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Tissue-engineered in vitro models have the potential to be used for investigating inflammation in the complex
microenvironment found in vivo. We have developed an in vitro model of hepatic tissue that facilitates real-time
monitoring of endothelium activation in liver tissue. This was achieved by creating a layered coculture model in
which hepatocytes were embedded in collagen gel and a reporter clone of endothelial cells, which synthesizes
green fluorescent protein in response to nuclear factor-kappa B (NF-kB) activation, was overlaid on top of the
gel. The efficacy of our approach was established by monitoring in real time the dynamics of NF-kB-regulated
fluorescence in response to tumor necrosis factor a. Our studies revealed that endothelial cells in coculture with
hepatocytes exhibited a similar NF-kB-mediated fluorescence to both pulse and step stimulation of lipopoly-
saccharide. By contrast, endothelial cells in monoculture displayed enhanced NF-kB-regulated fluorescence to
step in comparison to pulse lipopolysaccharide stimulation. The NF-kB-mediated fluorescence correlated with
endothelial cell expression of NF-kB-regulated genes such as intercellular adhesion molecule 1, vascular cell
adhesion molecule 1, and E-Selectin, as well as with leukocyte adhesion. These findings suggest that our model
provides a powerful platform for investigating hepatic endothelium activation in real time.

Introduction

Inflammation is the basic response of a tissue for
repairing damage caused by injury or infection. However,

if inflammation is not resolved it can cause further damage.1

In response to injury, different cell types in a tissue exhibit
dynamic transcriptional patterns that ultimately regulate
levels of growth factors, cytokines, and chemokines in a
spatiotemporal fashion for the activation of an inflammatory
response. Identifying mechanisms at cellular and tissue level
that regulate inflammation will facilitate development of
superior treatment strategies. In the liver, there are a number
of diseased states in which inflammation is implicated,
including sepsis,2 ischemia/reperfusion injury,3 steatohepa-
titis,4 fibrosis,5 and certain drug-induced injury.6 Tissue-
engineered models of liver that capture the complex signaling
microenvironment found in vivo can provide an important
platform for investigating hepatic inflammation. These mod-
els have the potential of bridging the gap between cell culture
and animal experiments, and also provide surrogate models
for human studies.

Nuclear factor-kappa B (NF-kB) is the central transcription
factor implicated in regulation of several inflammation-
associated genes.7 Previous studies with animals have es-
tablished elevated levels of NF-kB activation in liver in

response to various insults, including endotoxin8 and viral
infection.9 However, localizing the NF-kB activation patterns
in individual cell types was complicated by other con-
founding factors such as stress associated with isolating cells
from the liver, which resulted in an artifactual elevation of
NF-kB activation.8 Since NF-kB is involved in expression of
several cytokines, chemokines, and adhesion molecules,10

which ultimately regulate the dynamic microenvironment of
liver tissue, development of in vitro models that facilitate
identifying activation patterns of NF-kB in individual cell
types under complex multicellular environments is highly
desirable.

Traditional methods for gene expression analysis include
reverse transcription polymerase chain reaction (RT-PCR),
DNA microarray, and northern blot. These methods are es-
sentially destructive and not well suited for measuring dy-
namics of gene expression patterns. Further, in tissue models
that employ multiple cell types there is an additional com-
plexity of separating individual cell types to localize the
cellular source of gene expression. Fluorescent reporters
provide a nondestructive method for measuring gene ex-
pression in live cells.11–14 These clones are prepared by
transfecting cells with plasmid DNA that encodes for easily
detectable proteins such as green fluorescent protein (GFP)
under the regulation of a specific transcription factor. When
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the desired transcription factor gets activated, it leads to
expression of GFP and the fluorescence level increases,
thereby enabling real-time measurement of transcriptional
activity in live cells.

