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Abstract

Background. The mechanisms underlying metabolic zonation in the liver are not 
completely elucidated. In vitro hepatocyte test systems may provide new insights in 
current hypotheses. In this study, zonally expressed proteins, particularly two enzymes 
related to ammonia metabolism, i.e. the pericentrally expressed glutamine synthetase 
(GS) and the periportally expressed carbamoylphosphate synthetase (CPS), were tested 
for their expression patterns in the AMC bioartificial liver (AMC-BAL).
Methods. Laboratory-scale AMC-BAL bioreactors were charged with primary porcine 
hepatocytes and terminated after different culture periods, i.e. 2, 16, 32, 70 and 120 hrs. 
The distribution and organization of porcine hepatocytes were analyzed in time. GS and 
CPS were localized by immunohistochemistry. Transcript levels of four periportally and 
five pericentrally expressed proteins as well as HNF4α were analyzed from cell isolates 
and bioreactor samples after 120 hrs of culturing by RT-PCR. General metabolic and 
hepatocyte-specific functions were determined at 16, 70 and 120 hrs.
Results. Loose hepatocyte clusters tended to fuse into more dense and more organized 
aggregates between 2 hrs and 37 hrs. Viable hepatocyte layers of approx. 150 μm were 
observed around gas capillaries, whereas inside the matrix single cells or small aggregates 
were present. Between 37 hrs and 120 hrs, cellular morphology slightly changed depending 
on the localization inside the bioreactor. GS protein and mRNA levels were upregulated 
in time. GS protein was preferentially expressed in hepatocytes adjacent to oxygen-
supplying capillaries and expressed in previously CPS-positive and morphologically 
changed hepatocytes. No general shift towards a periportal or pericentral phenotype was 
observed from RT-PCR analysis. HNF4α mRNA levels did not change in time.
Conclusion. Induction of GS expression inside the AMC-BAL is not dependent on 
– low – oxygen tensions and HNF4α transcript levels. We hypothesize that the observed 
GS expression might be related to (1) low substrate levels and/or autocrine soluble factors 
or (2) to cytoskeleton interactions, putatively associated with the β-catenin signaling 
pathway. In addition, we have shown that the AMC-BAL is an attractive in vitro test 
system to study the underlying mechanisms of proteins related to metabolic zonation.
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Introduction 

The architecture of the liver is characterized by a structural and functional heterogeneity 
at the level of the smallest architectural units, the lobules. The liver lobule is classically 
divided into three zones: (a) a periportal zone receiving blood from the terminal branches 
of the portal vein and the hepatic artery, (b) an intermediate zone, and (c) the pericentral 
zone surrounding the efferent central vein, the most upstream tributary of hepatic veins. 
Hepatocytes located in the respective zones have different, often complementary, 
metabolic functions, a concept which is known as metabolic zonation (for review 
ref 1). Periportal and pericentral hepatocytes can, therefore, be identified by their content 
of specific enzymes. 

The mechanism underlying metabolic zonation is hypothesized to be related to 
the gradient of oxygen, metabolites and hormones along the portocentral axis1,2 and/or 
cell-cell interactions.3 In general, two types of metabolic zonation have been recognized, 
i.e. the ‘gradient’ versus ‘compartment’ type and the ‘dynamic’ versus ‘stable’ type 
of zonation.1,4 The difference between the gradient and compartment type refers to the 
steepness of the gradient in expression of a gene along the portocentral axis, whereas 
the dynamic and stable type of zonation differ in their ability to adapt to metabolic and 
hormonal changes.

Two zonally expressed proteins and key enzymes in ammonia metabolism are 
glutamine synthetase (GS) and mitochondrial carbamoylphosphate synthetase I (CPS). 
GS catalyzes the ATP-dependent conversion of ammonia and glutamate to glutamine 
in the pericentral zone, whereas CPS, the rate-determining enzyme of the urea cycle, 
catalyzes the conversion of ammonia and bicarbonate to carbamoylphosphate in the 
periportal and intermediate zones. Both enzymes are examples of the compartment type, 
but the expression pattern of GS is ‘stable’ and that of CPS is ‘dynamic’.1,4

 Many different methods have been developed to explain the molecular mechanism 
underlying metabolic zonation. For this purpose, in vivo experiments with rats5 or 
– knockout – mice6,7, in vitro hepatocyte monolayer studies8,9 as well as metabolic 
modeling4,10 have been used. Allen et al., for example, have developed an in vitro 
flat-plate perfusion system that imposes physiological oxygen gradients on a monolayer 
of rat hepatocytes to study the relation between oxygen tension and zonally expressed 
enzymes.8,9 They were able to mimic the in vivo heterogeneous distribution of three zonally 
expressed enzymes, i.e. the periportally expressed phosphoenolpyruvate carboxykinase 
(PCK) and pericentrally expressed cytochrome P450 2B and 3A. However it is known 
that three dimensional culturing of hepatocytes is favorable for hepatic differentiation.11,12 
In this study, we used a bioartificial liver (BAL) as a multi-cellular three-dimensional in 
vitro culture system to study metabolic zonation.

