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Several agents that act through G-protein-coupled receptors and also stimulate
phosphoinositide-specific phospholipase C (PI-PLC), including angiotensin II, va-
sopressin, norepinephrine, and prostaglandin (PG) F2a , activated the ERK1
(p44mapk) and ERK2 (p42mapk) members of the mitogen-activated protein (MAP)
kinase family in primary cultures of rat hepatocytes, measured as phosphorylation
of myelin basic protein (MBP) by a partially purified enzyme, immunoblotting,
and in-gel assays. All these agonists induced a peak activation (two to threefold
increase in MBP-phosphorylation) at 3–5 min, followed by a brief decrease, and
then a sustained elevation or a second increase of the MAP kinase activity that
lasted for several hours. Although all the above agents also stimulated PI-PLC,
implicating a Gq-dependent pathway, the elevations of the concentration of inosi-
tol (1,4,5)-trisphosphate did not correlate well with the MAP kinase activity.
Furthermore, pretreatment of the cells with pertussis toxin markedly reduced the
MAP kinase activation by angiotensin II, vasopressin, norepinephrine, or PGF2a .
In addition, hepatocytes pretreated with pertussis toxin showed a diminished
MAP kinase response to epidermal growth factor (EGF). The results indicate that
agonists acting via G-protein-coupled receptors have the ability to induce sus-
tained activation of MAP kinase in hepatocytes, and suggest that Gi-dependent
mechanisms are required for full activation of the MAP kinase signal transduction
pathway by G-protein-coupled receptors as well as the EGF receptor. J. Cell.
Physiol. 175:348–358, 1998. q 1998 Wiley-Liss, Inc.

Mitogen-activated protein (MAP) kinases convey sig- Krebs, 1995). However, increasing evidence also impli-
cates G-protein-coupled receptors in MAP kinase stim-nals that regulate cell growth and differentiation, act-
ulation (Tsuda et al., 1992; Granot et al., 1993; Wata-ing through serine/threonine phosphorylation of sev-
nabe et al., 1995; Bogoyevitch et al., 1996). Recent stud-eral substrates located in the nucleus, the cytoplasm,
ies suggest that MAP kinases can be activated throughand the cell membrane (Ray and Sturgill, 1987; Davis,
pathways that involve either Gq, Gi , Go, or Gs and that1993; Johnson and Vaillancourt, 1994; Seger and
both a- and bg-subunits of the G-proteins may mediateKrebs, 1995). The best characterized members of the
these effects (Alblas et al., 1993; Faure et al., 1994;MAP kinase family are the two extracellular signal-

regulated kinases ERK1 (p44mapk) and ERK2 (p42mapk)
that are activated by phosphorylation on both tyrosine

Contract grant sponsor: The Norwegian Cancer Society; Contractand threonine residues by MAP kinase kinase (also
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the Ras/Raf/MEK cascade (Blenis, 1993; Seger and Received 28 January 1997; Accepted 14 October 1997
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bind to a subgroup of G-protein-coupled receptors that
elicit stimulation of phosphoinositide-specific phospho-
lipase C (PI-PLC), with the resultant activation of the
inositol (1,4,5)-trisphosphate (InsP3)/Ca2/ and the diac-
ylglycerol/protein kinase C signaling pathways (Ber-
ridge and Irvine, 1984; GarcıB a-Sáinz, 1987; Williamson
and Monck, 1989; Dajani et al., 1996; Exton, 1996).
These agonists also have in common the ability to pro-
mote hepatocyte growth, largely by enhancing the re-
sponsiveness to mitogens such as EGF (Michalopoulos,
1990; Bucher and Strain 1992; Refsnes et al., 1992,
1994; Christoffersen et al., 1994), but this effect ap-
pears to require PI-PLC-independent pathways in ad-
dition to PI-PLC-mediated mechanisms (Dajani et al.,
1996). In the present study, norepinephrine, vasopres-
sin, angiotensin II, and PGF2a were found to produce
a sustained activation of MAP kinase in cultured rat
hepatocytes. Furthermore, this activation, like the
MAP kinase stimulation by EGF, was sensitive to per-
tussis toxin. This suggests a role for Gi in the mecha-
nisms preceding the activation of MAP kinase in rat
hepatocytes in response to stimulation of G-protein-
coupled receptors as well as the EGF receptor.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium, Waymouth’s
medium MAB 87/3, penicillin, and streptomycin were
from Gibco (Grand Island, NY). Adenosine 5*-triphos-