In this work, we have combined tissue engineering with a
fluorescent reporter clone for creating a dynamic system that
enables real-time investigation of endothelium activation in a
hepatic tissue model. We have developed and integrated a
NF-kB reporter clone of primary rat endothelial cells in our
previously described organotypical model of liver tissue.15

The model consists of hepatocytes embedded in collagen gel
and a NF-kB reporter clone of endothelial cells overlaid on
top of the gel. The model was exposed to tumor necrosis
factor a (TNFa) and fluorescence was measured tempo-
rally in endothelial cells for evaluating dynamics of NF-kB-
regulated gene expression in endothelium of hepatic tissue
under inflammatory conditions. Our studies with this model
revealed a differential NF-kB response of endothelial cells
to pulse and step of lipopolysaccharide (LPS), depending
on whether they were in coculture with hepatocytes or in
monoculture. Finally, we were able to correlate NF-kB-
mediated fluorescence to expression of adhesion molecules
on endothelial cells and their adhesion to leukocytes.

Materials and Methods

Materials

Williams E basal medium, collagenase, and LPS were
purchased from Sigma-Aldrich (St. Louis, MO). Epidermal
growth factor (EGF), penicillin-streptomycin, geneticin, and
CM-DiI were obtained from Invitrogen Life Technologies
(Carlsbad, CA). Glucagon was acquired from Lilly (Indiana-
polis, IN), insulin was purchased from Squibb (Princeton,
NJ), and hydrocortisone from Upjohn (Kalamazoo, MI).
MCDB-131-complete medium was obtained from VEC
Technologies (Rensselaer, NY). TNFa was purchased from
R&D Systems (Minneapolis, MN).

Construction of NF-kB reporter clone
of endothelial cells

NF-kB reporter plasmid consisted of multiple response el-
ements upstream of destabilized GFP gene that encodes for
destabilized enhanced green fluorescent protein (d2EGFP)
reporter protein. The details of plasmid construction are
described elsewhere.11–12 Primary rat heart microvessel
endothelial cells (RHMEC) were purchased from VEC Tech-
nologies and maintained in MCDB-131 medium supple-
mented with 10% fetal bovine serum, 10 ng/mL EGF, 1mg/
mL hydrocortisone, 200mg/mL EndoGro, 90 mg/mL heparin,
and 1% antimycotic solution. RHMEC were cultured in a
humidified incubator maintained at 378C and 5% CO2. Early
passage endothelial cells (2.5 million) were electroporated
with NF-kB reporter plasmid (10 mg) using a BTX Electro Cell
Manipulator 600 (Biotechnology and Experimental Research,
San Diego, CA) at 280 V and 960 mF. Cells were selected for
plasmid integration by addition of geneticin to a final con-
centration of 700mg/mL. Clones that grew in the selection
media were harvested using cloning rings. The clone that
exhibited maximum shift in fluorescence (Supplementary Fig.
S1, available online at www.liebertonline.com/ten) upon
stimulation with TNFa was used in all the experiments.

Isolation and culture of hepatocytes

Hepatocytes were isolated from female Lewis rats
(Charles River Laboratories, Wilmington, MA) weighing
180–200 g. Hepatocytes were isolated by a two-step collage-
nase perfusion technique originally described by Seglen16

and modified by Dunn et al.17 Isolation yields ranged from
200 to 300 million hepatocytes per rat with viabilities ranging
from 85% to 95%, and purity was >95%. All animals were
treated in accordance with National Research Council
guidelines, and the studies were approved by the Sub-
committee on Research Animal Care at Massachusetts Gen-
eral Hospital.

The culture medium for hepatocytes consisted of Williams
E supplemented with 20 ng/mL EGF, 14 ng/mL glucagon,
0.5 U/mL insulin, 7.5 mg/mL hydrocortisone, 100 U/mL
penicillin, and 100mg/mL streptomycin. Type I collagen was
prepared by extracting acid-soluble collagen from rat tail
tendons as previously described.18 Hepatocytes were sus-
pended in the ice-cold culture medium at a concentration of
2�106 cells/mL. Collagen solution was prepared on ice by
mixing nine parts of type I collagen (1.25 mg/mL) with one
part of 10�Dulbecco’s modified Eagle’s medium (phenol red
free). For embedding hepatocytes in collagen gel, cell sus-
pension was mixed with collagen solution in a 1:1 ratio by
volume. Typically, 500mL of this mixture was introduced in
one well of a 12-well plate. The cell suspension was allowed
to gel at 378C for 90 min and then the hepatocyte culture
medium was added on top of the gel.

