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Although several hormones that promote hepatocyte proliferation also activate phos- 
phoinositide-specific phospholipase C (PI-PLC) and mobilize Ca”, the role of PI- 
PLC in the growth-stimulating effect of these agents is not clear. We have investigated 
this issue further, by exposing freshly isolated adult rat hepatocytes to vasopressin, 
angiotensin II, norepinephrine (in the presence of the P-adrenoceptor blocker timolol) 
or PGF,,,, and examined both acute responses and the subsequent DNA synthesis 
when the cells were grown in monolayer culture. All the agonists elevated the level 
of inositol 1,4,5-trisphosphate (InsP,) and enhanced the DNA synthesis, amplifying 
the response to epidermal growth factor (EGF), and this comitogenic effect could be 
exerted by a single exposure of the cells 24 h prior to the addition of EGF. The acute 
activation of PI-PLC, measured as the early rise (peak 15-60 s) in InsP,, was 8-1 0- 
fold with vasopressin or angiotensin II, 3-4-fold with norepinephrine, and -2-fold 
with PGF2,. For all the agonists, a rise in cytosolic free Ca2+ in 100% of the cells 
and a maximal increase in glycogen phosphorylase activity were evoked at concen- 
trations that approximately doubled the level of InsP, . However, the growth-stimula- 
tory effects of these agonists showed a different order of efficacy as compared to the 
activation of PI-PLC; in terms of the maximal stimulation of DNA synthesis, the effects 
were: norepinephrine = PGF2, > angiotensin II > vasopressin. Also, norepinephrine, 
PGF2,, and angiotensin II, but not vasopressin, further enhanced the DNA synthesis 
when their concentrations were increased above those yielding maximal elevation 
of InsP,. In experiments where vasopressin and angiotensin II were combined, their 
effects on the DNA synthesis were additive while the InsP1 responses were not. The 
results show that the extent of the initial activation of PI-PLC is not the determinant 
for the magnitude of the growth effects of CaL+-mobilizing hormones in hepatocytes. 
This suggests either (a) that the proliferative response to these agents i s  determined 
by the activity of PI-PLC at a later time, or i ts integral over an extended part of the 
prereplicative period, rather than by the acute activation, or (b) that additional, PI- 
PLC-independent, mechanisms are required. o 1996 ~ i l e y - ~ i s s ,  Inc. 

In addition to the mitogenic growth factors acting 
on tyrosine kinase receptors, a variety of  hormones, 
neurotransmitters, and other agonists that bind to G 
protein-coupled receptors may also stimulate prolifera- 
t ion in many cells. In hepatocytes, the large number o f  
factors that  enhance growth (Bucher and Strain, 1992) 
include several agents in the la t ter  category, for exam- 
ple, adrenergic agonists, prostaglandins, glucagon, va- 
sopressin, and angiotensin I1 (Brmstad and Christof- 
fersen, 1980; Branstad et  al., 1983; Russel and Bucher, 
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1983; Cruise et  al., 1985, 1988, 1989; Skouteris e t  al., 
1988; Thoresen et  al., 1990; Refsnes et  al., 1992, 1994, 
1995; Vintermyr et  al., 1993). These agonists seem to 
promote hepatocyte growth primarily by facil i tating 
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and synergizing with the effects of receptor tyrosine 
kinase-activating mitogens such as epidermal growth 
factor (EGF) and hepatocyte growth factor (HGF) (Mi- 
chalopoulos, 1990, 1994; Christoffersen et al., 1994). 

