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ABSTRACT Heterotypic cell interaction between
parenchymal cells and nonparenchymal neighbors
has been reported to modulate cell growth, migra-
tion, and/or differentiation. In both the developing
and adult liver, cell-cell interactions are imperative
for coordinated organ function. In vitro, cocultiva-
tion of hepatocytes and nonparenchymal cells has
been used to preserve and modulate the hepatocyte
phenotype. We summarize previous studies in this
area as well as recent advances in microfabrication
that have allowed for more precise control over
cell-cell interactions through ‘cellular patterning’ or
‘micropatterning’. Although the precise mechanisms
by which nonparenchymal cells modulate the hepa-
tocyte phenotype remain unelucidated, some new
insights on the modes of cell signaling, the extent of
cell-cell interaction, and the ratio of cell popula-
tions are noted. Proposed clinical applications of
hepatocyte cocultures, typically extracorporeal bio-
artificial liver support systems, are reviewed in the
context of these new findings. Continued advances
in microfabrication and cell culture will allow further
study of the role of cell communication in physio-
logical and pathophysiological processes as well as in
the development of functional tissue constructs for
medical applications.—Bhatia, S. N., Balis, U. ]J.,
Yarmush, M. L., Toner, M. Effect of cell-cell inter-
actions in preservation of cellular phenotype: cocul-
tivation of hepatocytes and nonparenchymal cells.
FASEB J. 13, 1883-1900 (1999)
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CELL—CELL INTERACTIONS ARE central to the func-
tion of many organ systems. A common theme for
heterotypic cell interactions is the interaction of
parenchymal cells with nonparenchymal neighbors
with resultant modulation of cell growth, migration,
and/or differentiation. Specifically, these interac-
tions are of fundamental importance in physiology
(1, 2), pathophysiology (3, 4), cancer (5, 6), devel-
opmental biology (7, 8), wound healing (9, 10), and
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attempts to replace tissue function through ‘tissue
engineering’ (11, 12). Further understanding of how
cell-cell interactions modulate tissue function will
allow us to gain fundamental biological insight as
well as suggest approaches that will allow the manip-
ulation of tissue function in wvitro for therapeutic
applications.

In particular, heterotypic interactions play a fun-
damental role in liver function. The formation of
this vital organ from the endodermal foregut and
mesenchymal vascular structures is thought to be
mediated by heterotypic interactions (13, 14). Het-
erotypic interactions have also been implicated in
adult liver physiology (i.e., localization of enzymes in
zones of the liver) and pathophysiology (i.e., cirrho-
sis, and response to injury) (15-17). As we describe
in this review, even in vitro, heterotypic interactions
have proved useful in stabilizing liver-specific func-
tions in isolated hepatocytes.

Despite extensive work in this area, the details by
which cell-cell interactions modulate the hepatocyte
phenotype in vitro remain unelucidated. Here, we
summarize the existing works on cocultivation of
hepatocytes with nonparenchymal cells: the experi-
mental approaches, the outcome, and proposed
mechanisms of interaction. In addition, recent ad-
vances in cell culture techniques (micropatterning)
are discussed as they facilitate examination of these
model systems. Finally, we present and discuss vari-
ous approaches to the incorporation of hepatocyte
cocultures into clinical liver support systems.

CELL-CELL INTERACTIONS IN THE LIVER IN
Vivo

The liver arises as a bud from part of the foregut. The
‘hepatic diverticulum’ extends into the septum trans-
versum, where it rapidly enlarges and divides into two
parts: 1) the primordium of the liver and the intrahe-
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Figure 1. Schematic of the liver sinusoid (with permission
from Kaplowitz (22). The adult consists of differentiated
hepatocytes (H) separated from a fenestrated endothelium
(E) by the Space of Disse. Lipocytes (stellate or Ito cells) are
elaborate, extensive processes that encircle the sinusoid.
Biliary ductal cells contact hepatocytes toward the end of the
hepatic sinusoid (not depicted); Kupffer (the resident mac-
rophage), and Pit cells (a type of natural killer cell) are free
to roam through the blood and tissue compartment. Thus,
the adult liver provides a scaffold for many complex cell-cell
interactions that allow for effective, coordinated organ func-
tion.

patic portion of the biliary apparatus, and 2) the gall
bladder and cystic duct. The proliferating endodermal
cells give rise to interlacing cords of liver cells and the
epithelial lining of the intrahepatic biliary apparatus.
As the liver cords penetrate the mesodermal septum
transversum, they break up the mesodermal umbilical
and vitelline veins, forming the hepatic sinusoids (18).
The fibrous and hemopoietic tissue and Kupffer cells
of the liver are also derived from the mesodermal
septum transversum. It is thought that the mesen-
chyme induces the endoderm to proliferate, branch,
and differentiate (19).

It has been shown experimentally in chimeric
avian and mouse livers that differentiated hepato-
cytes arise from the endodermal compartment and
mesenchyme gives rise to the endothelial lining of
the adult sinusoids (13). In addition, when
endoderm was cultivated alone, it failed to differen-
tiate; however, tissue interactions between hepatic
endoderm and mesenchyme induced hepatocyte dif-
ferentiation in vitro. More recently, specific cytokines
and transcription factors have been identified as
important mediators of this process (20, 21).

In contrast, the adult form of the liver, a complex
multicellular structure, is seen in Fig. 1 (reprinted
from Kaplowitz, ref 22). It consists of differentiated
hepatocytes (H) separated from a fenestrated endo-
thelium (E) by the Space of Disse. Lipocytes (stellate
or Ito cells) are elaborate, extensive processes that
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encircle the sinusoid, well-positioned for both com-
munication with hepatocytes and the potential to
modify the extracellular space by secretion of extra-
cellular matrix. Biliary ductal cells contact hepato-
cytes toward the end of the hepatic sinusoid (not
depicted) and Kupffer cells (the resident macro-
phage), and Pit cells (a type of natural killer cell) are
free to roam through the blood and tissue compart-
ment. Thus, the adult liver provides a scaffold for
many complex cell-cell interactions that allow for
effective, coordinated organ function.

The information about cell-cell interactions in
liver development and terminal differentiation im-
plies an essential role for cell signaling between
parenchymal and nonparenchymal tissue compart-
ments. Cocultivation of hepatocytes with other cell
types in vitro offers a unique model for in-depth study
of these critical pathways.

COCULTIVATION OF HEPATOCYTES AND
NONPARENCHYMAL CELLS

Hepatocyte viability and liver-specific function have
been shown to be stabilized for several weeks in vitro
upon cocultivation with a variety of other cell types.
The resultant cocultures have been widely used in
studies of various physiological and pathophysiologic
processes including host response to sepsis (23, 24),
mutagenesis (25-28), xenobiotic toxicity (29, 30),
response to oxidative stress (31), lipid metabolism
(32, 33), and induction of the acute-phase response
(34-37). In addition, the ability to preserve key
features of the hepatocyte phenotype in vitro may
have important applications in hepatocyte-based
therapies for liver disease.

First noted by Langenbach et al. in 1979 (38)
through work with hepatocytes atop irradiated
feeder layers of human fibroblasts and later eluci-
dated by Guguen-Guillouzo et al. (39) by a mixed
coculture of hepatocytes with live isolated rat liver
epithelial cells, the effect of cell-cell interactions on
the hepatocyte phenotype has become an active area
of investigation. Figure 2 shows the earliest images,
to our knowledge, of retained hepatocyte morphol-
ogy and function in vitro due to cocultivation with
another live cell type (39). Note intracellular albu-
min staining throughout the hepatocyte island re-
gardless of proximity to the heterotypic interface. In
this review, the term heterotypic interface will be
used to describe the spatial dimension over which
fibroblasts and hepatocytes undergo coplanar cell-
cell contact (i.e., in an island of hepatocytes sur-
rounded by fibroblasts, this would correspond to the
island perimeter). Figure 3 depicts the functional
outcome of this culture method and the clear dem-
onstration of retention of a liver-specific function,
albumin secretion, for many weeks (>5 wk) (37). In
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Figure 2. Randomly distributed coculture of hepatocytes and
liver epithelial cells (with permission from Guguen-Guillouzo
et al. (39). Hepatocytes exhibit stereotypical morphology—
distinct nuclei and nucleoli as well as well-demarcated cell-
cell borders. Localization by peroxidase-labeled antibodies of
albumin 10 days after hepatocyte seeding. Almost all of the
hepatocytes (H), but no liver epithelial cells (LEC), contain
albumin. In addition, intracellular albumin staining is present
throughout the hepatocyte island regardless of proximity to
the heterotypic interface.

fact, relatively stable albumin production has been
observed as long as 65 days (40).