Monoculture and coculture of endothelial cells
with hepatocytes

For preparing layered tissue model, endothelial cells were
trypsinized and suspended at a concentration of 2�106 cells/
mL in a medium prepared by mixing hepatocyte and en-
dothelial cell culture media at a ratio of 1:1 by volume. Ty-
pically, 500mL of cell suspension was introduced on top of
the gel, 1 day after embedding of hepatocytes in collagen gel.
In another set of experiments, collagen gel was prepared by
mixing collagen solution and the hepatocyte culture medium
at 1:1 ratio by volume as described above (in previous sec-
tion), except in this case no hepatocytes were present. Next,
500 mL of endothelial cell suspension was introduced on top
of the gel. In all the experiments, both cocultures and
monocultures of endothelial cells were maintained in the
initial suspension medium for 24 h. Next, both cocultures
and monocultures were washed with phosphate-buffered
saline (PBS) once, and then maintained in the hepatocyte
culture medium with medium changes every alternate day.
All the experiments were conducted between days 4–6 of the
start of culture.

Time lapse imaging using fluorescence microscope

The layered tissue model was exposed to TNFa (10 ng/
mL) prepared in the hepatocyte culture medium. At the be-
ginning of time lapse imaging, phase-contrast images of
hepatocytes and endothelial cells were acquired by focusing
the microscope to different planes in the layered tissue
model. During time-lapse imaging, the microscope was fo-
cused on the endothelial cell plane. Images were acquired at
1 h interval for the duration of experiment using Zeiss 200 M
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microscope (Carl Zeiss, Thornwood, NY) fitted with incuba-
tion chamber and humidifier. The phase-contrast and fluo-
rescence images were captured using a CCD camera (Carl
Zeiss) and Zeiss imaging software (Axiovision LE). Unless
otherwise noted, the same CCD camera and Zeiss imaging
software were used throughout for capturing images. The
autofocus feature was selected during image acquisition,
which facilitated maintaining focus on the endothelium plane.
Mean fluorescence intensity of the images was quantified
using Image J software (National Institute of Health, Bethes-
da, MD). Mean fluorescence was normalized to values
between 0 and 1 using the intensity levels recorded at 1 and
12 h, respectively.

Fluorescence response for pulse
and step treatment of LPS

Cocultures and monocultures were exposed to LPS
(100 ng/mL) prepared in the hepatocyte culture medium.
Cells were exposed to two types of stimulation profiles—2-h
pulse and step treatment. In the case of pulse stimulation,
cells were treated with the LPS-containing medium for 2 h.
At the end of 2 h, the LPS-containing medium was removed
and cells were washed three times with PBS (1�). Next, the
fresh hepatocyte culture medium was added and cells were
maintained in that medium for rest of the duration of the
experiment. For step treatment, the LPS-containing medium
was added on top of the cells. In this case, cells were main-
tained throughout in the LPS-containing medium for the
entire duration of the experiment. In the case of control, cells
were exposed to the hepatocyte culture medium for the en-
tire duration of the experiment. For measuring NF-kB-
mediated fluorescence response, images were acquired at 9 h
for all three conditions—control, pulse, and step. In mono-
cultures and cocultures, fluorescence intensity (quantified
using Image J software) for control and pulse treatment was
expressed as percentage of step stimulation.