The signal transduction mechanisms responsible for 
the (co)mitogenic effects via G protein-coupled recep- 
tors in hepatocytes have not been clarified. An obvious 
question concerns the possible role of phosphoinositide- 
specific phospholipase C (PI-PLC), which cleaves phos- 
phoinositol4,5-bisphosphate (PIP2) and generates ino- 
sitol 1,4,5-trisphosphate (InsP,) and 1,2-diacylglycerol 
(DAG), two mediators implicated in growth responses 
(Nishizuka, 1992; Berridge, 1993). While DAG acts on 
protein kinase C, InsP3-dependent elevation of cytosolic 
free Ca2+ ([Ca2+l,) is probably crucial a t  several specific 
points in the cell cycle traverse, including GdG, and 
G1/S (Bemidge, 1995). A number of growth-promoting 
agonists that act on G protein-coupled receptors in he- 
patocytes, mobilize Ca2+ (Williamson and Monck, 
1989), presumably by activating the P l  isoform of PI- 
PLC (Exton 1994a,b). This is extensively documented 
for vasopressin, angiotensin I1 and al-adrenergic stim- 
ulation (Creba et al., 1983; Thomas et al., 1984; Charest 
et al., 1985; Lynch et al., 1985; Garcia-Sainz, 19871, 
and several prostaglandins, although less studied, have 
also been found to  increase InsPs and elevate [Ca2+l, 
in hepatocytes (Athari and Jungermann, 1989; Mine et 
al., 1990; Puschel et al., 1993; Refsnes et al., 1995). In 
the case of adrenergic stimulation of hepatocyte DNA 
synthesis, a major part seems to be mediated by a,- 
adrenoceptors (Cruise et al., 1985; Refsnes et al., 1992), 
implicating PI-PLC, although part of the effect involves 
P-adrenergic, cAMP-dependent mechanisms (Refsnes 
et al., 1992). Enhancement of hepatocyte DNA synthe- 
sis by prostaglandins, such as PGE, and PGFzu (Skout- 
ens et al., 1988; Refsnes et al., 1994), seems to occur 
independently of CAMP but is associated with an early 
elevation of InsP, and [Ca2'l, (Refsnes et al., 1995). 
However, while these results are compatible with a role 
of PI-PLC in the proliferative response to the above 
agents, the mechanisms involved might be more com- 
plex. Thus, in hepatocytes from regenerating liver a,- 
adrenoceptors seem to become uncoupled from hydroly- 
sis of PIP, (Cruise et al., 1989). Also, stimulation of 
DNA synthesis in cultured hepatocytes by PGF,, is ad- 
ditive with the effects of norepinephrine or vasopressin, 
suggesting at  least partly distinct pathways (Refsnes 
et al., 1994, 1995). It is also worth noting that effects 
of angiotensin I1 on protooncogene expression in hepa- 
tocytes could not be explained by the activation of PI- 
PLC (Gonzalez-Espinosa and Garcia-Sainz, 1992). It is 
conceivable that other mechanisms, such as phosphati- 
dylcholine breakdown (Augert et al., 1989; Malcolm et 
al., 1995) or tyrosine phosphorylation (Gonzalez-Es- 
pinosa and Garcia-Sainz, 19951, that might be indepen- 
dent of PI-PLC, play a role in the growth response to 
the Ca2+-mobilizing agents, although there is still no 
direct evidence of this. 

In an attempt to shed more light on the role of PI- 
PLC in the growth response to Ca2 ' -mobilizing ago- 
nists, we have focused on the following question: Does 
the extent of the initial hormonal activation of PI-PLC 
predict the magnitude of the proliferative response to 
Ca2' -mobilizing agents in cultured hepatocytes? Using 
vasopressin, angiotensin 11, norepinephrine, and 
PGF, , we have compared in some detail the changes in 

intracellular InsP3, Ca2+, and glycogen phosphorylase 
activity that these agents elicit and examined the rela- 
tionship between the early effects and the subsequent 
stimulation of DNA synthesis. The experiments showed 
that although all the four agonists activated PI-PLC 
and exerted both acute PI-PLC-related effects and en- 
hancement of the DNA synthesis, the degree of the 
initial PI-PLC stimulation did not correlate with the 
magnitude of the growth response. This suggests either 
(a) that, if PI-PLC determines the growth effects of 
these agents, it is not the acute response but the activ- 
ity a t  other parts of the prereplicative period that is 
of importance, or (b) that the proliferative responses 
require additional mechanisms that are not mediated 

MATERIALS AND METHODS 
Materials 

Dulbecm's modified Eagle's medium (DMEM), Way- 
mouth's medium MAB 87/3, penicillin, and streptomycin 
were from Gibco (Grand Island, NY). Prostaglandin Fza 
(tris salt), norepinephrine hydrogen tartrate, timolol ma- 
leate, [ArgBlvasopressin, angiotensin 11, collagenase (type 
1, C0130), dexamethasone, epidermal growth fador 
(EGF), insulin, fatty acid-free bovine serum albumin 
(fraction V), and collagen (type I from rat tail) were ob- 
tained from Sigma Chemical Co. (St. Louis, MO). [6-3Hl- 
thymidine (22-27 Ci/mmol) was from the Radiochemical 
Center, Amersham (Buckinhamshire, UK). D-rny~[~Hl- 
inositol-l,4,5-trisphosphate (21.0 Ci/mmol) was obtained 
from Dupont NEN (Boston, MA). Fura-YAM and Pluro- 
nic F-127 were from Molecular Probes (San Diego, CAI, 
Fura-PE3/AM from Teflabs (Austin, TX). 

Hepatocyte isolation and incubations 
Male Wistar rats (170-220 g), fed ad libitum, were 

used. Hepatocytes were isolated by in vitro collagenase 
perfusion and low speed centrifugations (Berry and 
Friend, 1969; Seglen, 1976), with modifications as pre- 
viously described (Christoffersen et al., 1984). Cell via- 
bility, measured as the ability to  exclude trypan blue, 
was 90-97%. 