This stabilization of liver-specific functions has been
reported for cocultures with both liver-derived cell
types as well as non-liver-derived endothelia and fibro-
blasts. Table 1 summarizes studies of both liver and
non-liver-derived cell types in hepatocyte cocultures.
Liver-derived cell types include rat liver epithelial cells
of presumed biliary origin (31, 37, 39-46), stellate (Ito,
fatstoring) cells (47-49), sinusoidal endothelial cells
(50, 51), Kupffer cells (24, 52-56), and the entire
‘nonparenchymal’ fraction of isolated liver cells (57—
59). Although this effect on morphological and func-
tional differentiation was originally thought to be spe-
cies specific, many other cell types from other organ
systems and species have since been shown to influence
isolated rat hepatocytes. This effect has been demon-
strated with rat hepatocytes, to varying degrees, using
embryonic murine 3T3 and C3H 10T cells (29, 32,
45, 51, 60-64), rat dermal fibroblasts (b1), Chinese
hamster cells (25, 28), canine kidney epithelia (65),
bovine aortic endothelia (51, 66), and human fibro-
blasts and lung epithelia (26, 27, 65, 67, 68). In
addition, similar findings have been observed for adult
human and fetal rat, chick, and porcine hepatocytes
(28, 30, 68—-71). Finally, the effects of cell-cell commu-
nication are also reciprocal; stabilization of function
and responsiveness of nonparenchymal cells when
cocultured with hepatocytes has also been reported
(48, 59).

Typically, the time course of events in hepatocyte
cocultures is similar, independent of the choice of
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secondary cell type, culture configuration, or cell
concentration. Most cultures have preserved hepato-
specific synthetic functions for prolonged periods (1
to 10 wk). The effects on hepatocyte function are
inducible for 3-7 days, after which hepatocyte ‘res-
cue’ is unattainable (41, 69). This is noted graphi-
cally in Fig. 3, which demonstrates the comparable
efficacy of initiating coculture on both day 1 and day
7 of hepatocyte culture. In addition, the time course
over which albumin synthetic capability increases
before stabilization appears to remain fairly con-
stant, 6-10 days.

Culture configurations for many of these systems
employed variations in the ratio of cell types and
media composition. Typically, investigators have ex-
plored ratios of cell numbers of ~1:1 (nonparenchy-
mal: hepatocyte); however, this has varied among
studies from 10:1 to 1:10 (56, 58). In addition, many
media formulations have included additions of insu-
lin and glucocorticoids such as hydrocortisone or
dexamethasone to inhibit fibroblastic overgrowth.
Last, both serum-free and fetal bovine serum formu-
lations have been used successfully. In addition to
viable cells in the above culture configurations,
experiments have been performed with feeder lay-
ers, including irradiated (38), desiccated and heated
(58), glutaraldehyde-fixed (72), or mitomycin C-
treated (61) nonparenchymal cells. One study com-
pared the relative effect of viable cells vs. feeder
layers and reported comparable effects on the exam-
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Figure 3. Albumin secretion by human hepatocytes cultured
alone or in association with rat liver epithelial cells (with
permission from Clement et al (69). The influence of late
addition of the epithelial cells in depicted: these cells were
added 3 h (solid line) or 7 days (dashed line) after hepatocyte
plating in media supplemented (open) or not (filled) with
serum. Pure cultures were maintained in an arginine-free
medium before addition of epithelial cells on day 7. Late
addition of epithelial cells allowed ‘rescue’ of pure hepato-
cyte cultures. Subsequent daily albumin secretion rates indi-
cate retention of liver-specific function for many weeks.
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TABLE 1. Cell types used in cocultures for stabilization of rat hepatocyte phenotype

Liver-derived

Non-liver-derived

Rat liver epithelial (presumed biliary origin) (31, 37, 39, 40-42, 44-46, 59)

Stellate (47-49)
Sinusoidal endothelial (50, 51)
Kupffer (24, 52-56)

‘Nonparenchymal’ fraction of isolated population (57-59)

Bovine aortic endothelia (51, 66)

Canine kidney epithelia (65)

Chinese hamster epithelia (25, 28)

Embryonic murine (3T8, C3H 10T}) (29, 32,
45, 51, 60, 63-65)

Human fibroblast (26, 27, 67, 68)

Human lung epithelia (65)

Human venous endothelia (42)

Monkey kidney epithelia (65, 78)

Rat dermal fibroblast (51)

ined markers, DNA synthesis (58). Similarly, glutar-
aldehyde-fixed endothelial cells elicited a compara-
ble response to viable cells (72) when cocultured
with hepatocytes.

In general, a variety of coculture models have met
with significant success in maintenance of many
hepatospecific functions. A summary of the existing
data on the morphological, mitotic, and biochemical
effects of coculture on hepatocytes is presented
below.

EFFECT OF COCULTURE ON HEPATOCYTE
MORPHOLOGY AND FUNCTION

In vivo, hepatocytes are large, compact polyhedral
cells with round nuclei and prominent nucleoli (see
Fig. 3); however, when isolated and cultured on
tissue culture plastic, they adhere and spread, losing
many of their characteristic features (73). Over time,
the nuclei undergo karyolysis (loss of nucleus asso-
ciated with cell death), the cell borders become
indistinct, the cytoskeleton undergoes rearrange-
ment with actin stress fiber formation and a ‘fibro-
blastic’ appearance, and cells ultimately detach and
die. In contrast, hepatocyte cocultures exhibit stereo-
typical polygonal morphology with distinct nuclei
and nucleoli, well-demarcated cell-cell borders, and
a visible bile canalicular network for many weeks.
Cocultures have also been shown to express many
liver-specific proteins such as albumin (Table 2).
Murine 3T3’s have been shown to induce the highest
levels of albumin secretion by hepatocytes (4.2 to 15
ng/10° cells/h) (74, 75), followed by rat liver endo-

TABLE 2. Measured hepatocyte functions in cocultures

Albumin secretion

Cytochrome P-450 activity (isoenzymes 1A1, 2B1, 3A1) and
inducibility

Glutathione S-transferase

Tight junctions (detection of ZO-1)

Gap junctions (detection of connexin 32, microinjection)

Other: pyruvate kinase, transferrin, DNA synthesis, UDP-
glucoronyl transferase
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thelial cells (3.1 pg/10° cells/h) (51), rat dermal
fibroblasts (3.1 pqg/lO6 cells/h) (51), rat liver epithe-
lial cells (2.9 pg/10° cells/h) (39), and bovine aortic
endothelial cells (1 pvg/lo6 cells/h) (b1).

The level of regulation involved in induction of
liver-specific protein production has also been inves-
tigated. The cause of the increases observed in
protein synthesis and mRNA was studied using in
vitro transcriptional assays from isolated nuclei as
well as ‘rescue’ experiments wherein mRNA was
allowed to decline and then observed to reappear.
Albumin, pyruvate kinase, transferrin, and various
subunits of glutathione S-transferase were found to
be regulated primarily at the transcriptional level,
with at least some component of post-transcriptional
mRNA stabilization (41, 44).

