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Receptor-oriented intercellular calcium waves
evoked by vasopressin in rat hepatocytes

Thierry Tordjmann’, Brigitte Berthon, De Feijter, 1997). However, mechanisms of cell to cell
Edith Jacquemin, Caroline Clair, propagation of C& waves are not completely elucidated.
Nicole Stelly, Gilles Guillon2, Michel Claret In the liver cell plate, a cord one cell thick and ~20

hepatocytes long between the portal and centrolobular

and Laurent Combettes ) :
veins, cells are connected extensively by large aggregates

Unité de Recherche U.442, Institut National de la Sattde la of connexins 32 and/or 26 through which hormone-induced

Recherche Mdicale, UniversiteParis Sud, bia 443, 91405 Orsay and intercellular C&t waves are thought to propagate (Saez

2Unité de Recherche U.469, Institut National de la Saattde la et al, 1989; Nathanson and Burgsthaler, 1992). We have
Recherche Meicale, 34094 Montpellier, France described reproducible sequences of hormone-induced
'Corresponding author intracellular calcium concentration ([€4;) increases

e-mail: thierry.tordjmann@ibaic.u-psud.fr resulting in apparent unidirectional intercellular 2Ca

o . . . waves in multicellular rat hepatocyte systems or multiplets
Agonist-induced intracellular calcium signals may (compettest al, 1994). In noradrenaline-induced 4
propagate as intercellular C&* waves in multicellular increases in multiplets, gap junction coupling is crucial for
systems as well as in Intact organs. The mechanisms  c,ordinating CA&* transients between cells, but agonist—
initiating intercellular Ca =* waves in one cell and  (gceptor interactions are also required at the surface of

determining their direction are unknown. We investi- each hepatocyte, ensuring that the cells are in the required
gated these mechanisms directly on furaz-loaded  eycitaple state for G4 responses (Tordjmanet al.,
multicellular systems of rat hepatocytes and on cell  1997a). Similar directional intercellular €a waves
populations issued from peripheral (periportal) and running through hepatocyte cords have also been described

central (perivenous) parts of the hepatic lobule. There i the intact liver (Nathansoet al, 1995; Robbgaspers
was a gradient in vasopressin sensitivity along_ CON-  and Thomas, 1995). However, the factors determining the
nected cells as demonstrated by low vasopressin con-  ce|| from which the wave begins and the direction of the

centration challenge. Interestingly, the intercellular Ca* waves in hepatocyte multiplets or cords are unknown.
sensitivity gradient was abolished either wherp-myo- Generally, agonist-induced signaling in epithelial cells is
inositol - 1,4,5-trisphosphate  (InsB) receptor was  thought to spread from cell to cell starting from an initial
directly stimulated after flash photolysis of caged InsB stimulated cell, then spreading throughout the tissue in all
or when G proteins were directly stimulated with directions. Only in excitable cells, such as neurons and
AIF*~. The gradient in vasopressin sensitivity in multi-  heart cells, are action potentials propagated in one direc-

plets was correlated with a heterogeneity of vasopressin  tion, along a specific intercellular circuit. In neurons, this
sensitivity in the hepatic lobule. There were more s due to asymmetrical chemical synapses and clustering
vasopressin-binding sites, vasopressin-induced IngP  of neurotransmitter receptors and ion channels (Jessel and
production and Vla vasopressin receptor mMRNAs in  Kandel, 1993). In cardiac pacemaker cells, signals are
perivenous than in periportal cells. Therefore, we  propagated unidirectionally due to tissue micro-architec-
propose that hormone receptor density determines the  ture and the distribution of gap junctions and ion channels

cellular sensitivity gradient from the peripheral to the (Anumonwo and Jalife, 1995). In the liver, there are

central zones of the liver cell plate, thus the starting  morphological and functional differences between hepato-
cell and the direction of intercellular Ca?* waves, cytes, mostly occurring in gradients between the periphery
leading to directional activation of Ca?*-dependent and the center of the lobules (for a review, see Jungermann
processes. and Kietzmann, 1996). Zonal differences in vasopressin
Keywords intercellular calcium waves/oriented/ sensitivity have been reported between periportal (i.e.
vasopressin receptor ‘peripheral’, PP) and perivenous (i.e. ‘central’, PV) hepato-

cyte populations (Tordjmanet al., 1996). For hepatocyte
pairs and more complex groups of freshly isolated con-
Introduction nected cells, it is assumed that the relaiivaitu position