For the assay of hormone effects on the level of InsP3 
and the glycogen phosphorylase activity, freshly iso- 
lated hepatocytes ( lo6 cellslml) were preincubated at  
37°C in Krebs-Ringer-Hepes buffer with 0.5% albumin 
and 16.8 mM glucose for 30 min before the addition of 
agonists, while the cells for determination of ICa2+li 
and DNA synthesis were taken from the same cell sus- 
pensions and plated as described below. When cells 
were stimulated with norepinephrine, timolol(10 pM) 
was present for the last 15 min of the preincubation 
period to block effects via P-adrenoceptors. 

Assay of InsP, 
Freshly isolated hepatocytes were incubated as de- 

scribed above. The reaction was stopped by perchloric 
acid (final concentration 3.3%, v/v). The samples were 
left on ice for 30 min before centrifugation and neutral- 
ization of the supernatant with 1.5 M KOH, 60 mM 
Hepes in the presence of Universal indicator. The InsP, 
content of the neutralized supernatant was determined 
by a competitive radioligand-binding assay (Palmer et 
al., 1989). 

by PI-PLC. 
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Glycogen phosphorylase activity 
Freshly isolated hepatocytes were incubated as de- 

scribed above. The cells were stimulated for 1 min and 
then triplicate samples of 100 pl of cell suspension were 
added to 200 p1200 mM NaF, 40 mM EDTA, 1% (w/v) 
glycogen, 0.2% bovine serum albumin, and 100 mM 
glycylglycine pH 7.4, and immediately frozen in liquid 
nitrogen. Glycogen phosphorylase activity was deter- 
mined as described (Hue et al., 1975). 

Measurement of [Ca2+li in single hepatocytes 
Hepatocytes were plated onto poly-D-lysine-coated 

coverslips at a density of 1-2 x lo5 cells/cm2 and kept 
in the culture medium for 30 min in an atmosphere of 
95% air&% CO, at  37°C before loading. The coverslip 
was washed once with a Krebs-Ringer-Hepes buffer 
(pH 7.4) and loaded by incubating either with 5 pM 
fura-2lAM or fura-PE3lAM (a new zwitterionic fura- 
2 analog with better qualities regarding leakage and 
compartmentalization) for 60-90 rnin at  37°C. Sul- 
finpyrazone (250 pM) was also present during loading 
to prevent leakage and compartmentalization. ARer 
loading, the coverslip was washed once with Hepes 
buffer and the cells were incubated in Hepes buffer. All 
experiments were performed at 35-37°C. Single cell 
Ca2+ measurements (Rotnes and Iversen, 1992) were 
based on the ratios of the fluorescence with excitation 
at 345 and 385 nm. Because fura-WAM is partly com- 
partmentalized in hepatocytes after loading, we did not 
calculate apparent values for [Ca2+li from the ratios. 
The equipment consisted of a PTI- A-scan excitation de- 
vice, a Nikon inverted microscope, a Hamamatsu CCD 
video camera, and a Sony video recorder (Rotnes and 
Iversen, 1992). 

Hepatocyte culturing and estimation of DNA 
synthesis 

The cells were suspended in culture medium and 
plated (20,000/cm2) in Costar wells (10 cm2). The cul- 
ture medium (0.2 mVcm2) used was a serum-free 1:l 
combination of Dulbecco's modified Eagle's medium 
and Waymouth's MAB 8713 medium (Sand and Christ- 
offersen, 1987, 1988), with final glucose concentration 
16.8 mM. The medium was bicarbonate-buffered and 
supplemented with penicillin (67 pglml) and streptomy- 
cin (100 pg/ml). Insulin (100 nM), dexamethasone (25 
nM), and collagen (3 pglml) were present in all the 
experiments (added at the time of plating), EGF was 
added either at the time of plating or after 24 h of 
culturing as indicated in the figure legends. The cul- 
tures were kept in 95% air/5% C02 at 37°C. L3H1- 
thymidine (,H-TdR) was added to the cultures (1 pCi/ 
ml, 0.125 Cilmmol) at 24 h during plating. The cells 
were harvested at  50 h, and DNA synthesis was mea- 
sured as the amount of radioactivity incorporated into 
DNA, as previously described (Refsnes et al., 1994). 

RESULTS 
Freshly isolated hepatocytes were exposed to Ca2+- 

mobilizing agonists and examined for acute responses 
to monitor immediate phosphoinositide-mediated sig- 
nalling while parallel cell samples were cultured for 
estimation of the subsequent growth response. 

