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a b s t r a c t

Rat hepatocytes cultured in a sandwich configuration form functional canalicular networks.

The influence of extracellular matrix configuration, medium composition, and confluency

on the expression and function of Bsep, Mrp2, and Mdr1a/b in sandwich-cultured (SC) rat

hepatocytes was examined. Primary rat hepatocytes were: (1) maintained in various extra-

cellular matrix sandwich configurations, (2) cultured in Dulbecco’s modified Eagle’s medium

(DMEM), Modified Chee’s medium (MCM) or Williams’ E medium (WME), and/or (3) plated at

decreasing cell density. Bsep, Mrp2, and Mrdr1a/b expression in day 4 SC rat hepatocytes

was assessed by Western blot; function was measured by accumulation of taurocholate,

5(and 6)-carboxy-20,70-dichlorofluorescein, and rhodamine 123, respectively, in canalicular

networks. In general, the extracellular matrix conditions examined resulted in similar

protein expression and function. Function of Bsep, Mrp2, and Mdr1a/b was higher in SC

rat hepatocytes maintained in DMEM or WME. Mrp2 and Mdr1a/b expression, representative

of total cellular content, did not always correlate directly with function, which should be

reflective of canalicular membrane expression. Mrp2 expression decreased significantly as

cell density decreased in SC hepatocytes. Low plating density in BiocoatTM plates resulted in

poor canalicular network formation and reduced function of Mrp2 and Mdr1a/b. Expression

and/or function of Mrp2 and Mdr1a/b in rat hepatocytes cultured in a sandwich configura-

tion may be influenced by plating density and media type.
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Recently, primary hepatocytes have been used in vitro to

investigate hepatic transport processes responsible for the

accumulation and excretion of a wide variety of drugs. An in

vitro model of biliary excretion, the sandwich-cultured (SC) rat

hepatocyte model, has been used to predict the in vivo biliary

clearanceofsomedrugs[1].Theinfluenceofextracellularmatrix

and medium composition on metabolic enzymes [2] including

glutathione S-transferase [3], sulfotransferase and sulfatase

expression [4], and regulation of transporter gene expression [5]
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in primary rat hepatocytes has been explored. However, the

influence of culture conditions on hepatic transport protein

expression and function has not been investigated. As canali-

cular efflux may be the rate-limiting step in the biliary excretion

of xenobiotics, the influence of culture conditions on the

expression and function of the bile salt export pump (Bsep;

Abcb11), the multidrug resistance protein (Mrp2; Abcc2), and

multidrug resistance protein (Mdr1a/b; Abcb1; P-glycoprotein)

should be defined for the SC rat hepatocyte model.
niversity of North Carolina at Chapel Hill, Chapel Hill, NC 27599-

.
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Bsep represents the rate-limiting step in the excretion of

bile acids such as taurocholic acid [6]. Bsep is expressed in

primary rat hepatocytes [7] and localization at the canalicular

domain in hepatocyte couplets was confirmed by confocal

microscopy [8]. In addition to Bsep, sulfate and glucuronide

conjugates of bile acids also are transported actively by Mrp2

[9]. Mrp2, however, is primarily responsible for the active

transport of organic anions, glucuronide and sulfate con-

jugates (other than bile acids), and glutathione conjugates

[10]. One such organic anion, 5(and 6)-carboxy-20,70-dichloro-

fluoresein, accumulated in the canalicular networks of SC rat

hepatocytes isolated from transport competent [11,12], but

not Mrp2-deficient (TR�) Wistar rats [13]. Mdr1 appears to

have some substrate overlap with Mrp2 [14,15]. In the rodent

Mdr1a/b, has been localized to the canalicular domain of SC

rat hepatocytes [16] and is primarily responsible for the biliary

excretion of organic cations [17], including rhodamine123

[18]. A review of hormonal and xenobiotic regulation of Bsep,

Mrp2 and Mdr1a/b (in vitro and in vivo) was provided by Fardel

et al. [19].

SC rat hepatocytes re-polarize during culture and many of

the structural and functional attributes found in normal

liver, including canalicular networks, are apparent by day 4

in culture [20,21]. A thorough review of hepatocyte culture

conditions that allow for extended time in culture was

published by LeCluyse et al. [22]. To date, a range of culture

media choices [e.g., Dulbecco’s modified Eagle medium

(DMEM), modified Chee’s medium (MCM), Williams’ medium

E (WME)], and supplements [i.e., dexamethasone (DEX),

insulin] have been used successfully to culture primary rat

hepatocytes that exhibit canalicular networks [21,23,24].

Furthermore, many dish types (e.g., polystyrene, Perma-

noxTM), and extra-cellular matrix configurations (e.g., gelled

collagen, BiocoatTM, MatrigelTM) have been used to culture

primary hepatocytes. Early investigations by Schuetz et al.