Real-time PCR

At 6 h after introduction of LPS, both monocultures and
cocultures were treated with collagenase prepared at a con-
centration of 1 mg/mL in PBS. Cocultures and monocultures
were incubated with collagenase at 378C for 5 and 30 min,
respectively. Shorter incubation time in cocultures resulted in
endothelial cells detaching as a floating sheet in the medium,
while hepatocytes remained embedded in collagen as
shown in the Supplementary Figure S2 (available online at
www.liebertonline.com/ten). Purity of endothelial cells recov-
ered from cocultures was >95%. Endothelial cells recovered
from cocultures and monocultures were pelleted and then
frozen at �808C before further analysis. RNA was extracted
from cells using nucleospin RNA II kit (Macherey-Nagel,
Bethlehem, PA) according to the manufacturer’s instructions.
Quantitative RT-PCR was performed using the Superscript
III two-Step qRT-PCR kit purchased from Invitrogen. Five
hundred nanograms of cellular RNA was reverse transcribed
according to the manufacturer’s directions. Real-time quan-
titative PCR was performed using the Stratagene (La Jolla,
CA) MX5000P QPCR system. Each reaction was carried out
with 10 ng cDNA and 0.6mM primers. During amplification,
the cycling temperatures were 958C for 15 s, 578C for 1 min and
728C for 30 s. The following primers were used for amplifying

DNA—E-Selectin forward primer: CAACACATCCTGCAGT
GGTC; E-Selectin reverse primer: AGCTGAAGGAGCAGG
ATGAA; intercellular adhesion molecule 1 (ICAM-1) forward
primer: CCTCTTGCGAAGACGA GAAC; ICAM-1 reverse
primer: ACTCGCTCTGGGAACGAATA; vascular cell adhe-
sion molecule 1 (VCAM-1) forward primer: TGAAGGGGC
TACATCCACAC; VCAM-1 reverse primer: GACCGTGCAGT
TGACAGTGA b-actin forward primer: GTCGTACCACTGG
CATTGTG; and b-actin reverse primer: CTCTCAGCTG
TGGTGG TGAA. Expression levels of VCAM-1, ICAM-1, and
E-Selectin were measured relative to b-actin. In monocultures
and cocultures, gene expression levels for pulse stimulation
were calculated as percentage of step treatment with LPS. In
the case of control (without LPS), gene expression levels for
monoculture were calculated relative to the coculture.

Leukocyte adhesion experiments

Peripheral blood leukocytes were purified from heparin-
ized peripheral blood of rat using Histopaque density gra-
dient (Sigma) according to manufacturer’s instructions.
Leukocytes were labeled with CM-DiI (2.5 mg/mL) at 378C
for 10 min and then suspended in the hepatocyte culture
medium at a concentration of 0.8�106 cells/mL. At 8 h after
introduction of LPS, 500 mL of leukocyte suspension was in-
troduced in 12-well plates containing monocultures and co-
cultures. Leukocytes were allowed to adhere for 60 min at
378C and then washed three times with PBS for removing
nonadhered cells. Fluorescence images were captured and
analyzed using Image J to estimate the degree of leukocyte
adhesion to endothelial cells. In monocultures and cocul-
tures, leukocyte adhesion (fluorescence intensity) for control
and pulse treatment was expressed as percentage of step
stimulation.

Statistical analysis

Results are reported as mean� standard deviation. Sta-
tistical analysis was performed using the Student’s t-test,
with p< 0.05 considered significant.

Results

Real-time dynamics of NF-kB-regulated gene
expression in endothelium of an organotypical
model of liver

In the liver sinusoid, endothelial cells are closely associ-
ated but separated from hepatocytes by the extracellular
matrix of the Space of Disse. During inflammation, inter-
cellular communication between hepatocytes and endothe-
lial cells can create dynamic NF-kB activation profiles in the
endothelium. For real-time monitoring of NF-kB activation
in endothelium, a reporter clone of endothelial cells was
integrated in our previously developed organotypical model
of liver. The model consists of hepatocytes embedded in
collagen gel and the reporter clone of endothelial cells
overlaid on top of the gel. Figure 1B and C shows phase-
contrast images of hepatocytes and the reporter clone of
endothelial cells in different planes of the layered coculture
structure. Hepatocytes display characteristic polygonal
morphology,19–21 whereas endothelial cells exhibit typical
cobblestone morphology.22
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For measuring the NF-kB response under inflammatory
conditions, the layered model was exposed to TNFa, a
classical inducer of NF-kB.23 Figure 1D shows fluorescence
images acquired at different time intervals by focusing the
microscope on the endothelial cell plane in the layered sys-
tem. To make sure that the images were obtained from the
same population of cells, the field of view in the plate was

fixed during image acquisition. Figure 1E illustrates nor-
malized mean fluorescence intensity of images acquired at
1 h frequency. The fluorescence response starts increasing at
4 h after stimulation and reaches maxima around 11 h. These
results signify the utility of this approach for monitoring the
dynamics of NF-kB-mediated expression in real time in a
tissue-like multicellular microenvironment.

