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Different profiles of Ca2þ responses to endothelin-1
and PDGF in liver myofibroblasts during the process
of cell differentiation

N Kojima, M Hori, T Murata, Y Morizane and H Ozaki

Department of Veterinary Pharmacology, Graduate School of Agriculture and Life Sciences, The University of Tokyo, Bunkyo-ku,
Tokyo, Japan

Background and purpose: Hepatic stellate cells play an important role in liver fibrosis but little is known about liver
myofibroblasts located around the central vein and in the portal area. In this study, intracellular Ca2þ concentration ([Ca2þ ]i)
was measured to assess the response to endothelin-1 (ET-1), platelet derived growth factor (PDGF) and ATP in rat liver
myofibroblasts.
Experimental approach: Rat liver myofibroblasts were compared in ‘quiescent’ (cultured on Matrigel-coated dishes) and
‘activated’ (cultured on non-coated plastic dishes) conditions. [Ca2þ ]i was measured with the fluorescent dye fura-2 and
mRNA for ET-1, PDGF and their receptors by RT-PCR.
Key results: ET-1 increased [Ca2þ ]i in quiescent cells but not in activated cells, whereas PDGF-BB increased [Ca2þ ]i in
activated cells but not in quiescent cells. However, there was no difference between responses to ATP in quiescent or activated
cells. ET-1 (in quiescent cells), PDGF-BB (in activated cells) and ATP (in both cells) all induced transient increases in [Ca2þ ]i in
the absence of extracellular Ca2þ (with EGTA), indicating the involvement of Ca2þ release from intracellular Ca2þ stores. The
sustained increase in [Ca2þ ]i in the presence of external Ca2þ in activated cells (ATP and PDGF) was significantly reduced by
nicardipine, a L-type Ca2þ channel blocker, but not in quiescent cells (ATP and ET-1).
Conclusions and implications: The different pharmacological profiles of [Ca2þ ]i-response in quiescent and activated
myofibroblasts suggest that ET-1 and PDGF contribute differently to myofibroblast activation during the process of liver
fibrosis.
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Introduction

Fibrosis, defined pathologically as inappropriate repair by

connective tissue, is increasingly recognized as an important

feature of many chronic diseases. Traditionally, fibrosis has

been viewed as the irreversible, end-stage sequel to a

multitude of diverse disease processes. The lack of effective

treatments, the high mortality and the increasing morbidity

attributed to chronic fibrotic diseases has stimulated an

explosion of research into cellular, molecular and genetic

aspects of liver fibrosis. With on-going liver damage, the

imbalance between matrix synthesis and matrix degradation

together with hepatocellular necrosis leads to liver fibrosis,

which is considered to be reversible, and then finally to liver

cirrhosis, which is considered irreversible. Therefore, pre-

vention of liver fibrosis progression to liver cirrhosis is the

major clinical target of therapy.

Hepatocytes are the parenchymal cells of the liver, which

comprise over 60% of the liver cell mass. The non-

parenchymal cells include liver macrophages (Kupffer cells),

sinusoidal endothelial cells, hepatic stellate cells (HSC),

biliary cells and (myo)fibroblasts. In the case of liver fibrosis,

myofibroblasts and myofibroblast-like cells, which are

activated upon liver injury, are the main suppliers of the

extracellular matrix. A large number of studies have provided

evidence that HSCs become myofibroblast-like when acti-

vated and it has long been thought that HSC-derived

myofibroblast-like cells are the key players in liver fibrosis.

However, there are other cell types of the fibroblast lineage,
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in particular the liver (myo)fibroblasts located around the

central vein and in the portal area, which also play a role

in liver fibrosis (Knittel et al., 1999; Saile et al., 2002).

In response to hepatic wounding, these (myo)fibroblasts

also undergo activation, and produce increased quantities

of extracellular matrix proteins, proliferate and migrate

(Kinnman et al., 2003).

Isolated HSCs do not proliferate and therefore cannot be

passaged after isolation. In contrast, isolated rat liver

myofibroblasts can be subcultivated at least up to the 10th

passage. HSC-derived myofibroblast-like cells and myofibro-

blasts show differences in expression of fibulin 2, P100

and interleukin-6 (Knittel et al., 1999; Ramadori and Saile,

2002). Beside the importance of the activation of HSCs

in liver fibrosis and cirrhosis, the involvement of portal

tract (myo)fibroblasts around biliary structures has now

been clearly demonstrated (Ramadori and Saile, 2002;

Desmouliere et al., 2003; Pinzani and Rombouts, 2004; Novo

et al., 2006).