of each hepatocyte in the lobule is retained with orientation
Hormone-induced intracellular signals may propagate in along the liver cell plate axis. Thus, it could be hypothes-
connected cells via intercellular waves of second messen-ized that, in a freshly isolated multicellular system repres-
ger increases (for reviews, see Kasai and Petersen, 1994¢gnting a small part of a hepatocyte plate, there is a gradient
Sandersonet al, 1994). Intercellular C& waves are  of subtle and gradual differences in vasopressin sensitivity
thought to spread in certain epithelial cells via the putative between cells. Because hormonal latency is reflecting the
intercellular diffusion of b-myo-inositol 1,4,5-trisphos-  sensitivity of hepatocytes to agonists (Thomets al.,
phate (Insg) and/or C&* across gap junctions (Sanderson 1996), the reproducible sequence of?Caesponses in
et al, 1994; Sneycet al, 1995), and there may also be multiplets may result from a gradient of vasopressin
paracrine involvement (Schlossetral., 1996; Frame and  sensitivity in the connected cells.
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Fig. 1. Effect of low vasopressin concentrations on {Ch transients in hepatocyte doublets. Hepatocyte doublets were microinjected with fura2,

then stimulated with vasopressin by global perfusion. The same cell doublet was challenged successively with increasing doses of vasopressin. Cells
were washed with saline for 5-10 min between each vasopressin challenge. Left panel: 0.03 nM vasopressin eliétédris¢Ca a first cell after

a 5.5 min latency. The second responding cell of the doublet exhibited% JjGise after a 7.5 min latency period. Frame ratioing: 1 image/3 s. The

trace begins 4 min after agonist addition. Middle panel: 0.25 nM vasopressin elicitedd;[Ese in the same first cell, after a 1.7 min latency

period. The second responding cell of the doublet exhibited &'[Caise after a 24 s intercellular delay: 1 image/500 ms. Right panel: 0.50 nM
vasopressin elicited a [€4]; rise in the same first cell, after a 50 s latency period. The second responding cell of the doublet exhibifgd;a [Ca

rise after @ 8 s intercellular delay: 1 image/500 ms. The order in which the cells responded was constant throughout the experiment. These traces
are representative of those obtained with six doublets and four triplets in three independent experiments.

In this work, we combined single-cell studies with tions, only a small percentage of cells exhibited changes
experiments on cell populations isolated from the PP andin [C&*]; (Woods et al, 1986; Thomaset al, 1996).
PV zones of the liver cell plate. We obtained strong Upon global vasopressin perfusion challenge (0.03 nM),
evidence that the sequential pattern of Ceesponses to  [Ca2*]; increased after a latency period of 5.5 min for one
vasopressin in multicellular rat hepatocyte systems was cell of a doublet, whereas the other cell responded 7.5 min
due to a cell to cell gradient of sensitivity for the hormone, after vasopressin stimulation (Figure 1, left panel). When
with maximal sensitivity in the first responding hepatocyte the vasopressin concentration was increased to 0.25 nM,
and minimal sensitivity in the last. This gradient of for the same doublet, [G4]; increased sequentially in the
sensitivity was consistent with the zonal differences in two cells, with a 24 s intercellular time lag (Figure 1,
the number of hormone receptors in the liver cell plate, middle panel). The cell that responded first to 0.25 nM
leading to a gradient in IngRroduction. Cellular sensitiv-  vasopressin stimulation (1.7 min latency) was the one that
ity gradients may impose an orientation on intercellular appeared most sensitive to very low hormone doses
Ca&* waves in liver cells. Such a pacemaker-like mechan- (0.03 nM) (Figure 1, left and middle panels). The same
ism may play a key physiological role in regulating sequential response was observed with 0.50 nM vasopres-
intercellular communication in the liver and other epi- sin; the latency of the first cell was 50 s, and the time lag

thelial cells. between cells was shorter (8 s) (Figure 1, right panel). The
order in which cells responded was constant throughout the
Results and discussion experiment. Only the rate of intercellular €awave was
L . . L accelerated as vasopressin concentration rose. This last
A gradient in vasopressin sensitivity exists in feature has been observed previously on hepatocytes
fura2-loaded multicellular rat hepatocyte systems (Combettes et al, 1994; Nathansonet al, 1995