FIG. 1. Hepatic tissue model for
real-time measurement of dynamic
NF-kB-regulated fluorescence re-
sponse in endothelium. (A) Schematic
illustrating hepatocytes embedded in
collagen gel and reporter clone of
endothelial cells overlaid on top of the
gel. The reporter clone synthesizes
GFP in response to activation and
binding of NF-kB to its response ele-
ment in the promoter region of GFP.
(B) Phase-contrast image of hepato-
cytes on the bottom layer of the
construct. (C) Phase-contrast image of
reporter clone of endothelial cells on
the top layer of the construct. (D)
Time-lapse fluorescence images of
endothelium in layered tissue model
acquired at 2, 4, 6, 8, and 12 h after
stimulation with tumor necrosis
factor a. (E) Normalized mean fluo-
rescence intensity levels for (D) with
sampling frequency of 1 h. Scale bar
50 mm. NF-kB, nuclear factor-kappa
B; GFP, green fluorescent protein.
Color images available online at
www.liebertonline.com/ten.
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Differential GFP response of endothelial cells
in coculture as compared to monoculture
to bacterial endotoxin (LPS)

Even though LPS by itself is known to activate NF-kB,24

hepatocytes can influence NF-kB activation profiles in en-
dothelial cells by secreting various soluble factors. For in-
vestigating this hepatocyte-mediated effect, endothelial
cells in coculture and monoculture were exposed to LPS.
Since LPS activity in vivo gets neutralized by various serum
components, the cells were subjected to two types of stim-
ulation profiles-2-h pulse and continuous (step) treatment
with LPS. Pulse treatment was designed to approximate
conditions where LPS remains functionally active for short
period. Fluorescence images of endothelial cells were ac-
quired at 9 h for both types of stimulation (Fig. 2A, B).
Images were quantified and fluorescence was expressed as
percentage of step stimulation (Fig. 2C). Figure 2A indicates
that endothelial cells in coculture with hepatocytes exhibit

enhanced GFP levels for both pulse and continuous treat-
ment with LPS in comparison to control. Further, the GFP
level for pulse exposure was 82% of step stimulation (dif-
ference was not statistically significant). However, as
shown in the Figure 2B, for endothelial cells cultured alone
enhancement in GFP levels was much more dramatic for
continuous treatment than pulse exposure of LPS, as com-
pared to the control. In this case, GFP level for pulse
treatment was 50% ( p< 0.05) of step stimulation. These
results suggest that hepatocytes enhance NF-kB response of
endothelial cells to a pulse of LPS.

Relating differential GFP profiles in coculture
and monoculture to expression of adhesion
molecules in endothelial cells

Past studies have identified involvement of NF-kB in
regulating expression of adhesion molecules ICAM-1,
VCAM-1, and E-selectin in endothelial cells.25 We measured