[25], demonstrated that primary hepatocytes cultured on

MatrigelTM were capable of in vivo-like induction of

cytochrome P450’s compared to hepatocytes cultured on

type I collagen, while Clemet and Yamada [26] utilized

freshly isolated hepatocytes to reveal the importance of

hepatocyte cell surface proteins which recognize basement

membrane proteins such as collagen IV, heparan sulfate

proteoglycan, and laminin. Extra-cellular matrix configura-

tions affect hepatocyte morphology [27], which may directly

influence the formation of canalicular networks and the

expression and function of Bsep, Mrp2 and Mdr1a/b in

primary rat hepatocytes. The use of either gelled-collagen or

MatrigelTM to overlay hepatocytes has resulted in in vivo-like

morphology [2].

The effects of collagen volume, time of collagen overlay,

culture medium and DEX concentration on the function of

Bsep and Mdr1a/b recently have been examined in our

laboratory [28,29]. The influence of isolation procedure,

extracellular matrix configuration, and medium supplemen-

tation with DEX on the gene expression of membrane

transporters also has been reported [5]. Additional micro-

environment conditions which may influence the formation

of canalicular networks and directly or indirectly modulate the

expression and/or function of canalicular transport proteins

(e.g., dish type, extracellular matrix configuration, hepatocyte
confluency) have yet to be examined. These experiments were

undertaken to explore the potential modulation of expression

and function of the canalicular proteins Bsep, Mrp2 and

Mdr1a/b in SC rat hepatocytes maintained in a variety of

culture conditions.
1. Methods

1.1. Chemicals

[3H] Taurocholate (2 Ci/mmol, purity > 95%; Perkin-Elmer Life

Sciences, Boston, MA), Collagenase (type 1, class 1; Worthing-

ton Biochemical Corporation, Freehold, NJ), Dulbecco’s mod-

ified Eagle’s medium (DMEM), modified Chee’s medium

(MCM), Williams’ medium E (WME), insulin (Invitrogen/GIBCO,

Carlsbad, CA), ITS+TM, rat tail collagen (type I), MatrigelTM

Matrix (BD Biosciences, Bedford, MA), DMEM (10�), penicillin–

streptomycin solution, fetal bovine serum (FBS), taurocholic

acid (TC), dexamethasone (DEX), Triton X-100, and soybean

trypsin inhibitor (Sigma Chemical Co., St. Louis, MO), 5(and 6)-

Carboxy-20,70-dichlorofluorescein (CDF) diacetate (CDF-DA),

and rhodamine 123 (Rh123) (Molecular Probes, Eugene, OR)

were purchased. All other chemicals and reagents were of

analytical grade.

1.2. Isolation and in vitro culture of primary rat
hepatocytes

Hepatocytes were isolated from male Wistar rats (270–325 g;

Charles River Laboratories, Raleigh, NC) using a collagenase

perfusion, as described previously [11]. All animal procedures

were compliant with the guidelines of the Institutional Animal

Care and Use Committee (University of North Carolina at

Chapel Hill). Hepatocyte viability was >85% as determined by

trypan blue exclusion. Hepatocytes were resuspended in

DMEM (5% FBS, 50 U/ml penicillin, 50 mg/ml streptomycin,

4 mg/l insulin, and 1 mM DEX) and diluted to a final

concentration of 1.0 � 106 cells/ml. Lower plating densities

were achieved by serial dilution.

1.3. Preparation of culture dishes and sandwich-cultured
hepatocytes

Polystyrene 60 mm dishes (Corning, Corning NY), 60 mm

PermanoxTM dishes (Nunclon; Nalge Nunc International,

Rochester, NY) and six-well Polystyrene plates (Corning,

Corning NY) were coated with a collagen solution [gelled-

collagen, (GC)] as previously described [11]. Alternatively, BD

BioCoatTM (BC) six-well plates (BD Biosciences, Bedford MA)

were used. All dishes and plates were placed overnight in a

37 8C incubator. Hepatocytes were plated in 60 mm dishes

(�3.0 � 106 cells/dish) or in six-well plates (�2.0 � 106 cells/

well [100% plating density]). The plating medium was

replaced with DMEM (5% FBS, 4 mg/l insulin, 0.1 mM DEX)

after 1–3 h. After 24 h, medium was aspirated and cells were

overlaid with rat tail gelled-collagen type I solution (GC/GC or

BC/GC). One hour later, DMEM + ITSTM (1% ITSTM, 50 U/ml

penicillin, 50 mg/ml streptomycin, and 0.1 mM DEX) was added

to hepatocytes overlaid with gelled collagen. Alternatively,
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MatrigelTM (M; 0.25 mg/ml), added to ice-cold culture medium

(DMEM + ITS), formed a gelled overlay as the medium

returned to 37 8C in an incubator (GC/M or BC/M). Medium

was replaced every 24 for 96 h (Day 4). The effect of media

composition was evaluated in hepatocytes plated in 60 mm

polystyrene dishes and maintained in GC/GC configuration.

