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Involvement of microtubules in the swelling-induced stimulation of
transcellular taurocholate transport in perfused rat liver
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An increase of the hepatocellular hydratation state, induced by
hypotonic exposure, amino acids or tauroursodeoxycholate, was
shown to increase within minutes the Vmax of transcellular
taurocholate transport and excretion into bile [Haussinger,
Hallbrucker, Saha, Lang and Gerok (1992) Biochem. J. 288,
681-689]. This stimulatory effect of cell swelling on taurocholate
excretion into bile is abolished in the presence of colchicine
(5 ,uM). On the other hand, colchicine did not affect the stimu-
latory action of hypotonic cell swelling on 14CO2 pro-
duction from [1-14C]glycine or [1-_4C]glucose. Likewise, volume
regulatory K+ fluxes following anisotonic exposure were not
influenced in the presence of colchicine. Lumicolchicine (5 ,uM),
a stereoisomer of colchicine without an inhibitory effect on
microtubules, did not abolish the stimulation of taurocholate
excretion into bile following hypo-osmotic exposure. Hypertonic

INTRODUCTION

Alterations of the hepatocellular hydratation state were recently
recognized as an important modulator of hepatocellular function
(for reviews see Haussinger and Lang, 1991; Lang and Haus-
singer, 1993). Cell swelling, induced by either hypotonic exposure
or addition of amino acids, insulin or tauroursodeoxycholate,
increases the Vmax of transcellular taurocholate transport in
perfused rat liver within minutes, whereas hypertonic cell shrink-
age decreases transport capacity (Hallbrucker et al., 1992;
Haussinger et al., 1992a). However, the underlying mechanism
remained unclear. Cell swelling leads to marked cytoskeletal
alterations, such as a rapid polymerization of actin (Theodor-
opoulos et al., 1992) and an increase of cellular mRNA levels
for ,3-actin (Schulz et al., 1991; Theodoropoulos et al., 1992) and
tubulin (B. Stoll, C. Stournaras and D. Haussinger, unpublished
work). Also in other cell types, evidence has been given for a
rearrangement of cytoskeletal structures after anisotonic ex-
posure (Cornet et al., 1987; Linshaw et al., 1992). Bile formation
was repeatedly shown to be sensitive to inhibitors of cytoskeletal
structures (for reviews see Erlinger, 1988; Sellinger and Boyer,
1990; Nathanson and Boyer, 1991; Boyer et al., 1992) and the
existence of a vesicular bile acid transport mechanism in liver has
been discussed repeatedly (Dubin et al., 1980; Kacich et al.,
1983; Goldsmith et al., 1983; Suchy et al., 1983; Lamri et al.,
1988; Crawford and Gollan, 1988; Crawford et al., 1988; Stolz
et al., 1989; Aoyama et al., 1991; Dumont et al., 1991). Thus, we
addressed the question whether the cell-volume-dependence of
transcellular taurocholate transport in liver is sensitive to in-
hibitors of microtubule formation.

cell shrinkage decreased taurocholate excretion into bile by
about 35%; this effect was fully reversible upon normotonic
re-exposure. With colchicine pretreatment, however, the
hypertonicity-induced inhibition of taurocholate excretion was
blunted and was no longer reversible upon normotonic re-
exposure. The results suggest that stimulation of taurocholate
excretion into bile in response to cell swelling involves a
colchicine-sensitive, probably microtubule-dependent, mecha-
nism, but not the stimulation of other cell-volume-sensitive
pathways such as glycine oxidation or the pentose-phosphate
shunt. It is hypothesized that the swelling-induced stimulation of
taurocholate excretion into bile is due to a microtubule-dependent
insertion of bile acid transporter molecules into the canalicular
membrane.

MATERIALS AND METHODS
Haemoglobin-free liver perfusion
Livers of male Wistar rats of 140-240 g body weight, fed ad
libitum on stock diet (Altromin), were perfused in situ from the
portal to the hepatic vein as described previously (Sies, 1978)
without recirculation of the perfusate using the bicarbonate-
buffered Krebs-Henseleit saline plus L-lactate (2.1 mM) and
pyruvate (0.3 mM). The K+ concentration in the influent was
5.9 mM; in normotonic perfusion experiments the osmolarity
was 305 mosmol/l. Hypotonic (225 mosmol/l) and hypertonic
(385 mosmol/l) conditions were achieved by removing or adding
40 mM NaCl from the perfusion fluid. The perfusion fluid was
equilibrated with O2/CO2 (95:5, v/v). The temperature was
37 'C. The perfusion flow rate was 3.2-4.5 ml/min per g of liver
and was constant to within 50% throughout each individual
experiment.