FIG. 2. NF-kB-regulated fluorescence response of endothelial cells stimulated with pulse or step of LPS under different
culture conditions. (A) Fluorescence images of endothelial cells on top of collagen-embedded hepatocytes (coculture).
(B) Fluorescence images of endothelial cells on top of the collagen gel (monoculture). (C) Relative fluorescence intensity levels
for (A) and (B) with control and pulse expressed as percentage of step stimulation, respectively. Scale bar¼ 50mm. LPS,
lipopolysaccharide. Color images available online at www.liebertonline.com/ten.
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expression of these adhesion molecules for probing the ef-
ficacy of GFP profiles as an indicator of NF-kB-regulated
gene expression in endothelial cells. Figure 3A shows gene
expression levels (6 h) of VCAM-1, E-selectin, and ICAM-1
in endothelial cells exposed to pulse of LPS relative to step
stimulation. It indicates that VCAM-1 gene expression level
for pulse exposure was 28% of step treatment in the case of
endothelial cells cultured alone. By contrast, in response to
pulse treatment, endothelial cells in co-culture with hepa-
tocytes exhibited VCAM-1 gene expression levels (93%)
that approached those for step stimulation. Similarly, gene
expression levels of E-selectin and ICAM-1 for pulse
exposure relative to step stimulation was lower in mono-
cultures (24% and 57%) of endothelial cells in comparison
to those in coculture (80% and 78%) with hepatocytes. This
is in agreement with GFP profiles observed in Figure 2
where endothelial cells in coculture showed similar level of
activation for pulse and step exposure of LPS, while en-
dothelial cells in monoculture demonstrated higher level
of activation for step in comparison to pulse treatment of
LPS. For estimating if coculture with hepatocytes devoid
of any LPS stimulation has any effect on the activation state
of endothelial cells, we compared gene expression levels of
adhesion molecules in the control condition of cocultures
and monocultures. Figure 3B indicates that expression of
all three adhesion molecules in endothelial cells is elevated
for monocultures relative to cocultures. These results sug-
gest that hepatocytes alter the activation state of endothe-

lial cells both in the presence and absence of any LPS
stimulation.

Leukocyte adhesion to endothelial cells in monoculture
and coculture with hepatocytes

Leukocytes recruited during endotoxemia have been im-
plicated in hepatic damage. Leukocytes adhesion to endo-
thelial cells is an important step in leukocytes recruitment.
We evaluated if differences observed in fluorescence re-
sponse of our reporter were sufficient in inducing disparity
in leukocytes adhesion to endothelial cells. Figure 4 shows
leukocytes adhesion to endothelial cells in monoculture and
coculture with hepatocytes subjected to control, pulse, and
step stimulation of LPS. Figure 4A indicates that endothelial
cells in coculture with hepatocytes show enhanced binding
of leukocytes both for pulse and step treatment of LPS in
comparison to control. Additionally, leukocyte binding re-
sponse for pulse treatment was more than control but less
than step stimulation of LPS (Fig. 4C). However, in the case
of endothelial cells cultured alone (Fig. 4B) enhanced leu-
kocyte adhesion was only observed for step treatment of
LPS, while pulse exposure exhibited similar leukocyte
binding as control (Fig. 4C). Further, in the absence of LPS
stimulation, endothelial cells cultured alone displayed a
higher level of leukocyte binding than those in coculture
with hepatocytes (controls of Fig. 4A, B).

Discussion

In this report, we describe the development of an in vitro
model of hepatic tissue that facilitates real-time monitoring
of NF-kB activation in the endothelium in a complex tissue-
like microenvironment. This was achieved by integrating a
GFP reporter clone of endothelial cells in our previously
developed organotypical model of liver tissue. We demon-
strate the efficacy of our approach by identifying a differ-
ential NF-kB-regulated fluorescence response of endothelial
cells to pulse and step of LPS, depending on whether they
were in coculture with hepatocytes or in monoculture. En-
dothelial cells in coculture with hepatocytes exhibited similar
fluorescence response for both pulse and step stimulation of
LPS. By contrast, endothelial cells in monoculture displayed
enhanced fluorescence response for step in comparison to
pulse of LPS. We were able to correlate the disparity in
the NF-kB-mediated fluorescence response to the expression
level of several NF-kB-regulated genes such as ICAM-1,
VCAM-1, and E-Selectin, which ultimately lead to differ-
ences in leukocyte adhesion to endothelial cells.

In the liver sinusoid, endothelial cells and hepatocytes are
arranged in layers with the intervening space occupied by
the extracellular matrix of the space of Disse. Our three-
dimensional model mimics this arrangement by overlaying
endothelial cells on top of collagen-embedded hepatocytes.
In a previous report, we demonstrated the efficacy of this
three-dimensional layering in maintaining hepatocyte dif-
ferentiated function. This work focuses on utilizing this
model for investigating hepatic inflammation. In the context
of inflammation, our three-dimensional layered tissue model
facilitates the creation of more in vivo-like conditions where
endothelial cells are the first cell type to come in contact with
leukocytes, while at the same time their adhesion is influ-
enced by a signaling environment affected by hepatocytes.