There is mounting evidence indicating that endothelin-1

(ET-1) is an important factor in liver fibrosis (Hui and

Friedman, 2003; Bataller and Brenner, 2005; Muddu et al.,

2007). ET-1 expression is markedly enhanced in cirrhotic

liver tissue (Pinzani et al., 1996), and the peptide is

overproduced by HSCs during liver injury (Rockey et al.,

1998). It has also been reported that ET-1 exerts several

actions on HSCs, including mitogenicity, activation of MAP

kinase and reversible cell contraction (Thimgan and Yee,

1999), all of which appear to be mediated by ETA receptors

(Pinzani et al., 1996; Reinehr et al., 1998). Stimulation of

migration by ET-1 has also been reported (Kinnman et al.,

2000; Tangkijvanich et al., 2001). The role of ET-1 in both

microcirculation and the pathophysiology of portal hyper-

tension has also been proposed (Reynaert et al., 2002). On

the other hand, with serial subculture, the predominance of

ET receptors changes from subtype A to subtype B (Pinzani

and Rombouts, 2004). ETB stimulation activates the cAMP

pathway and inhibits proliferation (Mallat et al., 1996;

Reinehr et al., 2002).

In rat and human fibrotic liver, expression of platelet-

derived growth factor (PDGF) and its receptor has been

shown to be increased in experimental fibrosis. PDGF has

also been identified as the most potent growth factor to

stimulate the proliferation (Pinzani et al., 1989; Kinnman

et al., 2001; Pinzani and Rombouts, 2004) and the migration

(Kinnman et al., 2000; Tangkijvanich et al., 2002) of culture-

activated HSCs. Moreover, it has been reported that PDGF-B

overexpression in transgenic mice causes HSC and myofi-

broblast activation (Czochra et al., 2006).

Because the accumulation of extracellular matrix observed

in hepatic fibrosis is due to the activation of HSCs and

liver (myo)fibroblasts, which acquire a myofibroblastic

phenotype, it is important to determine the changes in

pharmacological properties during the process of myofibro-

blastic conversion. In addition, it is widely accepted that

intracellular Ca2þ regulates various cellular responses in

fibroblasts, including proliferation, cell growth, migration,

cell adhesion, apoptosis, gene transcription and contraction.

However, only few studies have examined Ca2þ signalling in

HSCs, with even fewer looking at liver myofibroblasts.

In the present study, intracellular Ca2þ concentration

([Ca2þ ]i) was measured in liver myofibroblasts to assess the

response to several fibrogenic factors, such as ET-1, PDGF-BB

and adenosine 50-triphosphate (ATP), and the results were

compared in quiescent and activated states. The data show

that the profiles of changes in [Ca2þ ]i due to ET-1 and PDGF

are different in quiescent and activated cells, indicating the

different contributions of these factors during the process of

liver fibrosis.

Materials and methods

Cell culture and isolation

Rat myofibroblasts were isolated from male Sprague–

Dawley rats with an average body weight between 350

and 400 g. Ethylene glycol bis(b-aminoethylether)-

N,N,N’,N’,-tetraacetic acid (EGTA) was dissolved in a buffer

containing 137 mM NaCl, 5.37 mM KCl, 0.57 mM NaH2PO4/

2H2O, 0.34 mM Na2HPO4/12H2O, 0.42 mM NaHCO3, 10 mM

HEPES and 5 mM glucose (Wako, Osaka, Japan). Pronase E,

collagenase and DNase I were dissolved in a standard buffer

containing 137 mM NaCl, 5.37 mM KCl, 6.8 mM CaCl2,

0.57 mM NaH2PO4/2H2O, 0.34 mM Na2HPO4/12H2O,

0.42 mM NaHCO3, 10 mM HEPES and 5 mM glucose (Wako).

