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Abstract: We have developed a perfusion bioreactor sys-
tem that allows the formation of steady state oxygen
gradients in cell culture. In this study, gradients were
formed in cultures of rat hepatocytes to study the role of
oxygen in modulating cellular functions. A model of oxy-
gen transport in our flat-plate reactor was developed to
estimate oxygen distribution at the cell surface. Experi-
mental measurements of outlet oxygen concentration
from various flow conditions were used to validate
model predictions. We showed that cell viability was
maintained over a 24-h period when operating with a
physiologic oxygen gradient at the cell surface from 76 to
5 mmHg O, at the outlet. Oxygen gradients have been
implicated in the maintenance of regional compartmen-
talized metabolic and detoxification functions in the liver,
termed zonation. In this system, physiologic oxygen gra-
dients in reactor cultures contributed to a heterogeneous
distribution of phosphoenolpyruvate carboxykinase (pre-
dominantly localized upstream) and cytochrome P450 2B
(predominantly localized downstream) that correlates
with the distribution of these enzymes in vivo. The oxy-
gen gradient chamber provides a means of probing the
oxygen effects in vitro over a continuous range of O,
tensions. In addition, this system serves as an in vitro
model of zonation that could be further extended to
study the role of gradients in ischemia-reperfusion in-
jury, toxicity, and bioartificial liver design. © 2003 Wiley
Periodicals, Inc. Biotechnol Bioeng 82: 253-262, 2003.
Keywords: oxygen gradient; bioreactor; zonation; hepa-
tocyte

INTRODUCTION

Oxygen is an important modulator of cellular function in
both normal physiology and disease states. Cells respond to
oxygen over a wide range of oxygen environments from
anoxia to hyperoxia. Anoxic culture conditions (~0 mmHg
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0O,) severely limit metabolic pathways, compromise plasma
membrane integrity, and eventually lead to cell death by
necrosis (Herman et al., 1988). Hypoxic responses (5-15
mmHg O,) are characterized by shifts to more anaerobic
metabolic processes or expression of factors that increase
oxygen delivery, such as erythropoietin and vascular endo-
thelial growth factor (Semenza, 1999). Baseline metabolism
and function typically occur in normoxic environments (30—
90 mmHg O,), and even in a physiologic regime, oxygen
can modulate differentiated cell functions (Jungermann and
Kietzmann, 2000). Hyperoxic conditions (>160 mmHg O,)
often result in the formation reactive oxygen species that
have been implicated in cell injury via lipid peroxidation
and cytokine expression (D’Angio and Finkelstein, 2000).
With such diversity in cellular responses to oxygen, the
dynamics of tissue oxygenation, including the formation of
oxygen gradients that span the ranges described above, need
to be evaluated more thoroughly.

Oxygen gradients in physiologic systems play an impor-
tant role in both maintaining homeostasis and inducing
acute cellular response. In the microcirculation, for ex-
ample, gradients of oxygen and nutrients between capillar-
ies and surrounding tissues provide the key driving forces
that allow efficient transport. In addition, angiogenesis in
development, tissue repair, tumor growth, and vascular re-
modeling is potentiated by spatial oxygen gradients and
expression of oxygen-responsive genes (Giordano and
Johnson, 2001; Harris, 2002). Though many oxygen-
dependent responses are associated with extreme oxygen
environments (hypoxia or hyperoxia), of interest is the abil-
ity of oxygen gradients to modulate cellular functions over
a normal physiologic range, as is the case with zonal het-
erogeneity in the liver.

Liver zonation is characterized by regional variations in
cellular function along the length of the sinusoid (the cap-
illary of the liver), from the portal vein to the central vein.
Zonal heterogeneity in carbohydrate metabolism allows the
liver to function as a “glucostat,” maintaining blood glucose
levels relatively constant during periods of feeding or fast-



ing (Jungermann and Thurman, 1992). In addition, the del-
eterious effects of drugs or toxins, such as carbon tetrachlo-
ride, on the liver have zone specificity due to regional dif-
ferences in gene expression and microenvironment
(Lindros, 1997). Gradients of oxygen, hormones, and extra-
cellular matrix are thought to be the primary regulators of
these zonal variations in metabolism and detoxification
(Fig. 1) (Jungermann and Kietzmann, 2000; Kietzmann and
Jungermann, 1997). Historically, zonation has been studied
in static culture systems in which hepatocytes are exposed
to uniform oxygen and hormone environments classified as
either “periportal” or “perivenous”. However, tissue oxy-
genation is a dynamic process that is temporally and spatial
dependent. Imposing physiologic gradients in a system that
implements convective and diffusion transport comparable
to that seen in vivo may help to further elucidate the regu-
lators of liver zonation and the role of oxygen in normal and
pathophysiologic processes.