Fig. 1. Stimulation of MAP kinase activity in cultured rat hepato- phate, collagen, collagenase, EGTA, phenylmethylsul-cytes. Effect of norepinephrine (10 mM), PGF2a (10 mM), vasopressin fonyl fluoride (PMSF), benzamidine, leupeptin, pep-(30 nM), angiotensin II (30 nM), and EGF (10 nM). The cells were
statin A, myelin basic protein (MBP), norepinephrine,cultured for 3 h. The agonists were added at 5 min before the cells

were harvested and MAP kinase activity was assessed as MBP phos- arginine-vasopressin, angiotensin II, PGF2a , EGF insu-
phorylation as described in Materials and Methods. Results represent lin, timolol, prazosin, pertussis toxin, and 2-mercaptoeth-mean { SEM of nine different experiments (five for EGF) expressed anol were from Sigma (St. Louis, MO). Sodium(meta)-as pmol/mg protein.

vanadate was from Fluka Chemie AG (Buchs, Switzer-
land). Phenyl Sepharose CL-4B was from Pharmacia
Biotech. (Uppsala, Sweden). Dexamethasone was fromJohnson et al., 1994; Koch et al., 1994; Crespo et al.,
The Norwegian Medicinal Depot (Oslo, Norway). [g-32P]1994, 1995; Hawes et al., 1995; Malarkey et al., 1995;
Adenosine 5*-triphosphate (3,000 Ci/mol) was from Du-Pace et al., 1995; Watanabe et al., 1995; van Biesen et
Pont NEN Products (Boston, MA) or from Amershamal., 1996).
International (Buckinghamshire, UK). D-myo-inositolHepatocyte proliferation is regulated by a number
(1,4,5)-trisphosphate was from Boehringer-Mannheimof different hormonal factors (Michalopoulos, 1990;
(Germany). D-myo-[3H]inositol (1,4,5)-trisphosphate (38Bucher and Strain, 1992; Christoffersen et al., 1994).
Ci/mmol) was from Amersham International.Some of these, such as epidermal growth factor (EGF),

transforming growth factor a (TGFa), and hepatocyte Isolation and culture of hepatocytes
growth factor (HGF), are mitogens that use receptors Male Wistar rats (170–220 g) fed ad libitum were
of the tyrosine kinase type. Several other agonists that used. Parenchymal liver cells were isolated by in vitro
promote growth act on members of the family of G- collagenase perfusion and low-speed centrifugation
protein-coupled receptors and thereby activate various (Seglen, 1976) with modifications as previously de-
signal effectors, including adenylyl cyclase, phospholi- scribed (Christoffersen et al., 1984). Cell viability, mea-
pase C, and ion channels. It is, therefore, of interest to sured as the ability to exclude trypan blue, was at least
know what role MAP kinases play in the action of these 95%. The cells were suspended in culture medium and
agonists. While tyrosine kinase receptor-mediated acti- plated in Costar wells at a density of 20,000 cells/cm2,
vation of MAP kinase in hepatocytes has been demon- unless otherwise specified. The culture medium (0.2 ml/
strated in several studies (Tobe et al., 1992; Boylan and cm2) was a 1:1 mixture of Dulbecco’s modified Eagle’s
Gruppuso, 1994; Gines et al., 1995, 1996; Adachi et al., medium and Waymouth’s medium MAB 87/3, supple-
1996; Thoresen et al., 1998), stimulation through G- mented with penicillin (100 U/ml), streptomycin (0.1
protein-coupled receptors (by vasopressin and angio- mg/ml), dexamethasone (25 nM), and insulin (100 nM).
tensin II) has been reported not to occur (Gines et al., The cultures were gassed with 95% air/5% CO2 and
1995), but was recently shown for adrenergic agents kept at 377C.
and vasopressin (Romanelli and van de Werve, 1997;