In brief, the liver was perfused with 0.5 mM EGTA solution

for 3 min to wash out the blood, and then dispersed by

perfusion with 0.67 mg ml�1 pronase E (Merck, Darmstadt,

Germany) for 6 min and then with 0.33 mg ml�1 collage-

nase (Wako) for 6 min. Next, the liver was dissected from

the body and placed in a dish containing 0.5 mg ml�1

collagenase, 0.5 mg ml�1 pronase E and 0.01 mg ml�1 DNase

I (Roche, Basel, Switzerland), and minced. The tissue

samples were then incubated with stirring, for 15 min at

371C. The digested liver was filtered through sterile mesh

screen (Sigma-Aldrich Japan, Tokyo, Japan, Cell Dissocia-

tion Sieve Kit) and the resulting cell suspension was

centrifuged at 50 g for 1 min at 41C to separate non-

parenchymal cells and hepatocytes. The non-parenchymal

cell fraction was centrifuged at 700 g for 7 min at 41C and

then the pellet was suspended in GBSS (Gey’s Balanced

Salts Solution) containing 15% Nycodenze (Histodenz,

Sigma-Aldrich Japan). The non-parenchymal cells were

separated using the density gradient centrifugation meth-

od. The cell solution was double layered with 2 ml of 8.5%

Nycodenz solution and centrifuged for 20 min at 1200 g at

41C. The cell fraction in the top 3 ml was collected and

washed with GBSS, and then plated. Cells were supple-

mented with 10% fetal bovine serum (JRH Biosciences,

Lenexa, KS, USA), and incubated at 371C in a humidified

atmosphere. They were passaged 3–5 times and starved

overnight before use. The rat liver myofibroblasts were

purified and obtained by outgrowth from other non-

parenchymal cells. The medium was changed every 3 days.

Cells were starved overnight before experimentation. To

culture cells on Matrigel (BD Biosciences, Franklin Lakes,

NJ, USA), a Matrigel gel layer (0.3–0.5 mm) was mounted

on a glass cover slip, incubated at 371C for 30 min to

solidify and passaged liver myofibroblasts were seeded on

the surface of the gel.
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[Ca2þ ]i measurement

Cells were incubated in a solution containing (in mM) 137

NaCl, 5.4. KCl, 11.5 glucose, 1.5 CaCl2, 1.2 MgCl2 and 10

HEPES. [Ca2þ ]i was measured using fura-2 AM. Myofibro-

blasts were cultured on glass coverslips and measured when

confluent. Cells (days 2–5) were starved overnight before

measurement. Cells were loaded with 5 mM fura-2AM for

45 min at 371C. Every 3 s, the fluorescence of an image at

340 nm (F340) was divided by the fluorescence of an image at

380 nm (F380) to provide a resultant ratio (F340/F380) by

means of a fluorescence imaging system (Hamamatsu

Photonics, Hamamatsu, Japan). To remove extracellular

Ca2þ , Ca2þ -free HEPES-buffered solution (containing

0.5 mM EGTA instead of 1.5 mM CaCl2) was used. The area

under the Dratio per time curve (AUC) was calculated to

assess the response.

Actin staining

Cells cultured on glass slips with Matrigel and on non-coated

plastic were fixed in 4% formaldehyde for 10 min at 371C with

stirring, and then incubated with 0.1% Triton for 1 min. Cells

were blocked with 5% skim milk for 30 min at 371C. Cells

were then incubated with a 1:100 dilution of anti-a-actin IgG

(Dako, Glostrup, Denmark) for 1 h and then incubated with a

1:100 dilution of Alexa Fluor 594 phalloidin (Invitrogen

Japan, Tokyo, Japan) and a 1:100 dilution of FITC-conjugated

anti-mouse IgG antibodies (Vector Laboratory, Burlingame,

CA, USA) for 1 h. Cells were finally incubated with 1mg ml�1

of DAPI (Sigma) for 5 min.

Reverse-transcription polymerase chain reaction

To investigate the presence of receptor transcripts in rat

myofibroblasts, total RNA was extracted from cells cultured

on Matrigel and non-coated plastic dishes using the acid

guanidinium thiocyanate-phenol-chloroform method em-

ploying the TRIzol Reagent (Invitrogen Japan). RNA concen-

tration and purity were determined using a ND-1000

Spectrophotometer (Nano Drop, Wilmington, DE, USA).

First-strand cDNA was synthesized using a random 9-mer

primer and avian myeloblastosis virus reverse transcriptase XL

at 301C for 10 min, 551C for 90 min, 991C for 5 min and 41C

for 5 min. Polymerase chain reaction (PCR) was performed

using Taq DNA polymerase (Ampli Taq Gold) and synthetic

gene-specific primers for glyceraldehyde-3-phosphate dehydro-

genase (GAPDH), a-smooth muscle actin (a-SMA), prepro

ET-1, PDGF-A, PDGF-B, ETA receptor, platelet-derived growth

factor receptor-a (PDGFR-a) and PDGFR-b. The forward and

reverse primers were as follows: rat GAPDH (expected product

size 308 bp: X00972) 50-TCCCTCAAGATTGTCAGCAA-30 (for-

ward), 50-AGATCCACAACGGATACATT-30 (reverse); a-SMA

(303 bp: XM_001079913.1) 50-GTGGCTATTCAGGCTGTGCT

-30 (forward), 50-AGAAGAGGAAGCAGCAGTGG-30 (reverse);

prepro ET-1 (368 bp: NM_012548.1) 50-TCTCTGCTGTTTGT

GGCTTTC-30 (forward), 50-TCGGAGTTCTTTGTCTGTTTG-30

(reverse); PDGF-A (226 bp: NM_012801.1) 50-CCTGTGCCC

ATCCGCAGGAAGAGA-30 (forward), 50-TTGGCCACCTTGA

CACTGCGGTG-30 (reverse); PDGF-B (434 bp: XM_343293.3)