Each hepatocyte may have its own particular sensitivity Roppgaspers and Thomas, 1995). In contrast, the rate of
to vasopressin, reflected by its proper delay and{Ga  the intracellular C& wave does not depend on the applied
oscillation frequency after hormonal stimulation (Ogden 4qonist concentration (Thomesal., 1996). Similar results

et al, 1990; Chiavarolet al, 1994; Thomast al, 1996).  \yere obtained with six doublets and four triplets in four
If there is a cell to cell gradient in vasopressin sensitivity gl preparations. It is thus clear that the two connected
in connected cells of multicellular systems, there should ¢ of 5 hepatocyte doublet have different sensitivities

be very low concentrations of this agonist for which, 1, \ag0pressin, and that these differences may account for
within a minute range period of time, one cell in the o oqered sequence of [€4 increases
multiplet can respond whereas the others cannot. Latency '

is inversely related to the concentration of agonist applied

for single hepatocytes (Ogdeet al, 1990; Chiavaroli Mechanism generating the sensitivity gradient for

et al, 1994; Thomaset al, 1996), so it is easier to  vasopressin in multicellular hepatocyte systems

detect differences in latency between cells using very and in the hepatocyte plate

low hormone concentrations. Thus, we used 0.03 nM We determined which factors in the transduction pathway
vasopressin to stimulate fura2-injected pairs of connectedwere responsible for the differences in sensitivity to
hepatocytes. Cell to cell diffusion of microinjected fura2 vasopressin between adjacent connected hepatocytes by
ensured that the cells were coupled efficiently by gap analyzing the InsiInsR; receptor reaction and the InsP
junctions. At these low levels of vasopressin concentra- production machinery. We performed this analysis for
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Fig. 2. Effect on intercellular calcium waves in rat hepatocyte multiplets of photolytic release of firmsP caged Insg (A) Left panel: an

hepatocyte doublet loaded with fluo3 was challenged with vasopressin (0.5 nM) for the time indicated by the horizontal bar. A seqdéhtial [Ca

rise was observed in the two cells. Right panel: the same doublet was subjected to flash photolysis, at the time indicated by vertical arrows.
Immediate and simultaneous [€3; rises were observed in the two connected ceB3.L(eft panel: an hepatocyte triplet loaded with fluo3 was

challenged with vasopressin (0.5 nM) for the time shown by the horizontal bar. A sequenfi&];[6ise was observed in the three hepatocytes.

Right panel: the same triplet was subjected to flash photolysis, at the time indicated by vertical arrows. Immediate and simultgngatisefCa

were observed in the three connected cells'Gassociated changes in fluorescence were recorded with 1 isB@@/ms. Flashlamp intensity was

100 mV (X1), 200 mV (x2) or 300 mV (<3). Note that the first spike in flash photolysis traces (h) in A and B] results from the optical artifact

arising from the UV pulse. These traces are representative of those obtained with seven doublets and five triplets in three independent experiments.

adjacent connected cells, and by studying PP and PVfor phospholipase @G- (PLC{) to produce the threshold
hepatocyte populations from the liver cell plate. concentration of InsPrequired to release €a (Thomas
et al, 1996), whereas IngHnteracts with its receptor

InsP, receptor sensitivity to InsP? Caged Insg (500 uM within a fraction of a second in rat hepatocytes (Champeil

:ana?:d %llgﬁgle\{[\fsa:\nrgIfrgollglcgcc??leln;?ogntizsczes”egfl\/ﬂgtgﬁ;llset al, 1989; for a review, see Ogden al, 1990).

and methods). The cellg were waghed ¥or at least 10 min The differences in sensitivity to vasopressin identified
i X ' in our previous study of PP and PV cell populations were

with saline, and then were challenged homogeneously

with vasopressin perfusion (0.5 nM). As shown in Figure also thought to be due to one or more of the upstream
pressin p ' ’ WN N FIQUFE giahs in the transduction pathway, because simil&* Ca
2 (representative of seven doublets and five triplets in

three experiments), vasopressin induced typical sequentialresmnSes to IngRwere obtained with permeabilized PP
[Ca®™]; increases in the connected cells of one doublet and PV hepatocyte populations (Tordjmagtnal, 1996).

. . ; In the present work, we have shown using a more
(e 24 e pan) and one e (e 25, B el pproach rt even boween aacent cle
from c'age d Inspby flash photolysis (see Materials and putative differences in InsPreceptor sensitivity cannot

. account for the cell to cell differences in vasopressin
methods), and the same doublet and triplet were analyzedsensitivit
for [Ca"]; changes. Upon flash photolysis, there were Y-
immediate and simultaneous [€; rises in the connected  InsP; accumulationOur data suggest that Ing&cumula-
cells of the doublet and triplet, with no detectable time tion in response to vasopressin may be the key factor
lag between the responses of each cell (Figure 2A and B, responsible for cell to cell differences in cellular sensitivity
middle and right panels). When small photolytic liberation to the hormone in multicellular systems, and for zonal
of Insk; was performed, a calcium response with a slower heterogeneity of vasopressin sensitivity in the hepatocyte
time course occurred, but [€4; still rose concomitantly  plate. InsR cannot be measured in single cells, but nsP
in the connected cells (first flash, Figure 2A and B). Thus, mass was measured in populations of PP and PV cells
the simultaneous release of Inskh connected cells isolated from the same liver. Resting values were similar
caused simultaneous &€aresponses, whereas uniform for the two cell populations [1.# 0.4 and 1.0+ 0.5 pmol
vasopressin stimulation induced sequential’[Gatransi- InsPy/mg protein, respectively in PP (= 10) and PV
ents. In line with these results, the latency of?Ca cells (@ = 10)] (Figure 3), and were consistent with
mobilization is determined mostly by the time required published results for hepatocytes (Palnatral., 1989).
for the ligand-bound receptor to activate its G protein and Vasopressin (10 nM) treatment resulted in significantly
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Fig. 3. InsP; accumulation in PP and PV hepatocyte populations.

