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Abstract

Disruption of the mdr2 gene in mice leads to a complete
absence of phospholipid from bile (Smit, J. J. M., et al.
1993. Cell. 75:451-462). We have investigated the control
of both mdr2 P-glycoprotein (Pgp) expression and bile salt
secretion on biliary lipid secretion in the mouse. Lipid secre-
tion was monitored at various bile salt output rates in wild-
type mice (+/+), heterozygotes (+/—), and homozygotes
(—/—) for mdr2 gene disruption. In (—/—) mice, phospho-
lipid secretion was negligible at all bile salt output rates. In
(+/-) mice, a curvilinear relation between bile salt and
phospholipid secretion was observed similar to that in (+/
+) mice; however, at all bile salt secretion rates phospho-
lipid secretion was reduced compared to (+/+) mice, indi-
cating that mdr2 Pgp exerts a strong control over secretion.

Infusion of increasing amounts of taurocholate up to
maximal secretory rate led to a decline in the phospholipid
and cholesterol secretion in both (+/+) and (+/—) mice in
accordance to what has been observed in other species. In
contrast, in (—/—) mice cholesterol secretion increased un-
der these conditions while phospholipid output remained
extremely low. The increased cholesterol secretion may rep-
resent extraction of cholesterol from the canalicular plasma
membrane by taurocholate micelles as opposed to the con-
comitant secretion of both phospholipid and cholesterol in
the presence of a functional mdr2 Pgp.

Increased bile flow in (—/—) mice could be attributed
completely to an increase in the bile salt—independent frac-
tion and may therefore be caused by the bile duct prolifera-
tion in these mice. (J. Clin. Invest. 1995. 95:31-38.) Key
words: phospholipids ¢ cholesterol « bile salts ¢« P-glycopro-
tein « liver

Introduction

Biliary phospholipid secretion serves at least two functions. On
the one hand it ensures solubilization of cholesterol and on
the other hand it mitigates the detergent action of the high
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concentrations of bile salts in the biliary tree. It has been demon-
strated in several model systems (1-3) that the presence of
phospholipid and cholesterol greatly reduces the otherwise cyto-
toxic action of bile salts. The mechanism by which these lipids
enter bile is not known although several models have been
proposed (4~6). In many studies a clear-cut relation has been
observed between the secretion rate of bile salts and biliary
lipids (7-9). Because of the detergent activity of the micellar
bile salt concentrations in the canaliculus, it is generally as-
sumed that bile salts act at this level to solubilize lipids from
the membrane and indirect evidence for this assumption exists
(10, 11). However, bile salts may also promote the transhepatic
flux of biliary lipids at other levels, like phospholipid synthesis
(12) and intracellular transport via lipid vesicles (13, 14) and/
or via phosphatidylcholine (PC)' transport protein (15, 16).

It was demonstrated recently that mdr2 P-glycoprotein
(Pgp) in the canalicular membrane of the mouse plays a crucial
role in the secretion of phospholipids into bile (17). Mice in
which the mdr2 gene was disrupted by homologous recombina-
tion [mdr2 (—/—) mice] displayed a complete absence of phos-
pholipids in bile and a strong depression of cholesterol secre-
tion. The latter observation is in line with the fact that phospho-
lipid and cholesterol are secreted into bile in a coordinate
fashion (9). In addition to a reduced lipid secretion, other abnor-
malities were also observed in (—/—) mice: bile flow and bili-
ary chloride secretion were significantly increased and glutathi-
one secretion was strongly diminished. Heterozygous (+/—)
mice, which are expected to have 50% of the normal expression
of this gene, had a significantly reduced phospholipid secretion
(60% of normal) and this was the only abnormality observed
in these animals. It was therefore proposed that the loss of
phospholipid secretion was the primary consequence of the
mdr2 gene disruption.