Elevation of intracellular InsP3 
To assess the initial activation of PI-PLC, we mea- 

sured the early InsP3 response to agonists in freshly 
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Fig. 1. Time course for InsPB accumulation in freshly isolated hepa- 
tocytes. Hepatocytes were preincubated for 30 min before stimulation 
with 1 fl vasopressin (o), 1 pM angiotensin I1 (A), 10 pM norepineph- 
rine, in the presence of 10 pM timolol (A), 25 a PGFz, (V), or saline 
(0). At the indicated times, samples were removed, extracted with 
perchloric acid (final concentration 3.3%) and neutralized as described 
in Materials and Methods. The InsP, content of the neutralized super- 
natant was determined by a radioligand binding assay. Results are 
presented as mean 5 SEM from triplicates within one typical out of 
three separate experiments. 

isolated hepatocytes. Vasopressin, angiotensin 11, nor- 
epinephrine, and PGF& all increased the level of InsP, . 
In agreement with studies using either radioactive in- 
corporation of [3Hlinositol (Charest et al., 1985; Lynch 
et al., 1985) or mass determination (Athari and Junger- 
mann, 1989; Palmer et al., 1989; Cerpovicz and Ochs, 
1992), the elevation of InsP3 occurred very rapidly after 
agonist addition. The concentration increased from 
basal levels (approximately 4 pmollmg protein) to peak 
values within 15-60 s (Fig. 1). 

In the previous studies using radioactive incorpora- 
tion the percentual elevation of InsP, was much smaller 
than we found by mass determination. A likely expla- 
nation for this discrepancy in the response amplitude 
is that most investigations based on isotope labeling 
have not distinguished between Ins(1,4,5)P3 and the 
inactive isomer Ins( 1,3,4)P3, as pointed out by Palmer 
et al. (1989). In addition, the studies using radioactive 
labeling most often included Li+, which may enhance 
the accumulation of Ins(1,3,4)P3 even more than 
Ins(1,4,5)P3 (Allan and Exton, 1993). Using mass deter- 
mination of InsP3, we could not detect any effect of Li+ 
on the accumulation of Ins(1,4,5)P3 in the hepatocytes 
up to 60 min under our conditions (data not shown). 
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Fig. 2. Dose-response curves for agonist induced InsP, accumulation in freshly isolated hepatocytes. 
Hepatocytes were incubated and extracted as described in the legend to Figure 1. Cells were stimulated 
with agonists for 60 s. The data are the mean 2 SEM of 4-7 independent experiments. 

Since we are not aware of other studies that have 
made detailed comparisons of the InsP, responses to 
these agonists, using mass determinations, we exam- 
ined the dose-response relationships (Fig. 2) in the ab- 
sence of Li'. Measurements were done at  60 s. Vaso- 
pressin and angiotensin I1 were markedly more effi- 
cient in raising the InsP, level than norepinephrine and 
PGF,,. The responses to vasopressin and angiotensin 
I1 were almost identical, with half-maximal effects at 
about 3 nM and an 8-10-fold increase in the level of 
InsP3 at saturating concentrations (i.e., 210 nM) for 
both agents (Fig. 2). In comparison, the maximal InsP, 
elevation in response to norepinephrine (at 21 pM) 
was 3-4-fold, whereas PGFza at plateau concentrations 
(225 pM) caused about a doubling of InsP,. 

Effects on [Ca2+li 
We examined the quantitive relationship between 

agonist concentration and elevation of [Ca2'li in freshly 
isolated hepatocytes (after a brief plating and dye-load- 
ing period), using digital imaging fluorescence micros- 
copy, and compared the [Ca2+lj response with the early 
rise in InsP,. Figure 3 shows the [Ca2+li elevation, ex- 
pressed as the proportion of responding cells (i.e., any 
response in the period 0-60 s after the addition of ago- 
nist), at various concentrations of vasopressin, angio- 
tensin 11, norepinephrine, or PGF,,. All the agonists 
evoked an elevation of [Ca2+li in 100% of the cells. As 
observed for the rise in InsP3 (Fig. 2), the dose-effect 
relationships for vasopressin and angiotensin I1 were 
very similar, with no significant [Ca2+li response at con- 
centrations s 10 pM, a 50% response at  0.1 &, and 
100% of the cells responding at 1-10 nM. For norepi- 
nephrine we did not record any response at concentra- 
tions I 10 nM, a 50% response was obtained at  10- 
30 nM, and 100% response at  0.1 pM. PGFza had no 
detectable effect a t  concentrations 5 10 nM, but a 50% 