BAL devices have principally been developed to tide acute liver patients over to 
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orthotopic liver transplantation or until regeneration of the native liver occurs.13 These 
extracorporeal devices contain large amounts of hepatocytes to support the wide array of 
liver functions of the failing liver, e.g. ammonia detoxification. In the Academic Medical 
Center in Amsterdam, we developed the AMC-BAL that is characterized by direct contact 
between cells and plasma, an integrated oxygenation system through gas capillaries and 
a spirally wound polyester matrix.11,14 Liver cells cultured in the AMC-BAL display two-
fold higher and more stable functionality compared to cells cultured in monolayer.11 In 
addition, coherent three-dimensional tissue is present around the gas capillaries and in 
the matrix of the bioreactor after seeding small aggregates of porcine hepatocytes and 
culturing for 5-7 days.11,15,16 Considering the coherent tissue in 3D, the AMC-BAL may 
serve as a model system to study zonation, although two major differences to the situation 
in vivo are evident, i.e. (1) the ‘micro-compartment’ configuration of the AMC-BAL 

Figure 1. Schematic representation of (A) liver lobule and (B) micro-compartment of the AMC-BAL 
including (C) the gradients of oxygen, substrates and products. PV, portal vein; CV, central vein; pp, 
periportal zone; iz, intermediate zone; pc, pericentral zone; Heps, hepatocytes; GC, gas capillary; ECS, 
extracapillary zone; α, represents oxygen flow or gradient; β, represents substrate flow or gradient; γ, 
represents product flow or gradient. Scheme is depicted through the transverse axis of the bioreactor 
(x- and y-axis), whereas medium flow inside the bioreactor is in the ECS along the z-axis. Graphs 
illustrate the gradients of oxygen (α), substrates (β) as wells as products (γ) in the liver lobule (line) and 
in the micro-compartment of the AMC-BAL (dotted line). The x-axis of all three graphs are depicted 
in arbitrary units.
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differs from the anatomy of the liver lobule with respect to the physiological gradients of 
oxygen and metabolites; these gradients are opposed to each other in the AMC-BAL in 
contrast to the parallel gradients in vivo (Fig. 1), and (2) since the AMC-BAL is loaded with 
a cell suspension that consists mainly of hepatocytes, cell-cell interactions are disrupted 
at the start of the culture, so that the hepatocyte aggregates in the BAL originate from 
a mixture of periportal and pericentral cells. These two fundamental differences may, 
however, also provide new insights in the mechanisms underlying the zonal expression 
of liver enzymes.

In this study, we evaluated the distribution and organization in time of GS and 
CPS inside the AMC-BAL by analyzing small laboratory-scale bioreactors charged 
with porcine hepatocytes at different culture periods, i.e. 2, 16, 32, 70 and 120 hrs. We 
determined the localization of GS and CPS by immunohistochemistry and analyzed 
transcript levels of genes related to metabolic zonation as well as general metabolic and 
hepatocyte-specific functions. Our results show that GS is upregulated in hepatocytes 
that are localized around gas capillaries. This change in phenotype correlated with the 
gradient in metabolic substrates and not with that in oxygen or metabolic products.

Materials and Methods

Bioreactor

We used the laboratory-scale AMC-BAL bioreactor, which is a 55x down-scaled version of 
the second generation AMC-BAL17 with an internal volume of 10 mL and double number 
of gas capillaries.18 The general configuration of the bioreactor, as described in detail by 
Flendrig et al.11,14, consists of a polycarbonate housing containing a three dimensional 
non-woven hydrophilic polyester matrix circularly wound around a polycarbonate core. 
Between the matrix layers, hydrophobic polypropylene gas capillaries are situated in a 
parallel fashion of which the ends are embedded in polyurethane resin and fitted with gas 
inlet and outlet caps.

Hepatocyte isolation

Hepatocytes were isolated from livers of female pigs (20-24 kg) by a two-step collagenase 
perfusion technique according to a modified protocol of Seglen19 as described previously.17 
Procedures were according to the institutional guidelines of the local Animal Ethical 
Committee. Hepatocytes were suspended in ice-cold WE culture medium, consisting of 
William’s E medium supplemented with 10% (v/v) heat inactivated fetal bovine serum 
(BioWhittaker, Verviers, Belgium), 2 mM glutamine, 1 μM dexamethasone, 20 mU/mL 
insulin, 2 mM ornithine, 100 μg/mL streptomycin, 100 U/mL penicillin and 0.25 μg/mL 
fungizone. Total yield of isolated hepatocytes was estimated by determination of the cell 
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pellet volume after 3-times of centrifugation at 50x g for 3 min.17 Viability was determined 
by trypan blue exclusion test using a Bürker Bright line cytometer (Optik Labor). From 
each isolate, two samples were collected for quantitative RT-PCR (qRT-PCR).