Measurement of MAP kinase activitySpector et al., 1997). We have investigated how MAP
kinase responds to angiotensin II, vasopressin, norepi- The hepatocyte cultures were exposed to agonists

for the indicated time period and the cells were rinsednephrine, and prostaglandin (PG) F2a . All these agents
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Fig. 2. Dose-effect curves for the stimulation of MAP kinase activity. expressed as percent of the control value represent the mean { SEM
The hepatocytes were cultured for 3 h and incubated with norepineph- of three experiments.
rine, PGF2a , vasopressin, or angiotensin II for 5 min. The results

twice in 0.9% NaCl and scraped into a buffer con- dium pyrophosphate. The reaction mixture was spot-
ted onto P81 paper (Whatman, Maidstone, UK), thetaining 25 mM Tris, pH 7.4, 25 mM NaCl, 1.5 mM

EGTA, 1 mM PMSF, 1 mM benzamidine, 1 mg/ml leu- papers were washed several times in phosphoric acid,
dried, and counted in a liquid scintillation counter.peptin, 1 mg/ml pepstatin A, 2 mM dithiothreitol, 1

mM sodium(meta)vanadate, and 10% ethylene glycol. Protein content was determined in the supernatant
fraction resulting from the centrifugation of lysateAll the subsequent steps were carried out at 47C. The

hepatocytes (7–8 1 105 cells/ml buffer) were disrupted with the BCA Protein Assay (Pierce, Rockford, IL).
by passage in a syringe six times and the lysate was

Immunoblottingcentrifugated (15,800g) for 10 min. The supernatant
was mixed with phenyl-Sepharose, washed twice in Aliquots with 20 mg cell protein (total cell lysate pre-

pared in Laemmli buffer) were electrophoresed on 10%the buffer described above, and twice in this buffer
with 35% ethylene glycol, before eluting the MAP ki- polyacrylamide gels (acrylamide: N*N*-bis-methylene

acrylamide 30:0.8) followed by protein electrotransfernases with 60% ethylene glycol in the same buffer
(Anderson et al., 1991). The eluate was assayed for to nitrocellulose membranes and immunoblotting with

a polyclonal antibody against p42mapk (Santa Cruz Bio-MAP kinase activity, using MBP as substrate, in the
presence of an inhibitor of protein kinase A (protein tech, Inc., CA), a phospho-specific MAP kinase anti-

body detecting phosphorylated tyrosine of p44mapk andkinase inhibitor, Sigma P-0300). The reaction mixture
contained 10 ml eluate, 0.44 mg/ml MBP, 44 mM ATP p42mapk (New England Biolabs, Inc., Beverly, MA) or a

polyclonal antibody against the dually tyrosine- and(including 50 mCi/ml of [g-32P]ATP), and 9 mM MgCl2
in a final volume of 45 ml. The enzyme incubation was threonine- phosphorylated (i.e., enzymatically active)

forms of p44mapk and p42mapk (Promega Corporation,performed at 307C, and the reaction was stopped after
10 min with addition of 0.9 mM ATP and 90 mM so- Madison, WI). Immunoreactive bands were visualized
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medium was replaced with Krebs-Ringer HEPES
buffer 30 min prior to hormone addition. Cells were
stimulated with 100 mM norepinephrine (in the pres-
ence of 10 mM timolol), 100 mM PGF2a , 1 mM vasopres-
sin, or 1 mM angiotensin II for 15 sec. The reaction
was stopped by removing the buffer and adding 0.4
M perchloric acid. The samples were centrifuged and
neutralized as described previously (Dajani et al., 1996)
and the InsP3 content of the supernatant was deter-
mined by a competitive radioligand binding assay
(Palmer et al., 1989).

Estimation of DNA synthesis
DNA synthesis was measured in hepatocytes cul-

tured for 72 h. [3H]-thymidine was added to the cul-
tures (1 mCi/ml) at 24 and 48 h after plating and the
amount of radioactivity incorporated into DNA was de-
termined as previously described (Refsnes et al., 1994).