50-CATCCGCTCCTTTGATGAC-30 (forward), 50-GTCTCACAC

TTGCAGGCCAG-30 (reverse); ETA (205 bp: NM_012550.1)

50-ATGAGATGGATAAGAACC-30 (forward), 50-CCATTCATGGG

GACCCAGG-30 (reverse); PDGFR-a (164 bp: XM_214030.3)

50-TCTCGGCATGACGGATTCTT-30 (forward), 50-CCACACTG

AAGGTTCCGTTGA-30 (reverse); and PDGFR-b (677 bp:

NM_031525.1) 50-CAACATTTCGAGCACCTTTGT-30 (forward),

50-AGGGCACTCCGAAGAGGTAA-30 (reverse). PCR amplifi-

cation was tried at 30, 33, 35, 37 and 38 cycles and optical

band density was compared. We chose 35 cycles, where it

was most linear and acceptable for quantification. After

denaturation at 951C for 10 min, 35 cycles of amplification

were performed at 951C for 0.4 min, 561C for 1 min and 721C

for 1 min using a thermal cycler (Takara PCR Thermal Cycler

MP, Takara Bio Inc., Shiga, Japan). PCR products were

electrophoresed through 2% agarose gel containing 0.1%

ethidium bromide. Electrophoresis was performed at 100 V

for 35 min and detectable fluorescent bands were visualized

using a UV transilluminator. The densitometric intensity was

quantified using Scion Image beta 4.02 analysis software

(Frederick, MD, USA). All primers were designed to sandwich

exons (except for PDGFR-a) and lack of genomic contamina-

tion was confirmed by the fact that there were only single

bands which were in accordance with predicted product size.

For PDGFR-a, we confirmed lack of genomic contamination

by comparing the result from reactions with and without

reverse transcriptase. Results are expressed as the percentage

of optical band density7s.e.m. relative to GAPDH.

Statistical analysis

The data are expressed as the mean7s.e. Statistical evalua-

tion of the data was performed by unpaired Student’s t-test

for comparison between two groups. Statistical significance

was established at the Po0.05 level (*Po0.05 and **Po0.01).

Materials

The chemicals used were BQ-123 (Calbiochem, Darmstadt,

Germany), nicardipine hydrochloride (Sigma), ionomycin

calcium salt (Sigma-Aldrich, USA), endothlin-1 (ET-1)

(Human, Peptide Institute Inc., Osaka, Japan), sarafotoxin

S6c (Peptide Institute), ATP disodium salt (Sigma-Aldrich),

platelet-derived growth factor-BB (PDGF-BB) (Rat, Sigma-

Aldrich), 2-aminoethyl diphenylborinate (2-APB) (Lancaster

Synthesis, Eastgate, White Lund, Morecambe, England), Bay

K8644 (Sigma-Aldrich), gadolinium chloride hexahydrate

(Wako), thapsigargin (Sigma-Aldrich) and growth factor-

reduced Matrigel Matrix w/o Phenol Red (BD Biosciences).

Results

Morphological features and expression of a-smooth muscle actin

(a-SMA) in cultured myofibroblasts

Basement membranes are thin extracellular matrices under-

lying cells in vivo and the Matrigel medium we have used is a

solublized preparation of basement membrane. Culturing

myofibroblasts on Matrigel can reverse the activation process

(Sohara et al., 2002). It has also been reported that HSCs are

able to maintain their quiescent phenotype when cultured

on Matrigel or within a collagen gel (Friedman et al., 1989;
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Senoo et al., 1996). We applied this technique to rat liver

myofibroblasts.

Cells cultured on Matrigel had a ball-like appearance

when cells were seeded at low density (Figure 1A-1) or

formed clusters that were occasionally connected by a

filamentous network when the cells were seeded at high

density (Figure 1A-2). Cells cultured on non-coated plastic

were spread out and flattened (Figure 1A-3). This change in

morphology was induced only when cells were cultured on

Matrigel and not when cells were cultured on a collagen-

coated dish (cell matrix collagen Type I-A, Nitta Gelatin,

Osaka, Japan) (data not shown).