Hepatocytes were maintained with DMEM, MCM or WME

medium, each supplemented with 1% ITS, 50 U/ml penicillin,

50 mg/ml streptomycin, and 0.1 mM DEX, from day 1 through 4.

1.4. Light microscopy

Light microscopy was used to confirm the integrity of the

canalicular networks and to evaluate the effect of culture

medium on hepatocyte morphology. Light microscopy images

were taken with a Nikon TMS light microscope at 200�
magnification.

1.5. Accumulation and biliary excretion experiments
(Day 4)

Methods to determine the accumulation and the biliary

excretion index (BEI) of substrates in SC rat hepatocytes have

been described previously [30]. Briefly, hepatocytes were

rinsed twice with 3 ml warm standard Hanks balanced salts

solution (HBSS) to maintain tight junctions and bile canali-

cular (BC) networks [Cells + BC], or Ca2+-free HBSS to disrupt

tight junctions [Cells], and subsequently incubated with the

same buffer for 10 min at 37 8C. Hepatocytes were incubated

with 1 mM (TC) or 10 mM (TC, CDF-DA, Rh123) substrate for

10 min (TC, CDF-DA) or 30 min (Rh123) in standard HBSS, and

subsequently were rinsed vigorously three times with 3 ml ice-

cold HBSS. Hepatocytes were lysed with 2 ml (60 mm dishes)

or 1 ml (six-well plates) 0.5% Triton X-100 by orbital shaking.

1.6. Sample analysis

TC was analyzed by liquid scintillation spectroscopy (Packard

Tricarb scintillation counter; Meriden, CT). CDF-DA (measured

as CDF) and Rh123 were analyzed by fluorescence spectro-

scopy (BioTek FL600; BioTek, Winooski, VT). The protein

content of each dish was measured with the BioRad

bicinchoninic acid assay kit (BioRad, Hercules, CA) using

BSA as the standard. All data were corrected for nonspecific

binding to GC/GC, BC/GC, GC/M, or BC/M hepatocyte-free

culture dishes.

1.7. Western blot analysis of canalicular transport
proteins (Day 4)

Lysing buffer (1 mM EDTA, 1% SDS, pH 8) was added to each

dish, cells were scraped using a cell lifter, and homogeniza-

tion was achieved by repeated pipetting (stored at�80 8C until

analysis). Samples (n = 3) were separated by SDS-polyacryla-

mide gel electrophoresis and were electrotransferred to PVDF

membranes. Blots were blocked overnight (tris-buffered

saline, 5% nonfat dry milk, 0.3% Tween 20) and subsequently

probed with the following antibodies: Mrp2 (M2III-6; Alexis

Biochemicals, Carlsbad CA), Bsep (Kamiya Biomedical, Seat-

tle, WA), Mdr1a/b (Ab-1; Oncogene Research Products, Cam-
bridge, MA), b-Actin (Chemicon, Temecula, CA). Molecular

mass standards (SeeBlue1Plus2; Invitrogen, Carlsbad, CA)

were loaded with samples on each gel. Immunoreactive

protein bands were detected by chemiluminescence on film

or using a BioRad VersaDoc1 (BioRad, Hercules, CA) imaging

system.

1.8. Data analysis

Accumulation data (determined in triplicate from three

individual livers) are expressed as mean � S.E.M. The BEI (%)

was determined using B-CLEAR technology (Qualyst, Inc.,

Research Triangle Park, NC) by dividing the difference in

substrate accumulation between Cells + BC and Cells by the

accumulation in Cells + BC, multiplied by 100 [11]. BEI was

calculated as a mean of BEI values from the individual livers

and is expressed as mean � S.E.M. In vitro biliary clearance

(Clb in vitro; ml/min/mg protein) was calculated by dividing the

difference in substrate accumulation between Cells + BC and

Cells by the product of the incubation concentration and the

time of the incubation.

1.9. Statistical analysis of data

A one-way analysis of variance (ANOVA) table was con-

structed to assess significant differences in accumulation data

and BEI values among groups. A two-way ANOVA table was

constructed to examine the effects of two factors (plating

density and substratum) on ClB in vitro values. The criterion for

statistical significance was P < 0.05.
2. Results

2.1. Influence of dish type on rat hepatocytes cultured in
sandwich configuration

2.1.1. Morphology

Rat hepatocytes cultured between two layers of gelled collagen

and maintained in DMEM for 4 days exhibited chord-like

arrays, were cuboidal in shape, and formed extensive

canalicular networks. Rat hepatocytes cultured in BC/GC

sandwich configuration flattened to form confluent mono-

layers and exhibited extensive canalicular networks (Fig. 1).

Canalicular network formation appeared slightly more exten-

sive in BC/GC compared to rat hepatocytes cultured in GC/GC

configuration.