Markers of detoxification capability, such as cyto-
chrome P-450 enzyme activity, have also been ob-
served to increase in amount and stability. For the
most part, P-450 isoenzymes 1A1, 2B1 and 3Al seem
to be the best stabilized after 1 wk (45, 46, 65,
76-81). In comparison to conventional hepatocyte
cultures such as Matrigel, total P-450 content was
found to be elevated twofold in uninduced cocul-
tures (62). In addition, hepatocytes retained induc-
ibility of P-450 enzymes by prototypic inducers (61,
62, 77, 79-81). One study showed a 12- to 15-fold
increase in mRNA levels for CYP2B1 after 7 days of
induction of cocultures by phenobarbital as com-
pared to hepatocytes cultured alone (81). Although
each isoenzyme shows a different induction pattern,
some have been reported to be inducible for up to 2
months (82). On the other hand, cocultivation does
not preserve all isoenzyme activities; some, such as
2Cl11, 2C6, and 2E1, were reported to decline con-
tinuously (45, 46, 79, 80).

The influence of hepatocyte coculture on other
markers of detoxification pathways such as the con-
jugating (phase II) systems have also been studied.
The glutathione-S-transferase (GST) family, a family
of dimeric enzymes that catalyze the conjugation of
reduced glutathiones to electrophiles, is the most
commonly studied of the phase II systems. Like the
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cytochrome P-450 isoenzymes, GSTs are generally
more stable in coculture than pure hepatocyte cul-
ture (31, 43—-46, 83, 84). Stable expression of some
subunits has been noted for 12 days in coculture,
with significant quantitative differences between var-
ious nonparenchymal cell sources (44, 78). In addi-
tion, as seen in the P-450 family, quantitative differ-
ences for each subunit are noted, with subunits 3 and
4 being the most stable. The mechanism of stabiliza-
tion of the GSTs in coculture is thought to be both at
the transcriptional and mRNA stabilization level
(44). GSTs may also be induced in cocultures by
stereotypical inducers (i.e., phenobarbital), with
each subunit responding differentially (43, 46). Fi-
nally, the GST family differs from the cytochrome
P-450 family in one important arena: expression of a
fetal GST (7) is induced in both pure hepatocyte and
hepatocyte cocultures, though not typically seen in
the adult liver (43, 44, 83, 84).

Functional contacts were also observed in hepato-
cyte cocultures. Tight junctions were detected by the
presence of ZO-1 in cocultures (47). Gap junctions
(connexin 32) were localized by indirect immuno-
fluorescence and/or by microinjection of Lucifer
yellow. In general, gap junctions were formed only in
homotypic hepatocyte interactions (40). One nota-
ble exception is the formation of heterotypic func-
tional gap junctions between hepatocytes and fat-
storing cells (connexin 43) (49). In addition, the
degree of induction of albumin synthesis correlated
with increased levels of connexin 43 in various
fat-storing cell clones. This observation is particularly
significant because fat-storing cells maintain direct
contact with hepatocytes in vivo. This model suggests
that hepatocyte function may be influenced by the
degree of cell-cell interaction (and thus the forma-
tion of heterotypic gap junctions). Therefore,
though homotypic hepatocyte gap junctions are
commonly noted in coculture, the presence and
influence of heterotypic gap junctions are cell type
dependent.

Spatial and temporal distribution of gap junctions
between hepatocytes was also examined under vari-
ous coculture conditions. Mesnil et al. (40) noted
that the number of dye-coupled hepatocytes per
injection gradually increased with coculture time
from a single cell early in coculture to 9 cells by 25
days. Once hepatospecific functions stabilized, all
hepatocytes in a given colony were found to express
both functional gap junctions and albumin regard-
less of the proximity to the heterotypic nonparen-
chymal cell type (i.e., even hepatocytes that do not
undergo direct contact with nonparenchymal cells
retain function). This data provided indirect evi-
dence that the signal for induction of liver-specific
function is not confined to the heterotypic interface,
i.e., signals may propagate through confluent hepa-
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tocyte populations. Thus, studies of gap junction
expression in hepatocyte cocultures suggested that
both temporal and spatial variations exist.

Even though these model systems offer the oppor-
tunity to study complex modes of cell-cell commu-
nication, there are significant confounding factors in
such randomly distributed cocultures. Hepatocyte
colony size varies with cell seeding density as well as
hepatocyte adhesion, aggregation, and migration.
The approximate size of hepatocyte colonies (esti-
mated from published micrographs) in these studies
was 100-200 pm in diameter containing 5-15 cells.
These phenomena may ultimately be better exam-
ined by using a culture system that produces spatially
uniform cell-cell interactions.

An additional notable feature of certain hepato-
cyte cocultures as compared to pure hepatocyte
cultures is the ability to synthesize DNA in vitro. This
effect has been noted in hepatocyte cocultures of
both liver-derived and non-liver-derived cell types.
An important distinction must be made between
DNA synthesis and cell growth per se, especially in
light of the known ability of hepatocytes to multinu-
cleate both in vivo and in vitro. Given this caveat, two
investigators have reported significant levels of DNA
synthesis/division in cocultures. When rat liver cells
were cocultured with the entire nonparenchymal
liver fraction on felt templates, parenchymal cells of
15-30 wM diameter increased in number by 10-fold
over 48 days as measured by enzymatic separation of
cultures and counts of cell populations by size. In
addition, thymidine incorporation was measured
over 48 days and found to reach a maximum at 24
days of culture (82). In contrast, Shimaoka et al. (58)
found an increase of labeling index from 13% of
hepatocytes in pure cultures to 35% of hepatocytes
in cocultures with nonparenchymal cells. This stim-
ulatory effect of nonparenchymal cells on DNA
synthesis by adult hepatocytes varied in a dose-
dependent manner, where cultures with low hepato-
cyte densities demonstrated a twofold increase in
labeling index over high hepatocyte densities. Fur-
thermore, DNA synthesis reached a maximum at 3
days of culture.

DNA synthesis was also examined by coculture
with non-liver-derived 3T3 clones, producing varied
results. Some investigators have reported 20-30%
labeling indices (61) whereas others have reported
minimal thymidine uptake (58, 62). In other non-
liver-derived cell types such as human embryonic
lung, canine kidney, and monkey kidney epithelia,
minimal thymidine uptake was reported (65). Thus,
in general, it appears that very little hepatocyte
growth occurs in coculture configurations with non-
liver-derived nonparenchymal cells. This suggests
that growth-arrest of the ‘alternative cell type’ in this
type of hepatocyte cocultures may afford adequate
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control over preservation of approximately constant
cell numbers for precise study of both subpopula-
tions.

In summary, cocultivation of hepatocytes with
nonparenchymal cells has been shown to preserve
stereotypical hepatocyte morphology and a variety of
synthetic, metabolic, and detoxification functions of
the liver. Although cell communication clearly plays
a role in the regulation of these hepatospecific
functions, the complex rules that govern the influ-
ence of homotypic cell interactions, heterotypic cell
interactions, cell density, and ratio of cell popula-
tions remain undetermined. These issues may be
elucidated by use of a model system that allows
precise control over these interactions. One such
model system, based on cellular micropatterning
techniques, was recently developed and is discussed
in detail elsewhere in this review (85).

MECHANISM OF INDUCTION OF LIVER-
SPECIFIC FUNCTION IN HEPATOCYTES

The precise mechanisms that regulate increases in
liver-specific function in hepatocyte cocultures have
not yet been elucidated. The potential mediators of
cell-cell communication include ‘freely secreted’
signals (i.e., cytokines) or ‘cell-associated’ signals
(i.e., insoluble extracellular matrix or membrane-
bound proteins).