We have developed an in vitro perfusion system that
allows exposure of cultured cells to a continuous range of
oxygen tensions. Using primary rat hepatocytes, convective
and diffusion transport of oxygen was modeled in a small-
scale parallel-plate bioreactor and validated by experimental
measurement. We demonstrated that controlled oxygen gra-
dients contribute to a heterogenous distribution of protein
levels, specifically phosphoenolpyruvate carboxykinase
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Figure 1. Characteristics of hepatic zonation. The metabolic activity of
hepatocytes along the liver sinusoid create oxygen and hormone gradients
from the periportal region to the perivenous. As a result, metabolic and
detoxification functions are regionally dominant to one zone or the other,
as indicated. Some specific markers of each function are listed under each
metabolic process. Abbreviations: HA, hepatic artery; PV, portal vein; CV,
central vein; PEPCK, phosphoenolpyruvate carboxykinase; G6Pase, glu-
cose-6-phosphatase; FBPase, fructose-1,6-bisphosphatase; GK, glucoki-
nase; PK, pyruvate kinase; CYP, cytochrome P450. Adapted from Kietz-
mann and Jungermann (1997).

(PEPCK) and cytochrome P450 2B (CYP2B), in bioreactor
cultures that correlate with patterns seen in vivo. In addition
to the applications to bioreactor design, this system may
offer insight into the factors that maintain liver zonation as
well as the mechanisms of zonation-dependent metabolism
and toxicity.

METHODS

Hepatocyte Isolation and Culture

Primary rat hepatocytes were isolated and purified from 2-
to 3-month-old adult female Lewis rats (Charles River
Laboratories, Wilmington, MA) weighing 180-200 g, by a
modified procedure of Seglen (1976). Prior to being seeded,
microscope slides (38 mm x 75 mm) were washed in etha-
nol, rinsed thoroughly with sterile water, and incubated for
1 h at 37°C in a type I collagen solution (0.11 mg/mL).
Hepatocytes were cultured on slides to confluency with du-
plicate seedings of 3 x 10° cells and gentle shaking every 15
min for 1 h after each seeding in media consisting of Dul-
becco’s Modified Eagle Medium (DMEM, GibcoBRL,
Rockville, MD) with 10% fetal bovine serum, supplemented
with insulin, hydrocortisone, and antibiotics. Two hours af-
ter seeding media was changed to a serum-free formulation
of DMEM/Hams’ F12 with insulin (5 pg/mL), dexametha-
sone (107 M), linoleic acid (5 wg/mL), trace elements
(ZnS0,, 107'° M, CuSO,, 1077 M, H,SeO5, 3 x 107'° M),
and antibiotics. Culture media was buffered with bicarbon-
ate under 5% CO, before use in the flow chamber and with
20 mM HEPES during chamber experiments. All experi-
ments were performed on day 1 or 2 post-isolation.

Bioreactor and Flow Circuit

A flat-plate bioreactor was designed to conduct experiments
using 38 x 75 mm microscope slides. A polycarbonate
block was milled to create rectangular inlet and outlet ports
in a 100 wm (10 wm) recess over which a chamber slide
could be placed. Slides were sealed in the chamber with
inert silicone lubricant (Dow Corning, Midland, MI) and a
stainless steel bracket with six screws. The flow field di-
mensions used in model calculations were 28 mm (width) x
55 mm (length) x 100 wm (height). After assembly, the
chamber was inserted to the flow circuit containing a media
reservoir, gas exchanger, O, probe, and syringe pump (Fig.
2). Pressure-driven flow was continuous using a program-
mable push-pull syringe pump (Harvard Apparatus, Hollis-
ton, MA). Media was equilibrated with 10% or 21% O, in
a gas exchanger made with gas-permeable silastic tubing. A
miniature Clark-type electrode was place at the chamber
outlet to measure dissolved O, concentration (Microelec-
trodes, Inc, Bedford, NH). Electrode zeroing was carried out
periodically while calibration at the inlet pO, was carried
out prior to each experiment. Experimental flow rates of
recirculating media varied from 0.2 to 4 mL/min. All flow

254 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 82, NO. 3, MAY 5, 2003



<=

Syringe Pump

‘—
aR
~J\_1.J\_/

Gas
Exchanger
O./N,
Culture
Media
0,
Probe
Bubble v
Trap 1
x

Figure 2. Schematic of experimental apparatus and oxygen transport
model geometry of parallel-plate bioreactor.

circuit components except for the syringe pump were
housed in a PID-controlled incubator maintained at 37°C.