The highly homologous mdrl Pgp has been characterized
as an ATP-dependent transporter of amphipathic cationic and
neutral compounds (for review see reference 18). Overex-
pression of this protein renders cells resistant to toxic amphi-
paths by reducing the intracellular content of these compounds.
Overexpression of mdr2 Pgp in cells does not confer this resis-
tance and it has therefore been postulated that this protein may
have a different substrate specificity (19). Based on its homol-
ogy with mdrl it may be hypothesized that mdr2 Pgp also
functions in the transmembrane movement of its substrate. In
view of our previous observations, (one of) the potential sub-
strate(s) is most likely PC. An attractive possibility is that mdr2
Pgp acts as a flippase in the transport of phospholipid from the
inner to the outer leaflet of the canalicular membrane. A flip-
pase-like function has also been suggested for the mdrl Pgp
homologue (20, 21).

Since PC secretion was hitherto thought to be primarily

1. Abbreviations used in this paper: ER, endoplasmic reticulum; PC,
phosphatidylcholine; Pgp, P-glycoprotein.
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driven by bile salt secretion, we have investigated the relation
between bile salt and phospholipid secretion in normal (+/+)
mice and in mice heterozygous (+/—) and homozygous (—/
—) for the mdr2 gene disruption.

Methods

Animals. The generation of mice that are homozygous (—/—) and het-
erozygous (+/—) for the mdr2 gene disruption with the 129/0la strain
(+/+) as genetic background has been described by Smit et al. (17).
All mice including 129/0la controls were bred in our own colony
and were used for experiments at 2—4 mo of age. The animals were
anesthetized by intraperitoneal injection of 1 ml/kg Hypnorm (fentanyl/
fluanisone) and 10 mg/kg diazepam. The abdomen was opened and the
gallbladder was cannulated after distal ligation of the common bile duct.
In some experiments, taurocholate (30 mM in PBS) was infused into
the tail vein at the indicated rate. Directly after cannulation, bile sam-
pling was started and continued for up to 2 h. The body temperature
was maintained by placing the animals on a thermostatted heating pad
and by covering them with a piece of tin foil. Bile samples were collected
on ice and immediately frozen at —20°C. Bile flow was determined
gravimetrically assuming a density of 1 g/ml for bile.

Assays. Total phospholipid was determined enzymatically with
phospholipase D and choline oxidase (22). Cholesterol was assayed
enzymatically with cholesterol oxidase (23). Total bile salt concentra-
tion was measured spectrophotometrically with 3a-hydroxysteroid dehy-
drogenase (24). Lipid composition of selected bile samples was also
assessed by thin layer chromatography. Samples were chromatographed
on silica gel DC plates (Merck, Darmstadt, Germany ) with chloroform/
methanol/acetic acid/H,O (100:20:12:5 by volume) as eluent. The lip-
ids were visualized by spraying with phosphomolybdic acid/ethanol
(10:90 [wt/vol]) followed by methanol/sulfuric acid (1:1 [vol/vol])
and heating at 120°C.

For the determination of total lipid content, livers were excised,
immediately freeze clamped, and stored at —70°C until further use.
Subsequently, the tissue was subjected to Folch extraction. After evapo-
ration of the organic solvent, the extract was dissolved in isopropanol
and in these samples cholesterol and phospholipid were measured enzy-
matically as above.

Bile salts from selected bile samples were conjugated to their methyl
esther acetates and separated by capillary gas chromatography as de-
scribed by Parmentier et al. (25) and the different species were detected
by mass spectrometry with selected ion monitoring.

Chemicals. All chemicals used were from Sigma Immunochemicals
(St. Louis, MO). The phospholipid assay kit was from Wako Chemicals
GmbH (Neuss, Germany ). Cholesterol assay kit was from Boehringer
Mannheim (Mannheim, Germany). 3-OH-steroid dehydrogenase was
from Worthington Biochemical Corp. (Freehold, NJ).

Statistics. All values represent means * standard deviation from at
least three animals of each genotype. Differences between the groups
were analyzed by unpaired, two-tailed Student’s ¢ test.