Assays
Bile was sampled at 1 min intervals and bile flow was determined
gravimetrically assuming a specific mass for secreted bile of
1 g/ml.
Taurocholate excretion into bile was calculated on the basis of

the specific radioactivity of added [3H]taurocholate (100,M;
75 kBq/l) from the 3H radioactivity recovered in bile by scin-
tillation spectrometry. A similar approach was used to determine
biliary excretion of added [3H]colchicine (5 ,uM; approx.
100 kBq/l).
K+ in the effluent perfusate was monitored continuously with

Abbreviation used: LDH, lactate dehydrogenase.
t To whom correspondence should be addressed.
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a K+-sensitive electrode (Radiometer, Munich, Germany). The
electrode was calibrated by infusion of known amounts of KCI.
Data on K+ release were obtained by planimetric calculations of
areas under curves. When present, a baseline drift was taken into
account.

Portal perfusion pressure was routinely monitored with a
pressure transducer (Hugo Sachs Electronics, Hugstetten).

14CO2 from [1-_4C]glucose and [1-_4C]glycine was determined
as described previously (Hiiussinger et al., 1992b; Saha et al.,
1992). In brief, perfusate containing [1-_4C]glucose (5 mM,
120 kBq/ml) or [1-_4C]glycine (0.3 mM, 75 kBq/ml) in influent,
was pooled over 1 min periods and collected in conical stoppered
flasks. 14CO2 was liberated by acidification and trapped in
phenylethylamine. Rates of 14CO2 production were calculated
from the specific radioactivity of influent glucose or glycine
respectively. Results are given as means + S.E.M. (n = number of
perfusion experiments).

Materials
[1-'4C]Glycine, [1-_4C]glucose, [3H]colchicine and [3H]tauro-
cholate were from Amersham (Frankfurt, Germany). Unlabelled
taurocholate, tauroursodeoxycholate, lumicolchicine and col-
chicine were from Sigma (Munich, Germany). L-Lactic acid was
from Roth (Karlsruhe, Germany). All other chemicals were from
Merck (Darmstadt, Germany).

RESULTS
Effect of anisotonicity on coichicine handling by perfused rat liver

When [3H]colchicine (5,uM) was infused to hypotonically
(225 mosmol/l) perfused rat liver, corresponding to an influent
dose of 19.7 +0.5 nmol/g per min, it took about 20 min until a
steady-state release of radioactivity into bile and effluent per-
fusate was reached, indicating that colchicine was trapped inside
the liver only during this period. After 20 min of [3H]colchicine
infusion, steady-state conditions were reached: 21 + 3 % (n = 3)
and 79 + 3 % (n = 3) of the infused radiolabel were recovered in
bile and effluent perfusate, respectively (Figure la). Thus, intra-
cellular colchicine-binding sites became saturated apparently
within 20 min under these conditions. When [3H]colchicine
(5 ,uM) was infused into hyperosmotically (385 mosmol/l) pre-
shrunken livers, corresponding to an influent dose of
20.7 + 0.5 nmol/g per min (Figure lb), the kinetics of radiolabel
release into effluent perfusate and bile were largely identical with
that found during hypotonic perfusions; steady-state release
rates were found after about 20 min, with 29 + 1 % and 71 + 1 %
(n = 3) of the infused radiolabel being recovered in bile and
effluent perfusate respectively. These results suggest that the
perfusate osmolarity has no effect on the extent and time course
of colchicine trapping inside the liver.

inhibited and, after a 45 min period ofcolchicine (5 ,uM) infusion,
taurocholate excretion into bile was no longer different in
normotonic and hypotonic perfusions (Figure 2). Interestingly,
taurocholate excretion into bile dropped only slightly during the
first 10-20 min of colchicine addition. In the light of the results
in Figure 1, this observation may suggest that saturation of
colchicine-binding sites in the liver is required for the cholestatic
effect of this microtubule inhibitor. Hepatocellular integrity, as
assessed by lactate dehydrogenase (LDH) release into effluent
perfusate was only slightly affected by colchicine (5 ,uM). After a
50 min normotonic perfusion with taurocholate (100 #uM), LDH
activity in effluent perfusate was 6+ 1 units/l (n = 6) and was
11 + 1 units/i (n = 3) when colchicine (5 #M) was present be-
tween 20 and 50 min of taurocholate infusion. Corresponding
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Effect of coichicine on taurocholate excretion into bile