response at  0.1-1.0 pM, and 100% response at 100 pM. 
In the low dose ranges all the agonists induced short- 
lived Ca2+ transients (duration s 30 s) (Fig. 4), that 
were usually repetitive (baseline oscillations), as pre- 
viously described for vasopressin and phenylephrine 
(Woods et al., 1986; Rooney et al., 1989). Administra- 
tion of higher concentrations resulted in a sustained 
[Ca2'li elevation (Fig. 41, but some hepatocytes also 
showed repetitive transients (sinusoidal oscillations) 
superimposed upon the sustained elevated level. At 1- 
10 nM of vasopressin or angiotensin 11, all the hepato- 
cytes exhibited sustained responses. This was also the 
case for norepinephrine at 1 pM, while about 80% of 
the hepatocytes responded with a sustained [Ca2+li ele- 
vation when treated with 100 pM PGFza. As shown by 
the examples of single cell responses in Figure 4, Ca2+ 
signals were heterogenous with different types of re- 
sponse patterns a t  the same concentration of agonist. 
However, no consistent Merences between the Ca2+ 
signals evoked by the different agents were observed 
by the analysis carried out in this study. 

Comparison of the [Ca2+li response (Fig. 3) with the 
InsP, concentration (Fig. 2) indicated that, under our 
experimental conditions, approximately a doubling of 
the InsP, level (mean value for the cell sample) was 
associated with a [Ca2+li increase (any response) in all 
of the hepatocytes, irrespective of the agonist used. The 
corresponding concentrations were about 1 nM for va- 
sopressin and angiotensin 11, 0.1 pM for norepineph- 
rine, and 10 pM for PGF,,. Since these concentrations 
were submaximal for the InsP, elevation, it follows that 
the dose-effect curves for the [Ca2+li response were leR 
shifted compared to the InsP, curves. This shift was 
greater €or vasopressin and angiotensin I1 than for nor- 
epinephrine and PGFza, in accordance with the much 
larger maximal InsP, elevation produced by the former 
agents. 
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Fig. 3. Dose-response curves for the proportion of hepatocytes re- 
sponding with increased [Caz+li. Freshly isolated hepatocytes were 
plated onto poly-D-lysine coated coverslips and loaded with 5 @I fura- 
YAM (60-90 min at 37°C). The cells were exposed to agonists as 
descrihd in Materials and Methods and Ca2' responses were mea- 

Activation of glycogen phosphorylase 
To obtain an estimate of the magnitude and sensitiv- 

ity of an acute metabolic effect elicited via InsPs and 
[Ca2'li, we measured the activation of glycogen phos- 
phorylase, which is an extensively documented re- 
sponse in hepatocytes (Thomas et al., 1984; Charest et 
al., 1985; Lynch et al., 1985; Gomez-Foix et al., 1989). 
Glycogen phosphorylase was measured at  1 min (pla- 
teau activity, data not shown) after exposure to vary- 
ing concentrations of the agonists. Vasopressin, 
angiotensin 11, PGFaa, and norepinephrine all stimu- 
lated glycogen phosphorylase. Results for vasopres- 
sin and norepinephrine (in the presence of timolol to 
eliminate CAMP-mediated phosphorylase activation) 
are shown in Figure 5. The dose-effect curves for the 
activation of glycogen phosphorylase by these ago- 
nists closely followed the [Ca2'li response. 
Enhancement of the effect of EGF on the DNA 

synthesis by prior treatment with 
Ca2+-mobilizing agonists 

To measure the proliferative response of the hepato- 
cytes, we placed them in primary culture (in serum- 
free medium with dexamethasone and insulin), exposed 
them to agonists at the seeding (i.e., at the same time 
as parallel cell samples were assayed for changes in 
InsP,, [Ca2+li, and glycogen phosphorylase), and deter- 
mined the DNA synthesis. Previous investigations sug- 
gested that growth-promoting effects mediated through 
various G protein-coupled receptors are exerted mainly 
in the early part of the prereplicative period (see, e.g., 
Thoresen et al., 1990; Ftefsnes et al., 19921, while the 
cells become more sensitive to the mitocrenic effect of 

sured as single cell elevation of [Ca2+li by d i ~ t a l  imaging. The data 
represent the percentage of cells responding during the first 60 s after 
stimulation and are the mean of more than 64 cells observed at each 
dose, and at least three independent experiments. 

Figure 6 shows that when vasopressin, angiotensin 11, 
norepinephrine, or PGF2, were added at the time of 
seeding, the degree of their potentiation of the EGF 
effect was similar irrespective of whether EGF was also 
added at the seeding or a t  24 h. The dose-response 
relationships for the various Ca'+-mobilizing agonists 
were also unaltered by delaying EGF addition, as 
shown for vasopressin (inset). Thus, the initial growth- 
promoting signaling steps of the former agents do not 
require simultaneous activation of the EGF receptor. 
We therefore adopted an experimental model in which 
we added the Ca'+-mobilizing agent a t  the time of seed- 
ing and postponed the addition of EGF until 24 h later. 
Figure 7 shows the time course for the effects of norepi- 
nephrine and PGFza and shows that these agonists 
strongly advanced the onset of the S phase entry even 
when EGF was added 24 h after stimulation with nor- 
epinephrine and PGFza. 

