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Calcium-mobilizing agonists induce intracellular C&*
concentration ([Ca*];) changes thought to trigger
cellular responses. In connected cells, rises in [C4];
can propagate from cell to cell as intercellular C&*
waves, the mechanisms of which are not elucidated.
Using fura2-loaded rat hepatocytes, we studied the
mechanisms controlling coordination and intercellular
propagation of noradrenaline-induced C&* signals.
Gap junction blockade with 18 a-glycyrrhetinic acid
resulted in a loss of coordination between connected
cells. We found that second messengers and [€4];
rises in one hepatocyte cannot trigger C&" responses
in connected cells, suggesting that diffusion across
gap junctions, while required for coordination, is not
sufficient by itself for the propagation of intercellular
Ca?* waves. In addition, our experiments revealed
functional differences between noradrenaline-induced
Ca?* signals in connected hepatocytes. These results
demonstrate that intercellular Ca* signals in multi-
cellular systems of rat hepatocytes are propagated
and highly organized through complex mechanisms
involving at least three factors. First, gap junction
coupling ensures coordination of [C&*]; oscillations
between the different cells; second, the presence of
hormone at each hepatocyte is required for cell-
cell Ca?* signal propagation; and third, functional
differences between adjacent connected hepatocytes
could allow a ‘pacemaker-like’ intercellular spread of
Ca?* waves.

Keywords Ca&* waves/gap junction/hepatocytes/
intercellular

Introduction

Hormone-induced intracellular increases irfCaoncen-
tration have important roles in the physiology of most cell
types (Berridge, 1993; Petersenal., 1994; Pozzaet al,,
1994; Thomat al,, 1996). Isolated hepatocytes, as well
as many other cells, exhibit cytosolic freeCg[Ca2™];)
oscillations upon stimulation with low concentrations
of inositol 1,4,5-trisphosphate (IngRdependent agonists
(Woodset al, 1986; Rooneyet al., 1989). Intracellular
wave-like propagation of [Gd]; oscillations across single
cells is driven mainly by a regenerative process of'Ca

receptors (Kasai and Petersen, 1994; Thoetad, 1996).

In multicellular systems, intercellular waves can propagate
from cell to cell by mechanisms which are not understood
in all cell types (for review, see Sandersenal., 1994).
Intercellular communication between adjacent connected
cells can take different routes, including both extracellular
(paracrine) and intracellular (cell coupling by gap junc-
tions) pathways (Bruzzonet al, 1996; Meda, 1996).
Both these routes are involved in the propagation of
intercellular C&" waves in various cell types (for review,
see Sandersobt al, 1994). For example, ATP release
into the extracellular medium has been reported to signal
to distant cells and to generate an intercellulaf'Caave

in rat basophilic leukaemia cells (Osipchuk and Cahalan,
1992), in neuroepithelioma cells (Palrredral., 1996) and

in rat hepatocytes (Schlosser al, 1996). Nevertheless,
diffusion of second messengers through gap junctions
from one cell to the other appears to be responsible for
the intercellular spread of €awaves in tracheal ciliated
cells (Sandersoet al, 1990; Sneyet al, 1995), glial cells
(Charleset al, 1992), pancreatic acinar cells (Loessberg-
Staufferet al, 1993; Yuleet al, 1996) and many other
cell types (Sandersoet al., 1994).

In the liver, hepatocytes are tightly coupled by gap
junctions (Nicholsonet al, 1987). Thus, intercellular
communication is thought to occur mainly by spreading
of second messengers or other molecules through these
extensive connections, as in other epithelial cells
(Bruzzoneet al, 1996; Meda, 1996). Hepatocyte gap
junctions are freely permeable to both microinjected™Ca
and InsR (Saezet al,, 1989). However, there is no direct
evidence for actual diffusion of €& or InsP; from one
hepatocyte to the other during hormone-induced*Ca
transient. In rat hepatocyte couplets, gap junction blockade
results in the loss of G4 signal synchronization between
cells (Nathanson and Burgsthaler, 1992). In more complex
multicellular systems of rat hepatocytes, we have demon-
strated highly coordinated hormone-induced Csignals,
with reproducible sequences of [€4 rises in the different
connected cells (Combettes al,, 1994). Similarly, in the
intact liver, highly coordinated [C4]i signals in response
to agonists have been described (Natharstoal., 1995;
Robbgaspers and Thomas, 1995). However, the factors
coordinating individual [C&"]; oscillations between con-
nected cells and propagating intercellula?Caaves are
not precisely known.

We studied multicellular systems of rat hepatocytes,
and confirm that hormone-induced intracellulafCaig-
nals are coordinated between cells through the involvement
of gap junctions. Surprisingly, neither intracellular rises
of second messengers nor 2€achanges in one cell
can entirely account for the intercellular propagation of
hormone-induced G4 waves. We show that coordinated

release from the endoplasmic reticulum, mediated byJnsP intercellular C&" waves in multicellular systems of rat
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hepatocytes require the additional presence of the agonist

at the cell surface of each hepatocyte. Finally, we report

functional differences between adjacent connected hepato-

cytes, which may be the basis of a ‘pacemaker-like’
mechanism for intercellular propagation of Cavaves.

Results

The frequency of [CH]; oscillations elicited by a given
agonist concentration differs between individual liver cells
(Kawanishiet al, 1989; Rooneet al, 1989). However,

in multicellular systems of rat hepatocytes (Nathanson
and Burgstahler, 1992; Combettesal, 1994) and even

in the intact liver (Nathansoet al, 1995; Robbgaspers
and Thomas, 1995), [€4]; oscillations are synchronized
and highly coordinated. In our experiment, the behaviour of
single cells and connected hepatocytes was very different.
Noradrenaline treatment induced oscillating {Qarises

of variable frequencies in single cells, whereas the?[Ga
oscillations were tightly coordinated in hepatocyte triplets
in the same microscope field (e.g. Figure 2A and data
not shown).

Is a paracrine route involved in coordination and
propagation of intercellular Ca?* waves in
multicellular systems of rat hepatocytes?