As shown in Figure 2, and in line with previous data (Hallbrucker
et al., 1992; Haiussinger et al., 1992a), taurocholate (100 ,uM)
excretion into bile was significantly higher in hypotonic
(225 mosmol/l) than in normotonic (305 mosmol/l) perfusions.
This effect was observed throughout an 80 min perfusion period
(not shown, but for the constancy of taurocholate excretion over
a 100 min normotonic perfusion period in the absence of
colchicine; see Figure 3 below). When, however, colchicine
(5,M) was added to influent perfusate both bile flow (not
shown) and taurocholate excretion into bile became progressively

Figure 1 [3H]Colchicine handling by hypotonically (225 mosmol/l) (a) and
hypertonically (385 mosmol/l) (b) perfused rat liver

Livers were perfused with a hypotonic (225 mosmol/l) or hypertonic (385 mosmol/l) medium
and [3H]colchicine (5 uM) was added during the time period indicated. 3H release was
measured in effluent perfusate (0) and in bile (0); (0) refers to the sum of 3H release into
bile plus perfusate. [3H]Colchicine addition to influent was approx. 20 nmol/g per min. Steady
states are reached only after an infusion period of about 15-20 min with radioactivity in influent
equalling that in bile plus effluent perfusate. No significant difference is seen between
hypotonically and hypertonically perfused livers, suggesting that the perfusate tonicity is without
effect on 3H trapping in the liver. Results are given as means+ S.E.M. (n = 3 for each
condition).
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Figure 2 Effect of colchicine (5,uM) on taurocholate excretion into bile in g
normotonically (0) and hypotonically perfused (Q) rat livers *-° 225'r _2
Livers were perfused with a medium containing 100 ,M [3H]taurocholate and [3H]taurocholate
excretion into bile was determined. In line with previous results (Hallbrucker et al., 1992;
Hfussinger et al., 1992a) taurocholate excretion into bile was significantly higher in
hypotonically (0) than in hypertonically (0) perfused livers. In control experiments, i.e.
without colchicine addition, taurocholate excretion into bile was constant over a 100 min period
(not shown, but see Figures 3-5). Addition of colchicine had little effect on taurocholate
excretion during the first 15-20 min, but inhibits taurocholate excretion progressively thereafter.
After a 40 min infusion period of colchicine, taurocholate excretion into bile is no longer different
between normotonic and hypotonic perfusions. Results are given as means+ S.E.M. (n= 3
for each condition).

values for hypotonic (225 mosmol/l) perfusion were 7 + 1 units/I
(n = 4) and 10+ 1 units/i (n = 3) respectively.

Colchicine had no effect on the portal perfusion pressure
in both normotonic and hypotonic perfusions. In normotonic
(and hypotonic) perfusions, the portal perfusion pressure
was 3.0 +0.2 cmH2O (2.6+0.5 cmH2O) (n = 3) and was
3.4+0.3 cmH2O (3.0+0.6 cmH2O) after a 60 min perfusion
period with colchicine (5,uM). This suggests that the colchicine-
induced cholestasis is not explained by an inhomogeneous
perfusion of the liver parenchyma.

Coichicine abolishes the cell-swelling-induced stimulation of
taurocholate excretion into bile
As shown in Figure 3, cell swelling due to hypotonic
(225 mosmol/l) exposure stimulated taurocholate excretion into
bile and bile flow, in line with previous results (Hallbrucker et al.,
1992; Haussinger et al., 1992a). When, however, hypotonic
exposure was instituted 20 min after onset of colchicine infusion,
i.e. at a time point when taurocholate excretion started to
decrease under the influence of colchicine in control experiments
(Figures 2 and 3), the stimulatory effect of hypo-osmotic cell
swelling on taurocholate excretion into bile was largely abolished.
Here, hypo-osmotic exposure produced only a slight and tran-
sient stimulation of taurocholate excretion, which can be ex-
plained by an accelerated washout of taurocholate already
present in the biliary tree due to an osmotic water shift into the
biliary compartment. Also when cell swelling was induced in
normotonic perfusions by addition of amino acids such as
glutamine and glycine (2 mM each; Figure 4), taurocholate
excretion into bile was increased in the absence of colchicine, but
not when colchicine was added 20 min before. Interestingly,
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Figure 3 Effect of hypotonic (225 mosmol/l) exposure on bile flow and
taurocholate excretion Into bile in the absence and presence of coichicine
(5 FM)
Livers were perfused with a medium containing taurocholate (100 ,uM) and hypotonic perfusion
conditions were instituted from 76-90 min of perfusion. With colchicine absent, hypotonic
exposure increases taurocholate excretion into bile (A). With colchicine (5 IM) present (onset
of colchicine infusion is indicated by the first arrow), the stimulatory effect of hypotonic exposure
on taurocholate excretion is largely abolished (B). As for controls, results are given for
taurocholate excretion during colchicine addition in experiments without hypotonic exposure
(C); these results are taken from Figure 2 and are given without S.E.M. values for clarity (for
statistics see results depicted in Figure 2). Results are given as means+ S.E.M. (n = 3 or 4
for each condition).