When myofibroblasts including HSCs and liver myofibro-

blasts are activated, they express greater amounts of a-SMA

(Olaso and Friedman, 1998; Desmouliere et al., 2003; Kinn-

man et al., 2003; Ramadori and Saile, 2004; Carpino et al.,

2005). Activation of myofibroblasts was confirmed by

reverse-transcription (RT)-PCR and immunocytochemistry

with specific antibodies. Activated myofibroblasts (cultured

on non-coated plastic dishes) expressed greater amounts of

a-SMA (Figure 1B). In activated myofibroblasts, the expres-

sion of a-SMA was intense and distributed along the

numerous stress fibers. However, in quiescent myofibro-

blasts, F-actin was distributed evenly and stress fibers could

not be seen. In addition, the purity of isolated primary

culture cells that were passaged 3–5 times and cultured on

non-coated plastic was confirmed, because all cells that

stained with phalloidin F-actin also expressed a-SMA. In

accordance with the immunocytochemistry, mRNA expres-

sion of a-SMA was 2.7 times higher in non-coated-cultured

cells than in Matrigel-cultured cells (Figure 1C and D).

Therefore, in this study, we assumed that Matrigel-cultured

cells and non-coated plastic-cultured cells reflect quiescent

and activated myofibroblasts, respectively.

Figure 1 Activated myofibroblasts (cultured on plastic) expressed greater amounts of a-smooth muscle actin (a-SMA). Myofibroblasts were
cultured on either Matrigel or non-coated plastic dishes and starved overnight. (A) (1: cultured at low density; 2: cultured at high density)
Matrigel-cultured rat liver myofibroblasts, and (C) non-coated plastic-cultured rat liver myofibroblasts. (B) Left: Matrigel-cultured rat liver
myofibroblasts and (B) (right) shows non-coated plastic-cultured rat liver myofibroblasts stained with F-actin and a-SMA (top, F-actin; middle,
a-SMA; bottom, F-actin and a-SMA merged). (C) and (D) show a-SMA mRNA expression assessed by semi-quantitative reverse-transcription
polymerase chain reaction (RT-PCR) (n¼5–6). Results are expressed as the percentage of optical density7s.e.m. relative to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). **Po0.01.
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[Ca2þ ]i responses to ET-1 and PDGF-BB

We examined the effect of ET-1 and PGDF-BB on [Ca2þ ]i,

comparing the effects between quiescent myofibroblasts

(Matrigel) and activated myofibroblasts (non-coated). We

also examined the effect of ATP, because purinergic agonists

also contribute to fibroblast activation (Harada et al., 2000;

Dranoff et al., 2004). ATP (10 mM) induced a transient

increase in [Ca2þ ]i which then gradually decreased to a

level above the resting level (sustained phase). The

amplitude of the transient [Ca2þ ]i increase induced by

ATP in the quiescent cells was comparable to that in the

activated cells (Figure 2a). ET-1 (100 nM) also induced

biphasic increases in [Ca2þ ]i in quiescent cells. The [Ca2þ ]i
increase in non-activated myofibroblasts stimulated with

100 nM ET-1 was ten times greater than that in activated

myofibroblasts (Figure 2b). The increased [Ca2þ ]i was

suppressed by pretreatment of the cells with 3mM BQ-123,

indicating that the [Ca2þ ]i increase was mediated mainly

through the ETA receptor (Figure 2d). Sarafotoxin S6c

(100 nM), a selective ETB receptor agonist, did not increase

[Ca2þ ]i either in quiescent or in activated myofibroblasts

(n¼4 each). On the other hand, quiescent myofibroblasts

did not respond to 10 ng ml�1 PDGF-BB, while PDGF-BB

induced a sustained [Ca2þ ]i increase in activated myofibro-

blasts (Figure 2c).

We next analysed the source of Ca2þ responsible for the

increase in [Ca2þ ]i. In both the quiescent and activated cells,

10 mM ATP, 100 nM ET-1 and 10 ng ml�1 PDGF-BB all induced

transient increases in [Ca2þ ]i when stimulated in a Ca2þ -free

solution containing 0.5 mM EGTA, but the sustained

increases in [Ca2þ ]i due to these agonists (AUC 3–4 min) were

completely abolished (Figure 3). Therefore, there are two

pathways which causes the [Ca2þ ]i increase; Ca2þ release

from intracellular Ca2þ stores, which is represented by the

transient increase in [Ca2þ ]i, and influx of extracellular

Ca2þ through channels, which is represented by the

sustained increases in [Ca2þ ]i.

The transient increases in [Ca2þ ]i stimulated by 10 mM ATP,

100 nM ET-1 and 10 ng ml�1 PDGF-BB, in both quiescent and

activated cells, and the sustained increases in [Ca2þ ]i in

quiescent cells were unaffected by pretreatment with 100 nM

nicardipine, a voltage-dependent Ca2þ channel blocker

(Figure 4a–d). However, in the activated cells, the sustained

increases in [Ca2þ ]i induced by 10 mM ATP and 10 ng ml�1

PDGF-BB were partly and significantly inhibited in the

presence of nicardipine (Figure 4c and d).