Microscopy and Immunohistochemistry

Images were obtained using a Nikon Eclipse TE200 in-
verted microscope, SPOT digital camera (Diagnostic Instru-
ments, Sterling Heights, MI), and Metamorph Image Analy-
sis System (Universal Imaging, Downingtown, PA). Viabil-
ity was assessed by fluorescence after 24 h of perfusion
using Hoechst dye 33258 (nuclear: ex365/em458), fluores-
cein diacetate (viable: ex494/em516), and propidium iodide
(non-viable: ex536/em617). Percent viability was deter-
mined by calculating total non-viable cell number and total
cell number averaged from 3 fields of the chamber inlet,
midline, and outlet.

Regional hypoxia in hepatocyte cultures was shown using
the Hypoxyprobe Kit (NPI, Inc, Belmont, MA). This kit
uses a probe, pimonidazole hydrochloride, which forms ad-
ducts with cellular proteins when pO, is below 10 mmHg.
Cultures were perfused with media supplemented with Hy-
poxyprobe-1 (0.11 mM) for 3 h and then fixed with 4%
paraformaldehyde in PBS. Samples were incubated with
monoclonal antibody specific to Hypoxyprobe-1. Second-
ary staining methods were carried out using a DAKO la-
beled Streptavidin-Biotin staining kit (DAKO Corporation,
Carpinteria, CA).

Zonal Induction

Historically, recapitulation of periportal-like and perive-
nous-like cell populations in vitro requires simultaneous
stimulus by soluble factors and oxygen. Bioreactor cultures
were perfused with media and allowed to reach steady state
before the addition of inductive agents of glucagon for
PEPCK up-regulation or phenobarbitol (PB) and EGF for
CYP2B1 induction. Media supplemented with 10 nM glu-
cagon was perfused for 8 h allowing for the cAMP-
dependent induction of PEPCK before cell lysis (Hellkamp
et al., 1991). Media with 0.75 mM PB and 0.16 nM EGF
was perfused for 36 h to induced CYB2B expression before
cell lysis (Kietzmann et al., 1999). Cell lysates were col-
lected at the end of each experiment for electrophoretic
analysis.

Western Blot Analysis

Primary rat hepatocytes from 6-well plates or chamber
slides were lysed and scraped in SDS buffer [10 mM Tris/
HCI (pH 7.4), 0.1% SDS]. Samples were added to micro-
centrifuge tubes with 5 pL of PMSF, homogenized with a
pestle, and centrifuged at 16,200g for 5 min. Total protein
content in the supernatant was determined using the DC
protein assay (Bio-Rad, Hercules, CA) and used to normal-
ized sample loading. Samples prepared in sample buffer
were loaded (10-20 wg/well) for electrophoresis on a 10%
polyacrylamide gel. After overnight transfer on to a PVDF
membrane, blots were incubated with a blocking buffer [20
mM Tris/HCI (pH 7.4), 500 mM NaCl, 0.1% Tween 20, and
5% (w/v) milk powder] and washed with buffer without
milk powder. Incubation for 1 h with primary antibody
against rat PEPCK (gift of Dr. Daryl Granner, Vanderbilt
University) or rat CYP2B (Gentest, Woburn, MA) was fol-
lowed by washing and incubation with either anti-sheep
(PEPCK) or anti-goat (CYP2B) HRP-conjugated secondary
antibody for 45 min. After washing, the Pierce SuperSignal
chemiluminescence reagent was used for detection. All
electrophoresis gels were run with molecular mass markers
to verify PEPCK bands (67 kDa) or CYP2B1/2 bands (56
kDa). Optical density measurements were obtained using
scanned blot images with 1-D gelscan software (Meta-
morph).

Statistics and Data Analysis

Statistical analysis and model computations were performed
using Mathcad (Mathsoft, Inc. Cambridge, MA), which pro-
vides a symbolic interface for evaluating the analytical so-
lution (Eq. (7)). Matlab (Mathworks, Inc., Natick, MA) was
used to formulate and analyze the numerical solution.
Model and experimental data were plotted using Sigmaplot
(SPSS, Inc., San Rafaael, CA). Error was reported at the
standard deviation of the mean and statistical significance
was determined using one-way ANOVA (P < 0.05).
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Bioreactor Model

The transport of oxygen in a parallel-plate bioreactor can be
modeled using the equation of continuity for a binary sys-
tem. By assuming steady-state transport in a uniform flow
field in the x direction and lateral diffusion in the y direc-
tion, the non-dimensional governing equation is obtained
(Eq. (1):

¢ o ¢

- _5 OSASI’
0% Pe gy? .

0=y=1, (1)
where ¢ is the dimensionless concentration with respect in-
let O, concentration, c;, (¢ = [c¢ — ¢;,]/c;,), and X and § and
are non-dimensionalized using the chamber height (H) and
chamber length (L) according to £ = x/L and y = y/H. The
Peclet number, a ratio of convective and diffusive transport,
is defined as Pe = u, H/D, where u,, is the mean velocity,
D is oxygen diffusivity, and o = L/H . The boundary con-
ditions are given in Egs. (2-4):
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Inherently, boundary conditions assume no oxygen flux at
the top of the chamber, constant flux at the cell surface, and
a constant inlet oxygen concentration. The Damkohler num-
ber (Da), the dimesionless oxygen flux, is the ratio of the
oxygen uptake rate and diffusion rate as shown in Eq. (5):

VinaxH
Da= De, ®)
where p is the cell density and V,,,, is the maximal oxygen
uptake rate. The model parameters used in calculation are
listed in Table I.