colchicine also markedly diminished the initial overshooting
stimulation of taurocholate excretion into bile which is observed
during the first 6 min of amino-acid addition. As shown recently,
tauroursodeoxycholate at concentrations below 100 ,M induces
cell swelling when added in addition to taurocholate (100 ,M)
(Haussinger et al., 1992a), but not when added in the absence of
taurocholate (C. Hallbrucker, S. vom Dahl and D. Hiiussinger,
unpublished work). This tauroursodeoxycholate-induced cell
swelling quantitatively explains the tauroursodeoxycholate-in-
duced stimulation of taurocholate excretion into bile (Haussinger
et al., 1992a). As shown in Figure 5, in the presence of colchicine
(5,M) the stimulatory action of tauroursodeoxycholate on
taurocholate excretion was abolished.
The lack of effect of hypotonic exposure (Figure 3), amino

acids (Figure 4) and tauroursodeoxycholate (Figure 5) on tauro-
cholate excretion in the presence of colchicine is probably not
explained by a colchicine-induced inhibition of cell swelling in
response to these manoeuvres. This is suggested by the finding
that neither the time courses (not shown) nor the extent (Table
1) ofvolume-regulatory K+ fluxes, induced by hypotonic exposure
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Table 1 Effect of colchicine (5 ,uM) on the hypo-osmolarity-induced effects
on 14CO2 production from [1-4C]glycine (0.3 mM) and [1-14C]glucose (5 mM)
and volume-regulatory K+ efflux
Livers were perfused with a medium containing lactate (2.1 mM), pyruvate (0.3 mM) plus either
[1-14C]glycine (0.3 mM) or [1-14C]glucose (5 mM). Hypotonic conditions (225 mosmol/l) were
achieved by lowering the influent NaCI concentration by 40 mM. Colchicine (5 ,uM) was added
to the perfusion medium 20-25 min before the onset of hypotonic conditions. Results are given
as means+ S.E.M. (n = 3-10). Results on volume-regulatory K+ fluxes were obtained in
experiments without glucose or glycine in the medium. Results are given as means+ S.E.M.
and are from 34 experiments for each condition.

Colchicine-
treated

Parameter Control (5 1,uM)

30 50 70
Perfusion time (min)

90 110

Figure 4 Effect of glutamine plus glycine (2 mM each)-induced cell
swelling on taurocholate excretion into bile in the absence and presence of
colchicine (5 pM)

Livers were perfused with a medium containing taurocholate (100 uM) and glutamine plus
glycine (2 mM each) was added from 71-85 min of perfusion, in order to achieve isotonic cell
swelling. With colchicine absent, addition of the amino acids increased taurocholate excretion
into bile in a biphasic way (0). With colchicine (5 ,uM) present (onset of colchicine infusion
is marked by first arrow), the stimulatory effect of glutamine plus glycine on taurocholate
excretion was largely abolished (0). As for controls, results are given for taurocholate excretion
during colchicine addition in experiments without amino-acid addition (-) (S.E.M. values have
been omifted for clarity, but see results in Figure 2). Results are given as means+ S.E.M.
(n= 3 or 4 for each condition).