Many studies attempting to discern the contribu-
tion of soluble factors in coculture systems have
produced contradictory results. Morin et al. (72)
reported that a transmembrane culture system using
hepatocytes seeded on a 0.45 uM pore size filter and
endothelial cells in an underlying well induced sim-
ilar levels of albumin secretion as control cocultures
with sinusoidal cells in contact with hepatocytes on
similar filters. In contrast, Donato et al. (79) re-
ported no significant improvement in P450 activity
when hepatocytes were cultured on the bottom of a
similar trans-well system with a 0.4 wM pore size and
MS epithelial cells on top of the insert over pure
hepatocyte cultures. The differences in these find-
ings suggest that perhaps culture configuration (i.e.,
hepatocyte adhesion to a transwell filter as compared
to tissue culture dishes) is important. In addition,
use of media conditioned by the second cell type on
pure hepatocyte cultures has been shown to be
almost universally ineffective (58, 61, 62). At least
one dissenting study showed a partial effect of rat
liver epithelial cell conditioned media on hepatocyte
cultures (half-maximal increases in levels of glu-
tamine synthetase activity relative to control cocul-
tures). Conditioned media obtained from cocultures
showed no effect on glutamine synthetase activity
(the only function tested). This implies that any
potential soluble factor is not present in excess in
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cocultures due to its uptake/degradation by hepato-
cytes (42).

Comparatively, studies of extracellular matrix-medi-
ated effects on liver-specific gene expression have been
even less conclusive. Although many groups have re-
ported matrix deposition patterns specific to cocul-
tures, no causative effects of this matrix have been
shown. In particular, reticulin fibers were observed in
cocultures but absent in both types of pure culture (39,
51, 86). Other extracellular matrix components have
been observed in cocultures with indirect immunoflu-
orescent techniques including collagens I, IV, fibronec-
tin, laminin, and entactin (37, 47, 51).

Mesenchymal cells typically are characterized by
their ability to produce collagen I and fibronectin
matrix molecules, whereas hepatocytes have been
shown to primarily produce collagen IV and laminin.
As a result, the cellular source of extracellular
(ECM) deposition in cocultures is unclear. In addi-
tion, endothelial cells were found to produce perle-
can in vivo (heparan sulfate-proteoglycan), a known
mediator of some liver-specific functions (87), which
may implicate proteoglycans in some component of
the coculture effect. However, this ECM effect on
liver cells is unlikely to be descriptive of the mecha-
nism by which stellate cells induce hepatospecific
function since they were consistently negative for
perlecan. Finally, two groups have attempted to
modulate the effect of potentially ECM-mediated
events by (1) crudely assessing the distance over
which the signal can travel from the heterotypic
interface (42) and by (2) treating feeder layers with
enzymes specific for ECM destruction (58). Shrode
et al. (42) found up-regulation of glutamine syn-
thetase production up to a few millimeters from the
heterotypic interface; they suggest that large, insolu-
ble ECM molecules are likely mediators since they
would have limited diffusivity at critical concentra-
tions. In contrast, the effects of direct cell contact
communicated via gap junctions are discounted by
the authors as they hypothesize that such a signal
would travel over a limited distance. Finally, Shi-
maoka et al. (58) reported that the DNA synthesis
they monitored in cocultures was acid-, trypsin-, and
collagenase-sensitive, implicating some protein con-
taining collagen. In addition, precultured feeder
layers induced DNA synthesis earlier than fresh
feeder layers, indicating that the presence of some
material was rate-limiting. The authors suggest that
the insoluble molecules (ECM or membrane recep-
tors) in the feeder layers were responsible for the
observed effects, although soluble factors entrapped
in the feeder layers may also have played a role.

Until recently, the role of direct contact of cells,
the other potential mechanism involved with induc-
tion of liver-specific function, has remained unclear.
Mesnil et al. (40) showed that only hepatocytes in
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close proximity to epithelial cells in sparse cultures
remained viable and differentiated as compared to
those that appeared to lack heterotypic contact. The
authors suggest the importance of cell contact based
on this indirect evidence; however, it seems clear
that local deposition of ECM or local concentrations
of critical soluble factors cannot be ruled out as
causes for the preservation of viability and differen-
tiation. More rigorous evidence supporting the role
of membrane contact as a potential mechanism was
reported in 1991 by Corlu et al. (88). These authors
identified a cell surface protein (liver-regulating, or
LRP) that seemed to be involved in the establish-
ment and maintenance of hepatocyte differentiation
in coculture with liver epithelial cells. They demon-
strated the ability to modulate albumin secretion,
cytoskeletal organization, and ECM deposition by
addition of a monoclonal antibody against LRP.
Furthermore, the authors discount extracellular ma-
trix as potential ligand for LRP due to the inability of
anti-LRP antibody to modulate cell adhesion to
immobilized ECM. In addition, this inhibitory effect
was produced only upon addition of the antibody
early in culture. The authors suggest that this time
dependence supports the role of cell-cell contact in
the coculture effect due to the indirect evidence that
establishment of cell-cell contacts occurs during the
same time frame in culture. Finally, it seems that LRP
is almost certainly not the whole story; although
some cell types that induce liver-specific functions in
hepatocytes stained positive for LRP (sinusoidal cells
and Ito cells), other cell types did not (vascular
endothelia, biliary ductal cells) (89). Therefore, al-
though the presence of LRP may modulate hepato-
cyte function in epithelial coculture, the absence of
LRP in coculture with other cell types does not seem
to prevent induction of liver-specific functions.

Other modes of direct contact such as gap junc-
tional communication may also play a role in cell
signaling. In one study, levels of connexin 43 ex-
pressed by fat-storing cell subclones correlated with
albumin mRNA levels in cocultured hepatocytes.
Functional heterotypic gap junctions were observed
as a result of connexin 43 protein synthesis (49).
This mode of cell signaling may be particularly
important in hepatocyte interaction with Ito cells
compared to other cell types due to the potential
relevance of this signaling mechanism in vivo 1(90).
In addition, communication between cells has also
been implicated in transport of reactive intermedi-
ates (91).

Due to the relationships described between dedif-
ferentiation in tumors and decrease in gap junctions,
studies were also done to assess the necessity of
homotypic gap junctional communication for the
stabilization of differentiated functions. Traiser et al.
(92) found that gap junction intercellular commu-
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nication could be effectively blocked with minimal
effects on the stabilization of xenobiotic metabolic
enzyme activities (another liver-specific marker),
suggesting they may be unimportant in preservation
of the hepatocyte phenotype. However, the results of
this study may not be conclusive due to the potential
effects of the compounds used for interfering with
gap junctional communication on induction of
P-450 enzymes. The notion that hepatocyte gap
junctions may be decoupled from liver-specific func-
tions is also supported by the lack of observable gap
junctions in well-established hepatic culture systems
after 24 h (73, 93).

In summary, despite the substantial data existing
on potential mediators of cell communication in
cocultures (receptors, gap junctions, cytokines,
ECM), the mechanisms by which coculture of hepa-
tocytes with other cell types induce and stabilize
liver-specific function and viability are undefined.
Indeed, many distinct mechanisms may operate in
concert, each modulating a subset of hepatospecific
functions. For example, expression of glutamine
synthetase, albumin, and connexin 32 may each be
independently regulated both in the time course of
expression and rates of secretion. The difficulty with
which homotypic and heterotypic interactions can
be experimentally uncoupled, however, has made
their role in these processes difficult to assess. Here
we review methods that have been used to study the
role of cell-cell interactions, including a ‘micropat-
tern’-based technique that has recently facilitated
some novel insights in this area.

METHODS TO EXAMINE INFLUENCE OF
CELL-CELL INTERACTIONS ON LIVER-
SPECIFIC FUNCTIONS

The coculture systems discussed above used a variety
of techniques to examine the role of cell-cell inter-
actions in induction of liver-specific functions in
isolated hepatocytes as depicted in Fig. 4. Control of
cell-cell interactions fall into two general categories:
1) prevention of contact or 2) modulation of the
degree of contact. Prevention of contact has been
achieved by cocultures with porous filter inserts,
insertion of crude spacers, or conditioned media
experimentation. As detailed above, these culture
configurations have led to some novel insights but
have also been limited by variations in media sam-
pling, storage, filter material, and cell seeding den-
sities. In addition, absolute lack of contact is difficult
to ensure; for example, transfer of detached cells in
conditioned media or protrusion of cell processes
through the porous filter is difficult to completely
rule out.