FIG. 3. Relative changes in gene expression of VCAM-1,
ICAM-1, and E-Selectin in endothelial cells cultured under
different conditions. (A) Gene expression levels were mea-
sured for pulse and step treatment of LPS in both mono-
cultures and cocultures. Relative mRNA levels for pulse are
expressed as percentage of step treatment. (B) Gene expres-
sion levels were measured in the control (no LPS stimulation)
cocultures and monocultures. mRNA levels for monocul-
tures expressed relative to cocultures. VCAM-1, vascular cell
adhesion molecule 1; ICAM-1, intercellular adhesion mole-
cule 1.
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There are several advantages of integrating reporter cells
in tissue models for investigating gene expression patterns.
In a tissue model that employs multiple cell types, conven-
tional methods for gene expression analysis require separa-
tion of individual cell types before ascertaining gene
expression levels in the cell type of interest. Additionally,
each measurement requires destruction of cells, which is not
optimal for obtaining dynamic information. In contrast, uti-
lization of reporter cells not only obviates the need for sep-
arating cells, but temporal expression patterns can be
obtained from the same population of cells. In our layered
tissue model, dynamic NF-kB-regulated fluorescence re-
sponse was measured in real time from the endothelium
plane under inflammatory conditions. Since hepatocytes and
endothelial cells were in different planes, the background
autofluorescence from hepatocytes was minimized when the
microscope was focused on the endothelium plane. The
temporal fluorescence profile was similar to that observed in
other reporter clones with a characteristic delay associated
with transcription, translation, and maturation of GFP after
activation of NF-kB.11,12,14

Although, in vivo, the liver sinusoid is lined by the sinu-
soidal endothelial cells,26 we used a GFP reporter clone of
primary RHMEC in our model. Liver sinusoidal endothelial
cells have limited proliferation capacity, which renders them
unsuitable for creating a GFP reporter clone. We employed
primary rat heart endothelial cells for creating a GFP reporter
clone due to their capacity to proliferate and ease of main-
taining them in culture. Use of heart endothelial cells is a
limitation of our model as endothelial cells from different
organs are known to exhibit heterogeneous phenotype.
Nevertheless, we reasoned that primary rat heart endothelial
cells will be a compromise in terms of creating a GFP re-
porter clone that enables real-time monitoring of NF-kB ac-
tivation at the tissue level, while at the same time useful
studies in the context of hepatic inflammation can be con-
ducted as intercellular communication by various growth
factors and cytokines are not omitted, since they belong to
the same species as the hepatocytes. In fact, a wide variety of
cell types, including cells belonging to other species, have
shown remarkable ability to interact with hepatocytes and
influence their function.27

FIG. 4. Leukocyte (labeled with a fluorescent dye CM-DiI) adhesion to endothelial cells stimulated with pulse or step of LPS
under different culture conditions. (A) Fluorescence images of leukocytes adhering to endothelial cells on top of collagen
embedded hepatocytes (coculture). (B) Fluorescence images of leukocytes adhering to endothelial cells on top of the collagen
gel (monoculture). (C) Relative leukocyte adhesion (or fluorescence intensity) levels for (A) and (B) with control and pulse
expressed as percentage of step stimulation. Scale bar¼ 50 mm. Color images available online at www.liebertonline.com/ten.
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LPS released from the outer cell membrane of gram-
negative bacteria is a potent inducer of the inflammatory
response.28 We used our model for investigating the role
played by intercellular communication between hepatocytes
and endothelial cells during LPS-induced inflammatory re-
sponse. In vivo, LPS present in circulation can get neutralized
by various proteins present in plasma.29 This can lead to
conditions where LPS remains functionally active only
transiently. To mimic such conditions, we subjected our
system to a pulse of LPS, where LPS was introduced for a
brief period and then cells were exposed to the medium for
the remainder of the experiment. Pulse response was com-
pared to step stimulation where LPS was not externally re-
moved. Our results revealed that in the presence of
hepatocytes, endothelial cells get activated similarly to both
pulse and step stimulation. However, when endothelial cells
were cultured alone, the level of activation was much
stronger for step than pulse. Additionally, in the absence of
any stimulation, hepatocytes reduce the activated state of
endothelial cells. This suggests that hepatocytes play an
important role in modulating the endothelial response
whereby under noninflammatory conditions they contribute
to maintaining the endothelium in a nonactivated state,
while under inflammatory conditions they enhance the ac-
tivation of endothelial cells upon encountering pathogen-
associated products even for brief periods.