14co2 production from [1-14C]glycine (nmol/g per min)
Normotonic 14.2 + 0.7
Hypotonic 26.5 + 0.7
Change after swelling (%) + 87 + 11

14co2 production from [1-14C]glucose (nmol/g per min)
Normotonic 15.7 + 2.8
Hypotonic 29.8 + 5.9
Change after swelling (%) + 88+ 9

Volume-regulatory K+ fluxes (,umol/g)
Efflux after 12.7 + 0.8
hypotonic exposure

Reuptake after 11.5 + 0.8
normotonic re-exposure

Net efflux after 2.1 +0.2
glutamine/glycine addition
(2 mM each)
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Figure 5 Effect of tauroursodeoxycholate (TUDC, 40 pM) on taurocholate
excretion into bile in the absence and presence of colchicine (5,uM)

Livers were perfused with a medium containing taurocholate (100 ,uM) and tauro-
ursodeoxycholate (TUDC, 40,M) was added from 70-89 min of perfusion. With colchicine
absent, tauroursodeoxycholate increases taurocholate excretion into bile (0). With coichicine
(5 ,uM) present (onset of colchicine infusion is marked by first arrow), the stimulatory effect
of tauroursodeoxycholate on taurocholate excretion is largely abolished (0). As for controls,
results are given for taurocholate excretion during colchicine addition in experiments without
tauroursodeoxycholate addition (U). Results are given as means+ S.E.M. (n = 3 or 4 for
each condition).

or glutamine plus glycine, were affected by the presence of
colchicine.

In order to rule out unspecific effects of colchicine on bile-acid
secretion, the effect of lumicolchicine (5 ,uM), a stereoisomer of
colchicine which has no effect on taurocholate and horseradish
peroxidase excretion into bile and on microtubules (Wilson and
Friedkin, 1966; Dubin et al., 1980; Bruck et al., 1992), was

tested. Lumicolchicine had no effect on taurocholate excretion
into bile and the stimulatory effect of hypotonic exposure on

taurocholate excretion into bile was largely preserved. In normo-
tonic control perfusions, taurocholate excretion into bile was

206 + 8 nmol/g per min (n = 4) and was 213 + 9 nmol/g per min
(n = 4) after a 25 min period of lumicolchicine infusion. Hypo-
tonic (225 mosmol/l) exposure stimulated taurocholate excretion
into bile by 41 + 3 % (n = 3) and 30+ 8 % (n = 4) in the absence
and presence of lumicolchicine (5 ,tM) respectively. These results
suggest that the inhibition of the swelling-induced stimulation of
taurocholate excretion into bile by colchicine (Figures 2-5) is due
to its effect on microtubules.

Effect of coichicine on the inhibition of taurocholate excretion into
bile after cell shrinkage
As shown recently, hypertonic (385 mosmol/l) cell shrinkage
inhibits taurocholate excretion into bile (Hallbrucker et al.,
1992; Haussinger et al., 1992a). A persistent (about 35 %)
inhibition was also observed when lumicolchicine (5 ,uM) was

added 20-25 min before hypertonic exposure; this effect was

fully reversible upon normotonic re-exposure (Figure 6). When,
however, colchicine (5 ,uM) was infused instead oflumicoichicine,
the inhibitory effect of hypertonic cell shrinkage on taurocholate
excretion into bile was smaller and was no longer reversible upon
normotonic re-exposure.
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Figure 6 Effect of hypertonic exposure (385 mosmol/l) on taurocholate
excretion into bile in the presence of lumicolchicine (5 ,pM; @) or coichicine
(5,uM; 0)

Livers were perfused with a medium containing taurocholate (100 ,uM) and hypertonic exposure

was instituted from 71-85 min of perfusion. Colchicine (5,uM) or lumicolchicine (5 1aM) was

added to influent perfusate at 50 min of perfusion. In the presence of Fumicolchicine, hypertonic
exposure inhibited taurocholate excretion into bile (C), an effect which was fully reversible
upon normotonic re-exposure. When, however, colchicine (5 ,M) was added instead of
lumicolchicine (0), the inhibitory effect of hypertonic exposure was diminished and was no
longer reversible after normotonic re-exposure. The line (without symbols) refers to the effect
of colchicine (5 ,uM) on taurocholate excretion with normotonic perfusion conditions throughout
the experiment. This control curve (S.E.M. values omitted for clarity) is taken from Figure 2.
Results are given as means+ S.E.M. (n = 3 or 4 for each condition).