RESULTS
Norepinephrine, PGF2a , vasopressin, and
angiotensin II stimulate MAP kinase in

cultured rat hepatocytes
Vasopressin, angiotensin II, PGF2a , and norepineph-

rine increased the MAP kinase activity in cultured he-
Fig. 3. In-gel assay and immunoblots of MAP kinase in cultured patocytes (Fig. 1). The experiments were performed 3
hepatocytes. Effects of EGF (10 nM), norepinephrine (100 mM), PGF2a h after seeding, since at this time the cells are well
(50 mM), vasopressin (1 mM), or angiotensin II (1 mM). A: Analysis of attached and have previously been found to be opti-MBP kinase activity determined in renatured SDS gels. B: Western

mally responsive to the above agonists in terms of stim-blot of p42mapk demonstrating shifts in electrophoretic mobility (using
50 mg aliquote and acrylamide: N*N*-bis-methylene acrylamide ratio ulation of DNA synthesis (Refsnes et al., 1992; Christof-
30:0.32). C: Western blot showing active p44mapk and p42mapk by the fersen et al., 1994). Figure 1 shows MAP kinase activ-
use of antibody against dually phosphorylated (tyrosine / threonine) ity, assessed as MBP phosphorylation by enzymeMAP kinase. Hepatocytes were cultured for 3 h before addition of

partially purified from lysate. The activity was stimu-agonist 5 min before the cells were harvested.
lated two to threefold by all the activators of G-protein-
coupled receptors. In comparison, EGF increased MAP

with either ECL or ECL / Plus Western blotting detec- kinase activity approximately fourfold (EGF usually
tion systems (Amersham International). produced a larger activation when added later during

the culturing, see also below, Fig. 9).MBP kinase activity in renatured sodium
Dose-effect curves for the activation of MAP kinasedodecyl sulfate (SDS) gel

are shown in Figure 2. It may be noted that angiotensinMBP kinase activity was analyzed according to the
II consistently gave a bell-shaped dose-effect curve. Themethod described by Kameshita and Fujisawa (1989)
explanation for this phenomenon is not known; it mightand Gotoh et al. (1990), with some modifications. Briefly,
result from receptor downregulation at high agonistaliquots of lysate supernatant containing 8 mg protein
concentrations, or the appearance of type 2 angiotensinwere electrophoresed on 10% polyacrylamide gels (acryl-
II (AT2) receptors, which in other cells have been foundamide: N*N*-bis-methylene acrylamide 30:0.8) con-
to inhibit MAP kinase activity (Nakajima et al., 1995;taining 0.5 mg/ml MBP. SDS was removed by washing
Huang et al., 1996). The stimulatory effect of norepi-the gel with 50 mM Tris-HCl (pH 8.0) plus 20% 2-propa-
nephrine on MAP kinase activation seemed to be medi-nol. Then the gel was washed with 50 mM Tris-HCl plus
ated predominantly through a1-adrenoceptors, since it5 mM 2-mercaptoethanol. Denaturation was performed
was completely inhibited by prazosin but not by thein 6 M guanidine-HCl, renaturation in several washes
a2-adrenoceptor antagonist rauwolscine, while the b-with 50 mM Tris-HCl and 0.04% Tween-20. The rena-
adrenoceptor antagonist timolol moderately increasedtured gel was incubated for 1 h with 40 mM HEPES (pH
the norepinephrine-induced MAP kinase activation8.0), 2 mM 2-mercaptoethanol, and 10 mM MgCl2. The
(unpublished data). The effect of timolol is consistentphosphorylation assay was conducted in 5 ml 40 mM
with a cAMP-mediated inhibition of the MAP kinaseHEPES, 40 mM ATP (with 50 mCi/gel of [g-32P]ATP), 0.5
that has been observed in various cells, including hepa-mM EGTA, and 10 mM MgCl2 for 3 h. The reaction was
tocytes (Gines et al., 1996; Graves and Lawrence, 1996;terminated by immersing the gel in 5% (w/v) trichloro-
Thoresen et al., unpublished). In some of the experi-acetic acid and 1% (w/v) sodium pyrophosphate, and
ments below, norepinephrine was used in combinationwashed extensively with this solution to remove unre-
with timolol to exclude the b-adrenergic component ofacted radioactivity. The gel was dried and exposed to
the effect.autoradiography film (Amersham International).