[Ca2þ ]i responses to Bay K8644 and membrane depolarization

due to high concentration of Kþ

Myofibroblasts were stimulated with either Bay K8644

(1mM) or with a high concentration of Kþ (72.4 mM) to

further investigate the involvement of voltage-dependent

Ca2þ channels in raising [Ca2þ ]i. Both Bay K8644 (1 mM)

(AUC: 0–3 min) and a high concentration of Kþ (72.4 mM)

(AUC: 0–2 min) induced sustained increases in [Ca2þ ]i
which were more than twofold greater in activated cells

than in quiescent cells (Figure 5a–d). Stimulation with

either Bay K8644 or high Kþ raised the [Ca2þ ]i a few

hundred nanomolar higher than the resting level. The

sustained increases in [Ca2þ ]i activated cells induced by a

high concentration of Kþ (72.4 mM) was significantly

reduced when cells were pretreated with nicardipine

(100 nM) for 3 min (Figure 5e and f). From these results, it

can be concluded that external Ca2þ influx contributes to

the sustained components of Ca2þ responses, where

voltage-dependent Ca2þ channels take a part in activated

myofibroblasts.
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Figure 2 Matrigel- and non-coated plastic-cultured cells responded differently to endothelin-1 (ET-1) and platelet-derived growth factor
(PDGF). Myofibroblasts were cultured on either Matrigel or non-coated plastic dishes and starved overnight. Changes in intracellular Ca2þ

concentration ([Ca2þ ]I) were measured using Ca2þ fluorescent dye fura-2. Results are shown as the area under the [Ca2þ ]i-time curve (AUC:
0–2 min) for 100mM adenosine 50-triphosphate (ATP) (a), 100 nM ET-1 (b) and 10 ng ml�1 PDGF (c). Cells were pretreated with 3 mM BQ-123
for 3 min before stimulation with ET-1 in (d). Data are presented as mean7s.e.m. of 17–43 cells from 4–5 separate experiments. **Po0.01.
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Analysis of store-operated Ca2þ influx by depletion of Ca2þ store

with thapsigargin

We then questioned whether store-operated Ca2þ influx

pathways contribute to the nicardipine-insensitive Ca2þ

influx. Therefore, we depleted the Ca2þ stores by treatment

with thapsigargin (3mM) in a Ca2þ -free solution with 0.5 mM

EGTA. After 4 min, the addition of 1.5 mM Ca2þ induced a

sustained increase in [Ca2þ ]i in activated and quiescent cells.

In contrast to the responses to Bay K8644 and high Kþ , the

increase in [Ca2þ ]i due to addition of Ca2þ in the cells

cultured on Matrigel was comparable to non-coated plastic-

cultured cells (AUC: 0–3 min) (Figure 6b). The addition of

2-APB (10 mM) and Gd3þ (10 mM), inhibitors of store-operated

Ca2þ influx, suppressed the sustained [Ca2þ ]i increase to

resting level after 1–2 min in the cells cultured on Matrigel

and non-coated plastic dishes (n¼4 each).

Expression of prepro ET-1, PDGF-A and PDGF-B

PreproET-1, PDGF-A and PDGF-B transcripts were compared

between cells cultured in Matrigel and on non-coated plastic.

Activated myofibroblasts expressed a significantly greater

amount of prepro ET-1 than quiescent myofibroblasts

(Figure 7). There was no significant difference between

PDGF-A and PDGF-B expression between the quiescent and

activated cells (Figure 7). In both quiescent and activated

cells, expression of PDGF-A was higher than PDGF-B

expression.

Expression of ETA, PDGFR-a and PDGFR-b
PreproETA, PDGFR-a and PDGFR-b transcripts were compared

between Matrigel and non-coated plastic-cultured cells.

Quiescent myofibroblasts expressed a significantly greater

amount of ETA than activated myofibroblasts (Figure 8). On

the other hand, there was no significant difference between

PDGFR-a and PDGFR-b expression between the quiescent

and activated cells.

Discussion

Culture of fibroblasts, myofibroblasts or HSCs on plastic in

an unnatural two-dimensional (2D) environment imitates

injury and leads to a spontaneous activation to a fibrogenic

phenotype. Transfer of these cells into a 3D environment

(contractable collagen gel) returns the cells to a quiescent

phenotype (Friedman et al., 1989; Senoo et al., 1996;
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Figure 3 Ca2þ sources responsible for the increase in intracellular Ca2þ concentration ([Ca2þ ]I) due to 10mM adenosine 50-triphosphate
(ATP), 100 nM endothelin-1 (ET-1) and 10 ng ml�1 platelet-derived growth factor-BB (PDGF-BB) in myofibroblasts cultured on either Matrigel
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Schuppan and Porov, 2002; Sohara et al., 2002). From the