Single rat hepatocytes can signal to each other by releasing ey 3 A UAAAA,

ATP into the extracellular medium following mechanical
stimulation (Schlossest al,, 1996). Thus, we tested for this
type of intercellular communication in our experimental
conditions, even though the incubation medium was
renewed continuously by concurrent superfusion and
aspiration (see Materials and methods). When superfusion
of cells was performed according to our standard experi-
mental conditions (i.e. at a rate of 1.5-2 ml/min),
mechanical stimulation of fura2-loaded single cells elicited
a [C&™); rise in the stimulated cell but was not followed
by any C&" response in the non-connected neighbouring
cells (Figure 1B, left panel). In contrast, in the absence
of continuous washing of the medium, mechanical stimula-
tion of the same hepatocyte induced a {Qarise both

in the stimulated cell and in non-connected neighbouring
cells (Figure 1B, right panel). In these conditions, as
reported recently (Schlossest al, 1996), the delay
between the [CH]; rise in the stimulated cell and the
C&" response in non-connected cells increased with

Intercellular calcium waves in rat hepatocytes
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Fig. 1. Paracrine [C&']; signalling in isolated rat hepatocytes.

(A) Pseudo-colour image of isolated hepatocytes loaded with fura2.
The stimulated cell is referred to as cell B)(Left: cell 1 was
mechanically stimulated, while the preparation was continuously
superfused (1.5-2 ml/min); a [€4); increase was observed only in
cell 1. Right: in the absence of continuous washing of the medium,
mechanical stimulation of cell 1 induced a fC# rise in

non-connected neighbouring cells. An increase ir?[Gawas

observed first in the mechanically stimulated cell (tracing 1), then in
nearby cells, and finally in more distant cells (tracings 2—4). Tracings
have been shifted arbitrarily along tlyeaxis for clarity. Recording of
the traces was interrupted for 1 min between the experiments shown
on the left and on the right.

increasing distance between the stimulated hepatocyte and intermediate cell (see Materials and methods). The two
the other cells (cells 2— 4, Figure 1A and B, right panel). remaining cells were completely isolated one from the
Finally, cells distant from the stimulated cell did not other but were not damaged, as indicated by the unchanged
respond (e.g. cell 5, Figure 1A and B, right panel). resting [C&"];, respectively 115+ 7 nM and 122+

These results suggest that, in our conditions of con- 10 nM before and after excisioB {riplets). In these
tinuous superfusion, paracrine mechanisms of intercellular conditions, noradrenaline elicited [€d; oscillations in
communication cannot account for the propagation and both cells without coordination. One of the cells (cell 1)
coordination of C&" signals in multicellular systems of retained nearly the same pattern of {Ca oscillations,
rat hepatocytes. whereas the other (cell 3) displayed a slower frequency
and responded to noradrenaline after a longer delay. These
observations were confirmed by the analysis of three
triplets in three separate experiments (Table ).

These results suggest that intercellular connection is

required for the coordination of hormone-inducedi [Ca
oscillations in multicellular systems of rat hepatocytes.

Futhermore, one cell in the multiplet seems to impose its
frequency and delay on the other connected cells.

Implication of the intercellular connection in the
propagation and coordination of intercellular Ca®*
waves

To investigate the role of intercellular connection in
coordination of noradrenaline-induced fC} oscillations,
we compared Cd signals elicited in hepatocyte triplets
before (Figure 2A) and after (Figure 2B) excision of the
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Gap junction involvement in the propagation and
coordination of intercellular Ca?* waves

The long-chain alcohol octanol reduces gap junction
permeability (Chansoet al, 1989), and these properties
have been described in hepatocytes (Spawl, 1986;

which inhibits gap junction coupling in many cell types
(Davidsonet al., 1986; Davidson and Baumgarten., 1988;
Goldlmergl, 1996) including rat liver epithelial cell
lines (Guaret al,, 1996). Hepatocyte triplets were injected
with fura2 (5 mM in the pipette) in control conditions or

Saezet al, 1989). However, as described in other cell after incubation with 2QuM AGA for 10 min. In control

types (Deutsclet al,, 1995; Charlest al., 1996; Young conditions, Figure 3A shows that, after fura2 injection in

and Hession, 1996), octanol strongly diminished or even the intermediate cell of a triplet, the dye began to be
abolished hormone-induced [€3; oscillations in single detectable in the two adjacent cells within ~10 s, so that
hepatocytes (data not shown). Thus, in addition to cell these cells became fluorescent. In most cases, a steady-
uncoupling, octanol may interfere with cellular processes state level of fluorescence was reached in the non-injected
involved in second messenger metabolism, impairing cells after ~7 min (7+ 1.2 min from four triplets; Figure
generation and spread of intra- and intercellula?™Ca  3A). It should be noted that intercellular fura2 transfer
waves. We therefore tested the effects of a more specificoccurred in all doublets and triplets with dilated bile

and non-toxic agent, 1&-glycyrrhetinic acid (AGA),

A Nor (0.1pM)
Cc1 JKM\MA& k\ E
. L
100 nM
1 min L
Cc3
B Nor (0.1pM)

©
©

100 nM |

1 min

Fig. 2. Effect of intermediate cell excision on noradrenaline-induced
[Ca?*); oscillations in rat hepatocyte triplets. Hepatocytes loaded with
fura2 were challenged with noradrenaline (Nor, QM) for the time
shown by the horizontal barsA] Tightly coordinated [C&'];

oscillations in the three connected cells under hormonal stimulation.
(B) The intermediate cell was excised to eliminate physical contact
between the two remaining cells, which were then perfused for at least
10 min and challenged with the agonist. This trace is representative of

those obtained for seven triplets in four independent experiments.
Tracings have been shifted arbitrarily along thexis for clarity.

c3

canaliculi, indicating that junctional cell coupling was
efficient in these cases. Fura2 did not appear in non-
injected cells as long as AGA (36M) was present in the
medium (Figure 3B). When AGA was removed by washing
the cells with a saline solution, fluorescence increased
progressively in the non-injected cells (Figure 3B), con-
firming, as previously reported in other cell types
(Davidsonet al, 1986), that the effect of AGA on gap
junction cell coupling was reversible.

We then tested the effects of AGA on cell coupling
during noradrenaline-induced €asignals. Hepatocyte
triplets were perfused with noradrenaline (QU¥) in the
presence of AGA (2QuM) (Figure 4). Well-coordinated
noradrenaline-induced [€4]; oscillations became highly
uncoordinated. After removing AGA, [€4]; oscillations
progressively recovered their synchronized pattern (Figure
4). Note that AGA, unlike octanol, did not significantly
change the frequency of noradrenaline-induced?{Ga
oscillations in single cells (data not shown). This result
confirms that gap junctions are indeed involved in the
coordination of [C&™]; oscillations in the different hepato-
cytes of multicellular systems.