Tissues respond to injury or infection by recruiting leu-
kocytes as part of the host defense strategy to ward off
source of injury. However, in liver leukocytes recruited
during endotoxemia play an important role in causing he-
patic damage.30–31 There are several reports where blocking
of leukocyte recruitment to liver results in diminished
damage.31–33 Since NF-kB is believed to play a critical role in
leukocyte recruitment,34 we evaluated the applicability of
our model in applying the NF-kB-mediated fluorescence re-
sponse to the functional output of leukocyte adhesion to
endothelium, which is a key step in their recruitment. Our
experiments showed that the disparity observed in the level
of fluorescence response was sufficient in eliciting differen-
tial leukocyte adhesion to endothelial cells cultured under
different conditions. Hepatocytes seemed to reduce adhesion
of leukocytes to endothelial cells under noninflammatory
(control) condition, while stimulation with pulse of LPS re-
sulted in reversal of trend. This could be a useful strategy
whereby hepatocytes communicate with the endothelium for
ascertaining if hepatic tissue needs to recruit leukocytes—
presence of mediators of inflammation induces leukocyte
recruitment, whereas somewhat healthy condition is not fa-
vorable for leukocyte recruitment.

Hepatocytes can influence the microenvironment of en-
dothelial cells dynamically by both secretion and/or uptake
of factors from the medium. It is plausible that endothelial
cells in coculture were subjected to different combination of
factors under control condition and pulse stimulation of LPS,
which resulted in reversal of trend from reduced to enhanced
activation as the medium was supplemented with LPS for
short duration. The factor(s) responsible for enhanced acti-
vation of endothelial cells in monoculture as compared to
coculture under control condition are unknown. It remains
unclear if somewhat higher activation of endothelial cells in
monoculture (control condition) before LPS stimulation
played any role in reduced responsiveness to LPS pulse.

Although, step stimulation of LPS was able to further en-
hance the activation of endothelial cells in monoculture
demonstrating that the cells had not reached maximum ac-
tivation under control condition and retained ability to re-
spond to LPS. These results suggest that the differential
response of endothelial cells in monoculture and coculture to
LPS pulse was hepatocytes mediated. The mechanism re-
sponsible for this differential response was not investigated
in this study. Nevertheless, based on literature reports, in-
volvement of certain factors secreted by hepatocytes can be
speculated. Hepatocytes are known to secrete various factors
such as vascular endothelial growth factor (VEGF)35 and LPS
binding protein (LBP),36 which can influence the coculture
response of endothelial cells to LPS. In a recent report, LPS
administered to mice resulted in increased levels of VEGF in
liver.37 VEGF is known to activate expression of adhesion
molecules on endothelial cells.25 LBP is an acute-phase pro-
tein that binds to LPS and is thought to enhance LPS sig-
naling.38,39 LBP in conjunction with other unidentified
factors has also been implicated in LPS-induced higher cy-
tokine production by nonparenchymal cells of liver in co-
culture with hepatocytes.40

In summary, our model provides a powerful platform
for evaluating hepatic endothelium activation in real time
under inflammatory conditions. Since endothelium activa-
tion and leukocyte recruitment play critical role in a num-
ber of disease states associated with inflammation, it can
potentially be used as a high-throughput tool for identify-
ing drug targets and gaining mechanistic insight into the
role played by intercellular mediators in regulating hepatic
inflammation.
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