Egs. (1-4) constitute a linear, homogeneous differential
equation with a non-homogeneous boundary condition that
may be solved analytically. It is assumed that the solution is
a combination of the convection-free solution and a homo-
geneous convection—diffusion solution as given by:

é&, 9) = (%, §) + (£, 9). (6)

Table I. Modeling parameters (Foy et al., 1994).

Parameter Value Units
D, O, diffusivity 2x107° cm?/s
Vimaxe max. O, uptake 0.38 nmol/s/10° cells
K., Michaelis constant 5.6 mmHg
p, cell density 1.7 x 10° cells/cm?
¢;n» inlet O, conc. 90-190 nmol/mL
Q, volumetric flowrate 0.3-3 mL/min
H, height 100 pm
W, width 2.8 cm
L, length 5.5 cm

The convection-free solution, #(%, ), is a polynomial ex-
pression that satisfies Eq. (1) and the boundary conditions.
The second term, (%, ¥), is derived by applying Fourier’s
method. The complete solution for the oxygen concentra-
tion profile is shown in Eq. (7).

o 1-39" o

&%, 9)=Da 6 P +
2 - (-1)? an’m’t
— exp | — cos(nmy) |.
2 ;::‘ n2 p Pe Y

(7

The boundary condition given in Eq. (3) assumes con-
stant oxygen uptake along the entire length of the chamber.
Michaelis—Menten kinetics more accurately predict oxygen
uptake in rat hepatocytes, especially at low oxygen concen-
trations. Thus, a numerical solution for Eq. (1) was obtained
using a Crank—Nicholson finite differencing scheme, with
first-order discretization at the boundaries and an explicit
approximation of the Michaelis—Menten equation (Press,
1992). Numerical results were compared to the closed form
solution (Eq. (7)) to ensure consistency.

RESULTS

Model Output

The objective of the perfusion experiments was to impose a
controlled oxygen gradient over the cultured hepatocytes in
order to modulate their function. Eq. (7) was used to predict
the oxygen concentration profile along the length of the
chamber. Figure 3 demonstrates a contour plot of the O,
distribution in the cross-section of the bioreactor (inlet pO,
= 158 mmHg, O = 0.35 mL/min). The oxygen profile can
be seen as a combination of oxygen diffusion to the cell
surface with constant uptake and convection in the x direc-
tion. As the Peclet number is dependent on flow rate (pro-
portional to mean longitudinal velocity, v,,), it follows from
the governing equation (Eq. (1)) that convective transport
would dominate with increasing flow rate while diffusion
transport becomes more important as flow approaches zero.

As a result, it is expected that lower flow rates allow
sufficient diffusion to surface to induce oxygen gradients
along the length of the bioreactor. Figure 4A shows the flow
rate dependence of oxygen concentration at the cell surface.
Two regions are depicted that correspond to typical physi-

g
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Figure 3. Two-dimensional contour plot of predicted oxygen concentra-
tion profile in bioreactor cross-section. Output shows oxygen distribution
with inlet pO, of 158 mmHg and flow rate 0.35 mL/min (Re = 0.3) using
the experimental parameters listed in Table I.
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Figure 4. Comparison of oxygen transport model. (A) Flow rate depen-
dence of bioreactor oxygen gradients. Model output for flow rate ranging
from 0.5 to 2 mL/min with a fixed inlet pO, of 76 mmHg is shown for both
the analytical and numerical solutions to Eq. (1). (B) Inlet pO, dependence
of bioreactor oxygen gradients. With a fixed flow rate of 0.5 mL/min, the
effect of various inlet pO, from 75 to 175 mmHg is shown from the
analytical solution. Regions of oxygen tension that correspond to typical
periportal and perivenous O, levels are depicted.

ologic oxygen partial pressures found in the periportal zone
(60-70 mmHg) and perivenous zone (25-35 mmHg) of the
liver. Under optimal operating conditions, the transition
from a periportal to a perivenous oxygen environment
would occur at the midline (2.25 cm) and cell surface oxy-
gen concentration would not drop below a critical value of
5 mmHg. Given an inlet oxygen concentration of 76 mmHg
(10% O,), the optimal range of volumetric flow rate is 0.5
to 0.75 mL/min where the final 50% of chamber length
could be exposed to perivenous oxygen levels (<35 mmHg).
Similar analysis for an oxygen inlet pO, of 158 mmHg
(21% O,) indicates that operating at 0.3 mL/min subjects
25% of the chamber near the outlet to perivenous levels
without hypoxia.