Is the noradrenaline-induced Ca?* transient of one

cell sufficient to trigger an intercellular Ca?* wave

in a multicellular system?

Our findings suggest that a signal diffuses from cell to
cell, thereby coordinating and propagating intercellular
C&* waves. Although microinjected €aor InsR; in one
cell of a doublet increases [€3; in the connected cell
(Saezet al, 1989), little is known about the extent of
such communication during physiological stimulation.

Microperfusion studiesWe used a focal microperfusion

procedure to investigate this question. One of two fura2-
injected connected cells was focally microperfused with
noradrenaline together with fluorescein to monitor the

Table I. Kinetics of noradrenaline-induced [€4; oscillations before and after excision of intermediate cells in rat hepatocyte triplets

Cell 1

Cell 3

Before excision

After excision

Before excision After excision

1.86: 0.3
22+ 4

Frequency (osc/min)

Delay (s) 30+ 8

1.77*+ 0.14

1.80+ 0.3
25+ 6

0.85+ 0.2
85+ 23

Experimental conditions were as described for Figure 2. The frequency and delay?6f;[Gscillations were determined in hepatocyte triplets
treated with noradrenaline (OM) for at least 5 min. Cell 2 was excised as described in Materials and methods. Data are the: 1GEdh of
three hepatocyte triplets exhibiting the same range of frequencies and delays.
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Fig. 3. Inhibition of intercellular dye transfer by AGA in rat
hepatocyte triplets.A) Fura2 was microinjected at time 0 into the
intermediate cell of hepatocyte triplets. Emitted fluorescence at

Aex = 360 nm was recorded and plotted as a function of time, both for
the intermediate cell®, n = 5) and for the two connected cells

(M, n = 10). Results are shown as meahsSEM for five triplets in

two independent experiment®8)(Hepatocyte triplets were
pre-incubated with AGA (2@M) for 10 min. After injection of fura2
into the intermediate cell, n = 3), appearance of fura2 fluorescence
in connected cells was totally inhibited( n = 6) until AGA was
washed out. Results are shown as the mear®EM for three triplets

in two independent experiments.

Intercellular calcium waves in rat hepatocytes

Nor (0.1pM)

[ aca@mm |

2000M|__

1 min

Fig. 4. Effects of AGA treatment on noradrenaline-induced{Qa
oscillations in rat hepatocyte triplets. Hepatocytes loaded or injected
with fura2 were challenged with noradrenaline (Nor, QM) for the

time shown by the horizontal bar. AGA (3fM) was applied as
indicated by the open box. Tracings represent[Gain three

connected cells, and have been shifted arbitrarily along/itves for
clarity. Following addition of AGA to the bath together with the
agonist, noradrenaline induced non-coordinated?{Geoscillations in

the three cells, each cell responding with its own frequency. Following
AGA washout, the three cells rapidly recovered synchronized a
oscillations. These results are representative of those obtained using
five triplets in two independent experiments.

area perfused (see Materials and methods and Figure 8)putative InsR intercellular diffusion in synchronization

The noradrenaline-treated cell exhibited {Ch oscill-

of [Ca™]; oscillations by microinjecting heparin in the

ations and the non-perfused cell did not (Figure 5, left intermediate cell of a triplet. Heparin inhibits both IasP

part). Similarly, when the focal noradrenaline perfusion
was restricted to the other cell, [€3; oscillations were

limited to that hepatocyte and did not show up in the
connected cell (Figure 5, middle part). At the end of this

binding and the resulting Inghduced C&" release
(Worley et al., 1987; Cullenet al,, 1988) as well asi;-
adrenoreceptor—G protein coupling (Dasso and Taylor,
1991). Triplets were loaded with fura2 and treated with

experiment, the doublet was globally superfused with noradrenaline (0.1uM), eliciting trains of coordinated

noradrenaline (0.1uM), and both cells then exhibited
[C&2*]; oscillations which were tightly coordinated (Figure

[C&®™]; oscillations in the three connected cells (Figure 7,
left panel). After washing out noradrenaline, the inter-

5, right part). It should be noted that, when stimulated mediate cell of the triplet was microinjected with heparin.
independently by microperfusion, the two connected cells The renewed superfusion of noradrenaline (Qu¥)

did not exhibit the same delays and fCh oscillation

elicited [C&™]; oscillations only in the non-injected cells,

frequencies, whereas they were tightly coordinated whenwhereas [C&']; remained at a low basal level in the

globally superfused.
These results show that intracellular rises in €RE™
or other second messengers elicited by anitependent

heparin-injected cell (Figure 7, bottom panel). {Ch
oscillations in the two remaining responding cells were
coordinated for the first minute, and exhibited an increasing

hormone, although required for coordination, are not difference in their frequencies. To ensure that the inter-
sufficient to trigger an intercellular €a wave. As in mediate cell had not been damaged during the heparin
previous experiments (see Figure 2), these results alsomicroinjection process, the triplet was treated with tauro-
suggest that one cell in the multiplet is able to impose its lithocholate sulfate (20uM), a C&"-mobilizing agent
frequency and delay on the other connected cells. which does not involve Insfdependent mechanisms
(Capiodet al, 1991). This elicited a [C4]; rise in the
three cells of the triplet (Figure 7, right panel). When
heparin was injected together with fura2 in the intermediate
cell of triplets, similar results were observed in the two
remaining responding cells (data not shown).

These results confirm that €adoes not diffuse from
cell to cell in detectable amounts during noradrenaline

Sudden noradrenaline removal during agonist-induced
Ca' response.We then used an alternative technical
approach to verify the observation reported above. Fura2-
loaded hepatocyte multiplets were stimulated with nor-
adrenaline until the first cell(s) had fully reached its
peak(s) [C&']; rise, then the hormone was removed

rapidly (see Materials and methods). The triplet displayed stimulation and that intercellular transfer of Insprobably

coordinated [C&"]; oscillations before noradrenaline - X .
removal, but one of the three connected cells no longer insufficient towards cell 3 in these experiments, may be

responded when the hormone was suddenly removed an‘telqulve.d in the synchronization of agonist-induced {Ga
the first and the second cells had responded (Figure 6).OSC'”at'0nS'

This confirms that agonist-induced €amobilization in

one hepatocyte is not sufficient to trigger an intercellular Discussion

C&" wave in connected cells. The presence of noradrena-
line appears to be required at each hepatocyte for the
response of the whole multicellular system.