The stimulation of MAP kinase in cultured rat hepa-
Determination of InsP3 tocytes by vasopressin, angiotensin II, PGF2a , and nor-

epinephrine was confirmed by in-gel assays, demon-InsP3 accumulation was determined in hepatocytes
cultured at a density of 50,000 cells/cm2 for 3 h. The strating increased activity at positions corresponding
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to p44mapk/p42mapk (Fig. 3A), and by immunoblotting ex-
periments with antibody to p42mapk, which showed that
all the agents induced shifts in electrophoretic mobility
(Fig. 3B) compatible with phosphorylation of the en-
zyme (Posada and Cooper, 1992). The effect of these
agents was also demonstrated in immunoblots using
the antibody against the dually (tyrosine / threonine)
phosphorylated p42mapk and p44mapk, which are the ac-
tive forms of the MAP kinase enzymes (Fig. 3C).

Sustained activation of MAP kinase
Most reports on the stimulation of MAP kinase by

agents acting on G-protein-coupled receptors have fo-
cused on the acute response, although studies of the
effect of a-thrombin (Meloche et al., 1992; Bhat et al.,
1995), lysophosphatidic acid (Cook and McCormick,
1996), and angiotensin II (Wen et al., 1996) in certain
cell types have revealed a prolonged activation, resem-
bling the pattern of MAP kinase activity by activators
of receptor tyrosine kinases (Meloche et al., 1992; Thor-
esen et al., 1998). A notable finding in the present study
was that the activity of MAP kinase in rat hepatocytes
induced by norepinephrine, PGF2a , vasopressin, and
angiotensin II lasted for several hours (Fig. 4). Thus,
while all four agonists induced a rapid, transient, peak
with a maximum at 3–5 min, the enzyme activity re-
mained elevated for at least 5 h. The sustained activa-
tion of MAP kinase was most pronounced for PGF2a
and norepinephrine, which elicited a second, late phase
of increased activation. Using PGF2a as an example,
Figure 5 gives a Western blot showing that increased
phosphorylation of MAP kinase is still present at 2 h
after the addition of the agonist.

Changes in agonist responsiveness with
time in culture

The hepatocytes retained their ability to elevate the
MAP kinase activity in response to vasopressin, angio-
tensin II, PGF2a , and norepinephrine at 24 h after the
time of seeding (Fig. 6) and at 48 h (data not shown),
although there were marked differences in the tempo-
ral patterns of responsiveness to these agonists. At 24
h of culturing, both vasopressin and PGF2a stimulated
the MAP kinase activity to a level close to that achieved
at 3 h after seeding. On the other hand, the MAP kinase
activity induced by angiotensin II and norepinephrine
exhibited a decline throughout this period. The pres-
ence of timolol did not prevent the decrease in norepi-
nephrine-induced MAP kinase activity with time in cul-
ture (data not shown), suggesting that the decline was
not a result of high levels of cAMP due to the increased
number of b-adrenoceptors after a long time of cultur-
ing (Refsnes et al., 1983, 1992).

Fig. 4. Time course for the activation of MAP kinase. Norepinephrine
(100 mM), PGF2a (50 mM), vasopressin (1 mM), or angiotensin II (1 mM)
were added to hepatocyte cultures 3 h after seeding and incubations
were performed for the indicated periods up to 5 h. The data represent
mean{ SEM of three to four experiments presented as percent stimu-
lation of the control value at each time point. In absolute values, the
controls were initially stable, but decreased slightly from 2 h after
addition of saline solution to 71% of the starting value at 5 h. In insets
are shown the time courses for the initial activation of MAP kinase
from representative single experiments, expressed as percent of con-
trol at each time point. The dotted lines indicate the basal level in all
figures.
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Fig. 5. Immunoblot of phosphorylated MAP kinase 2 h after stimula-
tion with PGF2a . Western blot using antibody against dually phos-
phorylated p44mapk and p42mapk. PGF2a (50 mM) was added to the cell
cultures 3 h after plating, and the cells were harvested after 120 min
of exposure to the agonist.