2.1.2. Accumulation and BEI of probe substrates

Accumulation of TC and CDF (administered as CDF-DA) in

Cells + BC was similar in both polystyrene and PermanoxTM

dishes for a given substrate; likewise, accumulation in Cells

was similar for a given substrate in both dish types (Fig. 2).

There were no significant differences in BEI values as a

function of dish type for either TC or CDF in SC rat hepatocytes

cultured in DMEM, however, the BEI of Rh123 was significantly

influenced by dish type (Table 1). The non-specific binding of

TC was lowest in BC/GC hepatocyte-free dishes, while the non-

specific binding of Rh123 was lowest in GC/GC hepatocyte-free

coated PermanoxTM dishes (Table 2).
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Fig. 1 – Influence of sandwich configuration and plating density on Day 4 hepatocyte morphology and canalicular network

formation. Light microscopy images of SC rat hepatocytes maintained in DMEM for 4 days in six-well polystyrene plates.

Hepatocytes cultured on a gelled-collagen (GC) substratum (A, C, and E) and overlaid with either gelled-collagen (GC/GC; A

and E) or MatrigelTM (GC/M; C) formed cord-like arrays. Hepatocytes cultured on a BiocoatTM (BC) matrix (B, D, and F) and

overlaid with either gelled-collagen (BC/GC; B and F) or MatrigelTM (BC/M; D), flattened to form confluent monolayers.

Canalicular networks (arrows) were extensive in sandwich-cultured rat hepatocytes cultured at 100% plating density

(1.25 � 105 cells/cm2) (A–D). Canalicular network formation appeared to be proportional to plating density in SC rat

hepatocytes maintained on gelled-collagen (E) but not BiocoatTM substratum (F) at 25% cell density.
2.2. Influence of extracellular matrix on rat hepatocytes
cultured in sandwich configuration

2.2.1. Protein expression of transporters
Representative Western blots of Bsep, Mrp2 and Mdr1a/b

expression in rat hepatocytes cultured in GC/GC, BC/GC, GC/M,

and BC/M sandwich configurations are shown in Fig. 3. Bsep

expression was similar in all sandwich configurations. The

expression of Mrp2 and Mdr1a/b was more variable in SC rat

hepatocytes plated on BiocoatTM substratum.

2.2.2. Accumulation and biliary excretion of probe substrates

The influence of substratum and overlay matrix composition

on the accumulation of probe substrates was determined in

hepatocytes cultured in GC/GC, BC/GC, GC/M, and BC/M

sandwich configurations (Fig. 4). No significant differences

were noted in the accumulation of TC as a function of

sandwich configuration. The BEI values of TC in rat hepato-

cytes cultured in BC/GC (57 � 5%), GC/M (70 � 13%), and BC/M

(85 � 6%) sandwich configurations were not significantly

different from GC/GC (63 � 8%) (mean � S.E.M.; n = 3). CDF

accumulation in Cells + BC was significantly lower in rat

hepatocytes maintained in BC/M compared to GC/GC sand-
wich configuration (Fig. 4). CDF BEI values were not signifi-

cantly different in rat hepatocytes maintained in GC/GC,

BC/GC, GC/M and BC/M (31 � 5%, 18 � 8%, 40 � 3% and

30 � 4%, respectively; mean � S.E.M.; n = 3). No significant

differences were noted in the accumulation of Rh123 as a

function of sandwich configuration. BEI values of Rh123

determined in SC rat hepatocytes maintained in GC/GC

(10 � 2%), BC/GC (8 � 2%) and BC/M (13 � 4%) sandwich

configurations were not significantly different. The BEI value

of Rh123 in SC rat hepatocytes maintained in GC/M config-

uration could not be calculated because a difference between

accumulation in Cells + BC and Cells was not observed.

ClB in vitro (ml/min/kg) values of TC in rat hepatocytes

cultured in GC/GC (15 � 4%), BC/GC (20 � 1%), GC/M (21 � 6%)

and BC/M (21 � 3%) sandwich configurations were not sig-

nificantly different (mean � S.E.M.; n = 3). Similarly, CDF

ClB in vitro (ml/min/kg) values in rat hepatocytes maintained

in GC/GC, BC/GC, GC/M and BC/M sandwich configurations

(6 � 2%, 3 � 1%, 3 � 1%, 5 � 2%, respectively) were not sig-

nificantly different. ClB in vitro (ml/min/kg) values of Rh123

determined in SC rat hepatocytes maintained in GC/GC

(3 � 0.5%), BC/GC (2 � 0.2%) and BC/M (4 � 0.5%) sandwich

configurations were not significantly different.
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Fig. 2 – Day 4 accumulation of prototypical substrates in

polystyrene and PermanoxTM dishes. Primary rat

hepatocytes were cultured in 60 mm polystyrene dishes

(Black, White) or 60 mm PermanoxTM dishes (dark grey,

light grey) in sandwich configuration and were

maintained with DMEM. Accumulation of TC (10 mM,

10 min), CDF (administered as CDF-DA, 10 mM, 10 min),

and Rh123 (10 mM, 30 min) was similar in polystyrene and

PermanoxTM dishes in day 4 SC rat hepatocytes pre-

incubated in standard HBSS (Black, Dark Grey) for a given

substrate. Likewise, accumulation was similar in Ca2+-free

HBSS (White, Light Grey) for a given substrate. Data

represent mean W S.E.M. from three experiments

performed in triplicate.