Hepatocyte culture

Bioreactors (n=11) were loaded with 200 x 106 viable hepatocytes suspended in 8 ml 
culture medium, cultured at 37oC and oxygenated with air/CO2 (95:5; 50 ml/min). After 
a 2-hour attachment period, dead and unattached cells were removed by a flush of 60 ml 
WE culture medium after which the bioreactors were continuously perfused with 76 mL 
recirculating culture medium at 5 mL/min.

Hepatocyte function tests

Bioreactors were subjected to a hepatocyte function test after 16 hrs, 60 hrs and 120 
hrs. Each test consisted of an oxygen consumption test followed by a function test, as 
described previously.17 Briefly, oxygen consumption was determined by measuring the 
decrease in oxygen tension during the first 15 min after closing the oxygen supply to the 
bioreactor. Function tests were performed with test medium composed of WE culture 
medium supplemented with 500 μg/mL lidocaine HCl, 2 mM L-lactate, 2.75 mM D-
galactose and 5 mM NH4Cl. Bioreactors were first flushed with 30 ml test medium, 
followed by a 3-hour period of recirculation with 36 ml of test medium. Samples (2.5 ml) 
were taken at 30, 60, 120 and 180 min and analyzed for concentrations of urea, lidocaine, 
glucose, lactate, albumin as well as activities of aspartate aminotransferase (AST) and 
lactate dehydrogenase (LDH) as reported earlier.17 The concentration of ammonia was 
determined with an enzymatic L-glutamate dehydrogenase assay (Ammonia Assay Kit, 
Sigma, St. Louis, MD, USA). The concentration of galactose was determined by the 
absorbance of nicotinamide-adenine dinucleotide (NADH) at 340 nm after enzymatic 
reaction with galactose dehydrogenase (Roche) according to Bergmeyer et al.20 Function 
test parameter rates were determined by calculating the changes in concentration in test 
medium per hour per billion cells loaded in the bioreactor. 

Five bioreactors were terminated for histological analysis at different time points 
after cell loading, i.e. 2, 16, 37, 70 and 120 hrs. Four bioreactors were terminated to 
collect samples for qRT-PCR.

Immunohistochemical analysis

Complete transverse 8 μm sections of 4% buffered formaldehyde-fixed and paraplast 
embedded bioreactors were obtained as described previously.15,16 Immunostaining was 
performed as described previously.18 In short, primary monoclonal anti-rat GS antibody 
(1:1000; Transduction Laboratories, Lexington, KY, G45020) and rabbit anti-CPS 
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(1:1500)21 were used, and visualized using alkaline-phosphatase labeled antibodies 
(Sigma-Aldrich, Zwijndrecht, The Netherlands). All sections were treated similarly per 
antibody. Negative control stainings did not include the primary antibody incubation. 
Immunostainings against phosphoenolpyruvate carboxykinase (PCK), β-catenin, hepatic 
nuclear factor 4 alpha (HNF4α), ornithine aminotransferase (OAT) and thyroid hormone-
receptor beta 1 (TRβ1) were also performed.

qRT-PCR

Gene-specific RT-PCR analyses were performed as described previously.15,22,23 RT and 
PCR primer sequences are presented in Table 1. Transcript levels were normalized for 
18S ribosomal RNA.

Statistical analysis

Student’s t tests were used to determine statistical differences between isolate and matrix 
samples. Significance was reached if P < 0.05. SPSS 12.0.1 (SPSS Inc., Chicago, IL, 
USA) was used for statistical analysis. Prism version 4.0 (GraphPad Prism Inc, San 
Diego, CA, USA) was used for graphical presentation of the data. Average values (± 
standard error) are reported.