Vasopressin (10 nM)-induced IngBccumulation in PP and PV cells. 43
InsP; resting values were 1.+ 0.4 and 1.0+ 0.5 pmol InsB/mg &;‘ _—— 1<
protein in PP and PV cells respectively. Data are expressed as 42
means* SEM fromn (number in bar) separate experiments for each

cell population. ACHN | — —42

higher levels of InsPin PV than in PP hepatocytes B S 36

(Figure 3). The paired ratio of vasopressin-induced 4nsP
accumulation in PV over that in PP cells from the same Fig. 4. PLC and G protein immunobloting in PP and PV
liver was 1.40+ 0.04 f = 10). hepatocytes.X) Relative amounts of PLE3 in PP and PV

The differences described above in vasopressin—inducedﬂgpgiggyigsmﬁe”::ffe“s%?\-/e'\geg"bgg‘; gfgé”?%f%f; 'T:m?gg) Z\;d
Insh, aCCUmUIatlon be.tween PP and _PV heDatOCy_teS mayimrE\uno)kglotted using anti-PLq)gs and anti-actin antiboélies. The result
be due to differences in Inglegradation or from differ-  of one experiment representative of four performed in quadruplicate, is
ences in Insp production per se Insk; 5-phosphatase  presented.R) Relative amounts ofig/a11 andB G protein subunits
activity, which has been reported to control primarily the in PP and PV hepatocyte membranes. Membrane proteinagB0
levels of intracellular Insp(De Smedet al, 1997; Dupont ~ from PP and PV hepatocytes were resolved by SDS-PAGE (13%
and Erneux, 1997), has been measured in the two cejj3cylamide) and immunoblotted using antefa;, anti-G or

. ! ! - e anti-actin antibodies. PV cells contained 1118% of the amount of

populations (see Materials and methods). The activity of ag/a11 G protein subunits of PP cells, and 913% of the amount
the enzyme was not found to be significantly different in of B G protein subunits of PP cells. The result of one experiment,
PP and PV cells, or in control (i.e. conventionally isolated) representative of six performed in duplicate, is presented.
hepatocytes (2.28+ 0.40, 1.61+ 0.16 and 2.37=*
0.27 nmol/min/mg protein respectivelg; = 4), and was . _ ) _
in agreement with previously reported data in hepatocyte @nd in PP and PV hepatocyte populations. Direct stimula-
homogenates (Shears, 1989). Differences in the sinsp tion of G proteins with AIF~ mimics [C&"]; oscillations
productionper semay result from differences in agonist— (Woodset al, 1990) and intracellular C& waves (Rooney
receptor interaction, guanidine nucleotide-binding proteins €t al, 1990) elicited by agonists in rat hepatocytes. We
(G proteins) or PLQB activation. PLCB3, the member ~ compared the effects of vasopressin and“Al20 pM
of the PLCB subfamily most sensitive to stimulation by ~AICls, 20 mM NaF) on fura2-loaded rat hepatocyte multi-
the Gqa and By subunits of G proteins (Blank, 1996), Plets. As shown in Figure 5A (left panel), 0.1 nM
was studied in PP and PV hepatocyte populations by vasopressin induced a [€3; increase which occurred as
immunoblotting. There was no significant difference in ordered transients, with the two cells being activated
the relative amount of PLE3 in PP and PV membranes sequentially at each spike. Once the cells were washed,
(Figure 4A). The signal obtained for PV membranes AIF4 treatment elicited increases in [€% in both cells
represented 98 2% of the signal found for PP membranes after a 6 min latency, with no ordered sequence (Figure
(results from four distinct PP and PV membrane prepar- 5A, middle panel), suggesting random responses in the
ations, each performed in quadruplicate). Tdneand connected cells. The cells were washed after*AtFeat-
subunits of the Gand G, G proteins, which are coupled ment, and vasopressin challenge resulted irF{Gaises
to the V1a vasopressin receptor (Tayéral., 1991), were in the same cell order within the doublet as was observed
also studied in PP and PV hepatocyte membranes by thebefore AIF*~ treatment (Figure 5A, right panel). Quin2-
same technique. The relative amounts of the subunits wereloaded PP and PV hepatocytes were studied by spectro-
similar for PP and PV membranes (Figure 4B). PV cells fluorimetry to measure basal [€3; and [C&']; after
represented 10t 8% of the amount ofig/a11 G protein treatment with AI#- (10 mM NaF, 5uM AICl 3). PP and
subunits of PP cells, and 99 13% of the amount of8 PV hepatocytes responded similarly to these treatments,
G protein subunits of PP cells (results from six distinct although there were significant differences between the
PP and PV membrane preparations, each performed intwo populations under vasopressin stimulation, PV cells
duplicate). We checked that these results for G proteins andbeing more responsive than PP cells (Figure 5B). There-
PLC{ expression were functionally relevant by directly fore, both cell to cell differences in a multiplet and
stimulating G proteins with Alf and analyzing the between the PP and PV zones in the liver lobule in
subsequent Ca responses, in connected adjacent cells, vasopressin-induced €a signals do not persist if the
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Fig. 5. [C&*]; increase induced by direct stimulation of G proteins) YVasopressin- and AfF-induced [C&']; changes in hepatocyte multiplets,

