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Hepatocyte swelling leads to rapid decrease of the G-/total actin ratio and
increases actin mRNA levels
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Exposure of iselated rat hepalocytes to hypotonic (190 mosinol/l) incubation media Yowered the cellular G-aciin level without affecting the total
actin content: here the G-/lola] getin ratio deereased by 15.5 = 1.4% (1=7). Similar efMects were observed following isotenie cell swelling by eiiher
addition of gletamine (10 mM) or insulin (100 nM), resulling in a decrease of the G-/totalactin ralios by 13,5+ 21% (n=5}and .1 £ L.1%n=11),
respectively. The eftects of hypolonic exposure, glutamine and insulin on the G-/tolal actin ratjo largely occurred within 1 min and persisted for
at least 2 b in presence of the respective effectors. After a 120 min exposure to hypotonie media, glutamine or insulin the actin mRMNA levels were
increased 2.4-, 2.0- and 3.5-fold, respectively. Hypertonic exposure lowered the G-/lotal aclin ratio by only 4.9 £ 2.5% (1 =4) and increased actin
mRINA levels only 1.2-fold. There was a close relationship between glulamine- and hypolonicity-induced cell swelling and the decresse of G-/to1al
actin ratios. The dita suggest that cell swalling exerts rapid and marked effecis on the state of actin polymerization and increases actin mRNA
levels. Thus, cyloskeletal allerations in response to cell swelling may be involved in the regulation of hepatic metabolism by cell volume.

Cell swelling; Glutarnine; Cell volume; Isolated hepaltocyle; Insulin; Anisotonicity, Hypolonic; Hyperionie; Actin; Gene expression; Cytoskeleion

. INTRODUCTION

Cell volume changes were recently recognized as po-
tent modulators of metabolic liver cell function and
evidence has been presented that cell volume changes,
as they occur in response to hormenes and amino acids
act like a ‘second or third messenger’ modifying hepatic
metabolism (for review see [1]). Although the mecha-
nisms linking cell volume changes to cellular function
aie poorly understood, cytoskeletal alterations may
play a role. Indeed, the polymerization state of microfil-
aments, which can change under the influence of growth
factors and other hormones by shifting the actin monc-
mer (G)/polymer (F) actin equilibrium, was repeatedly
suggested to be important for cellular function [2-8]. On
the other hand, volume-regulatory responses in some
cell types are blunted by inhibitors of the microfilament
system [9,10) and there is some microscopic evidence on
a reorganization of microfilaments following hypetonic
cell exposure [10,11]. Further, hypotonic exposure was
shown to increase mRMNA levels of actin in rat liver [12).

Accordingly, we addressed the question whether cell
volume changes exert effects on the polymerization
state of actin and whether such effects also occur during
isotonic cell swelling. The data show that cell swelling
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leads to a rapid decrease of the G/total actin ratio,
suggesting rapid polymerization of G-actin and to an
increase of actin mRNA levels.

2. MATERIALS AND METHODS

2.1. Esolation and incubaiion of isolated rar hepatacytes

Isolated rat hepatocytes were prepared aceording to [13] from livers
of male Wistar rats, ed ad libitum on stock diet (Aliromin), following
collagenase perfusion. Afier washing, the hepatocytes were incubated
al 37°C in a Krobs-Henseleit buffered saline {final volume 4 ml)
supplemented with 6 mM glucose. The incubalions were continuously
gassed wilh water-vapor saturated Q./CQ, (95:5 v/v). Viability of
hepatocyles as assessed by Trypan blue exclusion ai the end of the 2
h-incubations was aboul 90%, The protein content in the incubations
was 3-6 mg/ml. The incubation volume was 4 ml. Hepatocyies were
preincubated for 20 min with the above-mentioned medium; then (¢
= 0 min), glutamine, hormones or anisotonic conditions were insti-
tuied. Samples for determinalion of G- and total aclin and prolein
were iaken either afier 1, 20 or 120 min. Glutamine and insulin were
added to the incubations to give concentrations of 10 mM or 100 sM,
respectively. In order 1o mainiain maximally aclive hormone concen-
tralions throughout the 2 h-incubalion period, insulin additions were
repeated every 30 min. In contrel incubations the osmolarily was 310
mosmolfi, anisolonic conditions werg achieved by adding or removing
appropriate amounts of NaCl, il nol indicated otherwise.