Gene primer 5’ - 3’ Gene primer 5’ - 3’
RT CCGGCGGGTCATGGGAATAAC RT GCGCACAGACACCCGGTTCATTTC

18S S TTCGGAACTGAGGCCATGAT HNF4α S TCCGGGCTGGCATGAAGAAGG
AS CGAACCTCCGACTTTCGTTCT AS GCAGTGCCGAGGGATGATGTAGT
RT AAACCATCCAGTAGCCAGTGC RT CTCTGCCAGCCACCCCTCCTCCTT

Ak3l1 S GTTCGGCCTCCCCTTCCTCAC PCK S CTGGGGGCGGGCGAGTTCATCA
AS CCTATTCTCCAGCTCCGACAG AS ATTTCTCGGCGGTCGGGCAGGTG
RT CCCACCTAAATGCCATAATCGTT RT TTTGCAGCCATAAGCCACAGG

B3galt3 S CCTGAGCCTCCCCCACTACAA Pfkfb1 S GAGATTGATGCGGGTGTCTGTG
AS ATGCCATAATCGTTTTCAAGGTCA AS TCCTGYCGTTCTAGCTCCATTAT
RT GTTCTGCCTTGATGACCTCTG RT TCGCCCATCCCTCCCAACAAG

CPS S GGGATCGCAAGCTGTAAAAG Rhbg S GCGCTGGGGCTGTGCTAATCT
AS GTGTGATGGGGAGGAAGTAG AS GGTGCTGGCGGTCAAGGAGTA
RT CCATAGCCCACCAGCAGGAC RT TTTGCAGCCATAAGCCACAGG

Ctsc S GGCCCAAACCTGCACCAATAAC TRβ1 S GAGATTGATGCGGGTGTCTGTG
AS CCCCCATAGAAACCACCCACAT AS TCCTGYCGTTCTAGCTCCATTAT
RT CGGGGAATGCGGATGCTA

GS S TGCCGGCTGCCACACCAAC
AS CCACGCCGGCAGAAAAGTCG

RT, reverse transcriptase primer; S, sense primer; AS, anti-sense primer. 18S, 18S rRNA; Ak3l1, adenylate 
kinase α-like 1; B3galt3, UDP-Gal:beta-GlcNAc beta-1,3-galactosyltransferase 3; CPS, carbamoyl-phosphate 
synthetase; Ctsc, cathepsin C; GS, glutamine synthetase; HNF4α, hepatic nuclear factor 4 α; PCK, cytosolic 
phosphoenol-pyruvate carboxykinase 1; Pfkfb1, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1; 
Rhbg, rhesus blood group-associated B glycoprotein; TRβ1, thyroid hormone receptor β 1.

Table 1. RT-PCR primers.
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Results

Hepatocyte organization inside the bioreactor in time 

Hepatocytes were obtained after a liver cell isolation procedure and injected into the 
bioreactors as a cell suspension. After the 2-hour attachment period without medium 
perfusion, hepatocytes were distributed throughout the bioreactor forming loose cellular 
clusters of various sizes, i.e. extending 30 - 200 μm from the capillaries towards the 
matrix layers (Fig. 2A). Inside the non-woven matrix, mainly round single cells or 
small cell aggregates were present (Fig. 2B). After 16 hrs, i.e. after 14 hrs with medium 
perfusion, cell aggregates were denser and tended to fuse into larger aggregates. More 
variation in cell shape was observed after 37 hrs, in particular of hepatocytes around gas 
capillaries. These hepatocytes were organized into more compact aggregates, thereby 
forming clearly visible cell contacts (Fig. 2C) which were aligned with more stretched 
cells adjacent to the capillaries. Polygonal hepatocytes were detected inside the matrix 
(Fig. 2D). Between 70 hrs and 120 hrs, the appearance of hepatocytes changed dependent 
on the localization. Around gas capillaries, a layer of approximately 150 to 175 μm was 
observed with mainly viable cells, of which some cells were slightly swollen (Fig. 2E). 
Outside this layer, anuclear acidophilic cells and amorphous cell aggregates were present 
(Fig. 2E). Hepatocytes entrapped inside the matrix changed from polygonal cells into more 
elongated or flattened cells, clearly using the fibers as an attachment anchor (Fig. 2F).

A B

C D

FE

*

* *

Figure 2.
Legend →
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Hepatocyte function tests

In Table 2, an overview is given of the results of the hepatocyte function tests at 16, 70 and 
120 hrs. Ammonia elimination capacity was relatively low after 16 hrs when compared 
to previous studies15,16, rose to expected levels at 70 h and then slightly decreased (15%) 
between 70 and 120 hrs. Urea production and lidocaine elimination capacities were stable 
during the first three days, but decreased between 70 and 120 hrs by 26% and 41%, 
respectively. Albumin production increased in time with 41 μg/hour/109 cells per day 
(R2 = 0.86) and galactose elimination capacity increased with 13 μmol/hour/109 cells per 
day (R2 = 0.999). Overall conversion rates of glucose and lactate, calculated by the slope 
over 5 days, was 33 and 56 μmol/hour/109 cells per day, respectively (R2 > 0.92), indicating 

16 hrs 70 hrs 120 hrs

Hepatocyte-specific functions

Ammonia elimination 1 63.1 ± 13.3 88.9 ± 33.2 76.0 ± 7.8
Urea production 1 42.8 ± 7.0 46.7 ± 20.7 34.5 ± 1.3
Lidocaine elimination 1 113.5 ± 17.6 110.5 ± 15.0 65.3 ± 6.1
Albumin production 2 56.6 ± 12.2 195.6 ± 75.0 219.2 ± 51.4
Galactose elimination 1 21.2 ± 5.9 48.4 ± 6.0 73.0 ± 3.6

