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Analysis of Vasopressin-Induced Ca* Increase in Rat Hepatocytes
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To analyze vasopressin-induced Ca® increase in liver cells, rat hepatocytes were isolated and
attached to collagen-coated cover slips. Using fura-2, a Ca*-sensing dye, changes in intracel-
lular Ca® concentration by vasopressin were monitored. Results in this communication sug-
gested that vasopressin-induced Ca? increase were composed of both Ca?* release from
internal Ca** stores and influx from the plasma membrane. The Ca® influx consisted of two dis-
tinguishable components. One was dependent on the presence of vasopressin and the other
was not. SK&F96365 blocked vasopressin-induced Ca?* influx in a dose-dependent manner.
Vasopressin-induced Ca* release from internal stores diminished in a primary culture of hepa-
tocytes according to the culiure time. However, changes in vasopressin-induced Ca®* influx
across the plasma membrane differed from changes in the Ca® release from internal stores,
suggesting two separate signalings from receptor activation to internal stores and to the
plasma membrane.
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INTRODUCTION

In hepatocytes, many processes including metabolism
are regulated by hormones such as vasopressin, adrenaline
and angiotensin |l. The binding of these hormones to their
receptors triggers coupling of Gy, type G proteins to pho-
spholipase C; (Rhee, 2001). The activation of phospholipase
C produces second messengers, that is, inositol 1,4,5-tri-
sphosphate (IP;), diacylglycerol. IP; opens intracellular cal-
cium channels in the endoplasmic reticulum, resulting in
transient increase of cytosolic Ca** concentration (Burgess
et al., 1984).

The increase of intracellular Ca®" is induced by the
release of Ca?* from intracellular Ca** stores and by influx
of Ca* across the plasma membrane. The release of Ca®*
from internal stores by IP; empties the stores. The sensa-
tion of the emptying of the Ca?* stores initiates a refilling
process known as capacitative Ca** entry (or store-operated
Ca® entry) (Putney et al., 2001). The mechanisms of ca-
pacitative Ca®* entry have been studied in many cell types,
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and several proposals have been made. The proposed
mechanisms include a diffusible factor (CIF; calcium influx
factor), the exocytosis model, Ca?* regulation, and con-
formational coupling (Putney et al., 2001). In hepatocytes,
it was suggested that multiple channels were involved in
Ca®" homeostasis, specifically, lanthanide sensitive or non-
sensitive channels, cAMP-regulated or Ca®*-regulated ones
and Mn?* permeable or non-permeable ones (Barritt, 1999;
Fernando and Barritt, 1995; Lenz and Kleineke, 1997).

In this communication, vasopressin Ca?* increase was
studied by using short-term and long-term primary cultur-
ed rat hepatocytes. Difference between the response
changes in Ca?* release from intracellular Ca** stores and
in Ca?" influx across the plasma membrane during primary
culture were observed. Two distinguishable components
of vasopressin Ca*" influx were also cbserved.

METHODS AND MATERIALS

Materials

8-Arg-vasopresssin was purchased from Sigma Chem-
icals; fura 2-acetoxymethyl ester and N-2-hydoxyethylpi-
perazine-N-2-ethanesulfonic acid (HEPES) were purchas-
ed from Dojindo (Tokyo, Japan); collagenase (type 1) was
purchased from Wako (Tokyo, Japan). The sources of all
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othe- rsagents were the same as described previously
(Im ot el., 1997).

Isoliation of hepatocytes

He patocytes were isolated from the liver of male rats of
the Wister-derived Donryu strain (200-250 g) that had
been fed ad libitum as described previously (Im et al.,
1997).