Although molecular mechanisms underlying intracellular
C&" signalling have received considerable attention
(Berridge, 1993; Pozzaat al., 1994; Thomast al., 1996),

Heparin microinjection.We finally studied the role of intercellular propagation of Ga signals, which constitutes
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Fig. 5. Focal stimulation of connected rat hepatocytes. Hepatocytes were loaded or injected with fura2. The left, middle and right parts of the figure
show successive measurements of{Qain the same hepatocyte doublet. The left and middle parts show the r@sponse, when one cell within

the doublet was focally microperfused with noradrenaline {lDin the micropipette) for the time shown by the upper horizontal bars. In these
conditions, only the stimulated cell (indicated by an arrow) within the doublet responded. In the right part, at the end of the experiment, the doublet
was globally superfused with noradrenaline (QNI): both cells of the doublet exhibited tightly coordinated f¢h oscillations. The cell preparation

was alternately illuminated at 450 nm to gauge the extent of the microperfused area, and at 380 nm to measure noradrenaline4ngjuced [Ca
increases. Thus, tracings are the inverted graphical representation of4hesaciated fluorescence decrease observagat380 nm,

Aem = 510 nm. For technical convenience, tracings were interrupted (the gap represents 3 min). These results are representative of those obtained
using four doublets in three independent experiments.

a potentially important mechanism of cell-cell communic- Gap junctional cell coupling contributes to

ation, is poorly understood. Coordination and propagation coordinate intercellular Ca’* signals

of agonist-induced intercellular €asignals in connected  Thus, intercellular connections are presumably responsible
hepatocytes have been reported previously but the mechanfor intercellular coordination and propagation of 2Ca
isms have not been clarified (Nathanson and Burgstahler,signals. Freshly isolated multicellular systems of rat
1992; Combettest al, 1994; Nathansoret al, 1995; hepatocytes are composed of connected cells with different
Robbgaspers and Thomas, 1995). types of intercellular junctions, especially gap junctions
and components of tight junctions (Gautatal, 1987).
This role of gap junctions had been reported previously
in octanol-treated hepatocyte couplets (Nathanson and
Burgstahler, 1992). We confirmed this conclusion by using
the more specific gap junction blocker AGA. In our
experiments, noradrenaline-induced {Cia oscillations
were not synchronized in the presence of AGA, indicating

: ! . ; that communication via gap junctions indeed controls the
in adjacent cells (OS_'pChUk and Cahglan, 1992; Grierson synchronization of C& s?gnpa{s between connected cells.
and Meldolesi, 1995; Palmet al, 1996; Schlogsaat al, .__Finally, intermediate cell excision from a triplet confirmed
1996). It was not known whether such paracrine secretion i+ coordinated changes in [€4 in connected cells
co-exists with direct gap junctional communication during \yere not simply the result of independent responses of
hormone stimulation in hepatocytes. We demonstrated ;qividual cells showing the same [&4, oscillation

that paracrine mechanisms cannot account for the highly grequency. Note that intermediate cell excision had larger
coordinated intercellular Ga waves observed under high  offacts on noradrenaline-induced Casignalling in the

perfusion flow rates (Sef Figure 1). Moreover, no coordin- yemaining cells than gap junction inhibition alone, sug-
ation of intercellular C&' signals was observed between gagting an additional role for tight junctions or adhesion

neighbouring non-connected hepatocytes (data not shown),;glecules (Dedhar and Hannigan., 1996).
as would have been expected if there was paracrine ’

secretion. Finally, as we have reported previously, the Diffusion through gap junctions is insufficient to
direction of wave propagation was not related to the induce intercellular Ca?* waves

direction in which the cells were superfused (Combettes Cell—cell propagation of G4 signals has been observed
et al, 1994; and data not shown). in cultured tracheal epithelial cells and in glial cells (for

Paracrine communication does not contribute to
intercellular Ca?* wave coordination and

propagation

In several cell types, including isolated rat hepatocytes,
mechanical stimulation induces the release of molecules
into the extracellular medium, inducing a [C% increase
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Fig. 6. Effect of sudden noradrenaline removal during coordinated
[Ca?™); oscillations in multicellular systems of rat hepatocytes.
Hepatocytes loaded with fura2 were challenged with noradrenaline
(Nor, 0.5uM) for the time shown by the horizontal bar. The medium
was washed out rapidly (W) as indicated by the step (and dashed
area). Tracings have been shifted arbitrarily alongytzeis for

clarity. Following noradrenaline addition to the bath, intercellulaf Ca
waves initiated in cell 1 (determined by examination of a video
recording) propagate to cells 2 and 3. Following washout of
noradrenaline at the peak of the fC% increase in cell 2 (see third
oscillation), there was no further propagation to cell 3. These results
are representative of those obtained using eight triplets in four
independent experiments.

review, see Sandersemal, 1994), as well as in pancreatic
acinar and3 cells (Loessberg-Stauffet al, 1993; Meda,
1996; Yule et al, 1996). In these different cell types,
intercellular C&" waves are thought to be mediated by
passive Insp diffusion through gap junctions from one
stimulated cell to the connected cells (Boitagtal.,, 1992;
Demeret al, 1993; Sneydkt al, 1995; Yuleet al, 1996).
To study this putative diffusion of IngP heparin was
injected into the intermediate cell within a hepatocyte
triplet. After heparin injection, [CH]; did not increase
in the injected cell, and noradrenaline-induced Ga
oscillations in the two remaining responding cells rapidly

Intercellular calcium waves in rat hepatocytes

Nor (0.1pM) Nor (0.1pM) TLC-S (200uM)

o UL

Fig. 7. Effect of heparin microinjection on noradrenaline-induced
[Ca%™]; oscillations in multicellular systems of rat hepatocytes.
Hepatocyte triplets loaded or injected with fura2 were challenged with
noradrenaline (Nor, 0.uM) for the time shown by the horizontal

bars. Tracings, representing &4 in the three connected cells, have
been shifted arbitrarily along theaxis for clarity. The left, middle

and right parts of the figure show successive measurements %f][Ca

in the same hepatocyte triplet. In the left part, noradrenaline addition
to the bath was followed by coordinated f&% oscillations and
intercellular C&" waves, initiated in cell 1 (determined by

examination of a video recording) and propagating to cells 2 and 3.
The intermediate cell of the triplet was then injected with heparin