Another approach at prevention of contact was
reported by Shrode et al. (42). Creation of a cell-free
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Figure 4. Schematic of previous attempts to control cell-
cell interactions in hepatocyte cocultures. Media that has
been conditioned by incubation with nonparenchymal
cells is transferred to a pure hepatocyte population to
examine the role of soluble factors. Porous membrane
inserts are used in trans-well configurations. Mixed cocul-
tures of various seeding densities have been performed to
investigate the effect of local cell-cell interactions. Conflu-
ent coverslips have been incubated within confluent tissue
culture dishes to examine the heterotypic interface. Fi-
nally, cell populations have been spatially separated by use
of polymeric washers.

annulus was achieved through the addition of a
polymer spacer to a culture dish by use of rubber
cement adhesive. This spacer was then removed,
resulting in a defined, relatively large (~ mm)
cell-free annulus between the cell populations. Cell
populations then grew together, allowing study of
the role of local cell contact in zonation of the liver.
Although this method did show that hepatocyte
populations can undergo induction locally, the
method is limited by the undefined underlying sub-
strate (residual adhesive) and relegation to relatively
large dimensions of annuli (spacers must be large
enough to manipulate manually).

In addition to control of cell-cell interactions by
prevention of contact, modulation of the degree of
cell contact has also been attempted. Both conven-
tional techniques (variations in seeding density) as
well as more specialized systems (addition of conflu-
ent coverslips to confluent cultures) have been used.
Variations in seeding density were used by Guguen-
Guillouzo (94) to study the effects of cell contact on
hepatocyte differentiation. They examined effects of
lower seeding densities by seeding the same cell
numbers in a two different size flasks. This method is
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simple and reproducible, but heterotypic cell con-
tacts occur due to random events such as attachment
during cell seeding. In addition, a confounding
factor in these experiments may be the ability of the
nonparenchymal cell type to divide: lower seeding
densities may permit increases in the nonparenchy-
mal population and the accompanying soluble fac-
tors synthesized by these cells.

Another study examined the role of cell contact by
addition of confluent cultures of hepatocytes on a
coverslip to the center of confluent cultures of either
fibroblasts or fibroblast/hepatocyte cocultures (58).
This technique also attempts to examine the role of
local contact, and these studies succeeded in prob-
ing the role of soluble factors in a novel way;
however, it is likely that the results were confounded
by cell death underlying the coverslip and the signif-
icant topological variations in the culture (height of
a coverslip is typically 100-300 ). Another similar
study using coverslip inserts examined the role of
local stellate cell-hepatocyte interactions (48). This
study demonstrated a localized ‘paracrine’ signal
~10 cell widths from the heterotypic interface, pro-
viding valuable insight into the potential mediators
of this signaling process. However, this technique is
also relegated to relatively large dimensions and
significant potential for artifacts secondary to local
cell damage.

Although some of these models have successfully
examined the outcome associated with a complete
lack of heterotypic cell contact, no existing exper-
imental techniques have conferred the ability to
systematically and uniformly vary the degree of
local heterotypic cell interaction. Rather, cell-cell
interaction has been typically dictated by poorly
controlled parameters such as cell attachment,
aggregation, and migration or by gross manipula-
tions of culture configurations. Recently, a method
was reported that significantly advance the current
state-of-the-art reviewed here (85). These tech-
niques allow control over the spatial distribution
of two cell types in planar cultures and systematic
investigation of the effects of cell-cell interactions
on tissue function.

MICROFABRICATED COCULTURES:
CONTROL OF HOMOTYPIC AND
HETEROTYPIC CELL INTERACTIONS

Recently, ‘cellular patterning’ techniques were
used to quantitatively control heterotypic interac-
tions and to study how local tissue microenviron-
ments modulate bulk tissue function (74, 75, 85,
95, 96). Indeed, cellular ‘micropatterning’ has
already been useful in the study of many diverse
biological phenomena. Spatial control over cell
attachment and spreading has facilitated an un-
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precedented level of sophistication in the investi-
gation of mechanisms of nerve growth cone guid-
ance, influence of cell shape on growth and
apoptosis, and growth and orientation of fungal
pathogens (97-102). Improvements on existing
micropatterning technology recently allowed con-
trol over the degree of interaction between two
different cell populations. These techniques were
used to explore the effects of homotypic and
heterotypic cell interaction on tissue function.

The photolithographic technique developed for
the micropatterning of cells to allow spatial control
over two distinct cell populations is depicted in Fig.
5. Borosilicate wafers were patterned with photore-
sist (a polymer that has variable solubility with expo-
sure to ultraviolet light) by exposure to light through
a prefabricated chrome mask (Fig. 5A). Patterned
substrates were used to control subsequent immobi-
lization of collagen I (103, 104) (Fig. 5B). The
localization of adhesive extracellular matrix (here,
collagen I) allowed for patterning of the first cell
type, primary hepatocytes (Fig. 5C). Hepatocytes
exhibited a well-spaced morphology with distinct
nuclei and bright intercellular borders. Subsequent
deposition of a nonparenchymal cell type (here,
3T3-]2 fibroblasts) allowed for spatial control over
heterotypic cell interactions in the cellular microen-
vironment (Fig. 5D). This technique offers the ability
to present different adhesive ligands to each popu-
lation within a single culture (here, collagen I to
hepatocytes, and serum-adsorbed proteins to fibro-
blasts), which cannot be achieved with many conven-
tional methods. The versatility of this technique is
derived from the ability to alter cell-cell interactions
with ease via use of different chrome masks; there-
fore, the size of each cell subpopulation may be
maintained while allowing variation in the extent of
heterotypic interaction. Conversely, the level of het-
erotypic interaction may be held constant while
allowing variation of the number of cells in each
subpopulation.

Although the techniques described above enable
the investigation of complex interactions between
two cell types, the existing technology suffers from a
number of limitations. First, although cells are pat-
terned initially, tissue morphogenesis is not re-
stricted in these cultures. Reorganization through
cell motility was observed to be dependent both on
hepatocyte island diameter as well as center-to-center
spacing, with islands greater than or equal to 490 uM
retaining an observable pattern for at least 2 wk
whereas smaller patterns reorganized into cord-like
structures on the order of days. Second, the success
of this technique is dependent on the relative cell-
cell and cell-substrate adhesiveness of each cell type,
i.e., the relative preference of nonparenchymal ad-
hesion to the substrate rather than the preseeded
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Figure 5. Schematic of novel method for generating mi-
cropatterned cocultures. Borosilicate substrates were coated
with photoresist (a UV-=sensitive polymer) and exposed to
light through a mask, creating a photoresist pattern (A).
Photoresist was visualized using epifluorescent microscopy
(B) (ex: 550 nm, em: 575 nm). Collagen I was immobilized,
followed by removal of photoresist yielding a collagen-glass
pattern (C). Indirect immunofluorescence allowed verifica-
tion of collagen immobilization in appropriate locations (D).
Patterned substrates were exposed to hepatocytes in serum-
free media and rinsed, resulting in micropatterned hepato-
cytes (E). Phase contrast micrograph of 200 pM lanes of
hepatocytes with 500 uM lane spacing (F). Addition of 3T3-]2
fibroblasts in media supplemented with serum resulted in
generation of micropatterned cocultures (G). Phase contrast
microscopy allowed morphological identification of 2 distinct
cell types in a ‘micropatterned coculture’ (H).

hepatocyte surface. This aspect of a micropatterned
coculture could be studied using labeling with fluo-
rescent vital dyes and/or confocal microscopy. Fi-
nally, the method depicted by Fig. 5 is limited to
confluent cocultures on glass substrates; however,
many applications may require separation of cell
populations and/or the flexibility to use a variety of
underlying substrates. Recent reports on use of poly-
meric microchannels to direct protein immobiliza-
tion provide methods to pattern cells on a variety of
surfaces from polystyrene to thin metal films (105-
107), thus broadening the potential of the tech-
niques described in this review.
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Figure 6. Micropatterned cocul-
tures with constant ratio of cell
populations. Schematic of 4 of 5
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visualization of hepatocytes in co-
cultures indicated fidelity of cell
pattern to theoretical configura-
tion (I~H). Phase contrast micro-
graphs of micropatterned cocul-
tures indicate broad range of
heterotypic interface achieved
despite similar cellular constitu-
ents (I-L).