Elevation of InsP3

An important question concerns the role of the Gq/PI-
PLC pathway in the activation of MAP kinase. Previous
studies have shown that norepinephrine, PGF2a , angio-
tensin II, and vasopressin activate PI-PLC in freshly
isolated hepatocytes (Dajani et al., 1996), but the re-
sponsiveness of the PI-PLC is rapidly down-regulated
during culturing (Sandnes et al., submitted). To study
the capacity of the agonists to stimulate PI-PLC at a
time of culturing where they induce an optimal activa- Fig. 6. MAP kinase activity in rat hepatocytes 3, 8, and 24 h after

plating. Effects of vasopressin (30 nM), angiotensin II (30 nM), PGF2ation of the MAP kinase, we measured at 3 h after plat-
(10 mM), and norepinephrine (10 mM). The cell cultures were incubateding the rise in InsP3 in response to vasopressin, angio-
with agonists for 5 min. The stimulation is expressed as percent oftensin II, norepinephrine, and PGF2a . Figure 7 gives the control values. The dotted line indicates the control level. Results

data determined 15 sec after exposure to agonists. The are given as the mean { SEM from six to seven different experiments.
results show, in contrast to the the MAP kinase re-
sponses, a marked difference between the effects of the
four agents studied. Thus, vasopressin and angiotensin

Church and Buick, 1988; Fujinaga et al., 1989; LiangII increased the InsP3 levels approximately 10-fold,
and Garrison, 1991; Yang et al., 1991, 1993; RamıB rezwhile exposure to norepinephrine and PGF2a resulted
et al., 1995). Since the MAP kinase response to EGFin only about 60% and 20% increases, respectively.
was somewhat greater when assayed after 24–48 h in

Inhibition of MAP kinase by pertussis toxin culture as compared to the early period, these experi-
ments were performed at 24 or 30 h. Figure 9 showsGi has been implicated in activation of MAP kinase
the inhibitory effect of pertussis toxin pretreatment(Alblas et al., 1993; Koch et al., 1994; van Biesen et
(300 ng/ml) on MAP kinase activation by EGF. Theal., 1996). To explore the role of Gi in the pathway(s)
time course for the activation of MAP kinase by EGFactivating MAP kinase in hepatocytes, we treated the
(added at 24 h) in the absence or presence of pertussiscells with pertussis toxin, which inhibits the Gi-protein
toxin (added at 3 h) is demonstrated in Figure 9A.through ADP-ribosylation of the ai-subunit (Murayama
These data show the persistence of the inhibitory actionand Ui, 1983). Previous studies have provided evidence
of pertussis toxin on EGF-induced MAP kinase activa-for a role of Gi in various other effects of prostaglandins,
tion at least up to 2 h after adding the agonist. Figurenorepinephrine, vasopressin, or angiotensin II in hepa-
9B shows a typical dose-effect curve for MAP kinasetocytes, including regulation of adenylyl cyclase and
activation by EGF determined at 30 h after plating withCa2/ fluxes (Melien et al., 1988; Butta et al., 1993; Fer-
and without pertussis toxin pretreatment. Western blotnando and Barritt, 1994; Berven et al., 1995). It has
analysis confirmed the inhibition by pertussis toxin ofalso been suggested that Gi may play a role in linking
EGF-induced MAP kinase activation (Fig. 9C). The in-a1-adrenoceptors to InsP3 production (Tohkin et al.,
hibitory effect of the toxin on MAP kinase was paral-1990). Pertussis toxin (400 ng/ml) was added to hepato-
leled by a marked attenuation of the effect of EGF oncyte cultures at 3 h after seeding, 5 h prior to addition
DNA synthesis (Fig. 9D).of the agonist. Figure 8A shows the activation of MAP

Pertussis toxin did not significantly alter the basalkinase with or without pertussis toxin pretreatment in
level of cAMP under the experimental conditions usedpercent of controls. Pertussis toxin markedly decreased
(data not shown).the responses to the hormonal agents. This inhibitory

effect of pertussis toxin was confirmed by Western ana- DISCUSSIONlysis (Fig. 8B).
We also examined the effect of pertussis toxin on The results obtained with norepinephrine, PGF2a ,

vasopressin, and angiotensin II demonstrate that hepa-the MAP kinase response to EGF. Although the EGF
receptor belongs to the family of receptor tyrosine ki- tocytes express the molecular elements of signaling