2.2, DNase ! inhibition assay for actin delerminations

Aclin in monomeric and filamentous form was measured in the cells
using the G-actin-dependent DMNase 1 inhibition assay as previously
described in [14], with the following modifications: 10° cells, washed
twice with phosphate-buffered saline (PBS). oH 7.4, were treated with
100 z4 lysis bufTer containing 10 mM K,HPO,, 100 mM NaF, 50 mM
KCl, 2 mM MgCl,, 1 mM EGTA, 0.2 mM dithiothreitol, 0.5% Triton
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X-100,1 M sucrose. pH 7.0. For determination ol the G-actin content
10 ul of the lysate were added 1o the assay mixture conlaining 7 ul
DNase 1 solution (1 mg/10 ml DNase | in 50 m™ Tris-HCI, 10 mM
phenylmethyl-sulfonyiftuoride (PMSF). 0.5 mM CaCl,, pH 7.5) und
1 ml DNA solution (4 mg/100 ml DNA in 100 mM Tris=sHCI, 4 mM
MgS50,. 1.8 mM CaCl,, pH 7.5). The DNase I activity was monitored
continuously in a quartz cuvette with a Sigma-ZWS 11 double beam
spectrophotomeler at 260 nm. Actin in the sample was quantitated by
reference to a standard curve for the inhibilion of DNuse T activity,
prepared using rabbit muscle G-actin, isolated as previously described
[15). Actin concentration wus determined by the optical density at 290
nm using the extinclion coefficient &, = 26460 mol™' cm™'. A linear
relationship was observed over the runge ol 26-68% inhibition ol
DNase 1 activily. To measure total actin, aliquols of the lysed cell
suspension were diluted 2-3 times with lysis bulTer and then incubated
for 20 min with an equal volume of guanidine-HCI bufTer (1.5 mM
guanidinesHCI, 1 M sedium acetate, | mM CaCl,, | mM ATP, 20 mM
Tris-HCL pH 7.5) 1o depolymerize F-actin lo monomeric G-actin. The
G-actin content in the hepatocyie suspensions was related to the total
protein content, Protein was determined with (he biuret reaction de-
scribed in [16].

2.3, Norihern blot analysts of actin mRNA

The isolation and size-{ractionation ol total cellular RNA waus per-
formed exactly as previously described [17]. Aller transfer of RNA to
Gene Screen nylon membranes (New England Nuclears. Boston,
USA) the filters were prehybridized and hybridized with ¢DNA
probes ¢-**P-labeled by random priming, using oligodeoxynucleotides
(specific activity 5x107 cpm/ug), according to [18]. The f-gciin mMRNA
levels were normalized to the level of glutamate dehydrogenase
mRNA. Hybridizations were carried out as described [19). Washed
fillers were exposed to Kodak XR film at ~-80°C in the presence of
an intensilying screen. Hybridization was quantified by a4 computed
Image Analyzer (Quant 970, Cambridge Instruments, Cambridge,
UK). The probes used were 4 rat S-actin cDNA Psil fragment inserted
inlo a pUC 18 plasmid {20] and a human glutamate dehydrogenase
¢DNA probe {21], kindly provided by Dr. G. Mavrothalassitis (Re-
sedarch Center of Crete).

2.4, Determination of hepatocyte volne

The intracellular water space of isolated rat hepatocytes was deter-
mined as described previously [22] using the method by [23] with some
modifications: i.e. ['Hlinulin was used as extracellular marker and
[“Clurea as murker for intru- plus extracellular space as previously
done and validated in studies on the intact liver [24]. In brief, hepalo-
cyles were incubated in the above-mentioned medium for 120 min and
then [*Hlinulin (20 kBq) and ['*Clurea (20 kBq) were added 1o the
incubations. 5 min later a 2.5 ml-aliquot of the cell suspension was
gently centrifuged (170xg) for 30 s. *H und "*C radioactivity was
determined by scintillation specirometry in the supernatant and the
pellet, respectively. The intracellular water space was caleulated from
the "*C radioactivity found in the pellet afier correction for residual
extracellular witer in the pellet by using the specific radioactivities in
the supernatant. In the individual cell preparation the intracellular
water space (‘cell volume") found in control incubations was set to
100% und the volume-efTects of anisotonicity, glutamine and insulin
are expressed as percentage hereot’, In the absence of further additions
(*control’), cell volume was 2.08 + 0,02 ul/mg protein (2= 13) after a
120 min incubation,

2,5, Expression of resulls

Il not indicated otherwise, the G-/total actin ratio in control incuba-
tions obtained from a cell preparation was sel 1o 100% and the influ-
ence of effectors on actin polymerization is given as percentage hereof.
In addition data from difTerent cell preparations are given as G-uctin
content per mg total hepatocyle protein, Respective data obtained
from different cell preparations were statistically treated by ANOVA
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and unpaired r-lest; they are given as means+ SEM (#=number of cell
preparations) and P<0.05 were considered statistically significant.