Figure 4A also emphasizes the differences between the
analytical and numerical solutions of Eq. (1). Deviations

occur most significantly in regions of low pO, due to the
assumption in the analytical solution that oxygen consump-
tion is independent of concentration (Eq. (4)). With the
application of Michaelis—Menten oxygen uptake kinetics at
the boundary, the numerical solution accounts for concen-
tration-dependent changes in oxygen demand. When the
bioreactor is operated without oxygen limitations, such as is
the case at 2.0 mL/min and above, the constant oxygen
uptake assumption holds and better correlation is seen be-
tween analytical and numerical solutions.

Inlet oxygen concentration is another system parameter
that may be used to modify bioreactor conditions. Figure 4B
shows the dependence of cell-surface oxygen concentration
on inlet concentration at a fixed flow rate of 0.5 mL/min. As
shown, the slope of the oxygen gradient is not affected, but
changing inlet concentration shifts the absolute magnitude
linearly. Though increasing the inlet oxygen concentration
offers a wider range of operating conditions, physiological
levels of oxygen below 90 mmHg are effectively applied
across the entire culture with lower inlet concentrations.
Experiments presented herein were performed with inlet
partial pressures ranging from 76 to 158 mmHg.

Validation of Bioreactor Oxygen Gradients

To verify the presence of oxygen gradients in the hepatocyte
bioreactor, outlet oxygen levels were monitored and com-
pared to predicted values. Outlet oxygen tension was mea-
sured as a function of flow rate, ranging from 0.4 to 3
mL/min. In single experiments, flow rates were changed
every 15-30 min and allowed to reach steady state, at which
point O, levels were recorded. By way of observation, out-
put pO, levels became steady 2-3 min after a change in
flow rate. In addition, experiments were conducted over a
4-h period, at the conclusion of which electrode drift was
assessed and found to be less than 5% (data not shown).
Measured values were plotted against model predictions for
two separate inlet oxygen conditions: 76 and 158 mmHg
(Fig. 5). Results are the average and standard deviation of
three separate validation experiments. Measured oxygen
concentration correlated well with the analytical and nu-
merical models. At lower flow rates and lower oxygen par-
tial pressures, the numerical solution was a better estimation
of outlet pO,, as expected. Increased error in measurements
was also noted at lower flow rates and may be due to elec-
trode limitations.

Bioreactor cultures were subjected to a gradient that pre-
dicted a hypoxic environment (pO, < 10 mmHg) to 50% of
the bioreactor culture. Procedures were followed for appli-
cation of the Hypoxyprobe kit (see Methods) with an inlet
pO, of 76 mmHg and flow rate of 0.3 mL/min. In general,
staining intensity indicating hypoxia gradually increased
along the length of the chamber. Bright-field images in Fig.
6 showed a significant increase hypoxia in the outlet region
(B) over the inlet (A).
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Figure 5. Experimental validation of oxygen transport model. Measured
outlet oxygen concentration was measured as a function of flow rate at inlet
pO, of 76 and 158 mmHg and compared to predicted values. Both the
analytical and numerical model predictions are represented. Data points
represent the mean and SEM of three separate experiments.

Bioreactor Morphology and Viability

To evaluate possible hepatocyte necrosis due to decreased
oxygen availability, bioreactor cultures were perfused for
24 h at 0.35 mL/min with 158 mmHg inlet pO,. The pre-
dicted outlet pO, under these conditions is 8 mmHg, and
measured levels were 15 + 3 mmHg after 4 h. After 24 h,
images were acquired to assess morphology and viability
using methods previously described. Phase images at the
inlet, midline, and outlet showed that normal polygonal
morphology and bile canaliculi were maintained (Fig.
7A, C, E). Fields from each of the three regions were taken to
quantitate viability. The average and standard deviation
from three fields are shown in Fig. 7B, D, and F. Results
indicated that over a 24-h period viability at the outlet was
85% but statistically was not significantly different from the
inlet and middle regions. It was anticipated that these mod-
erate changes in viability would not have an effect on cel-
lular response to zonal induction of PEPCK and CYP2B.