General metabolic activity

Glucose consumption 1 23.8 ± 1.1 67.7 ± 18.4 153.8 ± 39.3
Lactate production 1 -21.8 ± 3.1 32.1 ± 16.2 200.1 ± 12.8
Oxygen consumption 1 16.4 ± 1.6 29.3 ± 3.6 30.5 ± 4.8

Cellular damage

AST release 3 1.85 ± 0.22 0.87 ± 0.24 1.01 ± 0.36
LDH release 3 0.48 ± 0.03 0.33 ± 0.09 0.60 ± 0.34

1 μmol/hour/109 cells; 2 mg/hour/109 cells; 3 U/hour/109 cells. 
Values are reported as mean ± SE.

Table 2. Results of hepatocyte function tests.

← Figure 2. Hematoxylin and eosin staining of hepatocyte organization inside the bioreactor in time. After 
the 2-hour attachment period, large hepatocyte aggregates were detected inside the extracapillary space forming 
loose cell clusters (A), whereas inside the non-woven matrix between the fibers (single headed arrows), small 
cell aggregates or single cells were detected (B). After 37 hrs, more compact cell aggregates have formed 
around gas capillaries (C; asterisk indicates gas capillary). Hepatocytes inside the matrix remained unchanged 
(D). Between 70 and 120 hrs and around gas capillaries, a viable layer of hepatocytes were formed of app 150 
to 175 μm thick (E, 120 hrs). In these layers, hepatocytes were slightly swollen (E, lines with dot), whereas 
outside these areas acidophilic cells were detected (E, double headed arrow). Hepatocytes inside the matrix were 
more elongated and flattened (F; closed arrow head; 70 hrs). Hepatocytes used the fibers as attachment anchors 
(F, open arrow heads; 70hrs). Bars indicate 50 μm. See Appendix 2 for color image.
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the co-existence of aerobic and anaerobic metabolism. Oxygen consumption increased 
in time with 3.5 μmol/hour/109 cells per day (r2 = 0.81). AST and LDH releases were 
low and showed similar trends as observed previously, indicating stable hepatocellular 
integrity with a minor role for cell death.24 In general, these results demonstrate that 
hepatocytes functioned at a high level during the first 70 hrs. 

Gene expression analysis

Changes in transcript levels of four periportally expressed proteins (CPS; PCK, cytosolic 
phosphoenol-pyruvate carboxykinase 1; AK3l1, adenylate kinase 3 α-like 1; Ctsc, 
cathepsin C), five pericentrally expressed proteins (GS; TRβ1, thyroid hormone receptor 
β 1; Rhbg, rhesus blood group-associated B glycoprotein; Pfkfb1, 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 1; B3galt3, UDP-Gal:beta-GlcNAc beta-1,3-
galactosyltransferase 3)) were determined from samples taken from the original liver cell 
isolate (T0) and bioreactor samples after 120 hrs (Table 3). AK3l1, Ctsc, Rhbg, Pfkfb1 and 
B3galt3 were selected as differentially expressed in periportal and pericentral hepatocytes 
from Braeuning et al.25 Transcript levels of GS, AK3l1 and Ctsc were significantly 
increased by 41%, 346% and 204% after 120 hrs as compared to T0, respectively, 

0 hrs 120 hrs P
% 120 hrs 
vs. 0 hrs

Periportal CPS 0.047 ± 0.027 0.036 ± 0.015 77
PCK 0.298 ± 0.070 0.014 ± 0.008 * 5
Ak3l1 0.007 ± 0.002 0.030 ± 0.004 * 429
Ctsc 0.094 ± 0.020 0.285 ± 0.079 * 303

Pericentral GS 0.162 ± 0.035 0.228 ± 0.059 * 141
TRβ1 0.014 ± 0.005 0.013 ± 0.004 93
Rhbg 0.0034 ± 0.0017 0.0013 ± 0.0007 38
Pfkfb1 0.00111 ± 0.00004 0.00069 ± 0.00019 62
B3galt3 0.00063 ± 0.00021 0.00147 ± 0.00070 233

Other HNF4α 0.256 ± 0.057 0.266 ± 0.072 104

Ak3l1, adenylate kinase 3 α-like 1; B3galt3, betaGlcNAc 1,3-galactosidase; CPS, carbamoyl-phosphate 
synthetase; Ctsc, cathepsin C; GS, glutamine synthetase; HNF4α, hepatic nuclear factor 4 α; PCK, 
cytosolic phosphoenol-pyruvate carboxykinase 1; Pfkfb1, 6-phospho-2-kinase; Rhbg, rhesus blood 

group-associated B glycoprotein; TRβ1, thyroid hormone receptor β 1.