Fig. 3 – Influence of extracellular matrix configuration on

expression of canalicular transport proteins in Day 4 SC rat

hepatocytes. Representative Western blots of Bsep, Mrp2

and Mdr1a/b expression primary rat hepatocytes cultured

in gelled-collagen/gelled-collagen (GC/GC), BiocoatTM/

gelled-collagen (BC/GC), gelled-collagen/MatrigelTM (GC/M),

or BiocoatTM/MatrigelTM (BC/M) sandwich configurations in

six-well plates and maintained with DMEM for 4 days. Each

lane represents a separate rat hepatocyte isolation.
2.3. Influence of media composition on canalicular protein
expression and function

2.3.1. Morphology
The morphology of primary rat hepatocytes maintained in

sandwich configuration in DMEM, MCM or WME (data not

shown) was consistent with a previous report from our

laboratory [28]. SC rat hepatocytes maintained in MCM had

increased vacuole formation and less extensive canalicular

network formation compared to SC rat hepatocytes main-

tained in DMEM.

2.3.2. Protein expression
Representative Western blots of Bsep, Mrp2, and Mdr1a/b

expression as a function of media type are shown in Fig. 5.
Table 1 – Influence of media type and dish type on the biliary
hepatocytes

DMEM

Polystyrene PermanoxTM

TC 61 � 11 48 � 12

CDF 43 � 5 35 � 7

Rh123 13 � 1 18 � 2*

Rat hepatocytes were cultured between two layers of gelled-collagen (po

collagen (BiocoatTM dishes) and were maintained in Dulbecco’s modified E

medium E (WME) from days 1 to 4. Taurocholate (TC; 10 mM, 10 min), ca

rhodamine 123 (Rh123; 10 mM, 30 min) BEI values are expressed as mean
* P < 0.05 vs. DMEM-Polystyrene; single-factor ANOVA.
Expression of Bsep appeared to be lower in SC rat hepatocytes

maintained in MCM and higher in SC rat hepatocytes

maintained in DMEM. Mrp2 expression appeared to be similar

in SC rat hepatocytes maintained in all media types. Mdr1a/b

expression appeared to be highest in SC rat hepatocytes

maintained in DMEM.

2.3.3. Accumulation and biliary excretion of probe substrates
The accumulation of TC, CDF and Rh123 in Cells + BC and Cells

only was lowest in SC rat hepatocytes maintained in MCM

compared to DMEM and WME (data not shown). The BEI of CDF

and Rh123 were significantly lower in SC rat hepatocytes

maintained in MCM compared to DMEM (Table 1).

2.4. Influence of plating density on substrate accumulation
and canalicular transport protein expression

The significance of cell–cell contacts and hepatocyte mor-

phology on the formation of functional canalicular networks

was examined in SC rat hepatocytes plated in six-well

polystyrene plates on either GC or BC substratum. Based on

the data shown in Figs. 3 and 4, hepatocytes were overlaid with

GC rather than MatrigelTM to achieve sandwich configuration,

and were maintained in DMEM for 4 days prior to protein

sample collection and biliary excretion studies.
excretion index (BEI) of TC, CDF, and Rh123 in Day 4 SC rat

MCM WME

BiocoatTM Polystyrene Polystyrene

60 � 3 43 � 3 58 � 10

28 � 8 15 � 4* 31 � 6

8 � 2* 0* 12 � 3

lystyrene, PermanoxTM dishes) or between rigid-collagen and gelled-

agle’s medium (DMEM), modified Chee’s medium (MCM) or Williams’

rboxyfluorescein (CDF; administered as CDF-DA; 10 mM, 10 min) and

� S.E.M. (n = 3).
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Table 2 – Non-specific binding of TC, CDF and Rh123 in gelled-collagen coated polystyrene, PermanoxTM and BiocoatTM

culture dishes

Polystyrenea PermanoxTM a BiocoatTM b

Cells + BC Cells Cells + BC Cells Cells + BC Cells

TC 0.7 � 0.3 0.4 � 0.3 0.3 � 0.2 0.2 � 0.2 0.13 � 0.11 0.10 � 0.05

CDF 0.3 � 0.3 0.6 � 0.5 N.D. N.D. N.D. N.D.

