hepatocyte viability. J Hepatol 1999;30: 311-320.

2.  Carvalho RA, Jones JG, McGuirk C, Sherry AD, Malloy CR. Hepatic gluconeogenesis and Krebs cycle 
fluxes in a CCl4 model of acute liver failure. NMR Biomed 2002;15: 45-51.

3.  Matsunaga N, Nakamura N, Yoneda N, Qin T, Terazono H, To H, Higuchi S, Ohdo S. Influence of 
feeding schedule on 24-h rhythm of hepatotoxicity induced by acetaminophen in mice. J Pharmacol Exp 
Ther 2004;311: 594-600.

4.  Jerkins AA, Steele RD. Diet composition and surgical technique influence the postoperative recovery of 
portacaval shunted rats. Hepatology 1988;8: 855-860.

5.  Proia AD, Edwards KD, McNamara DJ, Anderson KE. Dietary influences on the hepatic mixed-function 
oxidase system in the rat after portacaval anastomosis. Gastroenterology 1984;86: 618-626.

6.  Stevens WC, Eger EI, White A, Halsey MJ, Munger W, Gibbons RD, Dolan W, Shargel R. Comparative 
toxicities of halothane, isoflurane, and diethyl ether at subanesthetic concentrations in laboratory animals. 
Anesthesiology 1975;42: 408-419.

7.  Dawson B, Adson MA, Dockerty MB, Fleisher GA, Jones RR, Hartridge VB, Schnelle N, McGuckin 
WF, Summerskill WH. Hepatic function tests: postoperative changes with halothane or diethyl ether 
anesthesia. Mayo Clin Proc 1966;41: 599-607.

8.  Eger EI. The pharmacology of isoflurane. Br J Anaesth 1984;56 Suppl 1: 71S-99S.
9.  Raper SE, Barker ME, Burwen SJ, Jones AL. Isoflurane as an anesthetic for experimental animal surgery. 

Anat Rec 1987;218: 116-122.
10.  Plate AY, Crankshaw DL, Gallaher DD. The effect of anesthesia by diethyl ether or isoflurane on activity 

of cytochrome P450 2E1 and P450 reductases in rat liver. Anesth Analg 2005;101: 1063-4.
11.  Lee S, Chandler JG, Broelsch CE, Flamant YM, Orloff MJ. Portal-systemic anastomosis in the rat. J 

Surg Res 1974;17: 53-73.
12.  van de Kerkhove MP, Hoekstra R, van Gulik TM, Chamuleau RA. Large animal models of fulminant 

hepatic failure in artificial and bioartificial liver support research. Biomaterials 2004;25: 1613-1625.
13.  van Oeveren W. Biomaterials for rotary blood pumps. Artif Organs 1995;19: 603-607.
14.  Shito M, Tilles AW, Tompkins RG, Yarmush ML, Toner M. Efficacy of an extracorporeal flat-plate 

bioartificial liver in treating fulminant hepatic failure. J Surg Res 2003;111: 53-62.
15.  Shito M, Kim NH, Baskaran H, Tilles AW, Tompkins RG, Yarmush ML, Toner M. In vitro and in 

vivo evaluation of albumin synthesis rate of porcine hepatocytes in a flat-plate bioreactor. Artif Organs 
2001;25: 571-578.

16.  Sakiyama R, Nakazawa K, Ijima H, Mizumoto H, Kajiwara T, Ito M, Ishibashi H, Funatsu K. Recovery 
of rats with fulminant hepatic failure by using a hybrid artificial liver support system with polyurethane 
foam/rat hepatocyte spheroids. Int J Artif Organs 2002;25: 1144-1152.

17.  Follette DB, Kerr D, Nasca TJ, Euler HH, Pinevich AJ. A method for chronic membrane plasmapheresis 
in the rat. J Appl Physiol 1993;75: 2820-2824.

18.  Poyck PP, van Wijk AC, van der Hoeven TV, de Waart DR, van Gulik TM, Chamuleau RA, Hoekstra R. 
Evaluation of a new immortalized human fetal liver cell line (cBAL111) for application in bioartificial 
liver. J Hepatol 2007;submitted.

19.  Poyck PP, Mareels G, Hoekstra R, van Wijk AC, van der Hoeven TV, van Gulik TM, Verdonck PR, 
Chamuleau RA. Enhanced oxygen availability improves liver-specific functions by increased oxygenation  
of the AMC bioartificial liver. Artif Organs 2008 (January);in press.

20.  Koebe HG, Pahernik SA, Sproede M, Thasler WE, Schildberg FW. Porcine hepatocytes from 
slaughterhouse organs. An unlimited resource for bioartificial liver devices. ASAIO J1995;41:189-193.