difference in expression of a-SMA in protein and mRNA

levels, it was clear that rat liver myofibroblasts cultured on

Matrigel and non-coated plastic dishes could be used as

quiescent and activated models of myofibroblasts, respec-

tively (Figure 1). The shape of the cell cultured on a collagen-

(cell matrix collagen Type I-A, Nitta Gelatin) coated dish did

not differ from that of the cells cultured on a non-coated

dish; that is, they were spread out and flattened similar to

the non-coated plastic-cultured cells. Using cells cultured on

collagen-coated dish, we investigated the response to ET-1

and PDGF-BB in these cells. Cells cultured in this way

showed almost no response to ET-1 and, in turn, a significant

[Ca2þ ]i increase in response to PDGF-BB (data not shown).

These results were comparable to that of cells cultured on

non-coated plastic dishes. Therefore, it can be concluded
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that it was not the components of the collagen that induced

the phenotypical change, but the contractable gel medium,

as shown previously (Friedman et al., 1989). We believe that

the Matrigel-cultured cells reflect the quiescent myofibro-

blasts, which are located around the portal tract and the

central vein. In comparison, the non-coated plastic-cultured

0

0.5

1.0

1.5

2.0

2.5

3.0

Matrigel Non-coat

A
U

C
 (

nM
 ·

 s
ec

 ·
 1

04 )

[C
a2+

]i 
(n

M
)

-100

0

100

200

300

400

500

Matrigel

Non-coat

0 mM Ca2+ +TG

1.5 mM Ca2+ +TG

Time (min)
0 1 102 3 4 5 6 7 8 9

ba

Figure 6 Involvement of store-operated Ca2þ influx. Myofibroblasts cultured on either Matrigel or non-coated plastic were stimulated with
3 mM thapsigargin in a Ca2þ -free solution containing 0.5 mM ethylene glycol bis(b-aminoethylether)-N,N,N’,N’,-tetraacetic acid (EGTA). After
4 min, the medium was changed to 1.5 mM Ca2þ solution (a). (b) The area under the intracellular Ca2þ concentration ([Ca2þ ]i)–time curve
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cells reflect the activated myofibroblasts which proliferate and

migrate around the fibrosing areas of the liver (Ramadori and

Saile, 2002). In this study, we evaluated fibrogenic activity

using these two types of cells; Matrigel- or non-coated plastic-

cultured cells, by analysing the change in [Ca2þ ]i.

[Ca2þ ]i acts as a second messenger in a variety of cells and

regulates numerous cell functions, including movements,

secretion, cell death and contraction. Abnormal contractions

due to raised [Ca2þ ]i in myofibroblasts in the liver can lead

to liver stiffness and changes in microvascular circulation.

Cell migration is also mediated and regulated via activation

of a number of Ca2þ -dependent enzymes (Pauly et al., 1995;

Yang and Huang, 2005) and the migration of myofibroblasts

to the liver injury site contributes to the development of

liver fibrosis. In vascular smooth muscles, it has recently

been suggested that Ca2þ signals regulate smooth muscle

cell-specific gene expression through RhoA/ROK/myocardin-,

calcineurin/NFAT and Ca2þ /calmodulin-dependent protein

kinase/P-CREB systems (Wamhoff et al., 2006), which may

also contribute to the myofibroblast activation.

The most important finding of this study is that ET-1

induces a greater [Ca2þ ]i increase in quiescent than in

activated myofibroblasts, while PDGF-BB induces a greater

[Ca2þ ]i increase in activated than in quiescent myofibro-

blasts. The results of the present study also demonstrate that

the sensitivity of myofibroblasts to produce a [Ca2þ ]i
response to ATP does not change during the activation

process, indicating that the Ca2þ signalling mechanism

per se is not greatly altered after the phenotypic conversion

to myofibroblasts, rich in a-SMA.

In normal liver, ET-1 is thought to participate in regulating

microcirculation and physiological collagen synthesis

(Gandhi et al., 2000). In liver fibrosis, ET-1 is upregulated

and released from activated sinusoidal endothelium and

HSCs, leading to autocrine and paracrine activation (Pinzani

et al., 1996; Rockey et al., 1998; Friedman, 2000). Receptor

types A (ETA) and B (ETB) are expressed on both quiescent

and activated cells (Kawada et al., 1995), but upon early

activation, ETA receptor sensitivity is increased in HSCs

(Reinehr et al., 1998). With full HSC activation, a shift in the

relative prevalence of ETA to the ETB receptors is observed

(Pinzani et al., 1996). While stimulation of ETA receptors

with ET-1 in HSCs increases [Ca2þ ]i (Guo et al., 2004),

stimulates proliferation through a Ras/ERK pathway (Pinzani

et al., 1996) and induces contraction (Kawada et al., 1995;