Comparison of the effects of vasopressin, 
angiotensin 11, norepinephrine, and PGF,, 

on the DNA synthesis 
We then made a more detailed quantitative compari- 

son of the effects of the four agonists on DNA synthesis 
(Fig. 8). Compared to hepatocytes treated with EGF 
alone, vasopressin enhanced DNA synthesis about two- 
fold, with ED50 at about 0.3 nM and a maximum at 10 
nM. This is in close agreement with data by Cruise and 
Michalopoulos (1988). Angiotensin 11, which elicited 
InsP, and [Ca2+li responses almost identical to vaso- 
pressin, both in terms of amplitude and sensitivity 
(Figs. 2,3), showed a very different dose-resDonse curve 
forxhe DNA synthesis, &th a progressively increasing 
effect a t  high concentrations and about three-fold stim- EGF at  a later point (Sand and Christofiersen, 1987). 
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Fig. 4. A-D Single cell [Ca2+li responses in individual fura-WAM loaded hepatocytes. Hepatoeytes 
were plated as described in the legend to Figure 3. Typical single eel1 responses are presented for each 
of the agonists at varying agonist concentration. 

ulation at  10 pM. Norepinephrine (100 @I) and PGFza 
(100 pM) stimulated approximately four-fold at the 
highest concentrations used. These agents, like angio- 
tensin 11, further increased DNA synthesis (Fig. 8) at  
concentrations above those yielding maximal InsP3 and 
[Ca2+li responses (Figs. 2, 3). No plateau was attained 
in effects of angiotensin 11, norepinephrine, or PGF,, 
on DNA synthesis. The reason for this is not clear, 
although it is conceivable that the hepatocytes may 
exhibit their maximal responsiveness at  a point later 
than the addition and that a substantial part of these 
agonists may have been degraded at  that time (see also 
Athari and Jungerman, 1989). 

Taken together, the results show that neither the 
order of efficacy as stimulators of DNA synthesis (nor- 
epinephrine = PGFza > angiotensin I1 > vasopressin) 
nor the shape of the dose-response curves for these 
agents paralleled their ability to activate PI-PLC. 

Effects of vasopressin and angiotensin I1 
are additive on DNA synthesis but not 

on PI-PLC activation 

Previously we found that the growth-stimulating ef- 
fects of PGF,, and PGE, were completely additive with 
those of norepinephrine or vasopressin, suggesting that 
these agonists act through mechanisms that are at 
least partly separate and have restricted capacity com- 
pared to the processes downstream of their point of 
convergence (Refsnes et al., 1994,1995). If the PI-PLC 
is the determinant of the growth response of the Ca2+- 
mobilizing agents, it would be expected that additivity 
on DNA synthesis was associated with additivity in 
InsP, production. To investigate this further, we com- 
bined the two strongest activators of PI-PLC, vasopres- 
sin and angiotensin 11, and measured the effects on 
DNA synthesis and InsP, production. While the level 
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Fig. 5. Dose-response curves for agonist induced glycogen phospho- 
rylase activation in freshly isolated hepatocytes. Hepatoeytes were 
incubated as described in the legend to Figure 1. Cells were stimulated 
with agonists for 60 s, and the reaction was stopped by addition of 
buffer and immediate freezing in liquid nitrogen. Glycogen phospho- 
rylase activity was measured as described in Materials and Methods. 
The results are expressed as percent of the basal level (100% = 35 
m unitdmg protein) and represent the mean of three independent 
experiments. 
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Fig. 6. Effect of Ca2+-mobilizing agonists on EGF stimulated DNA 
synthesis. Hepatocytes were plated at  a density of 20,000 cells/cm2. 
Vasopressin (VP, 1 pM), angiotensin I1 (AT 11,l pM), norepinephrine 
(NE, 10 pM), and PGF,, (100 pM), were added at  the time of plating, 
while EGF (5 nM) was either added at  the time of plating (open bars) 
or 24 h later (filled bars). All cultures also received insulin (100 nM) 
and dexamethasone (25 nM) at time of seeding. Timolol(10 pM) was 
added 15 min before norepinephrine. Inset: Dose-response curve for 
the effect of vasopressin on EGF stimulated DNA synthesis, EGF (5 
nM) was either added at the time of plating (open symbols) or 24 h 
later (filled symbols). DNA synthesis was assessed in the period 24- 
50 h. The data in the main figure and inset are expressed as percent 
of control (open symbols 100% = 29.2 cpdbg protein, closed symbols 
100% = 22.6 cpdpg protein) and represent the mean 2 SEM of three 
independent experiments. 
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Fig. 7. Time course for the initial phase of stimulation of hepatocyte 
DNA synthesis by norepinephrine (10 pM) and PGF,, (10 pM). Norepi- 
nephrine and PGF2, were added at  the time of plating, while EGF (5 
nM) was added after 24 h of culture. DNA synthesis was assessed as 
['HI-thymidine incorporated into DNA. Inset: Time course for the 
stimulatory effect of EGF on hepatocyte DNA synthesis. The data are 
the mean f SEM of triplicate cultures from one representative of 
three experiments. 