pathways that link G-protein-coupled receptors to acti-nases, several lines of evidence have implicated Gi in
some of the actions of EGF (Johnson et al., 1986; vation of MAP kinase. This disagrees with previously
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Fig. 7. InsP3 accumulation in cultured hepatocytes. Hepatocytes
were cultured at a density of 50,000 cells/cm2 for 3 h. Medium was
replaced with Krebs-Ringer HEPES buffer 30 min before stimulation
with agonists for 15 sec. The agonist concentrations used were 100
mM norepinephrine (in the presence of 10 mM timolol), 100 mM PGF2a ,
1 mM vasopressin, or 1 mM angiotensin II. The reaction was stopped
by removing the buffer and adding 0.4 M perchloric acid. The InsP3

content of neutralized samples was determined by a competitive ra-
dioligand binding assay as described in Materials and Methods. Re-
sults are given as the mean { SEM from six different experiments.

reported results on MAP kinase in hepatocytes (Gines
et al., 1995), but is in accordance with more recent
findings on vasopressin and adrenergic agents in these
cells (Jarvis et al., 1997; Romanelli and van de Werve,
1997; Spector et al., 1997). The data, therefore, add to
the increasing body of evidence from various cells that
MAP kinase activation can be elicited not only through
receptor tyrosine kinases, but also via certain members
of the family of seven-transmembrane-spanning recep-
tors and their G-proteins (Alblas et al., 1993; Granot
et al., 1993; Johnson and Vaillancourt, 1994; Watanabe
et al., 1995; Bogoyevitch et al., 1996). Furthermore,
although the exact underlying mechanisms are not

Fig. 8. Effect of pertussis toxin (PTX) on MAP kinase activation byclear, our data indicate a role of pertussis toxin-sensi-
G-protein-coupled receptor agonists. PTX (400 ng/ml) was added totive component(s), presumably Gi , in the stimulatory the cell cultures 3 h after the time of seeding and the cells were

effects of activators of G-protein-coupled receptors as treated with the toxin for 5 h before 5 min of stimulation with agonist.
A: MAP kinase activity determined in the absence or presence ofwell as EGF on MAP kinase in these cells.
PTX after stimulation of the cells with norepinephrine (10 mM) in theNorepinephrine, vasopressin, PGF2a , and angioten-
presence of timolol (10 mM), PGF2a (10 mM), vasopressin (30 nM), andsin II caused a MAP kinase activation that lasted for at angiotensin II (30 nM). The data are mean { SEM of six experiments

least 5 h. Studies on certain agonists acting on receptor and are presented as percent of corresponding controls. The mean
MAP kinase activity in controls treated with PTX was 111% of thetyrosine kinases (Miyasaka et al., 1990; Kahan et al.,
untreated controls. B: The effect of PTX pretreatment on the amount1992; Meloche et al., 1992; Qiu and Green, 1992; Mar-
of active p44mapk and p42mapk after stimulation with norepinephrineshall, 1995), including the effect of EGF in hepatocytes (10 mM) in the presence of timolol (10 mM) or vasopressin (30 nM)

(Thoresen et al., 1998), as well as investigations of a- analysed by Western blot using antibody against dually phosphory-
lated MAP kinase.thrombin, lysophosphatidic acid, and angiotensin II

that act via G-protein-coupled receptors (Meloche et al.,
1992; Cook and McCormick, 1996; Wen et al., 1996),
have demonstrated a sustained increase in MAP kinase the long-term time course of the effect of hormones and

neurotransmitters acting on G-protein-coupled recep-activity and suggested that the duration of the activa-
tion is important for the biological effect elicited tors. It is, therefore, of interest that the agents studied