Table 3. Results of gene expression analysis. Cell samples for mRNA analysis were collected at day 0 from 
the cell isolate (0 hrs, T0) and after 120 hrs from bioreactor samples. Asterisks indicate P < 0.05. Average 
relative mRNA levels (± SE) are reported.
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whereas mRNA level of PCK, a gluconeogenic enzyme, was 20-fold lower after 120 hrs 
as compared to T0 (P < 0.05). Transcript levels of CPS, TRβ1, Rhbg, Pfkfb1 and B3galt3 
did not differ between T0 and 120 hrs. No periportal or pericentral shift in gene expression 
from T0 to 120 hrs was observed. The transcript levels of HNF4α, a transcription factor 
involved in the expression of many genes in hepatocytes6,26, which is reported to show a 
slightly higher pericentral expression27 also did not differ between T0 and 120 hrs.

Antibody specificity for porcine liver

The antibodies against GS and CPS have been validated in previous studies using 
mouse liver tissue.6 To confirm the specificity of both antibodies for porcine tissue, an 
immunostaining was performed on mouse and porcine liver samples under identical 
conditions (Fig. 3). The GS staining confirmed the exclusive presence of GS protein in 
pericentral hepatocytes of mouse as well as porcine hepatocytes (Fig 3A,C), whereas 
no staining was present in control samples (Fig. 3D). Staining for CPS on mouse and 
porcine liver samples revealed the periportal expression of the CPS protein (Fig. 3E, G), 
whereas no staining was present in the control samples (Fig 3F, H). Both antibodies were 
considered specific to detect the GS and CPS protein in mouse and porcine liver.

Immunostainings with antibodies against phosphoenolpyruvate carboxykinase 
(PCK), β-catenin, hepatic nuclear factor 4 alpha (HNF4α), ornithine aminotransferase 
(OAT) and thyroid hormone-receptor beta 1 (TRβ1) resulted in non-specific stainings 
using porcine liver material.

mouse pig mouse pig

�
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Figure 3. Analysis of immunostaining specificity of antibodies against glutamine synthetase (GS) and 
mitochondrial carbamoylphosphate synthetase I (CPS) on mouse and pig liver tissue. A, C, E and G: actual 
immunostaining; B, D, F and H: negative control staining; cv, central vein; pv, portal vein. Bars in A, B, E and 
F (mouse samples) indicate 200 μm and bars in C, D, G and H (pig samples) indicate 100 μm. See Appendix 2 
for color image.



Chapter 10

208

Figure 4. Hematoxylin and eosin (HE) stainings and immunohistochemical analysis of glutamine synthetase 
(GS) and mitochondrial carbamoylphosphate synthetase I (CPS) localization inside the AMC-BAL in time, i.e. 
after 2, 16, 36, 70 and 120 hrs of culture. Successive sections per sample were analyzed for HE, GS and CPS. 
Inserts show macroscopic views − analogous to the micro-compartment of the AMC-BAL (Fig. 1) − from 
which photographs at higher magnification are shown. Bars in large photographs indicate 50 μm, whereas bars 
in inserts indicate 200 μm. Asterisks indicate capillaries. See Appendix 2 for color image.
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 Localization of GS and CPS inside the bioreactor in time

The cellular distribution of GS and CPS inside the AMC-BAL in time was assessed by 
immunostaining of sections obtained from bioreactors terminated at 2, 16, 32, 70 and 
120 hrs (Fig. 4). At 2 and 16 hrs, GS- and CPS-positive cells were randomly present 
throughout the bioreactor. The ratio GS:CPS positive cells was approximately that of 
normal liver tissue (Fig 3C, G) with a large majority of CPS-positive cells. At 37 hrs, the 
random localization of GS-positive cells disappeared, whereas a first sign of GS-positive 
cell staining around gas capillaries was observed. After 70 and 120 hrs, GS-positive cells 
were predominantly localized in areas around gas capillaries. The number of GS-positive 
cells around the gas capillaries as well as the intensity of GS staining increased in time 
(2 ~ 16 ≤ 37 < 70 < 120 hrs). At 120 hrs, a zone of approx. 6 cells thick located around the 
capillaries was positive for GS. GS positivity was not strictly related with viability, since 
not all viable hepatocytes became GS positive. In contrast to GS, the CPS immunostaining 
was more difficult to interpret, since some staining occurred at the edges of cellular tissue. 
CPS-positive cells were defined as cells having granular cytoplasmic staining (CPS is a 
mitochondrial enzyme) and a clear nucleus (cf. Fig. 4; CPS 2 hrs). The number of CPS-
positive cells as well as the intensity of CPS staining appeared to decrease in time and 
expression was mainly confined to the extracapillary areas.