Measurement of intracellular Ca** concentration
Frashly prepared hepatocytes were suspended at a
der¢ity of 1.92x10° cells/ml in the William's E medium (pH
7.4) sontaining 5% fetal calf serum, 1 nM insulin, 1 nM de-
xam sthason, 100 units/ml penicillin G and 100 ug/mi strep-
tomycir sulfate. They were maintained at a density of 4x
10* cells/cm® on plastic Petri dishes each containing a
collage1-coated cover glass at 37°C under 5% CO, and
95% air for 1.5 h. Fura 2-acetoxymethyl ester (final concen-
traticn: 5 pM) was then added to the medium. After further
incubaton for 30 min, the culture medium was washed
two 1 mes with and changed to the Hepes-buffered medium
(pH 7.4). The cover glass was removed and fixed on a
sample chamber (SC-20 model, Nihonbunko, Japan) for
perft sicn method measurement. The sample chamber
was set on a stage of a microscope (TMD300 model, Nikon,
Japzn). The Hepes-buffered medium which was warmed
up ir a 37°C water bath coursed through a plastic tube by
a pe istaltic pump (PST-103 model, Iwaki, Japan) at a rate
of 1 in/imin. The medium ran through the sample chamber
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at the same rate. Cells were stimulated with vasopressin
contained in a flowing medium. Measurements of fluores-
cence emission at 510 nM wavelength were collected every
0.1 sec from two excitation wavelengths (340 nM and 380
nM) (CAM-230 system, Nihonbunko, Japan). The ratio of
fluorescence intensities at these two wavelengths was mon-
itored as an estimate of cytoplasmic free Ca?* concentration.

Data presentation
The representative traces for [Ca®*], were chosen out of
3-5 separate experiments and shown in the Fig. 1-4.

RESULTS

In our study, hepatocytes were attached to collagen-coat-
ed cover glasses, and the extracellular media were perfused
continuously. Therefore the stimulation time of vasopressin
and the present time of extracellular Ca?* were controliable.
Vasopressin mobilized Ca?* in rat hepatocytes (Fig. 1a).
The intracellular Ca?* concentration increased immediately
and robustly. After which, the increase plateaud for several
minutes and then declined slowly. The significant Ca** rise
disappeared about 10 min later from 1 min perfusion of
10" M vasopresssin. However the Ca?* rise by the same
concentration of vasopressin lasted longer if the agonist
was continuously perfused (Fig. 1c). To distinguish Ca**
influx from Ca** release, vasopresssin was perfused in
Ca?"-free media and Ca?-containing media were perfused
after the recovery of [Ca*'] to base line. The first increase
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Fig. 1. Vasopressin-induced Ca? influxes in 1.5 h cultured rat hepatocytes. Vasopressin 107 M was delivered to hepatocytes for 1 min (a and b)
or 151in ¢ and d). Ca®"-free Hepes-buffered media were perfused for 3 min before the vasopressin stimulation. 1.3 mM CaCl,-containing media were
perfus :d for the time indicated in the figures. Intracellular Ca® increases were shown by ratio changes of fluorescence at 340 nM and 380 nM.
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of cytosolic Ca?* concentration was observed by the release
of Ca*" from internal stores (Fig. 1b). The second rise was
due to Ca?" influx across the plasma membrane after re-
addition of extracellular Ca?*. The Ca?®" influx was observed
both by a one-minute stimulation and by sustained stim-
ulation of vasopressin (Fig. 1b and 1d). The Ca* influx
was observed by a one-minute stimulation of vasopressin,
which quickly declined (Fig. 1b). However, the sustained
perfusion of the agonist caused the Ca** influx to decrease
more slowly (Fig. 1d).

These measurements indicate that the magnitude of the
Ca? influx changes depend on the readdition time of ex-
tracellular Ca®'. The later the extracellular Ca** was added,
the smaller the Ca?* influx was observed (Fig. 2b-e). Usually,
capacitative Ca? influx was measured in the present of
agonist by readdition of extracellular Ca** by others (Femando
and Barritt, 1994; Lenz and Kleineke, 1997). The Ca*
influx observed after readdition of extraceliular Ca**, that
is usually thought as capacitative Ca®* entry, have to be
observed same magnitute independent to readdition time.
However, in our measuring system, agonist was washed
out by perfusion of extracellular media. Therefore we
could dilute the effect of agonist stimulation by changing
the readdition time. The major portion of Ca?* influx ob-
served in Ca* readdition just after the Ca?" mobilization
from internal stores disappeared following to the washing
out (Fig. 2b-e). This observation suggests a new method
to discreminate agonist-induced Ca?* influx and capacitative
Ca? entry. The small portion of Ca*" influx observed even up
to 5.5 min after vasopressin stimulation may be indepen-
dent of the readdition time, implying capacitative Ca®* entry
(Fig. 2e). Without vasopressin stimulation, Ca?* influx was
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not observed (Fig. 2e).