Induction of Zonal Characteristics in
Bioreactor Cultures

In vivo, PEPCK is predominately found in periportal re-
gions that contain higher O, levels. In the bioreactor system,
higher PEPCK levels would be expected in the inlet region
when operating with a media flow rate of 0.5 mL/min,
which results in a cell surface oxygen gradient of 76 to 5
mmHg from inlet to outlet (Fig. 8 A). Western blot analysis
of 4 separate bioreactor regions showed maximal PEPCK
protein levels at the inlet decreasing to half maximal at the
outlet (Fig. 8B). The depletion of O, in the bioreactor was
responsible for the oxygen gradient, but the depletion of
glucagon, which up-regulates PEPCK expression, may also
have contributed to the regional variations in PEPCK. To
evaluate the possibility of a glucagon gradient contributing
to a PEPCK gradient, the bioreactor was operated with inlet

Figure 6. Validation of hypoxic cellular environment at bioreactor outlet.
Bioreactor was operated at 0.3 mL/min with inlet pO, of 76 mmHg. Higher
intensity stain in outlet region (B) over the inlet (A) indicates the presence
of a local hypoxic environment.

pO, of 158 mmHg and the same flow rate, 0.5 mL/min.
Under this supraphysiologic gradient, the heterogenous in-
duction of PEPCK was abrogated, indicating that oxygen
was likely to be the primary modulator of differential
PEPCK protein levels in this system. In addition, experi-
ments conducted with higher flow rates resulting in nominal
oxygen gradients also showed relatively uniform PEPCK
induction (data not shown).

Similarly, low oxygen environments are thought to con-
tribute to the pericentral localization of CYP2B in vivo. The
heterogeneous induction of CYP2B in the bioreactor was
carried out under a physiologic oxygen gradient with 76
mmHg inlet pO, and 0.5 mL/min (Fig. 8A). CYP2B levels
were minimal at the chamber inlet and steadily increase to
maximal induction in the low O, outlet region (Fig. 8C).
EGF has been shown to be an inhibitor of CYP2B induction,
and as is the case with glucagon, EGF depletion may result
in a decreasing EGF gradient. Hence, the observed results
may result, in part, from minimized inhibitory effects of
CYP2B expression in the outlet region. To test this possi-
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Figure 7. Analysis of morphology and viability in bioreactor cultures. Representative phase-contrast micrographs (A, C, E) from three regions of the
bioreactor used for morphology analysis. Fluorescence images (B, D, F) indicating culture viability, reported as the mean = SEM from three distinct image
fields. Images were acquired after 24-h perfusion at 0.35 mL/min with 158 mmHg inlet pO,. Changes in viability along the length of the chamber were

not statistically significant (P < 0.05).

bility, supraphysiologic gradients were imposed under the
same flow rate that produced graded CYP2B levels and
where EGF gradients were presumably similar. Under these
conditions and in additional experiments at high flow rate
without significant oxygen gradients (data not shown), uni-
form CYP2B levels were observed. Therefore, physiologic
O, gradients were explicitly demonstrated to play a role in
the induction of zonal CYP2B distributions.

DISCUSSION

In the present study, we developed a bioreactor system that
enables the formation of steady state oxygen gradients due
to cellular uptake. Specifically, oxygen gradients were ap-
plied to cultures of rat hepatocytes to develop and in vitro
model of liver zonation. We developed and validated model
of oxygen transport considering both analytical and numeri-
cal solutions to the governing equation (Eq. (1)) derived
from species continuity assumptions. Cells experienced
oxygen conditions ranging from normoxia to hypoxia with-
out compromising viability as shown by morphology and
fluorescent markers of membrane integrity (Fig. 7). We
demonstrated that hepatocytes exposed to oxygen gradients
exhibited characteristics of in vivo zonation upon induction
as shown by PEPCK (predominantly upstream) and CYP2B
(predominantly downstream) protein levels. With this in
vitro model of liver zonation, the microenvironmental con-

ditions seen in the liver sinusoid that are thought to be
responsible for heterogeneous distribution of metabolic and
detoxifying functions can be reproduced.