(10 mg/ml in the pipette) as described in Materials and methods. After
injection (middle part), noradrenaline elicited &4 oscillations in

cell 1 and cell 3 but not in the injected cell (cell 2), in which fCh
stayed at a low basal level. Note that cell 3 rapidly developed a
different oscillation frequency. Dotted lines have been added to
facilitate the comparison between cell 1 and cell 3 frequencies. At the
end of the experiment, the same triplet was challenged with
taurolithocholate sulfate (TLC-S, 2QiM), which elicited a C&"
response in the three connected cells (right part). These results are
representative of those obtained using five triplets in four independent
experiments.

either Ingkhjection (Saezt al, 1989) or addition of a
maximal concentration of vasopressin (Nathanson and
Burgstahler, 1992), the most efficient agonist for increasing

became unsynchronized. This confirms that cell—cell dif- intracellular InsR concentration in hepatocytes (Hansen

fusion of C&" is not detectable during hormone stimula-

et al, 1986; Combettegt al, 1988). Both types of cell

tion and suggests that, alternatively, intercellular transfer stimulation probably induce stronger Insktracellular

of Insk; could be implicated in the synchronization of
agonist-induced [C4]; oscillations. Yet, diffusion of InspP
is not sufficient by itself to propagate intercellularCa

increases than perfusion of low agonist concentrations,
leading to sufficient InsfPintercellular diffusion. It should
be noted that in the intact liver, intercellular Cavaves

waves. Using different technical approaches, we found can be elicited by InsPdependent agonists in a range of

that stimulation of only one hepatocyte in a multiplet is
not sufficient by itself to trigger a [C4]; rise in adjacent

connected cells. Thus, passive diffusion to connected cells

concentrations similar to that used in this study (Nathanson
et al, 1995; Robbgaspers and Thomas, 1995).

of the messengers produced in the stimulated cell cannotAgonist-receptor interactions at each cell are

alone drive intercellular Ga waves in multicellular

systems of rat hepatocytes. This is clearly demonstrated

required to generate intercellular Ca?* waves
When connected by gap junctions, hepatocytes, like other

by focal microperfusion experiments (Figure 5), and epithelial cells, are considered to be like a syncytial
confirmed by the sudden removal of agonist (Figure 6). system, throughout which information acquired by one
The apparent discrepancy with previous observations oncell can be transferred freely to all other cells (Bruzzone
hepatocyte couplets could have resulted from the use ofet al,, 1996; Meda, 1996). Nevertheless, as shown above,
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a simple syncytial transmission of messengers cannot be to agonists in hepatocyte plates (Tatphab®96),

the sole basis for the propagation of intercellulaCa  a possibility which needs to be investigated further.
waves in multicellular systems of rat hepatocytes. The In this study on multicellular systems of rat hepatocytes,
presence of the hormone is required by each cell of the we show that noradrenaline-induced fCh oscillations
hepatocyte multiplet for the generation of an intercellular are synchronized at a multicellular level by diffusion of
Ca&* wave. These stringent conditions for propagation of a messenger through gap junctions, and that intercellular
coordinated C#& signals in epithelial cells have not been Ca&* waves do not propagate through a mechanism only
described in any other multicellular system. This liver- involving passive cell—cell diffusion. We identified three
specific type of intercellular G4 wave propagation may factors which are required simultaneously to trigger co-
result from the morphological organization of the liver ordinated intercellular G4 waves. First, gap junction
cell plate, a one cell thick cord entirely bathed in blood- coupling allows diffusion of an intercellular messenger;
borne factors including hormones through sinusoids second, the presence of the agonist is required to ensure
(Gumuccio et al, 1994). More generally, our results excitability of each cell in the multicellular system; and
might indicate that the concept of an excitable medium— third, functional cellular differences between adjacent
previously shown to allow characterization ofCavaves hepatocytes may be the basis of sequentially ordered
in large cells like oocytes (Lechleiter and Clapham, 1992; patterns of C&" signalling through a ‘pacemaker-like’
Berridge, 1997)—can usefully be applied to the assembly mechanism.

of much smaller cells (like hepatocytes) communicating
via intercellular junctions. To allow the &a signal to
propagate from cell to cell, diffusion is required (presum-
ably InsR diffusion through gap junctions), but each cell Materials

must o have reached  certan level o exciabilly, Susd Panst s s s bt o T et
ensured bY.the pr_eser)ce .Of noradrenaline. Only underwa?s from Calbpiochem% and collagen;se from Boehringhér. All gther
such conditions will diffusion from cell to cell of @ chemicals were purchased from Sigma and were of the highest grade
small additional stimulus be sufficient to synchronize the available commercially.

otherwise uncoordinated oscillations of the various cells.

Heparin perfusion into the intermediate cell of a triplet, Preparation of hepatocytes

. . . . . Single hepatocytes and multicellular systems were prepared from fed
or sudden removal of the agonist, will drive this cell into female Wistar rats by limited collagenase digestion of rat liver, as

a refractory state which will prevent propagation of previously described (Combetiest al, 1994). After isolation, rat

the wave. hepatocytes were maintained {20° cells/ml) at 4°C in Williams’
medium E supplemented with 10% fetal calf serum, penicillin (200 000
U/ml) and streptomycin (100 mg/ml). Cell viability, assessed by trypan

Evidence for a ‘pacemaker-like’ organization in blue exclusion, remainezt96%, during 4-5 h.

multicelllar systems of rat hepatocytes Loading of hepatocytes with fura

Th‘? r(_.‘\qu.lremem for t.he multicellular S.y.Stem to _ha"_e_ all Hepatocytes were loaded with fura2 either by injection (see below) or

of its individual cells in a state of sufficient excitability  py incubation with the dye. As fura2 may be partly compartmentalized

for wave propagation to occur provides the explanation (Chiavaroli et al, 1994; Combettest al, 1996), hepatocytes were

for the fact that upon coupling of these individual oscillat- loaded with the new fura2 analogue, fura2-PE3, which has the same

; ; ; ; spectroscopic characteristics as fura2 but which is less susceptible to
Ing units, the cell with the shortest delay and the hlgheSt compartmentalization (Morndraet al, 1995). Small aliquots of the

frequency of oscillation will act as a pacemaker for the gyspended hepatocytesqse cells) were diluted in 2 mi of Williams’
other cells. One hepatocyte in a multiplet can thus impose medium E modified as described above, then plated onto glass dish
its delay and frequency of [@é]i oscillations on other coverslips coated with collagen |, and incubated for 60 min at 37°C
connected cells. When completely disconnected, pre- Under an atmosphere containing 5% LCfter cell plating, the medium