Hepatocytes are non-excitable cells; There are no voltage-
dependent Ca** channels. Ca** influx was not blocked by
diltiazem. Inversion of the membrane potential by 40 mM
KCl in an extracellular buffer did not evoke Ca** influx in
hepatocytes (data not shown). SK&F96365, a Ca** channel
blocker of receptor-mediated Ca** entry in non-excitabie cells,
blocked the vasopressin-induced Ca*" entry in hepatocytes
in the previous reports (Fernando and Barritt, 1994; Lenz
and Kleineke, 1997). We tested the effect of SK&F96365
on the vasopressin-induced Ca®* entry in the current mea-
suring system. It blocked the Ca** influx in a dose dependent
manner (Fig. 3) (Merritt et al., 1990).

Adrenergic responses in hepatocytes were switched from
o-receptor dominant to B-receptor dominant during liver
regeneration in vivo and primary culture in vitro (ltoh et al.,
1984; Kajiyama and Ui, 1994; Okajima and Ui, 1984). The
decrease of o-adrenoceptor-mediated response during pri-
mary culture happened simultaneously with a total decrease
of Gq protein-mediated responses, that is, vasopresssin-
mediated and angiotension Ill-mediated ones (Kajiyama
and Ui, 1994; Kajiyama and Ui, 1998). The decrease of
vasopressin-mediated Ca® release from internal stores
during primary culture was reproduced in this report (Fig.
4). A significant decrease was observed in 8 h-cultured
hepatocytes (compare the first Ca”" rise in Fig. 4b to the
one in Fig. 4c). Interestingly the decrease of vasopressin-
induced Ca?" influx did not happen in the up to 8 h-cultur-
ed haptocytes. The magnitudes of Ca?* influxes between
4 h- and 8 h-cultured hepatocytes were the same. In 24 h-
cultured hepatocytes, vasopressin-induced Ca*" influx was
significantly diminished. The responses to sphingosine 1-
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Fig. 2. Decrease of Ca® influx depending on the addition time. Vasopressin 107 M was delivered to hepatocytes for 1 min as indicated in the
figure. Calcium-containing media were added 2.5(b), 3.5(c), 4.5(d), and 5.5(e) min later from the vasopressin stimulation.
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Fig. :. $K&F96365 inhibition of vasopressin Ca” influx. Vasopressin and extracellular Ca® presence were indicated in the figure. SK&F96365
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Fig. ¢. Changes of Ca* release and CaZ'influx during primary culture. Vasopressin and extracellular Ca* were delivered as indicated in the figure.
The ctiituted hepatocytes for 1.5 (a), 4 h (b}, 8 h (c), and 24 h (d) were used for the Ca® measurement.

phos hate, including Ca** increase, were enhanced during
the primary culture, suggesting that 24 h-cultured hepa-
tocyt3s are healthy and intact in terms of responsiveness
(Im st a’, 1997).

DISCUSSION

The major findings from this research on vasopressin-
induced Ca®* increase, which used rat hepatocytes attach-

ed to cover glasses by delivering agonist in the flowing
media, are three fold: First, the Ca?* influx was two com-
ponents. That is, one is dependent on the agonist presence.
The other is not. Second, the Ca?* influx was blocked by
SK&F96365. Third, the release of Ca?* from internal stores
and the influx of Ca®* across the plasma membrane by
vasopressin are modulated differently during the primary
culture of hepatocytes.