Rh123 1.0 � 0.4 1.0 � 0.6 0.5 � 0.4 0.4 � 0.3 1.0 � 0.0 0.9 � 0.4

Collagen coated blank dishes (hepatocyte-free) were pre-incubated in Cells + BC or Cells and subsequently were incubated with substrate in

standard HBSS. Following incubation, dishes were rinsed three times with ice-cold standard HBSS; residual substrate was recovered in 0.5%

Triton X-100. Data represent the percentage of initial substrate recovered in Triton X-100 solution following rinsing (mean � S.E.M.; n = 3–6).

N.D.: not detectable.
a Polystyrene and PermanoxTM dishes were coated with gelled-collagen.
b BiocoatTM dishes were overlaid with gelled-collagen.

Fig. 4 – Influence of sandwich configuration on the

accumulation of TC, CDF, and Rh123 in Day 4 SC rat

hepatocytes. Primary rat hepatocytes were cultured in

gelled-collagen/gelled-collagen (GC/GC), BiocoatTM/gelled-

collagen (BC/GC), gelled-collagen/MatrigelTM (GC/M), or

BiocoatTM/MatrigelTM (BC/M) sandwich configuration in

six-well plates and maintained with DMEM for 4 days.

Accumulation in standard (solid bars) and Ca2+-free (open

bars) HBSS (mean W S.E.M.; n = 3) was determined for (A)

TC (10 mM, 10 min), (B) CDF (administered as CDF-DA;

10 mM, 10 min) and (C) Rh123 (10 mM, 30 min). *P < 0.05 vs.

GC/GC in the same Ca2+ condition.
2.4.1. Morphology
SC rat hepatocytes maintained on GC substratum formed

chord-like arrays at all plating densities; however, on BC

substratum, hepatocytes spread to form confluent mono-

layers at 100% (Fig. 1). A cell plating density of 25% on BC

substratum resulted in extensive flattening and less extensive

canalicular network formation.

2.4.2. Protein expression
Representative Western blots of canalicular protein expres-

sion in rat hepatocytes maintained in GC/GC and BC/GC

sandwich configurations at decreasing cell densities are

shown in Fig. 6. Expression of Mdr1a/b and Bsep was similar

on both substratum matrix conditions at all plating densities.

Mrp2 expression appeared to be lower in SC rat hepatocytes

plated at 25% density compared to 100% density on both GC

and BC substratum (Fig. 6).

2.4.3. Accumulation and biliary excretion of probe
substrates
The BEI values for TC in rat hepatocytes plated at 100% and

50% density in GC/GC sandwich configuration were 57 � 3%

and 60 � 4%, respectively. Slightly higher TC BEI values were

observed in rat hepatocytes cultured in BC/GC sandwich

configuration at 100% and 50% cell plating densities (87 � 5%

and 78 � 3%, respectively). However, at a plating density of

25% the TC BEI was significantly lower in both GC/GC and

BC/GC sandwich configurations (36 � 3% and 42 � 2%, respec-

tively). The BEI value of CDF was not significantly different as a

function of sandwich configuration. However, the BEI value of

CDF in rat hepatocytes cultured in GC/GC and BC/GC sandwich

configurations at 25% cell density (13 � 2% and 26 � 7%,

respectively) was significantly lower than at 100% cell density

(24 � 4% and 45 � 9%, respectively). There was not a significant

difference in the Rh123 BEI value as a function of plating

density or sandwich configuration. The ClB in vitro values of TC,

CDF and Rh123 are listed in Table 3. The in vitro biliary

clearance of TC was significantly lower in SC rat hepatocytes

maintained in BC/GC sandwich configuration relative to

GC/GC as plating density decreased. CDF ClB in vitro was

significantly lower in rat hepatocytes cultured at 25% cell

density compared to 100% or 50%, regardless of sandwich

configuration (Table 3). When different densities were

evaluated in the GC/GC and BC/GC configurations, both

density and the substratum influenced Rh123 ClB in vitro.
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Fig. 5 – Influence of media type on expression of canalicular

transport proteins in Day 4 SC rat hepatocytes.

Representative Western blots of Bsep, Mrp2 and Mdr1a/b

expression in primary rat hepatocytes cultured in gelled-

collagen/gelled-collagen sandwich configuration in 60 mm

polystyrene dishes and maintained in Williams’ medium

E (WME), modified Chee’s medium (MCM) or Dulbecco’s

modified Eagle’s medium (DMEM) for 4 days. Each lane

represents a different rat hepatocyte preparation.

Fig. 6 – Influence of cell density on canalicular transport

protein expression in Day 4 SC rat hepatocytes.