Role of the Extent of Heterotypic Interactions in
Induction of Liver-Specific Function

Micropatterned cocultures facilitate a number of
different experimental approaches to the role of
cell-cell interactions in modulating the hepatocyte
phenotype. One study design allowed systematic
variation of heterotypic cell interactions without
modifications in individual cell populations (and
thereby the hepatocyte:nonparenchymal cell ratio).
Micropatterned cocultures were generated with vari-
ations in heterotypic interface, yet an identical sur-
face area dedicated to both hepatocyte and fibro-
blast adhesion. Arrays were hexagonally packed,
circular hepatocyte islands of varying dimensions
and center-to-center spacing where total hepatocyte-
adhesive surface area was held constant at 2.5 cm?.
Five different configurations for cocultures ranged
from maximal heterotypic contact (smallest islands
of 36 wM) to minimal heterotypic contact (single
large island of 17.8 mm). Variations in spatial con-
figurations were used to generate ‘theoretical’ differ-
ences in total perimeter of hepatocyte islands from
5.6 cm to 3224 cm, which, upon addition of fibro-
blasts, should correspond to variations in the total
heterotypic interface with preservation of similar cell
numbers in each subpopulation (Fig. 6A4-D). Mi-
cropatterned hepatocytes visualized with a fluores-
cent vital dye and were found to adhere predomi-
nantly to collagen-modified islands (Fig. 6L£-H).
Addition of 3T3-J2 fibroblasts to micropatterned
hepatocytes resulted in micropatterned cocultures
with marked alterations in initial heterotypic inter-
face despite similar numbers of fibroblasts and hepa-
tocytes across conditions, as depicted in Fig. 6 (/-L).

To determine the effect of modulation of hetero-
typic cell interactions on liver-specific function, cul-
tures were characterized for expression of liver-
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specific biochemical (urea and albumin secretion)
and immunohistochemical markers (intracellular al-
bumin staining) and overall DNA content. We mea-
sured these markers in five different micropatterned
cocultures with varying degrees of heterotypic inter-
action, each with a matched control of micropat-
terned hepatocytes in the identical configuration
(i.e., no heterotypic interaction). In all micropat-
terned cocultures, urea synthesis was found to be
significantly increased by 2.5- to 6-fold over micropat-
terned hepatocyte (only) controls on day 11, indicat-
ing that the induction of urea synthesis in hepato-
cytes was due to cocultivation with fibroblasts (Fig.
7A). The degree of improved function over control
micropatterned hepatocyte (only) cultures varied
with the degree of heterotypic interaction. Two
patterns of up-regulation of this liver-specific marker
emerged: 1) the three smallest island configurations
(36,100, 490 pM, with relatively increased hetero-
typic interaction) showed up-regulation of urea syn-
thesis to similar levels, whereas 2) the two larger
island configurations (6.8, 17.8 mm) showed rela-
tively little up-regulation (~50% of cultures with
greater heterotypic interaction). Therefore, a statis-
tically significant increase in urea synthesis produc-
tion was achieved in certain pattern configurations
by modulation of the initial cellular microenviron-
ment despite similar cellular constituents.

Similarly, all micropatterned cocultures had marked
induction of albumin secretion when compared to
micropatterned hepatocyte (alone) controls (Fig.
7B). By day 11, all micropatterned hepatocyte
(alone) conditions had negligible levels of albumin
secretion. In contrast, cocultivation with fibroblasts
produced variations in the degree of up-regulation
of this marker with the degree of heterotypic inter-
action. Again, two patterns emerged: 1) dramatic
up-regulation to similar levels of albumin secretion
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Figure 7. Liver-specific function of micropatterned cocultures
with constant ratio of cell populations. Urea synthesis (A) and
albumin secretion (B) on day 11 of culture were detected in
micropatterned cocultures with varying heterotypic interac-
tions despite similar cell numbers as well as micropatterned
hepatocytes (only) controls. Statistical significance (*) was
determined by one-way ANOVA with Tukey HSD post-hoc
analysis with P<<0.05. Note: To ensure that any observed
functional differences were not due to variations in initial
hepatocyte number, hepatocyte DNA was measured at 24 h
(119). Most micropatterned configurations had statistically
similar levels (8*1.8 wg DNA); however, the smallest islands
had twofold elevated levels of DNA, due perhaps to the
potential for more than one unspread hepatocyte (20 pM
diameter) to adhere to 36 wM islands or the potential
increased mitotic index of hepatocytes under sparse seeding
densities (120). In either case, data from 36 uM islands may
not be directly comparable to other configurations given the
altered initial hepatocyte/fibroblast ratio.

in the three smallest island configurations (with
relatively increased heterotypic interactions) and 2)
relatively modest up-regulation (~30% of cultures
with greater heterotypic interaction) in the two
larger island configurations. Therefore, a substantial
increase in albumin production was achieved in
certain pattern configurations by modulation of the
initial heterotypic cellular microenvironment.
Thus, variation of initial heterotypic cell-cell in-
teractions was found to modulate long-term bulk
tissue function for at least two liver-specific func-
tions. The kinetics of this response are described in
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detail elsewhere (75). Briefly, micropatterned cocul-
tures demonstrated increased albumin synthesis
rates until stabilization at day 9 for all configurations,
whereas urea synthesis was either stabilized or in-
creased to a plateau by day 3. Thus, despite the
similarity in long-term effects of heterotypic interac-
tion on two different markers of liver-specific func-
tion, the kinetic response of this induction varied.
This finding is consistent with known differences in
the patterns of recovery for various liver-specific
functions in other hepatocyte culture systems (73).
In addition, randomly distributed cocultures (i.e.,
not micropatterned) in the same model system had
similar kinetics for induction of albumin secretion,
but induction of urea synthesis was delayed until
stabilization at day 7-10 (74). Differences in the
kinetic response of randomly distributed cocultures
from micropatterned cocultures may be due to reor-
ganization of cell populations over time, artifactual
due to differences in culture conditions (i.e., fibro-
blast adhesion to collagen I vs. serum-adsorbed pro-
teins), or reflective of a time delay in signal propa-
gation through randomly distributed cocultures.

As previously mentioned, extensive studies of the
effect of initial cellular microenvironment on liver-
specific function in cocultures are scant due to the
limitations of existing experimental methods. One
study attempted to examine the effect of local mi-
croenvironment by variation in size of culture plate
(94). This study of human hepatocytes cocultured
with rat liver epithelial cells (RLEC) used the same
numbers of cells in 25 ¢cm® and 75 cm® dishes.
Heterotypic cell interactions were largely dictated by
seeding density, plate size, and random cell aggrega-
tion. Their results suggest twofold higher albumin
secretion in sparser cultures; however, this result may
have been affected by RLEC number and associated
cellular products (due to potential for increased
RLEC growth on larger plate), differences in nutri-
ent supply (oxygen, glucose, essential amino acids
due to differences in amount of media), increased
heterotypic interactions, or some combination
thereof. In contrast, these novel microfabrication
techniques allowed the demonstration of a threefold
increase in albumin secretion due solely to variations
in initial heterotypic cell-cell interaction. Thus, it
seems that the local cellular microenvironment has
been definitively isolated as an important modulator
of liver-specific function.