The sensation of emptying of the Ca®* stores is a trigger
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signal for the Ca®" influx (Barritt, 1999; Putney et al., 2001).
The precise mechanisms are not known yet. In this study,
vasopressin was delivered by perfusion. After one-min
stimulation of vasopressin, vasopressin in the extracellular
media was washed out. The washing effect was observed
clearly when the Ca** rise caused by the one-minute stimula-
tion was compared to the rise caused by sustained stimula-
tion. The dependence of the Ca? influx on the readdition
time might mean that this portion of the Ca* influx was in-
duced by the presence of vasopressin in the extracellular
media. Another possible explanation would be that a dif-
fusible factor like CIF was involved (Randriamampita and
Tsien, 1993). That is, if a diffusible factor, which mediated
Ca* influx, was present transiently and disappeared over
time, the Ca®" influx would decrease depending on the re-
addition time. The present study, however, was not able to
distinguish between the two possibilities. The small portion
of the Ca? influx independent of the readdition time was
interesting. This result might imply that the signal for this
portion of the Ca* influx is present persistently until the
influx occurs. That is, the trigger signal might be negatively
regulated by the Ca? influx. One of the models for capaci-
tative Ca® entry is the conformational change of the IP;
receptor, which couples to the capacitative Ca®* channel in
the plasma membrane (Berridge, 1995; Boulay et al.,
1999; Irvine, 1990; Kiselyov et al., 1999; Kiselyov et al.,
1998; Zubov ef al., 1999). When the Ca*" store is empty,
IP; receptor changes its conformation and triggers the
channel opening. Then, if the store is refilled, the conforma-
tion of the IP; receptor reverses and the channels are
closed (Berridge, 1995; Boulay et al., 1999; Irvine, 1990;
Kiselyov et al., 1999; Kiselyov et al., 1998; Zubov et al.,
1999). Considering the small portion of Ca?" entry in this
study, together with the conformational change model, the
small portion of Ca® entry could be capacitative Ca*
entry.

Another observation was SK&F96365 inhibition of Ca®*
influx. The inhibition of Ca?" influx in hepatocytes by SK&
F96365 has been reported previously in a different mea-
suring system (Fernando and Barritt, 1994). The major por-
tion of the Ca*" influx, which is dependent on the readdition
time was mediated by SKF96365-sensitive Ca®** channels.
The small portion of the Ca? influx independent of the re-
addition time was also blocked by the high concentration
of SK&F96365.

It is well known that the liver regenerates after 70% he-
patectomy. The experimental model system of liver regenera-
tion was the primary culture of hepatocytes, because, during
the primary culture, hepatocytes move from a differentiated
state to a proliferating state (Okajima and Ui, 1984). One of
the phenomena was the switching of adrenergic responses
from o-receptor one to B-receptor one (itoh et al., 1984;
Kajiyama and Ui, 1994; Okajima and Ui, 1984). Ui and his
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colleagues demonstrated that not only a-adrenoceptor-me-
diated signaling but also other Gq protein-coupled receptor-
mediated signaling weakened during the primary culture
(Kajiyama and Ui, 1994; Kajiyama and Ui, 1998). In our
study, the decrease of Ca** release from internal stores by
vasopressin was observed from 8 h-cultured hepatocytes.
However, the vasopressin Ca?* influx did not diminish in
the 8 h-cultured hepatocytes. This implies that the signaling
cascade for the Ca* influx is different to the signaling for
the Ca* release. Despite the fact that the Ca®" release by
vasopressin decreased, the vasopressin Ca?* influx was
intact, suggesting that the signal for the influx originated
from the vasopressin receptor activation contributed mainly
and the signal from the sensation of the Ca?* stores emp-
tying contributed neglitably. As described above, the smaill
portion of Ca?* entry might be the capacitative Ca?* entry
triggered by store emptying. This observation, taken together
with the dependence of Ca? influx on the readdition time,
indicates that vasopressin Ca® influx in hepatocytes may
be induced by receptor activation via unknown mechanisms,
which are temporally present or need sustained receptor
occupancy by vasopressin.
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