Thimgan and Yee, 1999), stimulation of ETB receptors with

ET-1 mediates growth inhibitory effects through a prosta-

glandin/cAMP pathway (Mallat et al., 1996). Our findings for
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ET signalling in the liver myofibroblasts were essentially

similar to those of HSCs; that is, (1) Ca2þ mobilization was

mainly mediated through the ETA receptor, (2) the ET-1-

induced increase in [Ca2þ ]i was diminished after myofibro-

blastic activation, which may be attributable to the down-

regulation of ETA receptors and (3) prepro ET-1 was

upregulated upon myofibroblastic activation. In quiescent

liver myofibroblasts, stimulation of ETA receptors with

upregulated ET-1 increased [Ca2þ ]i, and may have stimulated

some properties such as proliferation in HSCs, but this

mechanism did not persist for a long period and diminished

with activation.

On the other hand, PDGF is the best characterized and the

most potent proliferative factor in hepatic fibrosis. The

present results clearly demonstrate that quiescent liver

myofibroblasts did not respond to PDGF-BB until myofibro-

blastic conversion, indicating the presence of transdiffer-

entiation-dependent sensitization of liver myofibroblasts

toward PDGF-BB. PDGFR-b seems to be the dominant

receptor type consistent with previous observations suggest-

ing that PDGF-BB and its receptors play an important role in

liver fibrosis (Friedman, 2000; Czochra et al., 2006). The

present investigation further showed no difference in mRNA

expression of PDGFR-a or PDGFR-b between Matrigel- and

plastic-cultured myofibroblasts, indicating that signal trans-

duction pathways after PDGF receptor stimulation may have

been upregulated in the activated cells. Further investiga-

tions are needed to clarify the underlying mechanisms.

In the present study, we analysed the Ca2þ source

responsible for the increase in [Ca2þ ]i. All the fibrogenic

agents tested were capable of inducing a transient increase in

[Ca2þ ]i even in the absence of external Ca2þ , indicating the

involvement of Ca2þ release from cellular stores at the initial

phase. As for the sustained phase, nicardipine inhibited the

ATP-induced increase in [Ca2þ ]i in the activated cells, but

not in quiescent cells. The PDGF-BB-induced increase in

[Ca2þ ]i in the activated cells, but not the ET-1-induced

increase in [Ca2þ ]i in quiescent cells, was also partly

inhibited by nicardipine. Moreover, Bay K8644 and a high

concentration of Kþ induced sustained increases in [Ca2þ ]i
that were significantly greater in activated cells than in

quiescent cells. Therefore, voltage-dependent L-type Ca2þ

channels were involved in the agonist-induced Ca2þ influx

at the sustained [Ca2þ ]i phase in activated cells but not in

quiescent cells. These results obtained with liver myofibro-

blasts are consistent with electrophysiological data obtained

from HSCs; that is, activation of HSCs is associated with

upregulation of voltage-dependent L-type Ca2þ channels

that mediate Ca2þ influx and cell contraction (Roth-Eich-

horn et al., 1999; Bataller et al., 2001). Moreover, from the

analysis of the effect of Ca2þ store depletion on Ca2þ influx,

we found that the nicardipine-insensitive Ca2þ influx in the

sustained [Ca2þ ]i phase should be attributable to 2-APB- and

Gd3þ -sensitive store-operated Ca2þ influx pathways. Also,

the store-operated Ca2þ influx was comparable between

Matrigel- and non-coated plastic-cultured cells; and thus

unlike the nicardipine-sensitive voltage-dependent Ca2þ

channels which were upregulated in the activated cells,

there was no transdifferentiation-dependent upregulation

for this Ca2þ influx pathway.

In summary, the profiles of changes in [Ca2þ ]i due to ET-1

and PDGF were different in quiescent and activated liver

myofibroblasts. It may be that ET-1 plays an important role

in the process of wound healing (contraction) or cell

migration at the early stage of liver fibrosis and that PDGF

may contribute mainly to myofibroblast proliferation at the

late stage of liver fibrosis. Although Ca2þ plays important

physiological roles in the myofibroblast fibrogenic response,

studies of Ca2þ signalling in response to factors that

contribute to liver fibrosis have not been adequate. ETA

receptor antagonists and drugs which inhibit the PDGF

response and also drugs that inhibit L-type Ca2þ channels

and store-operated Ca2þ channels can be expected to be

potential antifibrotic therapy for liver fibrosis. The present

results may provide a better understanding of the process of

liver fibrosis and new insights into the development of a

pharmacological therapeutic strategy targeting ET and PDGF.
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