Effect of coichicine on the swelling-induced stimulation of 14CO2
production from [1-14C]glycine and [1-14C]glucose metabolism
Hypotonic cell swelling is known to stimulate 14CO2 production
from [1-14C]glycine (Haussinger et al., 1992b) and [1-14C]glucose
(Saha et al., 1992). As shown in Table 1, addition of colchicine
(5 ,uM) 20 min before hypotonic exposure did not significantly
affect 14CO2 production from [1-14C]glycine and [1-14C]glucose
and its stimulation by hypotonic cell swelling. This suggests that
microtubules are probably not involved in the swelling-induced
stimulation of glycine oxidation (Haussinger et al., 1992b) or the
swelling-induced stimulation of pentose-phosphate-cycle flux
(Saha et al., 1992).

DISCUSSION
The results in this paper show that the recently reported cell
volume effects on transcellular taurocholate transport (Hall-
brucker et al., 1992; Haussinger et al., 1992a) are sensitive to
colchicine, but not to lumicolchicine. This suggests a role for
microtubules in bringing about the rapid increase of transcellular
bile-acid transport capacity following increases in the cellular
hydratation state. There is general agreement that the canalicular
bile-acid secretion step, but not the sinusoidal bile-acid uptake
process, is rate-controlling for transcellular bile-acid transport in
liver (Erlinger, 1988; Sellinger and Boyer, 1990; Nathanson and
Boyer, 1991; Boyer et al., 1992). Thus, alterations of taurocholate

excretion into bile as reported here and elsewhere recently
(Hallbrucker et al., 1992; Haussinger et al., 1992a) in response to
cell swelling/shrinkage may reflect cell-volume effects on cana-
licular bile-acid secretion. The present findings support the
previous speculation that cell swelling leads to a rapid insertion
into the canalicular membrane of intracellularly stored bile-acid
transporter molecules (Boyer et al., 1992; Haussinger et al.,
1992a), which have been identified recently as primary active, i.e.
ATP-dependent, transporters (Adachi et al., 1991; Muller et al.,
1991; Nishida et al., 1991; Stieger et al., 1992). The currently
available evidence for such a cell-volume control of short-term
bile-acid-transporter insertion/retrieval in the canalicular mem-
brane is as follows. (i) The Vmax of taurocholate excretion into
bile doubles within minutes following a 10 15% increase of the
cellular hydratation state (Haussinger et al., 1992a), whereby
effects on the known driving forces for canalicular bile-acid
secretion can not provide a satisfactory explanation. Here, no
significant effects of cell swelling on tissue levels of cellular ATP
are detectable (Haussinger et al., 1990a) and cell swelling results
after a transient hyperpolarization of the membrane potential in
a persistent depolarization (F. Lang, M. Ritter and D. Haus-
singer, unpublished work obtained with micropuncture studies
in isolated hepatocytes), which would even tend to diminish
potential-driven taurocholate excretion. (ii) The swelling-induced
stimulation of taurocholate excretion into bile is abolished by
colchicine, an inhibitor of the microtubular system (this paper),
and microtubules are known to be involved in vesicular transport.
(iii) Cell swelling leads to a transient membrane flow from the
cellular interior to the plasma membrane, suggestive of a
stimulation of exocytosis during the first few minutes of hypo-
tonic exposure (Pfaller et al., 1993). (iv) Sudden hypo-osmotic
exposure stimulates transcellular vesicular transport of horse-
radish peroxidase in a colchicine-sensitive way (Bruck et al.,
1992). The idea that membrane transport is regulated by in-
sertion/retrieval of transporter molecules, as suggested here for
hepatic bile-acid secretion, is not new. Evidence for such a
mechanism has been given previously for glucose transport
in adipocytes (for review see Pessin and Bell, 1992) and for
H+ transport in the kidney (for review see Burckhardt and
Burckhardt, 1988).