2.6. Materials

[*Hlinulin and ["*Clurea were from Amersham Buchler (Frankfurt,
Germany). Collagenase was from Biochrom (Berlin, Germany). Insu-
lin (from bovine pancreas), DNA (from herring testes) and DNase |
(from bovine pancreas; 600 kU/mg protein) were from Sigma (Mu-
nich, Germany). All other chemicals were [rom usual commercial
sources in the purest grade available,

3. RESULTS AND DISCUSSION

3.1. Effect of hypotonic exposure, glutamine and insulin
on actin pelvmerization

In normotonic control incubations, the G-actin con-
tent was 21.2+ 0.7 pg/mg total hepatocyte protein (1 =
22), in close agreement with earlier published data by
others [4]. The ratio of monomeric (G-)actin to total
cellular actin; ie. the G-/tatal actin ratio was
0.250 £ 0.006 (1 = 22) and did not significantly change
over a 120 min incubation period (for data see legend
Table I). Upon hypotonic incubation, due to lowering
the NaCl concentration, the G-/total actin ratio signifi-
cantly decreased (Table I), suggesting a stimulation of
actin polymerization following hypotonic exposure. In
line with this interpretation, the total actin content did
not significantly change upon hypotonic exposure
(Table II). As further shown in Table I, this response
was already observed after 1 min of hypotonic exposure
and persisted up to 2 h of hypotonic exposure. Here, it
should be noted that volume-regulatory net K* efflux
from the hepatocytes is terminated within the first 8 min
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Fig. 1. Relationship between glutamine-, insulin- and hypotonicity-
induced cell swelling and the accompanying decrease of G/total actin
ratio. Data on cell volume and G-/tolal actin ratio were obtained from
cells being exposed for 120 min to hypotonic fluid (190, 230, 250, 270
mosmol/l), glutamine (Gin; 10 mmoWl)or insulin (Ins; 100 nmol/i). The
curve drawn in the figure takes into account only data obtained fol-
lowing hypotonic exposure. Data are given as means = SEM and are
from 310 different cell preparations.
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Table |
EfTect of anisotonic exposure, glutamine, insulin and glucagon on G-/1o1al aclin ratio in isolated rat hepatocyles

Hepalocytes were preincubated s described in the metheds section for 15 min. Then (¢ = 0 min) anisoionigcity,
glulamine, insulin or glucagon was instituted and cells were assayed for G- und lotal aclin afler £ =1, 20 and
120 min. Anisotonic conditions were achieved by lowering or increasing the NaCl conceniration. In normolonic
control incubations the osmolarity was 310 mosmol/l. In normotonic contro! incubations the G-/total actin ratio
did not change significantly during the 120 min incubation period and was 0.245 + 0.026 (11 = 3), 0.244 + 0.011
(1 = 4) and 0.250 = 0,006 (n = 22) after 1, 20 and 120 min ol incubation, respectively. Data reflect the percent
change of the G-/lotal actin ratio induced by the effectors und are given as means + SEM (n=number of cell

preparations).
Duration of exposure 1 min 20 min 120 min
% change of G-/lotal aclin ratio

Hypotonic (270 mosmoi/l) - - -49*1.24)

(250 mosmol/l) - - ~114+£3.1

(230 mosmol/l) - - -126£1.6 )

(190 mosmol/l) -10.8+2.3(3) —18.4+2.74) -15.5+14(7)
Hypertonic (430 mosmol/) + 03+£23(3) - 25%53(3) - 49125(4)
Glutamine (10 mmol/l) -129£4.1 (3) -11.9£1.4(3) -13.5£21(5
Insulin (100 nmol/l) -10.347.0(3) ~12.0+7.1 (&) -l4al1zL10D
Glucagon (100 nmol/l) + 1.71+5.7(3) - 41x35(3) - 7.1 x3.8(3)

of hypotonic exposure, however, this volume-regula-
tory response does not restore the initial cell volume
completely, instead the liver cells remain in a swollen
state [25]. The extent of stimulation of aclin polymeriza-
tion was dependent upon the extent of osmolarity de-
crease in the perfusion medium (Table I). Hypertonic
exposure, on the other hand had, if at all, only a slight
effect on the G/total actin ratio.

Glutamine was recently shown to induce cell swelling
within 1-2min due to a cumulative uptake of the amino
acid into the cells driven by the electrochemical sodium
gradient across the plasma membrane [26]. Cell swelling
is also induced by insulin due to cellular accumulation
of K™, Na* and Cl~ [27,28]. As shown in Table I, both
glutamine and insulin rapidly decreased the G/total
actin ratio. The decrease of the G/total actin ratio under
the influence of insulin as determined by the decrease
of G-actin content is quantitatively similar to that re-
ported by others [4]. Apparently, the stimulation of
actin polymerization during hypotonic incubations or
upon addition of glutamine was dependent upon the
degree of cell swelling (Fig. 1). The data in Fig. 1 also
suggest that the glutamine-effect on the G-/total actin
ratio is due to glutamine-induced cell swelling because
it can quantitatively be mimicked by equipotent hypo-
tonic cell swelling. On the other hand, the effect of
insulin on the G-/total actin ratio was somewhat higher
than that observed when equipotent cell swelling was
induced by hypotonic exposure. Here apparently aiso
mechanisms distinct from cell swelling come into play,
although the insulin effect on the G-/total actin ratio

could be explained at least partially on the basis of
insulin-induced cell swelling.