. T ! was removed and replaced with a medium containingvBfura2-PE3/
viously CQUple_d hepatocytes fe_CPYer an individual pattern AM. The hepatocytes were incubated for 30 min at 37°C under an
of C&* signalling, one cell exhibiting a shorter delay and atmosphere containing 5% GOThe coverslips were then washed twice
afaster [C&']; oscillation frequency than the other (Figure with a saline solution (10 mM HEPES, 116 mM NaCl, 5.4 mM KCl,
2). Similarly, when individually stimulated, two adjacent 1.8 mM CaCj, 0.8 mM MgCb, 0.96 mM NahPO,, 5 mM NaHCQ

. . and glucose 1 g/l, pH 7.4).
connected hepatocytes differ with regard to these two As previously described (Combettes al, 1994), freshly isolated

cat signqlling vari'ables, whereas 9|0ba| 5timU|atiQn of doublets and triplets were distinguished from aggregates of non-con-
the cell pair results in equal [€4]; oscillation frequencies  nected cells in conventional light microscopy by screening for dilated
with an intercellular time lag of a few seconds (Figure 5). bile canaliculi, indicators of maintained functional polarity (Gautam
These results suggest that agonist-induced intercellular®t - 1987)

T 20 .
Ce Wave_s_ are initiated by an In§anrease in the Measurement of intracellular Ca?* in individual cells
most sensitive cell (Combettes al, 1994). Intercellular  Dish coverslips were put onto a thermostatted holder (34°C) on the stage
diffusion of InsR, although insufficient by itself to produce  of a Zeiss Axiovert 35 microscope set up for epifluorescence microscopy.
a [C§+]i increase in connected cells, may synchronize The excitation light was supplied by a high pressure xenon arc lamp

1. g . . _ (75 W), and the excitation wavelengths were selected by 340 and 380 nm
[Ca2 Ji oscillations in coupled hepatocytes. Such an inter filters (10 nm bandwidth) mounted in a processor-controlled rotating

Ce“U_lar Org_anization Qf signalling has not be_en re‘_port_Gd filter wheel (Lhesa, France) between the UV lamp and the microscope.
previously in non-excitable and non-automatic epithelial ~ Ce&* imaging was as described by Combetétsal. (1994). Briefly,
cells and can be compared with cell-cell triggering in fluorescence images were collected by a low-light level ISIT camera

; : _ (Lhesa, France), digitized and integrated in real time by an image
cardiac pacemaker cells (msavm al, 1993)' We pre processor (IMSTAR, France). [€8]; was determined in individual cells

viously have SUgge.Ste_d that 1:hiS Lasignalling pattern from the ratio of 340/380 nm fluorescence values as described by
could result from ann situ gradient of cellular sensitivity ~ Grynkiewicz et al. (1985) using aKq for C&*—dye of 250 nM.

Materials and methods
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Fig. 8. Optical control of focal microperfusionA) A hepatocyte doublet was observed under phase-contrast light microsedgy é&nd a

micropipette was brought carefully to the cell of interest. Noradrenaline was then applied focally (microperfusion), as described in Materials and
methods, by positioning the micropipette close to the cell and applying a constant pressure (60 hpa), to deliver picolitre quantities of agonist-
containing solution together with carboxyfluorescein (8@). (B) Carboxyfluorescein image superimposed on the phase-contrast image,
demonstrating the absence of dye diffusion against the washing perfusion@p®e(ls loaded with fura2 were illuminated at 380 nm and

fluoresced brightly.®) When illuminated at 450 nm, cells are no longer observed, as expected. In contrast, the carboxyfluorescein included in the
microperfused solution fluoresced very brightly and allowed the extent of the microperfused area to be gauged. Regions of interest (limits of the
cells and of the microperfused solution) are outlined in red, showing that only one cell was perfused in these conditions. Images (C and D) have
been pseudocoloured to represent fluorescence intensity. The pseudo-colour scale is displayed on the left of (D).

Rmnax and Ry, were determined as described previously (Combettes The success of both microinjection and cell excision was assessed by

et al, 1994). monitoring the morphology of cells before and after manipulation and
checking the ability of the cell to retain injected fura2 and low3da

Superfusion, microinjection, mechanical stimulation and

microperfusion of cells

Superfusion.Cells were superfused continuously with control or test

solutions by six inlet tubes converging on the coverslip chamber. The

perfusion rate was 1.5-2 ml/min and the chamber volume was ~0.2 ml.

The medium was renewed continuously by aspiration. The agonist was

removed rapidly during the & response with this superfusion system,

at a perfusion rate of 4 ml/min to improve the washing efficiency.

Octanol-containing solutions were not added through the superfusion

inlet tubes because of the affinity of this molecule for hydrophobic

plastic surfaces. These solutions were transferred directly into the

chamber with a glass pipette.

Microinjection. Microinjection was performed according to the method ) ) . . . )

of Graessmanret al. (1980). Briefly, we used an Eppendorf 5242 Mechanical stimulationSingle cells were mechanically stimulated by

Microinjector mounted on the stage of an Axiovert 35 microscope, gradu'ally deforming the hepatocyte membrane with a micropipette, as

positioned on a vibration isolated platform. Micropipettes with an internal - described by Schiosset al. (1996).

tip diameter of 0.5um (Femtotips, Eppendorf) were filled with test

agents together with 5 mM fura2 in a buffer solution containing 20 mM

KzHRO4, 10 I'TIM NalPO;, 30 mM KH2P04 adjusteq tq pH 71 Acknowledgements

Solutions were filtered through a 0.22n filter. After microinjection,

Microperfusion. Agents were applied locally by positioning a micro-
pipette (Femtotips, Eppendorf) close to the cell of interest (Figure 8A)
and applying a constant pressure (60 hpa) via the Eppendorf injector,
delivering picolitre quantities of agonist-containing solution. In these
experiments, carboxyfluorescein (3®) was included in the micro-
pipette to gauge the extent of the microperfused area (see Figure 8B
and D). As expected, the best focused cell treatment was ensured by
concurrently applying the microperfused agent and a continuous retro-
grade washing perfusion at a rate of 4 ml/min (Figure 8B-D). In these
experiments, the 340 nm excitation wavelength was changed to 450 nm to
monitor the carboxyfluorescein image. Consequently, fura2 fluorescence
change was only observed at 380 nm.

cells were allowed to recover for at least 10 min. Excision of intermediate We wish to thank P.Champeil for critical review of this manuscript,
cells of hepatocyte triplets was performed with this microinjection R.Leuillet for excellent liver cell preparations, D.Villette and G.Dubey
system, by impaling and carefully removing the cell with a micropipette for technical assistance and A.Edelman for his help in editing the

so that no physical contact persisted between the two remaining cells. manuscript.