studied by videomicroscopy. A fura2-loaded hepatocyte doublet was challenged with vasopressin (0.1 nM) for the time indicated by the horizontal
bar. Sequential [ ]; rises were observed in the two connected cells (left panel). The doublet was washed with saline for 10 min, then treated with
AIF4~ (10 uM AICI 3, 20 mM NaF), superfused into the incubating medium for the time indicated by the open baxa/ftmin latency, [CA'];

increased in a disorganized manner in both cells (middle panel). The cells were washed again and sequéitiss§Gavere again induced in the
doublet by vasopressin (right panel). Zaassociated fluorescence changes were recorded with a frame ratioing of 1 image/3 s. This experiment is
one representative of five similar traces obtained in four experiments. For technical convenience, traces were interrupted (the gap represents 5 min).
Note that a [C&']; rise induced by AlE- treatment was observed in only 30% of the cells, with a latency alweysnin. B) Vasopressin- and
AlF*~induced [C&']; changes in PP and PV hepatocyte populations, studied by spectrofluorimetry. B&sa) j@s 188+ 10 nM in PP ( = 21)

and 192+ 12 nM in PV (1 = 21) hepatocytes. Vasopressin-induced4{Qachanges in hepatocytes from the left lateral and median liver lobes were
not significantly different (data not shown).

transduction pathway is stimulated immediately down- radiography performed withH{1]JHO-LVA on liver frozen

stream from the hormone receptors. sections, showing that binding sites were predominant

near the central veins (personal observations). Such a
Heterogeneity of V1a vasopressin receptors in PP patchy distribution of vasopressin V1a receptors has been
and PV hepatocytes noted previously (Barberist al., 1995).

Hormone receptors cannot be quantified accurately for An RNase protection assay was performed on guanidine
single cells, but we investigated V1a vasopressin receptorthiocyanate (GuSCN) hepatocyte lysates with a V1a and
expression in PP and PV hepatocytes by binding experi- a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
ments and RNase protection assays. The number andcRNA probe. A 231 nucleotide band, corresponding to
affinity of [**d]phenylacetylp-Tyr! (Mc)?-Phe-GIn* the Vla mRNA, was protected (Figure 6B), whereas
AsrP-Argb-Pro’-Arg8-NH, (HO-LVA)-binding sites in PP hybridization with GAPDH mRNA gave a 100 nucleotide
and PV membranes were assessBgly values were protected fragment. Direct counting of the gel with Instant
higher for PV than for PP membranes (Figure 6A). The Imager and analysis of the signal ratios gave a PV/PP
meanB,,,, value was 260+ 81 (n = 7) for PP and 412 ratio of 1.42+ 0.17 @ = 0.01, meant SEM from seven
137 (0 = 7) for PV hepatocyte membrane&{|HO-LVA separate determinations on six animals) for Vla mRNA.
Bmax vValues differ between animals, so only paired ratios As a control, cell lysates from total hepatocyte populations
(PV/PP) of zonal-enriched membranes issued from the of median and left lateral lobes were also hybridized with
same liver can highlight a statistically significant acinar V1a probe, and direct counting gave an observed median
heterogeneity. The mean PV/PP was 1#48.06 h = 7) lobe/lateral lobe ratio of 0.94- 0.08, expressed as the
(P <0.001). This result demonstrated a significantly mean*x SEM of triplicate determinations for four animals.
greater number of'f3]HO-LVA-binding sites in the PV The density of receptors for peptide hormones in the
than in the PP area and confirms that comparisons betweenrdifferent zones of the liver acinus is unknown, although
PP and PV hepatocytes are more accurate when both celit has been suggested that the V1a vasopressin receptor
populations are isolated from a single liver (Tordjmann is not distributed evenly throughout the lobule situ