Bioreactor Design

Perfusion bioreactor systems, particularly those containing
hepatocytes, are typically evaluated with respect to design
criteria such as reactor geometry, flow parameters, and nu-
trient transport. Our parallel-plate bioreactor offers a simple
Cartesian geometry that provides a uniform flow field in
which transport phenomena can be easily modeled. Small-
scale, experimental reactors such as this one have an addi-
tional advantage of allowing in situ analysis of cellular re-
sponses at the molecular level as well as bulk functional
assays. However, this system is limited to short term ex-
perimentation (3—4 days) due to the use of monolayer cul-
tures of primary hepatocytes, which quickly lose their dif-
ferentiated function. This shortcoming could be averted
with the application of more stable culture models such as
collagen gel overlay or co-cultivation with non-paren-
chymal cells (Bader et al., 1995; Bhatia et al., 1999; Powers
et al.,, 2002; Tilles et al., 2001). When considering flow
characteristics, there is often a trade off between providing
adequate perfusion and avoiding deleterious fluid shear ef-
fects. In addition, both oxygen distribution and fluid shear
stress are a highly dependent on the height of the chamber.
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Variations in cell seeding conditions and cell height may
cause non-uniformity in the flow field and deviations from
model predictions. Studies using a similar bioreactor system
with various chamber heights reported that albumin synthe-
sis and urea production of rat hepatocytes decreased when
exposed to wall shear stresses greater than 5 dynes/cm”
(Tilles et al., 2001). In our bioreactor, experiments were
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typically conducted at a flow rate of 0.5 mL/min, corre-
sponding to a shear stress of 1.25 dyne/cm?, although higher
stress near 7.5 dynes/cm” may have been present at higher
flow rates during validation experiments. Finally, hepato-
cyte bioreactors, principally those being developed to pro-
vide bioartifical liver (BAL) support, require adequate oxy-
gen transport to sustain metabolic function (Hay et al.,
2001). Current oxygenation strategies in BAL systems typi-
cally preoxygenate inlet streams to supraphysiologic levels
(~228 mmHg) to avoid transport limitation, not taking into
account to ability of oxygen to modulate function (Custer
and Mullon, 1998). Ironically, the high oxygen uptake rate
that leads to transport limitations in these larger-scale sys-
tems is the same principle by which steady-state gradients
are created in our bioreactor, allowing modulation of cell
function. While other modeling studies have demonstrated
that extreme oxygen limitations would lead to the functional
demise of hepatocyte reactors (Ledezma et al., 1999), ex-
periments in our system revealed that viability and respon-
siveness to hormonal signaling could be sustained even at
pO, near 5 mmHg. Based on the variations in metabolic and
detoxification enzymes induce by oxygen gradients in our
system, consideration of the role of oxygen gradients in
current BAL or other bioreactor systems may be warranted.

Bioreactor Modeling and Performance

Oxygen measurements were taken over a wide range of
flow conditions with two different inlet pO, levels (Fig. 5)
to show that oxygen gradients could be predicted and con-
trolled to achieve a desired profile. Both analytical and nu-
merical solutions were evaluated for purposes of comparing
assumptions about oxygen uptake rate in hepatocytes. The
analytical solution (Eq. (7)) to the model overestimated
oxygen consumption in low oxygen environments due to the
assumption of constant oxygen uptake. A numerical solu-
tion that incorporated an explicit approximation of Micha-
elis—Menten oxygen consumption kinetics more closely cor-
related with measured values. Though oxygen uptake in rat
hepatocytes has been reported to decline after isolation in
monolayer culture, our model did not take into account
these changes and thus assumed constant V,,,, and K, val-
ues (Table I) that have been reported for day 1 post-isolation

£

2 1158 mmHg inlet
3 0.8 -+ W76 mmHg inlet
S 06

B

O 04

1]

2 02

®

I

0.33 0.67
Length (x/L)

Figure 8. Heterogenous induction of PEPCK and CYP2B by oxygen
gradients. Bioreactors were operated with an inlet pO, of 76 and 158
mmHg and flow rate of 0.5 mL/min. The resulting in the cell surface
oxygen gradients are shown schematically as calculated from the numerical
model (A). Western blots of PEPCK (B) and CYP2B (C) protein levels
from four regions along the chamber were analyzed to determine relative
optical density. In both cases, when the bioreactor was operated with
physiologic gradient (low inlet), a heterogeneous induction was observed,
whereas imposing a supraphysiologic gradient (control, high inlet) resulted
in a more uniform protein distribution. Blots were processed in separate
experiments, enabling only qualitative comparison between conditions.
Normalization of band densities to the maximal density from both experi-
ments is meant to facilitate comparison.
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(Foy et al., 1994). In addition, the challenge of obtaining
nearly confluent monolayers of hepatocytes on chamber
slides resulted in variability in the cell density parameter,
which was estimated from initial cell seeding concentrations
and projected surface area calculations. Our experience
showed that physiological oxygen gradients (76 mmHg pO,
inlet) provided more favorable and reproducible operation
due the sensitivity of the gradient slope to small changes in
flow rate with higher inlet conditions (158 mmHg pO, in-
let). The advantage of implementing physiological gradients
was seen in operational optimization as well as in the in-
duction of zonal functions modulated by oxygen. Future,
more precise validation of this system might utilize micro-
electrode arrays or thin-layer ruthenium sol-gel coatings to
study in situ oxygen gradients in detail (Murtagh et al.,
1998; Sargent and Gough, 1991).