here, all of which enhance hepatocyte DNA synthesisthrough this pathway. Relatively little is known about
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Fig. 9. Effect of pertussis toxin (PTX, 300 ng/ml) on EGF-induced and are expressed as percent of controls. C: Western blot analysis of
MAP kinase activation and DNA synthesis in rat hepatocytes. A: Time the inhibitory effect of PTX on EGF-induced MAP kinase activity
course for the response to EGF (10 nM) added at 24 h after seeding using phospho-specific MAP kinase antibody detecting phosphory-
in the absence or presence of PTX (added 3 h after seeding). The data lated tyrosine of p44mapk and p42mapk. PTX was added at 3 h after the
represent mean { SEM from three different experiments and are time of plating and EGF (10 nM) at 24 h. Cell cultures were harvested
given as percent stimulation of controls at each time point. The dotted after 30 min of exposure to agonist. D: EGF-induced DNA synthesis
line indicates the basal level. B: Dose-effect curves. Hepatocytes stim- with or without PTX pretreatment. PTX was added at 3 h and EGF
ulated with EGF for 5 min measured at 30 h after plating. PTX was at 24 h, and DNA synthesis was measured after culturing for 72 h.
added at 20 h. The data represent one typical out of six experiments Data represent mean { SEM from three different experiments.

(Christoffersen et al., 1994; Refsnes et al., 1994; Dajani diate the MAP kinase activation reported here have
not been determined. Vasopressin acts through V1-re-et al., 1996), were found to exert an activation of MAP

kinase that lasted for several hours. PGF2a and norepi- ceptors and angiotensin II through AT1-receptors in rat
hepatocytes (Bauer et al., 1991; Morel et al., 1992).nephrine, which are more effective stimulators of DNA

synthesis in rat hepatocytes than angiotensin II and However, the possibility that additional subtypes of re-
ceptors, including a recently reported common receptorvasopressin (Christoffersen et al., 1994; Refsnes et al.,

1994; Dajani et al., 1996), elicited the most pronounced for these agonists (Ruiz-Opazo et al., 1995), are ex-
pressed during culturing cannot be excluded. We havebiphasic activation of the MAP kinase with a protracted

secondary phase. Recently, Burt et al. (1996), studying unpublished results indicating that the MAP kinase
activation by norepinephrine is predominantly an a1-the stimulation of MAP kinase up to 30 min in Rat-1

fibroblasts transfected with d-opioid receptors, sug- adrenoceptor-mediated effect. The prostaglandin recep-
tors involved in the MAP kinase response to PGF2a aregested that a sustained activation is dependent on a

high receptor level. not known; while hepatic FP receptors may play a role,
it has also been shown that PGF2a binds (with rela-The subtypes of G-protein-coupled receptors that me-
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tively low affinity) to EP receptors of the 3b subtype in general, permissive, role of Gi in mitogenic signaling.
Gi participates in various mechanisms that eventuallyhepatocytes (Neuschäfer-Rube et al., 1994).

The signaling pathways that mediate the MAP ki- regulate MAP kinase activity (Koch et al., 1994; Hawes
et al., 1995). One example is the pertussis toxin-sensi-nase activation in response to seven-transmembrane-

spanning receptors are not clarified. Various lines of tive agonist-induced Ca2/ influx induced by EGF or
activators of G-protein-coupled receptors (Fernandoevidence, which are compatible with the present data,

implicate the Gq and Gi-proteins. Vasopressin, angio- and Barritt, 1994), which might be involved in Ca2//
calmodulin-dependent activation of MAP kinasetensin II, norepinephrine, and PGF2a activate PI-PLC,

presumably through Gqa, and elevate intracellular free (Huang et al., 1995; Lev et al., 1995; Dikic et al., 1996;
Enslen et al., 1996; Romanelli and van de Werve, 1997).Ca2/ (Williamson and Monck, 1989; Exton, 1994, 1996;

Dajani et al., 1996). Results from various cells suggest Furthermore, recent evidence suggests links between
the pathways utilized by classical G-protein-coupled re-a role for this pathway in the activation of MAP kinase

(Faure et al., 1994; Hawes et al., 1995; Watanabe et ceptors and tyrosine kinase receptors (van Biesen et
al., 1995; Daub et al., 1996; Luttrell et al., 1996; Wanal., 1995; Eguchi et al., 1996). However, although the

present data, showing a lack of quantitative correlation et al., 1996), and there are findings implicating Gi in
such mechanisms (Alblas et al., 1993; Crespo et al.,between the elevation of InsP3 (Fig. 7) and the activa-

tion of MAP kinase (Fig. 1), do not exclude a role of the 1994; Faure et al., 1994; van Biesen et al., 1995).
Gq/PLC pathway, they suggest additional mechanisms.
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