Role of Heterotypic Interactions in Localized
Induction of Liver-Specific Function

Although bulk markers of liver-specific function
such as albumin and urea secretion are valuable in
assessing the potential for heterotypic cell-cell inter-
actions to modulate tissue-specific function, these
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Figure 8. Immunohistochemical staining of intracellular albumin in micropatterned hepatocytes in a representative (490 M)
pattern. Bright-field microscopy of micropatterned hepatocytes (alone) on days 1 and 6 (A, C) Micropatterned cocultures on
days 1 and 6 (B, D) did not display a uniform decline in albumin content. Presence of fibroblasts can be verified in periphery
in phase contrast micrograph (D). Low power bright-field image (£) of 490 uM pattern stained for intracellular albumin

indicates reproducibility of annular staining.

markers do not allow examination of individual
cellular function in relation to the heterotypic inter-
face. In situ markers of liver-specific function could
elucidate the relationship between hepatocyte func-
tion and fibroblast interaction and perhaps implicate
underlying mechanisms for this response. Figure 8
depicts in situ immunostaining of intracellular albu-
min for various culture configurations. Micropat-
terned cocultures (Fig. 8B, D) were compared with
matched micropatterned hepatocyte (only) controls
(Fig. 84, C) for 490 pM hepatocyte islands. These
results show that micropatterned hepatocytes (only)
stained uniformly for intracellular albumin at day 2
after isolation (Fig. 8A4). As with secreted albumin,
the level of detectable protein subsequently declined
on the order of days in the absence of fibroblasts
(Fig. 8C). These data are also consistent with previ-
ous studies showing detectable levels of albumin
mRNA in freshly isolated hepatocytes with decline of
mRNA over 1 wk of culture (i.e., no fibroblasts)
(108). In comparison, micropatterned cocultures
displayed a more complex behavior. They, too, dis-
played initial uniform staining for intracellular albu-
min at day 2 (Fig. 8B). Over 6 days, however,
hepatocytes close to the heterotypic interface stained
for high levels of intracellular albumin whereas
protein levels in hepatocytes far from the heterotypic
interface (> three or four cells) continued to de-
cline as in the pure hepatocyte cultures. Thus,
proximity to the heterotypic interface correlated
with high levels of intracellular albumin. To ensure
that the annulus of intense staining was due to
variations in intracellular albumin content of hepa-
tocytes as opposed to the detachment of hepatocytes
or fibroblasts from the lightly stained areas, phase
contrast microscopy of these cultures was performed.
Figure 8D clearly depicts the presence of fibroblasts
in the periphery of the hepatocyte islands and cellu-
lar structures in the center of the hepatocyte islands.
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Finally, Fig. 8 demonstrates the reproducibility of
this peripheral annulus of intense staining observed
across a 490 wM micropatterned coculture. Analysis
of smaller islands (100 wM islands) showed staining
throughout hepatocyte regions whereas cultures
with decreased heterotypic interface (6800 pM is-
lands) showed well-demarcated annular staining in
the vicinity of the heterotypic interface, indicating
that increased heterotypic interaction led to a larger
population of highly functional hepatocytes (75).

These in situ immunostaining data contradict
some existing reports (39, 69, 94). In 10-day-old
cocultures of hepatocytes and rat liver epithelial
cells, hepatocyte colonies were stained uniformly for
albumin. Some investigators (40) have suggested the
potential for hepatocytes to communicate with one
another since hepatocytes away from the heterotypic
interface stained for albumin; however, micropat-
terning cocultures allowed the creation of larger
hepatocyte colonies than those that come about by
random aggregation and ultimately indicated a finite
penetration length of the differentiation signal to
the interior of a large hepatocyte colony. This result
demonstrated that, under some circumstances, hepa-
tocytes may not communicate effectively throughout
a hepatocyte colony. This type of evidence may lead
to new mechanistic information with regard to inter-
cellular signal transduction.

In summary, experiments on micropatterned co-
cultures indicate that tissue-specific function can be
modulated by variation of initial heterotypic cell-cell
interactions despite utilization of identical cellular
constituents. Increasing heterotypic interaction cor-
related with a relative increase in all measured
markers of liverspecific function including urea
synthesis, albumin secretion, and intracellular albu-
min staining. Furthermore, these techniques allowed
elucidation of potential mechanisms underlying this
response. In this particular model system, it ap-
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peared that the differences in bulk tissue properties
as a function of cellular microenvironment were
caused by induction of spatial heterogeneity in he-
patocyte functions, i.e., hepatocytes close to the
heterotypic interface were more functional and
therefore patterns with greater interfacial regions
displayed superior overall function.

Role of Nonparenchymal/Parenchymal Cell Ratio
in Modulation of Liver-Specific Function

Another potential modulator of tissue function is
the relative cell number in each constituent popula-
tion independent of the heterotypic interface. In
vivo, the liver is composed of ~33% nonparenchy-
mal cells and 67% parenchymal cells (hepatocytes),
a ratio of 0.5:1 (109). As noted earlier, studies have
been performed with ratios of cell populations in
coculture varying between 10:1 to 1:10. Using con-
ventional methods, however, the ratio of cell popu-
lations is difficult to study in isolation. Typically,
alteration of cell ratio (i.e., by variations in cell
seeding densities) will vary local cell-cell interac-
tions in the resulting coculture (see Fig. 4). Mi-
cropatterning techniques depicted in Fig. 5 com-
bined with use of polymeric washers to limit the
seeded surface area of glass substrates recently al-
lowed independent study of the influence of non-
parenchymal:parenchymal cell ratio, with preserva-
tion of heterotypic interface (94).

Micropatterned cocultures were generated with
approximately equivalent total initial heterotypic in-
terface and equivalent hepatocyte number, yet vary-
ing ratios of fibroblasts to hepatocytes of 6, 3, 1, and
0.5. Cocultures were probed for urea and albumin
production as markers of liver-specific function. Al-
though all culture configurations produced stabiliza-
tion of urea synthesis due to coculture of hepatocytes
with fibroblasts, levels of urea production declined
with decreasing fibroblast number. The smallest
ratio of fibroblasts: hepatocytes (0.5) produced ~15
p,g/IO6 hepatocytes/h, close to in vivo levels of 5-8
g/ 10° hepatocytes/h. Similarly, albumin produc-
tion was up-regulated for all culture configurations;
however, only physiological ratios of nonparenchy-
mal to parenchymal cells (0.5) approached physio-
logical levels of albumin (~4 as compared to in vivo
value of 2-3 pJg/IO6 hepatocytes/h) (110). Finally,
the dependence of steady-state liver-specific func-
tions on fibroblast number was remarkably similar in
both cases (urea and albumin), suggesting the po-
tential for an underlying common mechanism.

Thus, reduction of fibroblast number produced a
decline in liver-specific function despite the preser-
vation of the heterotypic interface, a parameter
shown to be critical in earlier experiments. Bhatia et
al. (95) speculate that modulation of liver-specific
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function based on fibroblast number may be due to
either modification of homotypic fibroblast signaling
producing variations in hepatocyte microenviron-
ment or variations in bulk concentrations of hetero-
typic signaling cytokines. Cytokines, mesenchymal
matrix products, and membrane-bound proteins
known to have homotypic fibroblast signaling capa-
bility include interleukin-1, basic fibroblast growth
factor, transforming growth factor-B, collagen I, fi-
bronectin, and connexin 43 (111-115); therefore,
changes in these signals could result in an altered
composition of the heterotypic interface either by
modification of fibroblast membrane-bound pro-
teins, locally secreted extracellular matrix, or varia-
tion in the matrix or fibroblast-associated cytokines
that are presented to the hepatocyte surface. Alter-
natively, concentrations of soluble heterotypic signal-
ing cytokines will be diminished with decreasing
fibroblast number; any contribution to induction of
liver-specific function by such humoral factors may
also be modulated by variation in fibroblast cell
number.