Discussion

The aim of this study was to identify the localization of two zonally expressed enzymes 
responsible for ammonia removal, i.e. glutamine synthetase (GS) and mitochondrial 
carbamoylphosphate synthetase I (CPS), inside the AMC-BAL charged with porcine 
hepatocytes. We demonstrated that GS was (1) upregulated in time, (2) preferentially 
expressed in hepatocytes adjacent to gas capillaries, and (3) expressed in previously 
CPS-positive and morphologically changed hepatocytes. Using the mRNA expression of 
zonally distributed genes, we further demonstrated that no periportal or pericentral shift 
in general occurred inside the AMC-BAL in time.

Immunohistochemical analysis demonstrated a zonal expression of GS, suggesting 
metabolic zonation to occur inside the AMC-BAL. However, transcript analysis of four 
periportally expressed and five pericentrally expressed proteins demonstrated that the 
upregulation of GS cannot be explained as part of a total shift to a more pericentral 
phenotype in the whole bioreactor. We interpret this finding to indicate that zonal 
expression of GS inside the AMC-BAL may well be an isolated event. Other zonally 
expressed enzymes, i.e. PCK, OAT, TRβ1, could, however, not be detected with the 
currently used antibodies on porcine hepatocytes. Possible explanations for the zonal 
expression of GS inside the AMC-BAL may still be related to the underlying mechanisms 
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of in vivo metabolic zonation.
Oxygen regulates metabolic zonation in the liver and is a modulator of liver disease 

under pathological conditions (for review ref 2). GS expression in vivo does not change 
when the liver is perfused with arterial or systemic venous blood.28,29 The regulatory 
effect of oxygen on GS expression in vitro is, however, still a matter of debate.30,31 
Partial oxygen tensions (pO2) along the portocentral axis range under physiological 
conditions from 60-65 mmHg periportally to 30-35 mmHg pericentrally (Fig. 1A). In the 
AMC-BAL, culture medium pO2 is much higher (± 150 mmHg) and reaches the pO2 of 
air, primarily due to the high oxygenation capacity of the gas capillaries.24 Hepatocytes 
inside the AMC-BAL are located as small aggregates between the fibers of the non-
woven matrix or as larger aggregates adjacent to gas capillaries (Fig. 1B; ‘micro-
compartment’). The oxygen gradient inside the micro-compartment of the AMC-BAL is 
directed from the gas capillary towards the extracapillary space (Fig. 1B-α). For both the 
BAL micro-compartment as well as the liver lobule, the direction of the oxygen gradient 
is in parallel, i.e. high to low pO2 gradients from the gas capillary to the extracapillary 
space and from the periportal zone to the pericentral zone, respectively (Fig. 1C-α). If 
GS expression inside the AMC-BAL would correspond to the in vivo oxygen gradient 
of the liver lobule, then GS expression in the BAL micro-compartment would not be 
located in hepatocytes around gas capillaries, but rather in hepatocytes located inside the 
matrix. Since GS expression was specifically expressed in hepatocytes adjacent to gas 
capillaries, we conclude that upregulation of GS in porcine hepatocytes cultured inside the 
AMC-BAL was not dependent of – low – oxygen tensions. 

An alternative hypothesis explaining metabolic zonation is related to gradients of 
specific metabolites and/or hormones. Since GS expression is not influenced by venous 
or arterial blood flow and is not changed under influence of blood originating from the 
portal or systemic circulation, the zonal expression might be controlled by intra-hepatic 
factors.28,29 Gieling et al., on the other hand, have shown that venous liver congestion 
by pulmonary trunk banding in rats induced a hepatic response that did change hepatic 
zonation. Pericentral gene expression, e.g. of GS, gradually disappeared, or even shifted 
towards the periportal zone, although the latter was not observed for GS.5 This led to 
the ‘upstream/downstream’ hypothesis postulated by Christoffels et al.4 This hypothesis 
implies that the phenotype of upstream, periportal hepatocytes is determined by the 
concentration of regulatory signals in the afferent blood, whereas the phenotype of the 
downstream, pericentral hepatocytes is determined by changes in blood composition due 
to metabolic and/or biosynthetic activity of upstream hepatocytes.4,5 In our experimental 
setting, the direction of the substrate gradient in the micro-compartment of the AMC-BAL 
is opposite to that of the liver lobule (Fig 1A-C; β) with respect to the oxygen gradient, 
whereas the product gradients are in the same direction (Fig 1A-C; γ). Considering the 
substrate gradient, GS expression in the micro-compartment of the AMC-BAL was 
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analogous to the liver lobule, i.e. high GS expression in areas with the lowest substrate 
levels. On basis of this observation, one may theorize that GS expression is more related 
to low substrate levels rather than high product levels. The opposite gradients of substrate 
and product levels inside the micro-compartment of the AMC-BAL might possibly form 
an attractive in vitro test system to study the effect of gradients of specific components 
on metabolic zonation.