et al, 1997b). The affinity of PAJHO-LVA-binding sites (Ostrowski et al., 1993; Nathansoret al, 1995). Our

for vasopressin (10-30 pM) appeared to be similar in PP results, suggesting that there is a gradient of hormone
and PV cells (PV/PP, 0.9% 0.17,n = 7). Moreover, receptor density between the PP and PV zones, are
there was no significant difference By, 4 or affinity of consistent with the observed direction of vasopressin-
[*?Y]HO-LVA-binding sites between total populations of induced intercellular Gd waves in the intact liver, moving
hepatocytes issued from median and left lateral lobes (datafrom PV to PP areas (Nathansenhal., 1995; but see also
not shown). As a control, we checked that pharmacological Robbgaspers and Thomas, 1995).

profiles of the }24]HO-LVA-binding sites were similar in

PP and PV hepatocyte membranes (data not shown). InCell excisions

both preparations,'#3] HO-LVA-binding sites exhibited We further investigated the mechanisms involved in cell
the same affinity for vasopressin analogs generally usedto cell propagation of vasopressin-induced directional

to characterize vasopressin-binding sites (Grazziral., Ca&" waves, using an experimental approach similar to
1996). These differences in the number of vasopressin-that used in studies of pacemaker activity in cardiac
binding sites were in agreement with situ autohisto- sinoatrial cell pairs (Anumonwo and Jalife, 1995). We
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Fig. 6. Distribution of [?3]HO-LVA-binding sites and of the V1a
vasopressin receptor mRNA in rat PP and PV hepatocytes.

(A) Specific HO-LVA-binding sites from rat PP and PV hepatocyte
membranes. Crude membranes (@giper assay) from rat PR or

PV (A) hepatocytes were incubated fb h at37°C in the presence
(non-specific binding) or absence (total binding) ofil unlabeled
AVP with increasing amounts off1]HO-LVA (free). Specific binding
(bound), calculated as the difference between total and non-specific
binding, was determined as described in Materials and methods, and
was plotted against the ratio bound/free. Results are the mean of
triplicate determinations from a single experiment representative of
six. (B) Detection of V1a mRNA in PP and PV hepatocyte lysates.
Hepatocytes solubilized in GUSCN (20 containing equivalent
amounts of DNA, i.e. 60 ng) were hybridized with%1€.p.m. of
labeled V1a cRNA probe. DNA molecular weight markers

(mol. wt in bp) are DNA fragments frorvispl-digested pBluescript Il
SK+ phagemid labeled with*fP]JdCTP using the Klenow fragment of
Escherichia coliDNA polymerase |I. RNase protection assay and
polyacrylamide gel electrophoresis were performed as described in
Materials and methods.

157 -

excised the first then the second responding cells

hepatocyte triplets in succession, and compared the cellula

third cell responded with a 6& 37% longer latency

(n = 3) than before excision. Consistent with previous
reports, repeated hormonal challenges did not lead to
significantly longer latencies (Combettessal., 1994; and
data not shown). It is noteworthy that the latency of the
first responding cell in a triplet stimulated with vasopressin
before and after excision of the second or third cell was
not significantly modified and was 28 3.3% f = 6)
longer than before excision. These results support the
notion of a gradient in vasopressin sensitivity in the
connected hepatocytes of freshly isolated multiplets, and
suggest that the diffusion of an intercellular messenger
may sensitize adjacent cells, accelerating their response
(Tordjmannet al., 1997a). Such a configuration in which
the most responsive hepatocytes drive the response of the
less sensitive cells is similar to the cell to cell triggering
of cardiac pacemaker cells (Anumonwo and Jalife, 1995).
This kind of response may be due to the very specialized
organization of the liver cell platen situ (Gumucio

et al, 1994).