CLINICAL APPLICATIONS OF HEPATOCYTE
COCULTURES

New insights into the role of the heterotypic inter-
face and ratio of cell populations allow re-evaluation
of the role of cocultivation in existing model systems
intended for use in clinical support of liver failure.
Gerlach et al. (116) have developed a capillary-based
reactor with an intraluminal endothelial cell com-
partment and extraluminal hepatocyte seeding (i.e.,
separated by a semipermeable membrane). The hy-
drophilic polypropylene membrane separates hepa-
tocytes from nonparenchymal liver cells by ~300
WM. Review of the literature, along with recent data
using microfabricated cocultures, suggests that in-
duction of liver-specific function in hepatocytes due
to the presence of nonparenchymal cells requires
heterotypic cell contact (or at least close proximity).
Thus, induction of liver-specific functions due solely
to nonparenchymal cells (and not extracellular ma-
trix or hormonally defined media) may be limited in
this setting. This issue may be further evaluated as
more data become available on the role of coculture
in this particular device configuration.

Similarly, Koike et al. (117) have attempted cocul-
tivation of hepatocytes with nonparenchymal cells in
a perfused multiplate reactor that allows heterotypic
contact. Although this reactor design does allow cell
contact between hepatocytes and hepatic nonparen-
chymal cells, studies did not demonstrate a signifi-
cant advantage of coculture over simple manipula-
tions of extracellular matrix environment. In this
case, perhaps the level of heterotypic interaction was
suboptimal due to a relatively small number of
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nonparenchymal cells (ratio of 1:1). Recent studies
of hepatocytes cocultured with fibroblasts performed
at this ratio of fibroblasts to hepatocytes resulted in
decreased heterotypic interactions and a resultant
decline in function (95). Novel culture methods that
allow an increase in heterotypic interface without
increasing fibroblast cell number, such as micropat-
terning, may improve performance of these bioreac-
tors.

Another approach, presented by Griffith et al.
(66) and Kim et al. (118), incorporates use of
cocultures in a perfused array of 3-dimensional syn-
thetic biodegradable polymer scaffolds. Endothelial
cells (bovine) or rat nonparenchymal cells were used
in conjunction with rat hepatocytes. In these studies,
morphology and function of perfused systems were
compared to those under static conditions; however,
the role of nonparenchymal cells in induction of
liver-specific function is not specifically addressed.
The authors suggest that reorganization of cell pop-
ulations within 3-dimensional channels may produce
physiological ‘bridging structures’ akin to hepatic
cords. Although the formation of these structures
may increase available surface area for mass transfer,
there is no clear evidence that increased hepatocel-
lular function will result. In vivo, endothelial cells
line hepatic sinusoids; however, efficient mass trans-
fer between the blood and hepatocytes is maintained
by fenestrations in the endothelium as well as a
Space of Disse with minimal extracellular matrix to
act as a diffusional barrier. In fact, even in the setting
of nonparenchymal cell ‘sorting’ to the outside of
‘bridging structures’, the resulting structure may or
may not recapitulate these critical features. Perhaps
the endothelium offers the potential to incorporate
additional functionality into the bioreactor (i.e.,
nonthrombogenic surface or responsiveness to bio-
chemical stimuli); however, these aspects of endo-
thelial function have not been explored in this
setting. Thus, the benefit of nonparenchymal cells in
this system has yet to be demonstrated. Indeed, the
role of homotypic and heterotypic interactions in
modulating hepatocellular function and reorganiza-
tion in this model system will be important to
systematically investigate for effective bioreactor de-
sign.

Finally, Bhatia et al. (74, 75, 85, 95) have recently
conducted studies of the role homotypic and hetero-
typic cell interactions in hepatocyte cocultures to-
ward design of a multiplate micropatterned bioreac-
tor with rat hepatocytes and murine 3T3-J2
fibroblasts. Studies indicated that the murine embry-
onic fibroblast cell line, 3T3-]2, is superior to other
nonparenchymal cells in its ability to induce liver-
specific functions in isolated rat hepatocytes (3- to 15
fold increased albumin secretion per hepatocyte).
Therefore, use of this cell line will decrease the
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required hepatocyte cell mass, a critical limitation
found in the use of isolated cells in bioreactors, by
~10-fold. The use of nonparenchymal cells in a
multiplate reactor configuration creates a paradox:
on the one hand, nonparenchymal cells occupy
substrate surface area that could be dedicated to
hepatocyte adhesion, yet they also provide the nec-
essary cues to induce hepatocellular function. The
effectiveness of nonparenchymal cells was maxi-
mized at relatively large nonparenchymal to paren-
chymal ratios (i.e., 6:1); however, in randomly dis-
tributed cocultures, a 12-fold reduction of fibroblast
number resulted in 13-fold reduction of hepatocel-
lular pattern. Use of micropatterning techniques
and polymeric elastomers to preserve heterotypic
interactions generated micropatterned cocultures
with only a 50% of maximal albumin secretion with
a 12-fold reduction in fibroblast number (95). Thus,
use of micropatterning techniques to optimize the
cell ratio in a proposed bioreactor resulted in design
criteria for maximal hepatocellular function per unit
area at a ratio of 1:1. Finally, these studies showed
that the induction of liverspecific functions corre-
lated with the extent of initial heterotypic interface.
Indeed, 500 wm hepatocyte islands showed signs of
central diminished liver-specific function (Fig. 8),
suggesting that smaller hepatocyte islands will ulti-
mately prove most useful. Thus, in this setting,
micropatterning techniques allowed significant im-
provements in the design of a proposed hepatocyte
coculture bioreactor.

Given the importance of initial heterotypic cell
interaction and the likelihood that heterotypic cell
contact is necessary to induce stable liver-specific
functions in cocultures, some preliminary design
criteria for a BAL can be established. A comparison
of various nonparenchymal cell types indicates the
superiority of murine 3T3-]J2 fibroblasts over other
cell types. In addition, evidence that the induction
signal is linked to the nonparenchymal surface and
has a limited distance of propagation implies that
coculture configurations in a BAL device should
maximize heterotypic interactions and, if possible,
allow a large proportion of hepatocytes to remain
within three to four cell widths from the heterotypic
interface. Conversely, bioreactor design may be op-
timized by balancing hepatocellular function and
surface area available for cell seeding. Since non-
parenchymal cells occupy precious surface area for
mass transfer, yet provide important cues for induc-
tion of hepatocyte function, guidelines on effective
ratios of cell populations should be included. These
criteria and others that can be derived from similar
studies will provide design guidelines that may be
fulfilled in the future by incorporating both conven-
tional as well as novel cell culture technologies.
Ultimately, a better understanding of the role of
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heterotypic and homotypic interactions in coculture
based bioreactors will improve efficiency, require
less hepatocellular mass, reduce cost, and increase
the lifetime of these devices.

SUMMARY

In this review, we have presented a summary of
various approaches to the cocultivation of primary
hepatocytes and nonparenchymal cells. The model
systems, influence on liver-specific functions, pro-
posed mechanisms of cell-cell interaction, and clin-
ical applications of hepatocyte cocultures were de-
tailed. Recent advances in microfabrication
techniques allowed novel studies of the role of the
heterotypic interface and the ratio of cell popula-
tions as independent variables, resulting in some
new insights on the complex modes of cell-cell
communication in these cocultures. Future improve-
ments in microfabrication technology will allow
these approaches to be tailored to explore specific
hypotheses on a broad range of materials, with a
variety of biomolecules and an achievable spatial
resolution in the submicron range. Furthermore,
some preliminary design criteria were determined
for use of cocultures in bioreactors for clinical
support of liver failure. In addition to their utility in
bioreactors for clinical support, hepatocyte cocul-
tures will have applications both in fundamental
studies of cell communication, organogenesis, and
physiology as well as development of functional
tissue constructs for medical applications. In the area
of tissue engineering, the ability to modulate func-
tion of multicellular systems by manipulation of the
spatial relationship between cell populations will
facilitate more effective in wvitro reconstruction of
liver, skin, vascular grafts, muscle, and many other
tissues.

This study was supported in part by the National Institutes
of Health (DK 3371 and RR 13322).
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