In the past, evidence has been given repeatedly for a vesicular
bile-acid transport facility (Dubin et al., 1980; Goldsmith et al.,
1983; Kacich et al., 1983; Suchy et al., 1983; Crawford and
Gollan, 1988; Crawford et al., 1988; Lamri et al., 1988; Stolz et
al., 1989; Dumont et al., 1991; Aoyama et al., 1991), in part
based on the electron-microscopic demonstration of bile-acid-
containing vesicles inside hepatocytes (Suchy et al., 1983; Lamri
et al., 1988). Here re-interpretation of established facts must be
considered. The ATP-dependent bile-acid transporter in the
canalicular membrane (Adachi et al., 1991; Muller et al., 1991;
Nishida et al., 1991; Stieger et al., 1992) is probably, like other
plasma membrane transport proteins, processed and synthesized
in the Golgi apparatus and the endoplasmic reticulum before its
targeting to the canalicular membrane. Thus, a considerable
fraction of these transporter molecules may be present in
intracellular vesicles. Assuming the carrier to be active in these
vesicles, it will not be surprising that bile acids will accumulate in
their lumens. In view of our hypothesis, the primary function of
these vesicles, however, is to transport the canalicular transporter
rather than to transport bile acids. Here, cell swelling apparently
acts as a signal to the target and inserts these transporter-
containing vesicles within minutes into the canalicular membrane.
Such a hypothesis would predict that during the swelling-induced
fusion process the bile acids concentrated inside the vesicles will
be poured out into the canalicular lumen in a colchicine-sensitive
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way. Indeed, a biphasic stimulation of taurocholate excretion is
observed after isotonic cell swelling by glutamine plus glycine
(Figure 4). There is an initial overshooting stimulation of
taurocholate excretion during the first 6 min of glutamine plus
glycine addition; i.e. the time period required for maximal
amino-acid-induced swelling (Haussinger et al., 1990b) (Figure
4). This transient overshoot is followed by a sustained phase of
stimulated taurocholate excretion (Hallbrucker et al., 1992),
which probably reflects the increased canalicular transport
capacity resulting from the insertion of transporter molecules.
Both phases are sensitive to colchicine inhibition. It should be
emphasized that addition of glutamine and glycine per se (i.e. in
the absence oftaurocholate) does not affect bile flow (Hallbrucker
et al., 1992), ruling out the possibility that a choleretic effect of
the amino acids themselves creates the first peak of taurocholate
excretion due to a washout of the biliary tree (as it occurs after
hypotonic exposure). That such an initially overshooting tauro-
cholate excretion does not occur under the influence of tauro-
ursodeoxycholate (Figure 5) could be explained by a slower time
course of tauroursodeoxycholate-induced cell swelling.

Theoretically one might predict from the above hypothesis
that inhibition of taurocholate excretion after cell shrinkage
should also be sensitive to colchicine. However, hypertonic
exposure in the presence of colchicine was effective, albeit to a
smaller extent than in the presence of lumicolchicine, and without
reversibility (Figure 6). This could reflect differences in colchicine
sensitivity for endo- and exo-cytosis respectively. Interestingly,
the stimulatory effect of cell swelling on mitochondrial glycine
oxidation and the pentose-phosphate-cycle flux was not affected
by colchicine. This suggests that mechanisms unrelated to
microtubule alterations bring about these responses. On the
other hand, the cytoskeleton was suggested to be involved in the
regulation of protein turnover (Hesketh and Pryme, 1991). Here,
the interesting question arises as to what extent cytoskeletal
alterations are involved in mediating the cell-volume effects on
proteolysis (Haussinger et al., 1991) and protein synthesis (Stoll
et al., 1992).

N. S. is the recipient of a fellowship of the Deutsche Akademische Austauschdienst.
This study was supported by Deutsche Forschungsgemeinschaft through the
Sonderforschungsbereich 154 "Experimentelle und Klinische Hepatologie" and
the Gottfried-Wilhelm-Leibniz Programme and by the Fonds der Chemischen
Industrie.

REFERENCES
Adachi, Y., Kobayashi, H., Kurumi, Y., Shouji, M., Kitano, M. and Yamamoto, T. (1991)

Hepatology 14, 655-659
Aoyama, N., Ohya, T., Chandler, K., Gresky, S. and Holzbach, R. T. (1991) Hepatology 14,

1-9
Boyer, J. L., Graf, J. and Meier, P. J. (1992) Annu. Rev. Physiol. 54, 415-438

Bruck, R., Haddad, P., Graf, J. and Boyer, J. L. (1992) Am. J. Physiol. 262, G806-G812
Burckhardt, B. Ch. and Burckhardt, G. (1988) in pH Homeostasis (Haussinger, D., ed.),

pp. 233-262, Academic Press, London
Cornet, M., Delpire, E. and Gilles, R. (1987) Pflugers Arch. Physiol. 410, 223-225
Crawford, J. M. and Gollan, J. L. (1988) Am. J. Physiol. 255, G121-G131
Crawford, J. M., Berken, C. A. and Gollan, J. L. (1988) J. Lipid Res. 29, 144-156
Dubin, M., Maurice, M., Feldmann, G. and Erlinger, S. (1980) Gastroenterology 79,

646-654
Dumont, M., D'Hont, C., Durand-Schneider, A. M., Legrand-Defretin, V., Feldmann, G. and