Our results suggest a model for the sequentiality of
vasopressin-induced &asignals in freshly isolated multi-
cellular rat hepatocyte systems and in the liver cell plate.
After the rapid distribution of vasopressin at each cell
surface, the cell with the most agonist-binding sites is the
first to respond. InsHs then produced rapidly in this cell,
leading to C&" release from internal stores. The second
cell to respond, which has slightly fewer hormone recep-
tors, produces Ingfnore slowly, and reaches the threshold
for C&" release more slowly than the first cell (Figure
7). The sequential succession of fCh increases results
in an apparent unidirectional intercellularCavave. Cell
to cell coupling via gap junctions should allow the
diffusion of an intercellular messenger, the nature of
which is unknown, favoring the coordination and probably
leading to an acceleration of cellular responses within the
system (Sae=zt al, 1989; Nathanson and Burgstahler,
1992; Combette®t al, 1994; Tordjmanret al., 1997a).
The estimated magnitude of cell to cell differences in the
number of vasopressin-binding sites ranges from 5 to 10%
(i.e. ~10000 sites) between adjacent hepatocytes. This
range of values is, from a theoretical point of view,
compatible with observed cell to cell differences in latency
during sequential Ga responses in multiplets (G.Dupont,
T.Tordjmann, C.Clair, M.Claret and L.Combettes, in pre-
paration). Such receptor-oriented intercellulaf Caraves
have never been reported and may be compared with
directional intracellular C& waves driven by an InsP
receptor sensitivity gradient from the basal to the apical
cell domain, which have been described in pancreatic

of acinar cells (Kasaiet al, 1993; Thornet al, 1993).
[Directional intercellular CH waves may be of key

latencies of remaining cells with 0.5 nM vasopressin physiological importance, transforming a total signal input

stimulation, before and after excision. We studied only to numerous cells into an organized, oriented intercellular
the remaining cells that were undamaged, as indicated byinformation. In the liver, in which multiple functions—

the similar fluorimetric ratio (0.75- 0.06 and 0.76x
0.07; n = 18) before and after excision (nine triplets).

especially bile secretion and canalicular contraction—are
performed along the axis of the hepatocyte plate, the

When the first cell was excised, the second cell and the orientating of intercellular communication by cellular

third cell responded with a 1Z 7% and 17+ 6% longer

sensitivity gradients may be fundamental. Cell to cell

latency @ = 9), respectively, than before excision. When communication in other epithelia may also be regulated
the first and second responding cells were excised, thefinely by receptor-oriented intercellular Cawaves.
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Receptor-oriented intercellular calcium waves
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‘ DIRECTION OF THE INTERCELLULAR Ca? WAVE

STARTING
CELL

M : Vasopressin receptor

Fig. 7. A model for the sequence of agonist-induced{Qarises in multicellular rat hepatocyte systems. A gradient in hormone receptor density
results in a sensitivity gradient along the connected cells. The cell with the most agonist receptors prodydastestPresulting in Ga release

from internal stores with the shortest delay. The adjacent cell, with slightly fewer hormone receptors, produgsigithPmore slowly, resulting

in a delayed C& release as compared with the first responding cell. Applied to the whole system, this model leads to the creation of an apparent
intercellular C&* wave, the starting point and orientation of which are imposed by the agonist sensitivity gradient. Cell to cell coupling via gap
junctions should allow the diffusion of an intercellular messenggwhose nature is unknown, possibly Inskeading to the coordination and

probably the acceleration of cellular responses within the system of connected cells (ComtbakieE994; Tordjmanret al., 1997a).

Materials and methods epifluorescence microscope and superfused with continually renewed
modified Eagle’s medium. Perfusing solutions (saline and agonists)
Isolation of cells converged on the chamber by inlet tubes, at 34°C. Microinjection of

Collagenase perfusioriTotal liver parenchymal cells were isolated by ~ fura2 was performed using an Eppendorf microinjector (5242), as
the two-step collagenase perfusion technique (Seglen, 1976), from fed described previously (Tordjmaret al,, 1997a).

adult female Wistar rats (CERJ, Le Genest, France) weighing 200- pjash photolysis of microinjected caged InsRnactive photolabile

250 g, as previously described _(Combetm:*.al.,_ 1994). Cell viability, ‘caged’ InsR, the P-4 or the P-5 1-(2-nitrophenyl) ethyl esters of sP
assessed by trypan blue exclusion, was consister@igob. (Walkeret al., 1989) were introduced into fluo3-loaded multiplets using
Isolation of PP and PV cells from a single rat liverhe initial steps of an Eppendorf microinjector (5242). Fura2 (5 mM in the pipet) was
the experimental procedure were essentially as for the conventional microinjected together with caged InsFCells were then allowed to
digitonin—collagenase technique (Quistorff, 1985; Tordjmastnal, recover for at least 10 min during which fura2 (and caged 4n€Rrter