Representative Western blots of Bsep, Mrp2, and Mdr1a/b

expression in primary rat hepatocytes cultured in gelled-

collagen/gelled-collagen (GC/GC) or BiocoatTM/gelled-

collagen (BC/GC) sandwich configuration at 100%, 50% or

25% cell density in six-well plates and maintained in

DMEM for 4 days.
3. Discussion

The influence of culture conditions on primary hepatocyte

morphology, longevity,andfunctionhasbeendescribedingreat

detail [27,31–36]. However, emphasis to date has been placed on

the modification of conventional culture conditions to optimize
Table 3 – Influence of plating density on in vitro biliary clearan
hepatocytes cultured on gelled-collagen (GC) and BiocoatTM (B

ClB

100%

GC/GC BC/GC GC/GC

TC* 25 � 6 18 � 4 31 � 1

CDFy 4.0 � 0.5 6.6 � 0.8 4.0 � 0

Rh123*y 4.5 � 0.4 1.8 � 1.0 6.1 � 2

Hepatocytes cultured in GC/GC or BC/GC sandwich configuration at 100

with the probe substrates TC (1 mM, 10 min), CDF (administered as C

mean � S.E.M. from three independent experiments performed in triplic
* P < 0.05 sandwich configuration.
y P < 0.05 plating density
the metabolic capacity of primary hepatocytes [2,23,37–39].

Morerecently, the importanceofhepatic transportmechanisms

responsible for the accumulation and excretion of xenobiotics

has been realized. Formation of bile canalicular networks in

primaryrathepatocytesisdependentonthethicknessofthecell

monolayer, the presence of medium supplements, and the

extracellular matrix overlay [22]. In the present study, a series of

experiments was conducted systematically to evaluate the

influenceofcultureconditionsontheexpressionandfunctionof

the transport proteins Bsep, Mrp2 and Mdr1a/b.

The type of plastic (PermanoxTM versus polystyrene) did not

affect hepatocyte morphology or canalicular network forma-

tion, nor the BEI of TC or CDF. However, the BEI of Rh123 was

significantly greater in PermanoxTM dishes. In accordance with

a recently published perspective [40], the non-specific binding

of new chemical entities should be determined to assess the

validity of in vitro experiments. The non-specific binding of TC,

CDF, and Rh123 in PermanoxTM dishes was lower than in

polystyrene dishes, confirming our earlier results regarding the

non-specific binding of Rh123 [29]. Decreased non-specific

binding may result in slight, but significant, changes in BEI

noted above for Rh123. PermanoxTM is an oxygen permeable

polymer that is chemically resistant to acids, alkalis and some

hydrocarbons (Tech Note, vol. 3, no. 15; Nalge Nunc Interna-

tional), which may explain the apparent reduced non-specific

binding of probe substrates. Importantly though, in polystyrene

dishes and six-well plates, non-specific binding was decreased

to 1% or less of the initial concentration following vigorous

rinsing. Increasing trends toward higher-throughput models

that utilize multi-well plates to both optimize efficiency and

maximize resources may directly impact the choice of culture

dish or multi-well plate; at present, the PermanoxTM polymer is

available in limited formats.

Culture medium influenced the formation of canalicular

networks and expression of canalicular transport proteins.

SC rat hepatocytes maintained in DMEM appeared to express

the highest levels of canalicular transport proteins Bsep and

Mdr1a/b. In agreement with previous reports [28], SC rat

hepatocytes maintained in WME exhibited more extensive

canalicular network formation compared to DMEM. None-

theless, BEI values of probe substrates were similar between SC

rat hepatocytes maintained in DMEM or WME. MCM has been

shown to support the induction of P450 enzymes and maintain
ce (ClB in vitro) values of TC, CDF and Rh123 in Day 4 SC rat
C) substratum

in vitro (ml/min/kg)

50% 25%

BC/GC GC/GC BC/GC

4 10 � 3 23 � 12 10 � 1

.8 3.5 � 0.8 2.7 � 0.4 3.5 � 0.1

.0 1.4 � 0.8 8.7 � 0.3 3.2 � 0.6

% (�1.25 � 105 cell/cm2), 50% and 25% cell densities were incubated

DF-DA, 10 mM, 10 min) and Rh123 (10 mM, 30 min). Data represent

ate.
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normal cell morphology [22]. However, in the current experi-