of InsPs obtained at supramaximal concentrations of 
vasopressin showed no significant further increase 
when angiotensin I1 was added (Fig. 9A), the effects of 
the two agents were completely additive with respect 
to DNA synthesis (Fig. 9B). This further supports the 
notion that other mechanisms than the acute activation 
of PI-PLC are involved in mediating the growth re- 
sponse to these agents. 

DISCUSSION 
This report adds t o  the body of evidence showing that 

Ca2'-mobilizing agonists can enhance DNA synthesis 
in hepatocytes, acting in synergism with EGF (Michalo- 
poulos, 1990, 1994; Bucher and Strain, 1992; Christof- 
fersen et al., 1994). Furthermore, our data demonstrate 
that these comitogenic effects can be exerted by a single 
exposure of the cells to the agonist 24 h prior to the 
addition of EGF (Figs. 6, 7). The latter finding has im- 
portant mechanistic implications, since it shows that 
the initial growth-promoting changes that are elicited 
in the hepatocytes via G protein-coupled receptors, and 
that eventually produce the enhanced response to EGF, 
may start and proceed independently of concomitant 
activation of the EGF receptor. 

A role of the PI-PLC pathway in hormonal stimula- 
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Fig. 8. Dose-response curves for the effect of Ca'+-mobilizing ago- 
nists on DNA synthesis. Vasopressin, angiotensin 11, norepinephrine, 
and PGFza were added at the time of plating. EGF (5  nM) was added 
24 h after seeding. DNA synthesis was assessed as f3H1-thymidine 
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Fig. 9. Effects of angiotensin I1 (1 pM) in combination with vasopres- 
sin on InsP, production (A) and DNA synthesis (B). Freshly isolated 
cells were exposed to agonists for 60 s, and InsP3 was extracted as 
described as in the legend of Figure 1. The DNA synthesis was as- 
sessed in the period 24-50 h after plating. InsP, results are presented 
as mean 2 SEM from triplicates within a typical experiment which 
was repeated at least seven times with similar results. The DNA 
synthesis data are expressed as percent of control (100% = 2.63 c p d  
pg protein) and represent the mean ? SEM of four cultures from one 
representative of five experiments. 

incorporated into DNA in the period 24-50 h after seeding. The data 
are expressed as increase in percent of basal (100% = 22.6 cpdLg 
protein) and represent the mean ? SEM of three independent experi- 
ments. 

tion of hepatocyte proliferation is suggested by the 
finding, in both previous work and in the present study, 
that several of the agents that enhance growth in these 
cells also activate PI-PLC. Thus, vasopressin, angioten- 
sin 11, and norepinephrine are long recognized Ca2'- 
mobilizing hormones that activate PI-PLC in hepato- 
cytes (Thomas et al., 1984; Charest et al., 1985; Lynch 
et al., 1985), and several prostaglandins, including 
PGFza, have also been found to increase InsPy and 
[Ca2+li in these cells (Athari and Jungermann, 1989; 
Mine et al., 1990; Puschel et al., 1993; Refsnes et al., 
1995). The present work confirms those findings and 
extends them in terms of a more systematic quantita- 
tive comparison of the effects of the different agonists. 