1996). Major modifications were made to the method such that PP and et al., 1996) diffused from the microinjected cell to the other connected
PV cell populations could be isolated from a single rat liver, as recently hepatocytes. Ingfwvas released by photolysis from caged lgd#y a 1
described (Tordjmanret al, 1997b). Briefly, after clamping of the ms pulse from a short arc xenon flashlamp focused to produce an image
median lobe vessels, a digitonin solution (4 mg/ml) was infused via the 2—-3 mm across at the cell as described previously (Ogtleh, 1990).
portal vein at a rate of 10 ml/min at room temperature until a regularly The spot of light produced by the flashlamp thus releasedslims@ll
scattered PP pattern of decoloration was obtained. Digitonin was washedthe hepatocytes into which caged Igsiuld diffuse via gap junctions

out by perfusion with saline continuously gassed witfGD, (19:1), (Carteret al, 1996). The subsequent changes in fluo 3 fluorescence
in the retrograde direction (through the caudal vena cava) at a rate of (Aex = 480 nm,Aer, = 520 nm) due to intracellular calcium mobilization

20 ml/min for 2 min at room temperature. The clamp was removed then were recorded, as previously described (Combaedtes., 1994).

placed on the left lateral lobe vessels, and digitonin was infused via the Spectrofluorimetry on quin2-loaded hepatocyte suspensiGatium
caudal vena cava at a rate of 10 ml/min until a regularly scattered PV movements in PP and PV hepatocyte populations were measured as
discoloration pattern was observed. Digitonin was then washed out by previously described (Tordjmaret al, 1997b). Changes in the fluores-

perfusion with a C&"-free solution, continuously gassed with/OO, cence of quin2-loaded hepatocytds,(= 340 nm,\qm =492 nm) were
(19:1) at pH 7.4, in the antegrade direction via the portal vein at a rate ~_; + " ; iy
of 20 ml/min for 10 min at 37°C. The subsequent steps of the isolation calibrated for C&" as previously described (Tordimaen al, 1996).
procedure were identical to those for the conventional dispersion of rat
liver cells (Seglen, 1976), except that median and left lateral lobes were /nsPs mass measurements ) ) )
separated after collagenase perfusion, and then processed concurrentl)ﬁ‘n0 aliquot of 16 cells (PP or PV) was incubated in 1 ml of saline at
Cell viability, assessed by trypan blue exclusion, was consister@. 37°C. At 10 and 20 s after treatment with the agonist (10 nM vasopressin)
or with H,O (control samples), cells were mixed immediately with an

Enzyme assays ice-cold perchloric aci_d solution and incubated on ice_ for gnsFtractio_n

The enrichment of cell suspensions in PP and PV hepatocytes was @S described by Chaliss (1995). Igskas determined in the neutralized
monitored by measurements of glutamine synthetase (GS) (PV marker) €xtracts by the radioreceptor binding assay (Amersham, Biotrack™ assay
and alanine aminotransferase (ALT) (PP marker). GS activity was SyStem). In each experiment, InsRccumulation reached a maximum
determined as previously described (Roeteal,, 1986), and ALT was 10 or 20 s after agonist st|mu|a_t|on. Palre_d ratios between PP and I_DV
assessed using a commercial kit (Sigma Chemical Corporation, St Louis, cells were calculated for each animal. Proteins were determined according
MO) as described by the manufacturer. The enzyme activities were 10 Lowry et al. (1951) for each sample.

consistent with the published data and showed a significant enrichment

of each cell population with either PP or PV hepatocytes (data not Membrane preparation

shown), as reported previously (Jungermann and Kietzmann, 1996; Crude membranes were obtained from PP and PV cells, as described
Tordjmannet al., 1997b). Insk 5-phosphatase activity was determined for total hepatocyte populations (Guill@ al., 1986). Cells were washed

as previously described (De Smedttal., 1997). twice in phosphate-buffered saline (PBS) withoutf?Cand Mg* at

pH 7.4, then suspended in an ice-cold hypotonic homogenization buffer
Determination of [Ca?" ]; changes in hepatocytes containing 10 mM Tris—=HCI pH 7.4, 1 mM EDTA and 0.1 mM
[Ca?*];imaging on dye-loaded hepatocyte multipléisading of hepato- phenylmethylsulfonyl fluoride (PMSF) §2107 cells/ml). The cells were
cytes with fura2 or fluo3, short primary cultures and€amaging were incubated in the buffer for 30 min, then disrupted at 4°C by 15 strokes
essentially as described by Combet¢sl. (1994). The cells were dye- in a Potter homogenizer (Teflon/glass, tight piston) and centrifuged

loaded on coverslips, then placed on the stage of an Axiovert 35 (10 min at 4°C at 10@). The supernatant was collected and centrifuged
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for 15 min at 21 000g at 4°C. The final pellet was suspended at a Christophe Erneux for his help with IngP5-phosphatase activity
protein concentration of 3-5 mg/ml in the homogenization buffer. measurements.
Membranes were stored at —20°C and thawed just before use.
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