Results

Relationship between biliary bile salt and lipid secretion. To
evaluate the relation between bile salt and lipid secretion, mice
were cannulated via the gallbladder after distal ligation of the
common bile duct. This leads to interruption of the enterohe-
patic cycle and to subsequent time-dependent depletion of the
bile salt pool. Samples were collected during 2 h of bile diver-
sion. Fig. 1 illustrates the data from a representative experiment
with a control (+/+) mouse and shows that within 60—90 min
bile salt secretion was reduced to an almost stable level of
~ 20% of initial output. As a consequence of the reduced bile
salt output there was also a time-dependent reduction of bile
flow (Fig. 1 A). A similar pattern of decreasing output was
found for phospholipids and cholesterol (Fig. 1 B). Using this
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Figure 1. Time-dependent depletion of the bile salt pool after interrup-
tion of the enterohepatic cycle in the mouse. The figure shows a repre-
sentative experiment with a control mouse. Directly after cannulation
of the gallbladder, bile was collected for the indicated time periods. A,
bile flow (@) and bile salt output (O). B, phospholipid output (m) and
cholesterol output (O).

experimental setup the relationships between bile salt output
and phospholipid and cholesterol output were determined for
the three mouse genotypes: wild-type (+/+) mice, heterozy-
gous (+/—), and homozygous (—/—) mice for mdr2 gene
disruption (six animals of each genotype). The phospholipid
output rates that were obtained at the different time points were
plotted against the bile salt output rates at the same time points.
Fig. 2 A shows that in normal mice a curvilinear relation be-
tween phospholipid and bile salt secretion was observed, in
agreement with what has been reported for other species. In the
(+/-) mice, a similar relation was found, but phospholipid
secretion was 30—50% lower than in normal mice at all bile
salt output rates. In the (—/—) mice, phospholipid secretion
was extremely low to absent (< 0.5 nmol/min per 100 g). The
data obtained with the (+/—) mice demonstrate that even at
low bile salt secretion rates the level of mdr2 expression controls
phospholipid secretion. )
When cholesterol secretion was plotted against bile salt se-
cretion (Fig. 2 B) a curvilinear relation was also observed, but
there was no significant difference between (+/+) and (+/
—) mice. As a consequence the cholesterol/phospholipid ratio
tended to be higher in the (+/—) mice than in the (+/+)
mice, but the average values were not significantly different
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Figure 2. Relation between bile salt and phospholipid secretion in the
three mouse genotypes. The data represent all separate measurements
from six animals of each genotype in an experimental setup as shown
in Fig. 1. A, phospholipid secretion; B, cholesterol secretion. e, (+/+)
mice; O, (+/—) mice; +, (—/—) mice.

[0.136+0.053 in (+/+) and 0.194+0.068 in (+/—) mice]. In
the (—/—) mice, the secretion of cholesterol was very low (Fig.
2 B). At this low level, however, a positive relation between
bile salt and cholesterol output was observed.

Since in each mouse genotype the bile salt output is reduced
to an almost stable low level after 60 min of interruption of the
enterohepatic circulation (Fig. 1), summation of the total
amount of bile salts secreted up to 60 min yields an estimate
of the total bile salt pool. The bile salt pool in (—/—) mice
(19.6+2.7 umol/100 g) was significantly higher than in (+/
+) mice (12.6+5.1 ymol/100 g; P = 0.014; n = 6). The size
of the pool in (+/—) mice was intermediate (15.8+4.7 umol/
100 g), but this did not differ significantly from (+/+) or
(—/-) mice.

Liver phospholipid and cholesterol content in the three
mouse genotypes. Table I shows that livers from all genotypes
have a comparable content of phospholipids but that the choles-
terol content is significantly increased in (—/—) mice by 40%.
An intermediate content was observed in (+/—) mice (13%
increase compared with controls), but this was not significant.