However, the present data are not readily compatible 
with the initial PI-PLC activation being the sole deter- 
minant for the magnitude of the proliferative effect of 
the Ca'+-mobilizing agents studied here. Although all 
the four agonists investigated stimulated both PI-PLC 
and DNA synthesis in the hepatocytes, the degree of 
the initial PI-PLC activation did not correlate with the 
magnitude of the growth response of the hepatocytes. 
Thus, the least effective activators of PI-PLC, i.e., nor- 
epinephrine and PGFza, caused the largest enhance- 
ment of the DNA synthesis. In contrast, the [Ca2+Ii and 
glycogen phosphorylase responses to the four agonists 
followed a pattern as expected in view of their actions 
on PI-PLC. There were also striking dissimilarities in 
the shape of the dose-response curves when comparing 
the elevation of InsP, and DNA synthesis. For example, 
whereas vasopressin and angiotensin I1 elicited virtu- 
ally identical acute activation of PI-PLC (Fig. 2), angio- 
tensin 11, in contrast to  vasopressin, further stimulated 
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the DNA synthesis when its concentration was in- 
creased above the level yielding maximal elevation of 
InsP3. Furthermore, the effects of vasopressin and an- 
giotensin I1 on the DNA synthesis were completely ad- 
ditive whereas their stimulations of the InsP3 levels 
were not (Fig. 9). The additivity of the effects on the 
DNA synthesis, which was also found previously when 
combining PGF,, with norepinephrine or vasopressin 
(Refsnes et al., 1994,1995), suggests that these agents 
utilize at least partly distinct mechanisms. The theo- 
retical possibility that they, when combined, show addi- 
tive effects on the DNA synthesis because they might 
act on distinct subpopulations of hepatocytes, is ex- 
cluded by the fact (Fig. 3) that each of the agents exam- 
ined elicited Ca" responses in virtually 100% of the 
cells. Taken together, the results indicate that the ini- 
tial activation of PI-PLC is not the quantitative deter- 
minant for the proliferative response to Ca2'-mobiliz- 
ing agents in hepatocytes. Two alternative explana- 
tions should then be considered. 

First, it is conceivable that although the acute stimu- 
lation of PI-PLC is not the decisive event in the growth 
effect of Ca'+-mobilizing agonists, the activation of this 
enzyme at a later time point, or the integral of its activ- 
ity over an extended part of the prereplicative period, 
might be the important factor. If so, time-dependent, 
agonist-specific changes in PI-PLC responsiveness 
might occur (Bouscarel et al., 1990; Refsnes et al., 
1992). This issue is presently being addressed in our 
laboratory, by examining time-dependent changes in 
the hormonal responsiveness of PI-PLC during the pre- 
replicative period, as well as the duration of the re- 
sponse. The results (Sandnes et al., manuscript in prep- 
aration) do not provide evidence of agonist-specific 
changes in the PI-PLC responsiveness that can explain 
the differential growth effects of the agents examined 
here. 

The alternative explanation is that other pathways, 
that are independent of PI-PLC, are required for the 
growth effects of all or some of the Ca'+-mobilizing 
agents. In hepatocytes angiotensin 11-stimulated c-fos 
expression was inhibited by genistein, suggesting a role 
for tyrosine phosphorylation in the effects of angioten- 
sin I1 on longer term responses, such as protooncogene 
expression (Gonzalez-Espinosa and Garcia-Sainz, 
1995). In other cells, vasopressin and PGFza have been 
reported to cause tyrosine phosphorylation (Kiehne and 
Rozengurt 1994; Watanabe et al., 1994). Another candi- 
date mechanism is hydrolysis of phosphatidylcholine. 
There is strong reason to believe that a sustained in- 
crease in the level of DAG plays an important role in 
growth responses, and that utilization of phospholipids 
other than PIP,, particularly phosphatidylcholine, is 
responsible for this prolonged rise in DAG (Augert et 
al., 1989; Cook and Wakelam, 1991; Nishizuka, 1992; 
Exton, 1994a). Although a sustained elevation of DAG 
usually is preceeded by an initial activation of PI-PLC 
(Nishizuka, 1992), it is unclear if activation of PI-PLC 
is an obligatory trigger of the subsequent production 
of DAG from phosphatidylcholine (Exton, 1994a). A re- 
cent report from hepatocytes indicated that purinergic 
activation of phosphatidylcholine phospholipase D was 
independent of an initial PI-PLC activation (Malcolm 
et al., 1995). We are now investigating how the agents 
used in this study influence the activity of phosphati- 
dylcholine phospholipase D, and the size and duration 

of the DAG content of the hepatocytes, and how these 
effects correlate with the growth responses. 

CONCLUSIONS 
The data in this article suggest that the growth-pro- 

moting effects of PGF,, , norepinephrine, angiotensin 
11, and vasopressin in hepatocytes are not solely ex- 
plained by the acute activation of PI-PLC, and also 
that these agents may act by at least partly distinct 
mechanisms. In view of the activation of PI-PLC by 
a number of growth-stimulating agents acting via G 
protein-coupled receptors in hepatocytes, and the 
strong evidence for InsP3-regulated Ca2+ elevations 
having essential roles in the cell cycle progression, in- 
cluding GI traverse in various cells (Bemidge, 19951, 
it is likely that this enzyme is involved in hepatocyte 
growth. However, the present results provide further 
evidence in support of the notion that additional mech- 
anisms take part in the growth-stirnulatory effects of 
Ca2'-mobilizing agents in the hepatocytes. Further 
studies are required to determine the nature and the 
role of possible PI-PLC-independent mechanisms in the 
growth-promoting effects of Ca2+-mobilizing agonists. 
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