5405



T.Tordjmann et al.

References

Berridge,M.J. (1993) Inositol trisphosphate and calcium signalling.
Nature 361, 315-325.

Berridge,M.J. (1997) Elementary and global aspects of calcium
signalling.J. Physiol, 499 291-306.

Boitano,S., Dirksen,E.R. and Sanderson,M.J. (1992) Intercellular
propagation of calcium waves mediated by inositol trisphosphate.
Science 258 292-295.

Bruzzone,R., White,TW. and Paul,D.L. (1996) Connections with
connexins: the molecular basis of direct intercellular signalibar.

J. Biochem 238 1-27.

Capiod,T., Combettes,L., Noel,J. and Claret,M. (1991) Evidence for bile
acid-evoked oscillations of Ga-dependent K permeability unrelated
to a b-myeinositol 1,4,5-trisphosphate effect in isolated guinea pig
liver cells.J Biol. Chem, 266, 268-273.

Chanson,M., Bruzzone,R., Bosco,D. and Meda,P.J. (1989) Effects of
n-alcohols on junctional coupling and amylase secretion of pancreatic
acinar cellsJ. Cell Physiol, 139, 147-156.

Charles,A.C., Naus,C.C.G., Zhu,D.G., Kidder, Dirksen,E.R. and
Sanderson,D.L. (1992) Intercellular calcium signaling via gap junctions
in glioma cells.J. Cell Biol, 118 195-201.

Charles,A.C., Kodali,S.K. and Tyndale,R.F. (1996) Intercellular calcium
waves in neurondMol. Cell. Neurosci. 7, 337-353.

Chiavaroli,C., Bird,G.S. and Putney,J.W. (1994) Delayed ‘all-or-none’
activation of inositol 1,4,5-trisphosphate-dependent calcium signaling
in single rat hepatocyted. Biol. Chem 269, 25570-25575.

Combettes,L., Dumont,M., Berthon,B., Erlinger,S. and Claret,M. (1988)
Release of calcium from the endoplasmic reticulum by bile acids in
rat liver cells.J. Biol. Chem, 263 2299-2304.

Combettes,L, Tran,D., Tordjmann,T., Laurent,M., Berthon,B. and
Claret,M. (1994) C& -mobilizing hormones induce sequentially
ordered C&" signals in multicellular systems of rat hepatocytes.
Biochem. J.304 585-594.

Combettes,L., Cheek,T.R. and Taylor,C.W. (1996) Regulation of inositol
trisphosphate receptors by luminal Cacontributes to quantal Ga
mobilization.EMBO J, 15, 2086—-2093.

Cullen,P.J., Comerford,J.G. and Dawson,A.P. (1988) Heparin inhibits
the inositol 1,4,5-trisphosphate-induced?Caelease from rat liver
microsomesFEBS Lett, 228 57-60.

Dasso,L.T. and Taylor,C.W. (1991) Heparin and other polyanions
uncouplea;-adrenoceptors from G-proteinBiochem. J 280, 791—
795.

Davidson,J.S. and Baumgarten,|.M. (1988) Glycyrrhetinic acid
derivatives: a novel class of inhibitors of gap-junctional intercellular
communication. Structure—activity relationshigs.Pharmacol. Exp.
Ther, 246, 1104-1107.

Davidson,J.S., Baumgarten,|.M. and Harley,E.H. (1986) Reversible
inhibition of intercellular junctional communication by glycyrrhetinic
acid. Biochem. Biophys. Res. Commut34, 29-36.

Dedhar,S. and Hannigan,G.E. (1996) Integrin cytoplasmic interactions
and bidirectional transmembrane signalli@urr. Opin. Cell Biol, 8,
657—-669.

Demer,L.L., Wortham,C.M., Dirksen,E.R. and Sanderson,M.J. (1993)
Mechanical stimulation induces intercellular calcium signaling in
bovine aortic endothelial cell&ém. J. Physial 264, H2094-H2107.

Deutsch,D., Williams,J.A. and Yule,D.I. (1995) Halothane and octanol
block calcium oscillations in pancreatic acini by multiple mechanisms.
Am. J. Physial 269, G779-G788.

Gautam,A., Oi-Cheng,N.G. and Boyer,J.L. (1987) Isolated rat hepatocyte
couplets in short-term culture: structural characteristics and plasma
membrane reorganisatioRlepatology 7, 216-223.

Goldberg,G.S., Moreno,A.P., Bechberger,J.F., Hearn,S.S., Shivers,R.R.

Guan,X., Wilson,S., Schlender,K.K. and Ruch,R.J. (1996) Gap-junction
disassembly and connexin 43 dephosphorylation induced by 18 beta-
glycyrrhetinic acid.Mol. Carcinogen, 16, 157-164.

Gumuccio,J.J., Bilir,B.M., Moseley,R.H. and Berkowitz,C.M. (1994)
The biology of the liver cell plate. In Arias,|.M., Boyer,J.L., Fausto,N.,
Jakoby,W.B., Schachter,D.A. and Shafritz,D.A. (ed$he Liver:
Biology and PathobiologyRaven Press, New York, pp. 1143-1163.

Hansen,C.A. Mah,S. and Williamson,J.R. (1986) Formation and
metabolism of inositol 1,3,4,5-tetrakisphosphate in livér. Biol.
Chem, 261, 8100-8103.

Irisawa,H., Brown,H.F. and Giles,W. (1993) Cardiac pacemaking in the
sinoatrial nodePhysiol. Rev.73, 197-227.

Kasai,H. and Petersen,O.H. (1994) Spatial dynamics of second
messengers: Fand cAMP as long-range and associative messengers.
Trends Neuroscil7, 95-101.

Kawanishi, T., Blank,L.M., Harootunian,A.T., Smith,M.T. and Tsien,R.Y.
(1989) C&" oscillations induced by hormonal stimulation of individual
fura-2-loaded hepatocyte$. Biol. Chem, 264, 12859-12866.