Regulation of lipid secretion at the maximal secretory rate
of taurocholate. Lipid secretion in the three mouse genotypes
was also analyzed when bile salt output levels were increased to
levels above the endogenous output rate. To this end, increasing
amounts of taurocholate were continuously infused into the tail

Table I. Phospholipid and Cholesterol Content of the Liver

Mouse genotype (+/+) (+/-) (=/-)
pmol/g dry wt

Phospholipid 69.5+4.0 75.6+4.7 73.7+4.7

Cholesterol 19.4+2.0 22.1+2.7 27.3+2.7*

Livers from the three mouse genotypes were extracted and phospholipids
and cholesterol were measured as described in Methods. Data represent
means*SD from three animals of each genotype. * Significant differ-
ence (P < 0.05) between (+/+) and (—/—) mice.

vein of the mice during collection of bile. The infusion started at
400 nmol/min per 100 g, which is about equal to the endogenous
output rate, and the infusion rate was increased every 30 min
to a maximal value of 1,600 nmol/min per 100 g. Fig. 3 A
shows that in all three genotypes bile salt secretion first de-
creased during the initial 30 min, probably because the initial
infusion rate was insufficient to counteract the initial depletion
of the bile salt pool. After 30—40 min, bile salt output started
to increase and attained a stable maximal transport rate after 80
min which was lower than the rate of infusion, indicating that
the maximal secretory rate (SR,,) was reached. The SR, was
1,230 nmol/min per 100 g in (+/+) mice, 810 nmol/min per
100 g in (+/—) mice, and 679 nmol/min per 100 g in (—/-)
mice, the latter being only ~ 30% above the endogenous output
rate (Table II). Thus, maximal bile salt secretion capacity is
significantly reduced with deletion of each mdr2 allele.

In (+/+) and (+/—) mice, phospholipid secretion (Fig. 3
C) initially followed bile salt output. However, after 70 min
when the maximal bile salt output was almost reached phospho-
lipid output started to decline. At all bile salt output rates the
secretion of phospholipid was significantly lower in (+/—)
than in (+/+) mice. In (—/—) mice, phospholipids became
detectable when taurocholate was infused at the maximal dose
(average phospholipid secretion rate of 1.5 nmol/min per 100
g). This secretion rate was, however, only 3% of that in (+/
+) mice.

In (+/+) and (+/—) mice, cholesterol secretion (Fig. 3
D) more or less paralleled phospholipid secretion in that the
output rate started to decrease when maximal bile salt secretion
was reached (Fig. 3 D). In contrast, in (—/—) animals choles-
terol secretion increased from very low levels (< 0.3 nmol/min
per 100 g) at the start of the experiment to output rates similar
to those observed in controls and heterozygotes during maximal
bile salt infusion. Thus, although the bile salt output in (—/—)
animals did not increase substantially during the experiment,
cholesterol secretion increased ~ 10-fold to 2.2 nmol/min per
100 g during maximal bile salt infusion.

Analysis of the bile salt composition. To investigate if the
increase in the cholesterol secretion in (—/—) mice might be
caused by a change in the bile salt pool composition during the
infusion of taurocholate, we analyzed bile salt species before
and after taurocholate infusion (Table III).

Analysis of bile salt species in the first bile sample (i.e.,
before infusion) revealed that the composition of the endoge-
nous bile salt pool is similar in (+/+) and (—/—) mice: 38
and 29% of total bile salts was cholate while 59 and 69%
consisted of muricholate in (+/+) and (—/—) mice, respec-
tively. Three isomers with the mass spectrum of muricholate
were detected, the main form (72%) being S-muricholate. The
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Figure 3. Secretion of the different bile components in the mouse during intravenous administration of increasing amounts of taurocholate. Mice were
cannulated in the gallbladder, and directly after starting bile collection taurocholate was infused into the tail vein at the indicated rate. e, (+/+) mice;
O, (+/-) mice; +, (—/—) mice. A, bile salt secretion; B, bile flow; C, phospholipid secretion; and D, cholesterol secretion. Data represent average+SD
from three mice of each genotype. Differences were compared by Student’s ¢ test; *, significant difference (P < 0.05) between (+/+) and (+/-) or
(—/-) mice;*, significant difference (P < 0.05) between (—/—) and (+/+) or (+/—) mice. All values for bile flow in (—/—) mice differed
significantly (P < 0.01) from (+/+) and (—/—) mice except at 120 min (+/+). All values for phospholipid in (—/—) and in (+/—) mice differed
significantly from (+/+) mice. Bars in A indicate the rate of taurocholate infusion expressed in nanomoles per minute per 100 g.

other two isomers probably represent a- and 2-muricholate.
Only very low proportions of other bile salts (chenodeoxycho-
late, deoxycholate, and ursodeoxycholate) were detected.