In Vitro Zonation

It has been shown previously in vitro that oxygen can modu-
late glucagon-dependent activation of the PEPCK gene
(Hellkamp et al., 1991). Though PEPCK activation occurs
mainly via a cAMP secondary signal to glucagon binding,
the mechanisms by which oxygen can modulate activation
is still being elucidated (Bratke et al., 1999). In our in vitro
system, we demonstrated that when exposed to a continuous
range of oxygen concentrations, rat hepatocytes could ex-
hibit a heterogeneous distribution of PEPCK that correlates
with periportal and perivenous localization seen in vivo
(Giffin et al., 1993). Control experiments showed that in the
absence of a physiologic oxygen gradient, glucagon-
dependent PEPCK activation was uniform along the length
of the reactor chamber. In addition, though not explicitly
measured, glucagon gradients may have been present, but
did not appear primarily responsible for the observed het-
erogenous PEPCK distribution. Further investigation and
modeling of hormone gradients in tandem with oxygen gra-
dients may provide insight into the factors contributing to
the in vivo zonal distribution of PEPCK, or zonated meta-
bolic enzymes such as pyruvate kinase, glucose-6-
phosphatase, or glucokinase.

Several cytochrome P450 isoenzymes have been local-
ized to perivenous regions of the liver (Baron et al., 1981;
Lindros, 1997). The induction of CYP2B by phenobarbital
has also been shown to be modulated by EGF and oxygen.
Studies by Kietzmann et al. (1999) indicated that EGF re-
pression of the PB-dependent induction of CYP2B is lost
under perivenous pO,, resulting in zonal expression pattern
that correlates with the in vivo distribution. Consistent with
this finding, our in vitro system showed increasing CYP2B
induction along the length of the chamber when exposed to
PB and EGF, with maximal induction in the low-oxygen
perivenous-like region. Under the given operating condi-
tions, an EGF gradient may be contributing to the zonal
pattern of CYP2B, in as much as repression of PB-
dependent CYP2B activation would be strong in the inlet
region and weak at the EGF-depleted outlet region. How-

ever, imposing a supraphysiologic oxygen gradient with the
same EGF profile did not result in significant differences in
CYP2B levels from inlet to outlet, indicated that oxygen
was primarily responsible for heterogeneous CYP2B distri-
bution. Further studies examining zonal detoxification
could use this same methodology to induce heterogeneous
distributions of other P450 isoenzymes such as CYP3A4 or
CYP2EI. In addition, with tight control of flow parameters,
the kinetics of zonal induction, both for metabolic and de-
toxification processes, could be examined by retrograde
perfusion methods that have been established in whole liver
perfusion models (Pang et al., 1983).

Our findings support the observations from the literature
that oxygen is an important modulator of cell function. Less
clear, however, are the mechanisms by which cells sense
and respond to the local oxygen environment. In the case of
hypoxia-dependent changes in gene expression in which the
heterodimeric transcription factor HIF-la plays a major
role, heme proteins have been suggested as the purported
oxygen sensor. Though no ubiquitous heme molecule has
been identified as an oxygen sensor, observations that tran-
sition metals (Co, Ni, and Mn) and iron chelators induce
HIF-1a while competitive heme binding by CO or NO re-
duces HIF-1a activity support this hypothesis (Maxwell and
Ratcliffe, 2002). In addition, hydrogen peroxide may act a
second messenger downstream of a heme binding event
to modulate transcription factor binding (Jungermann and
Kietzmann, 2000). Exogenously added H,O, in hepatocyte
cultures paralleled the effect of periportal oxygen by en-
hancing the glucagon-dependent induction of PEPCK while
in HeLa cells H,O, resulted in destabilization of HIF-1a
(Huang et al., 1996; Kietzmann et al., 1996). The heme-
based O, sensing model is consistent with the modulation of
the PEPCK via a normoxia response element (Bratke et al.,
1999), but HIF-1a has not yet been implicated in the oxy-
gen-dependent regulation of CYP2B expression, suggesting
a more direct role of heme proteins in CYP gene expression
(Kietzmann et al., 1999). Independent of the mechanism,
however, the gradient system presented here can provide a
continuous range of oxygen tensions in which the functional
range of candidate oxygen sensors may be determined.

In summary, we have constructed a bioreactor that allows
steady-state oxygen gradients to be imposed upon in vitro
culture systems. We have applied this chamber to liver zo-
nation and have shown that physiological oxygen gradients
contribute to heterogeneous induction of PEPCK and
CYP2B that mimics distributions in vivo. Our results dem-
onstrate the ability of oxygen to modulating gene expression
and imply that oxygen plays an important role in the main-
tenance of liver-specific metabolism in a bioreactor system.
In addition, considerations of the effect of oxygen gradients
in the design and optimization current bioartificial support
systems may serve to improve their function (Allen et al.,
2001). Other applications of the gradient system might in-
volve examination of ischemia-reperfusion injury, the
mechanisms of ischemic preconditioning being attempted in
organ preservation (Peralta et al., 1997), and mechanisms of
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zonal toxicity such as that caused by carbon tetrachloride or
acetaminophen (de Groot and Littauer, 1989). This ap-
proach is generally applicable to systems that can benefit
from (i) a continuous range of O, concentration; (ii) dy-
namics; (iii) large cell populations for molecular character-
ization; and (iv) the role flow and soluble factors on cell
function
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