Lechleiter,J.D. and Clapham,D.E. (1992) Molecular mechanisms of
intracellular calcium excitability iiX.laevisoocytesCell, 69, 283-294.

Loessberg-Stauffer,P., Zhao,H., Luby-Phelps,K., Moss,R.L., Star,R.A.
and Muallem,S. (1993) Gap junction communication modulates
[C&2]; oscillations and enzyme secretion in pancreatic adinBiol.
Chem, 268 19769-19775.

Meda,P. (1996) The role of gap junction membrane channels in secretion
and hormonal action]. Bioenerg. Biomembhr28, 369-377.

Nathanson,M.H. and Burgstahler,A.D. (1992) Coordination of hormone-
induced calcium signals in isolated rat hepatocyte couplets—
demonstration with confocal microscopyol. Biol. Cell, 3, 113-121.

Nathanson,M.H., Burgstahler,A.D., Mennone,A., Fallon,M.B., Gonzalez,
C.B. and Saez,J.C. (1995) €a waves are organized among
hepatocytes in the intact orgafim. J. Physiol.32, G167-G171.

Nicholson,B., Dermietzel,R., Teplow,D., Traub,O., Willecke K. and
Revel,J.P. (1987) Two homologous protein components of hepatic gap
junctions.Nature 329, 732-734.

Osipchuk,Y. and Cahalan,M. (1992) Cell-to-cell spread of calcium signals
mediated by ATP receptors in mast celNature 359, 241-244.

Palmer,R.K., Yule,D.l., Shewasch,D.S., Williams,J.A. and Fisher,S.K.
(1996) Paracrine mediation of calcium signalling in human SK-N-
MCIXC neuroepithelioma cellsAm. J. Physial 271, C43-C53.

Petersen,O.H., Petersen,C.C.H and Kasai,H. (1994) Calcium and
hormone actionAnnu. Rev. Physigl56, 297-319.

Pozzan,T., Rizzuto,R., Volpe,P. and Meldolesi,J. (1994) Molecular and
cellular physiology of intracellular calcium storeBhysiol. Rey 74,
595-636.

Robbgaspers,L.D. and Thomas,A.P. (1995) Coordination of'Ca
signaling by intercellular propagation of €awaves in the intact
liver. J. Biol. Chem.270, 8102—-8107.

Rooney, T.A., Sass,E.J. and Thomas,A.P. (1989) Characterization of
cytosolic calcium oscillations induced by phenylephrine and
vasopressin in single fura-2-loaded hepatocyde®iol. Chem, 264,
17131-17141.

Saez,J.C., Connor,J.A., Spray,D.C and Bennett,M.V.L. (1989) Hepatocyte
gap junctions are permeable to the 2nd messenger, inositol 1,4,5-
trisphosphate, and to calcium iorBroc. Natl Acad. Sci. USA86,
2708-2712.

Sanderson,M.J., Charles,A.C. and Dirksen,E. (1990) Mechanical
stimulation and intercellular communication increases intracellular
C&" in epithelial cells.Cell Regulat, 1, 585-596.

Sanderson,M.J., Charles,A.C., Boitano,S. and Dirksen,E.R. (1994)
Mechanisms and function of intercellular calcium signalixigl. Cell.
Endocrinol, 98, 173-187.

MacPhee,D.J., Zhang,Y.C. and Naus,C.C.G. (1996) Evidence that Schlosser,S.F., Burgstahler,A.D. and Nathanson,M.H. (1996) Isolated rat

disruption of connexon particle arrangements in gap junction plagues
is associated with inhibition of gap junctional communication by a
glycyrrhetinic acid derivativeExp. Cell Res 222, 48-53.

Graessmann,A., Graessmann,M. and Mueller,C. (1980) Microinjection
of early SV40 DNA fragments and T antigeMethods Enzymql65,
816-824.

Grierson,J.P. and Meldolesi,J. (1995) Shear stress-induced’JiCa
transients and oscillations in mouse fibroblasts are mediated by
endogenously released ATR Biol. Chem.270, 4451-4456.

Grynkiewicz,G., Poenie,M. and Tsien,R.Y. (1985) A new generation of
C&" indicators with greatly improved fluorescence propertiesiol.
Chem, 260, 3440-3450.

5406

hepatocytes can signal to other hepatocytes and bile duct cells by
release of nucleotide®roc. Natl Acad. Sci. USA3, 9948-9953.

Sneyd,J., Wetton,B.T.R., Charles,A.C. and Sanderson,M.J. (1995)
Intercellular calcium waves mediated by diffusion of inositol
trisphosphate: a two-dimensional modeAm. J. Physiol 268
C1537-C1545.

Spray,D.C., Ginzberg,R.D., Morales,E.A., Gatmaitan,Z. and Arias,|.M.
(1986) Electrophysiological properties of gap junctions between
dissociated pairs of rat hepatocytdsCell Biol, 103 135-144.

Thomas,A.P., Bird,G.S.J., Hajnoczky,G., Robbgaspers,L.D. and
Putney,J.W. (1996) Spatial and temporal aspects of cellular calcium

signalingzASEB J, 10, 1505-1517.



Tordjmann,T., Combettes,L., Berthon,B. and Claret,M. (1996) The
location of hepatocytes in the rat liver acinus determines their
sensitivity to calcium-mobilizing hormone$astroenterology 111,
1343-1352.

Vorndran,C., Minta,A. and Poenie,M. (1995) New fluorescent calcium
indicators designed for cytosolic retention or measuring calcium near
membranesBiophys. J, 69, 2112-2124.

Woods,N.M., Cuthberon,K.S.R. and Cobbold,P.H. (1986) Repetitive
transient rises in cytoplasmic free calcium in hormone-stimulated
hepatocytesNaturg 319, 600-602.

Worley,P.F., Baraban,J.M., Supattapone,S., Wilson,V.S. and Snyder,S.H.

(1987) Characterization of inositol trisphospate receptor binding in
brain.J. Biol. Chem, 262, 12132-12136.

Young,R.C. and Hession,R.0. (1996) Intra- and intercellular calcium
waves in cultured human myometriurd. Muscle Res. Cell Motil
17, 349-355.

Yule,D.l., Stuenkel,E. and Williams,J.A. (1996) Intercellular calcium
waves in rat pancreatic acini: mechanism of transmissiam. J.
Physiol, 271, C1285-C1294.

Received on March 26, 1997; revised on June 6, 1997

Intercellular calcium waves in rat hepatocytes

5407