At the end of the taurocholate infusion period (¢ = 120)

Table Il. Maximal Secretory Rates of Taurocholate,
Phospholipids, and Cholesterol

Genotype Taurocholate Phospholipid Cholesterol
nmol/min per 100 g
(+/+) 1230+157 54.8+2.07 5.55x1.47
(+/-) 810+141* 27.7+6.23* 5.06+=1.47
(=/-) 679+143¢ 22+2.1% 2.35+0.87*

Taurocholate was infused intravenously at the rates indicated in Fig. 3
and the secretion of bile salts, phospholipid, and cholesterol were mea-
sured. Maximal output rates were calculated for each mouse from the
average output during the 30-min period of maximal secretion. Data
presented are averages*SD for six mice of each genotype. Data from
(+/-) and (—/—) mice were tested for difference with (+/+);

*P <001, *P <0001, *P < 0.0001.
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the bile salt composition was dramatically changed, and in both
(+/+) and (—/—) mice > 95% of the bile salts consisted of
cholate (-conjugates).

Analysis of phospholipid species in bile after bile salt infu-

Table III. Bile Salt Composition of (+/+) and (—/—) Mice

(+/+) (+1+) (=/-) (=/-)
Bile from t=0 t =120 t=0 t =120
Bile salt species
Muricholate 59+8 2+2 69+12 4x4
Tauroursodeoxycholate 2+2 N.D. 1*1 N.D.
Taurocholate 38+10 98+2 29+10 96+4
Taurochenodeoxycholate 1+1 N.D. N.D. N.D.

Bile samples from the experiment in Fig. 3 were analyzed by gas chro-
matography—mass spectrometry to quantify the amount of the different
bile salt species. Samples collected directly after cannulation (z = 0)
were compared with samples collected during the last 10-min period of
2 h of increasing taurocholate infusion (z = 120). For experimental
details, see Fig. 3. N.D., not detectable.
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Figure 4. TLC analysis of bile phospholipids before and after infusion
of taurocholate. Bile samples from the experiment in Fig. 3 were applied
to a TLC plate and chomatographed as described in Methods. Samples
from (—/—) mice (lanes / and 2) and (+/+) mice (lanes 3 and 4)
were taken from the first period of collection (0—10 min; pre-infusion,
lanes 1 and 3) and from the last period of collection (110—120 min;
post-infusion, lanes 2 and 4). Mixtures of standards were applied next
to the bile samples (S7, lane 5). SM, sphingomyelin; PE, phosphatidy-
lethanolamine; CHOL, cholesterol. The lower spots (indicated by BS)
in the bile samples represent bile salts.

sion. The taurocholate infusion that was performed in the exper-
iments of Fig. 3 leads to high bile salt concentrations in the
canalicular lumen. To evaluate possible aspecific extraction of
phospholipids from the canalicular membrane at high taurocho-
late infusion rates we analyzed pre- and post-infusion bile sam-
ples by TLC (Fig. 4). Post-infusion bile samples from (+/+)
mice clearly contained an increased amount of phosphatidyleth-
anolamine compared with pre-infusion samples. Sphingomyelin
was not observed. In (—/~—) mice, neither PC nor phosphati-
dylethanolamine was observed, indicating that no aspecific ex-
traction took place. Despite the absence of phospholipids in
post-infusion bile samples from (—/—) mice, a clear increase
in the amount of cholesterol was observed in line with the
enzymatic determination shown in Fig. 3 D.