ments, the accumulation and BEI values of TC, CDF and Rh123

were lower in SC rat hepatocytes maintained in MCM compared

to DMEM; these results were consistent with previously

reported data for TC and Rh123 [28,29]. The expression of Bsep

and Mdr1a/b appeared to be lower in SC rat hepatocytes

maintained inMCMcompared to DMEM, which may explain the

decreased BEI values of TC and Rh123. The BEI of CDF was

significantly lower in SC rat hepatocytes maintained in MCM

compared to DMEM. However, Mrp2 expression was similar in

SC rat hepatocytes maintained in all media types. It is possible

that the level of expression of Mrp2 on the canalicular domain

may be lower than the specific protein reflected in an

immunoblot of total cell homogenate because it has been

shown that Mrp2 is stored in intracellular vesicles that can be

recruited to the canalicular domain when necessary [41]. MCM,

originally developed for the maintenance of tumor cell lines

[42], is an enriched medium that contains amino acid

concentrations that are 5–10 times higher than DMEM. WME

contains high levels of amino acids such as L-alanine to support

hepatocyte replication in vitro [31,43]. Increased amino acid

concentrations have been shown to reduce lysosomal protein

degradation and preserve cellular protein levels [22,34]. The

induction potential of glutathione S-transferase enzymes was

greater in primary rat hepatocytes maintained in DMEM

compared to MCM [3]. Sidhu et al. [39] reported that WME

was superior to MCM in themaintenance of cytochrome P450 2B

and 3A induction response. These results emphasize the

importance of appropriate media selection a priori in the

culture of primary rat hepatocytes for metabolic or biliary

excretion experiments. The results described herein suggest

that DMEM or WME would be suitable to culture SC rat

hepatocytes for the purpose of biliary excretion experiments.

The substratum matrix is the primary determinant of cell

attachment and survival [44]. Morphologic differences were

evident between primary rat hepatocytes cultured on gelled

collagen (GC) and BiocoatTM (BC) substratum. These results were

inagreementwithpriorobservationsofhepatocyteflatteningon

rigid collagen and chord-like formation of hepatocytes plated on

gelled collagen type I [21]. In addition to allowing for cell

attachment to fibronectin, collagens and laminin, the interac-

tionsofhepatocyteswith anextracellularmatrix regulatesother

cellular functions such as cell proliferation, differentiation and

migration [45]. MatrigelTM is composed of 60% laminin, 30% type

IV collagen and 3% heparin sulfate proteoglycan [46]. In the

present experiments, rat hepatocytes maintained in BC/M

sandwich configuration flattened to a confluent monolayer

and formed extensive canalicular networks. The expression of

Bsep, Mrp2 and Mdr1a/b in SC rat hepatocytes maintained in

BC/M sandwich configuration was similar to GC/GC sandwich

configuration. Consistent with these findings, the BEI and

ClB in vitro values of TC, CDF, and Rh123 were similar in rat

hepatocytes maintained in either BC/GC or BC/M sandwich

configurations. The flattened (i.e., non-cuboidal) morphology of

rathepatocytesmaintainedinBC/Msandwichconfigurationwas

similar to hepatocytes cultured on dried rat tail collagen which

expressed high levels of cytoskeletal mRNA and proteins [47].

LeClusyeetal. [21]reportedthatactinfilamentsareintegralinthe

maintenance of the hepatocyte architecture and canalicular

network contraction, but were not critical for the formation of
the biliary pole in SC rat hepatocytes. The preparation of gelled-

collagen coated culture dishes and the subsequent overlay of

gelled-collagen are time consuming procedures that are not

readily amenable to higher-throughput assays. Results of the

present studies suggest that GC/GC and BC/M sandwich

configurations yield similar expression and functional data for

the canalicular transport proteins examined, and support the

use of BiocoatTM multi-well plates with a MatrigelTM overlay for

higher-throughput assays to quantitate biliary excretion.

Hepatocytes plated on hydrated rat tail collagen at high

density form compact trabecular aggregates that maintain a

pattern of liver-specificgene expression, whereasat low density

and on rigid rat tail collagen gene expression is predominately

cytoskeletal related [47]. Plating density also has been shown to

influence the attachment efficiency of hepatocytes cultured on

simple collagen substratum [33,34]. In the current experiments,

decreased cell–cell contacts resulted in an apparent decrease in

canalicular network formation in hepatocytes plated at 25%

density compared to 100% density. In rat hepatocytes plated

between two layers of gelled collagen at 25% plating density, the

formation of canalicular networks was evident between

hepatocytes indirectcontactwithanotherhepatocyte following

the initial plating. In recent experiments utilizing human

hepatocytes, Hamilton et al. [48] observed that despite exhibi-

tion of a more physiologic morphology when plated on

MatrigelTM, decreased cell density resulted in a loss of cellular

induction response to xenobiotics due to the decreased cell–cell

contact. While the expression of Bsep was similar at all plating

densities in the current experiments, the BEI of TC was

significantly lower at 25% cell density compared to 100%. These

results suggest that the capacity of the canalicular network may

limit the calculation of BEI and ClB in vitro for compounds that are

extensively excreted in bile such as TC [1].

In conclusion, these studies have shown that the function

and expression of the canalicular transport proteins Bsep,

Mrp2 and Mdr1a/b in primary rat hepatocytes are influenced

by culture conditions. SC rat hepatocytes represent a unique

and robust model to study hepatobiliary transport processes

of xenobiotics. The use of multi-well plates may serve to

increase throughput of such experiments, as well as to

maximize precious resources such as human hepatocytes.

Primary rat hepatocytes cultured in a gelled-collagen/gelled-

collagen or BiocoatTM/MatrigelTM sandwich configuration and

maintained in DMEM resulted in optimal canalicular network

formation and transport protein expression and function.
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