Erlinger, S. (1991) Hepatology 14,10-15
Erlinger, S. (1988) in The Liver: Biology and Pathobiology (Arias, I. M., Jakoby, W. B.,

Popper, H., Schachter, D. and Shafritz, D. A., eds.), pp. 643-661, Raven Press,
New York

Goldsmith, M. A., Huling, S. and Jones, A. L. (1983) Gastroenterology 84, 978-986
Hallbrucker, C., Lang, F., Gerok, W. and Haussinger, D. (1992) Biochem. J. 281, 593-595
Haussinger, D. and Lang, F. (1991) Biochim. Biophys. Acta 1071, 331-350
Haussinger, D., Lang, F., Bauers, K. and Gerok, W. (1990a) Eur. J. Biochem. 193,

891-898
Haussinger, D., Lang, F., Bauers, K. and Gerok, W. (1990b) Eur. J. Biochem. 188,

689-695
Haussinger, D., Hallbrucker, C., vom Dahl, S., Decker, S., Schweizer, U., Lang, F. and

Gerok, W. (1991) FEBS Lett. 283, 470-472
Haussinger, D., Hallbrucker, C., Saha, N., Lang, F. and Gerok, W. (1992a) Biochem. J.

288, 681-689
Haussinger, D., Stoll, B., Morimoto, Y., Lang, F. and Gerok, W. (1992b) Biol. Chem.

Hoppe-Seyler 373, 723-734
Hesketh, J. E. and Pryme, I. F. (1991) Biochem. J. 277,1-10
Kacich, R. L., Renston, R. H. and Jones, A. L. (1983) Gastroenterology 85, 385-394
Lamri, Y., Roda, A., Dumont, M., Feldmann, G. and Erlinger, S. (1988) J. Clin. Invest. 82,

1173-1182
Lang, F. and Haussinger, D., eds. (1993) Interactions Between Cell Volume and Cell

Function. Springer Verlag, Heidelberg
Linshaw, M. A., Fogel, C. A., Downey, G. P., Koo, E. W. Y. and Gotlieb, A. I. (1992)

Am. J. Physiol. 262, Fl 44-Fl 50
MUller, M., Ishikawa, T., Berger, U., Kldnemann, C., Lucka, L., Schreyer, A., Kannicht, C.,

Reutter, W., Kurz, G. and Keppler, D. (1991) J. Biol. Chem. 266, 18920-18926
Nathanson, M. H. and Boyer, J. L. (1991) Hepatology 14, 551-566
Nishida, T., Gatmaitan, Z., Che, M. and Arias, I. M. (1991) Proc. Natl. Acad. Sci. U.S.A.

88, 6590-6594
Pessin, J. E. and Bell, G. I. (1992) Annu. Rev. Physiol. 54, 911-930
Pfaller, W., Willinger, C., Stoll, B., Hallbrucker, C., Lang, F. and Haussinger, D. (1993)

J. Cell. Physiol. 154, 248-253
Saha, N., Stoll, B., Lang, F. and Haussinger, D. (1992) Eur. J. Biochem. 209, 437-444
Schulz, W. A., Eickelmann, P., Hallbrucker, C., Sies, H. and Haussinger, D. (1991) FEBS

Lett. 292, 264-266
Sellinger, M. and Boyer, J. L. (1990) in Progress in Liver Disease (Popper, H. and

Schaffner, F., eds.), vol. 9, pp. 237-259, W. B. Saunders, Philadelphia
Sies, H. (1978) Methods Enzymol. 52, 48-59
Stieger B., O'Neill, B. and Meier, P. J. (1992) Biochem. J. 284, 67-74
Stoll, B., Gerok, W., Lang, F. and Haussinger, D. (1992) Biochem. J. 287, 217-222
Stolz, A., Takikawa, H., Ookhtens, M. and Kaplowitz, N. (1989) Annu. Rev. Physiol. 51,

161-176
Suchy, F. J., Balistreri, W. F., Hung, J., Miller, P. and Garfield, S. A. (1983) Am. J. Physiol.

245, G681-G689
Theodoropoulos, P. A., Stournaras, C., Stoll, B., Markogiannakis, E., Lang, F., Gravani, A.

and Haussinger, D. (1992) FEBS Lett. 311, 241-245
Wilson, L. and Friedkin, M. (1966) Biochemistry 5, 2463-2468

Received 21 January 1993; accepted 10 February 1993