3.2. Effects on actin mRNA levels

As shown in Table I1, cell swelling under the influence
of insulin, glutamine or hypotonic exposure led to a
2-3-fold increase of actin mRNA levels within 120 min.
A comparable extent of actin mRNA increase has been
observed in perfused rat liver, when exposed to hypo-
tonic perfusion fluids [12]. It should be noted that the
increase in actin mRNA tissue levels was observed re-
gardless of whether reference is made to glyceralde-
hydphosphate dehydrogenase mRNA, albumin mRNA
[12) or to glutamate dehydrogenase mR NA (this paper).
On the other hand, the relative actin mRNA level in-
creased only 1.2-fold during hypertonic exposure. Com-
paring the data given in Tables I and I, it appears that
the increase of actin mRNA levels following glutamine
and hypotonicity-induced swelling is inversely related to
the accompanying decrease of the G-/total actin ratio or
the cellular content of G-actin. This would be in line
with the recently suggested autoregulatory control of
actin synthesis in cultured rat hepatocytes {29] by either
the concentration of G-actin [30] or the ratio between
monomeric and filamentous actin [29). Such an autoreg-
ulatory control was deduced (rom the reciprocal behav-
jour of actin mRNA levels and the G-/F-actin ratio
under the influence of clostridium botulinum C2 toxin
or the mycotoxin phalloidin {29] and our duia wouid be
in line with this suggestion.

Glucagon is known to shrink hepatocytes [27.28] and
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Table 11
Effects of anisotonicity, giutamine, insulin and glucagon on actin
mRNA levels and cellular G-actia content.
For details see Materials and Methods. Daia were obtained after 120
min exposure to anisotonicity, glutaming, insulin or glucagon. #-Actin
mRNA levels were normalized lor glutamate dehydrogenase mRNA

levels.

Relative G-actin total actin

Bactin conleit content

mRNA

leval /g cell prolein

Control 1 21.2+20.7(22) 84.8+£1.6(22)
Hypotonic (190 mosmol/l) 2.4 18.420.7(7)° 86.8%2.4(7)
Glutamine (iC mmol/l) 2.0 17.9+0.6 (5 B82.9+2.7(5)
Insulin (100 nmol/l) 36 18.1£0.4(11)° 84.2+1.9(i1)
Hypertonic (430 mosmol/l) 1.2 19.741.8(4) 82.8+3.3(4)
Glucagon (100 nmol/l) 2.3 204+24(3) 87.9x3.6(3)

* denotes stalistically significant differences in G-actin content com-
pared to normolonic control incubations (P < 0.05). No stalistically
significant difference was cbserved for total actin contents,

had, like nypertonic cell shrinkage, no significant effect
on the G-/total actin ratio. This is at variance to the
observations with glucagon by others [4], however, the
actin mRNA level significantly increased under the in-
fluence of glucagon (Table II). Thus, apparently the
glucagon effects on the microfilament system involve
other mechanisms than alterations of the G-actin con-
tent.

3.3. Functional significance

The functional significance of the decrease of G-/total
actin ratio following cell swelling, apart from a possible
increase of actin mRNA levels, cannot be judged from
our present study. However, it is well corceivable that
swelling-induced changes in actin polymerization could
participate in the modulation of cell function by cell
volume. For example, microfilaments are involved in
bile formation (for review see [311) and liver cell volume
was recently recognized as a major determinant of trans-
cellular taurocholate transport in liver {32,33). Further,
there is some evidence for a role of microfilaments in
regulating other cellular functions, which are also af-
fected by cell volume changes [1,22], such as control of
protein synthesis [7], alterations of glycolytic enzyme
activities [3] and the regulation of growth-related phe-
nomena [6]. Indeed, microfilament alterations have
been recently observed in ras-oncogene transformed
buffalo rat liver cells [34], while ras oncogene expression
in NIH 3T3 fibroblasts is accompanied by a marked
increase of cell volume [35].

Taken together our results demonstrate rapid effects
of cell swelling on microfilaments. The known insulin
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effects on microfilaments can at least in part be ex-
plained by insulin-induced cell swelling.
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