In our study, GS-negative hepatocytes acquired a GS-positive phenotype. Induction 
of GS expression in formerly GS+ hepatocytes is possible under physiological conditions, 
but is considered ‘static’ since hepatocytes initially negative for GS will remain 
negative.3 Transition of formerly GS- cells into GS+ has been described, however, in rare 
circumstances and under mostly pathological conditions. In cocultivation studies, without 
physical intercellular membrane contacts, using the rat liver epithelial cell line RL-ET-14 
as a supporter cell line, transition of GS- cells into GS+ hepatocytes was observed.3,32-34 
Therefore secretory -paracrine- soluble factors are likely required in the establishment of 
hepatic zonation. The GS transition observed in this study can, however, not be explained 
by paracrine influence of pig epithelial cells, since the product gradient and GS positivity 
do not correspond in the BAL. 

The role of transcription factors and signaling pathways in zonal expression of GS 
have been subject of investigation (for reviews refs 3 and 30). HNF4α is an important 
transcription factor in liver organogenesis and regeneration35, and is considered an essential 
component in hepatocyte differentiation in vitro.36 HNF4α is also involved in metabolic 
zonation of pericentrally as well as periportally expressed proteins.6,25 Using HNF4α 
knock-out mice, Stanulovic et al. investigated the role of HNF4α in the expression pattern 
of GS.6 They demonstrated that GS expression was induced in periportal hepatocytes 
lacking HNF4α, demonstrating the suppressive effect of HNF4α on the expression of GS 
in periportal hepatocytes.6 Since we observed no changes in HNF4α mRNA levels between 
day 0 (cell isolate; T0) and 120 hrs, we conclude that the increase in GS expression in this 
study was not dependent on HNF4α expression at transcript level.

Recent experiments indicate a role of the canonical wnt-signaling pathway 
mediated by β-catenin in hepatic zonation30 as observed during liver embryogenesis37, 
zonal expression in the adult liver38,39 as well as in tumorigenesis.40-42 Benhamouche et 
al., provided clear evidence that zonal expression mediated via the β-catenin pathway 
is controlled by the APC tumor suppressor gene.7 In liver-specific conditional Apc 
knockout mice, the periportal phenotype is converted into a pericentral type resulting in 
a GS expression from the central vein throughout the portal triad. In contrast, inhibition 
of the β-catenin signaling led to a decrease in pericentral expression and an increase in 
periportal expression. Thus, APC controls pericentral zonation by negatively regulating 
β-catenin, whereas inhibition of the β-catenin signaling pathway leads to periportal 
zonation. β-catenin, however, is also a key component in maintaining cell polarity. 
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Intracellular reorganization involves interactions of E-cadherin with cortical cytoskeleton 
components mediated by catenins, of which E-cadherin is first associated with β-catenin.43 
The interplay between cytoskeleton components and signaling pathways is considered 
to regulate morphogenesis.44 In this study, we observed a cellular reorganization inside 
the bioreactor in time in which loose hepatocyte aggregates formed dense cell clusters, 
increasingly creating more cell-cell contacts. This observation, in relation with the shift 
towards a pericentral phenotype (GS) of hepatocytes around gas capillaries, might indicate 
that specific changes in cellular cytoskeleton structure could have an inducible effect on 
the β-catenin signaling pathway and thereby promoting -indirectly- the upregulation of 
GS. This explanation, however, should be considered as speculative, since we did not 
investigate the β-catenin signaling pathway in this study.

In summary, we observed an upregulation of GS expression in previously CPS positive 
and GS negative hepatocytes inside the AMC-BAL in time with a strong preference of 
GS expression in hepatocytes located in well oxygenated areas. We conclude that the 
induction of GS expression is (1) not dependent of -low- oxygen tensions and HNF4α 
transcript levels, (2) possibly related to low substrate levels and/or (3) autocrine soluble 
factors and (4) might be related to cytoskeleton interactions associated with the β-catenin 
signaling pathway. Further research will focus on (1) hepatocyte co-cultivation with 
epithelial cell lines inside the AMC-BAL and (2) the use of specific medium components 
on the expression of GS and (3) the manipulation of gradients, e.g. the oxygen gradient. 
The AMC-BAL allows us to investigate the consequences of these interventions and 
is therefore an attractive in vitro test system to study the underlying mechanisms of 
metabolic zonation, in particular, when using rat hepatocytes or hepatocytes of specific 
knockout or transgenic mice, for which more antibodies are available.
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