Bile salt—dependent and —independent bile flow in the
mouse genotypes. We have observed previously that bile flow
is increased significantly in the (—/—) mice (17). In view of
the observed ductular hyperplasia in (—/—) mice (17), the
question arose whether the increase in bile flow might represent
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Figure 5. Relation between bile flow and bile salt secretion in a (+/
+) mouse and a (—/—) mouse. In an experimental setup as shown in
Fig. 1, bile flow was measured during time-dependent depletion of the
bile salt pool. The figure shows the relation between bile flow and bile
salt secretion for a representative (+/+) mouse and a (—/—) mouse.
o, (+/+) mouse; +, (—/—) mouse. Extrapolation of this relation to
the ordinate yields the theoretical value for the flow in the absence of
bile salt secretion (bile salt—independent fraction of bile flow ) in micro-
liters per minute per 100 g. The slope of the line yields the bile salt—
dependent bile flow in microliters of H,O per micromole of bile salt.
Table III gives the means+SD of these values from six animals of each
genotype.

ductular water flow. This would result in an increased bile salt—
independent bile flow. To assess the contribution of the bile
acid—dependent and —independent fraction, bile flow was deter-
mined in the experiments described in Figs. 1 and 2 and plotted
against bile salt secretion. Fig. 5 demonstrates a representative
experiment with a (+/+) and a (—/—) mouse. This figure
shows that in the mouse a linear relation is also obtained be-
tween bile salt output and bile flow. Extrapolation of this rela-
tionship to zero bile salt output gives the (theoretical ) contribu-
tion of bile salt—independent bile flow to total bile flow. This
relation was determined in six animals of each genotype and
the results are given in Table IV. Bile salt—dependent bile flow
(the amount of water generated per umole of bile salt) was
similar in all mouse genotypes. On the other hand, the bile salt—
independent bile flow was significantly increased in (—/—)
mice (4.3+0.7 pl/min per 100 g) compared with normal and
heterozygous mice (1.2+1.1 and 1.4%+0.9 pl/min per 100 g).

Table IV. Bile Salt—dependent and —independent Bile Flow in the
Three Mouse Genotypes

Fraction of bile flow Bile salt-dependent flow Bile salt-independent flow

pllpmol pul/min per 100 g
Mouse genotype
(+/+) 20.0+10.7 1.2*1.1
(+/-) 15.4%2.7 1.4x0.9
-/-) 18.3%+3.5 4.3x0.7*

Bile salt-dependent and —independent flow were determined as de-
scribed in Fig. 5. The data represent means+SD and are from six animals
of each genotype. Data from (+/—) and (—/—) mice were tested for
difference with (+/+); * P < 0.001.
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Discussion

Bile salts are generally regarded as the primary agonists in the
secretory mechanism of biliary lipids. This report extends our
initial observation that mdr2 Pgp also plays a central role in this
process (17). In mice with a disrupted mdr2 gene, phospholipid
secretion was negligible and with 50% of normal expression
secretion was depressed at all bile salt secretion rates. In accor-
dance with results for other species, in (+/+) mice the relation
between bile salt and phospholipid secretion was curvilinear.
Interestingly, in (+/—) mice a similar curvilinear relation was
obtained but at a reduced level. In their mathematical model of
biliary lipid secretion, Mazer and Carey (9) described the rela-
tion between bile salt and phospholipid secretion by a hyper-
bolic equation. In this equation, maximal phospholipid output
was determined by the maximal rate of synthesis. At the time
of their report, there was no reason to invoke the activity of
a transporting protein. Our present results, however, strongly
suggest that the maximal rate of PC output is not, or at least
not exclusively, determined by the maximal synthetic capacity.
Although in (+/+) mice the maximal PC output may be partly
determined by the maximal synthetic capacity, the strong reduc-
tion of PC output by 50% reduction of mdr2 Pgp expression in
(+/—) mice demonstrates that mdr2 Pgp function is the major
regulatory factor in PC secretion. In view of the proposed func-
tion of mdr2 Pgp as a PC translocator (see below), it is unlikely
that a 50% reduction of its expression would directly affect the
maximal capacity of PC synthesis. This does, however, not
exclude that the actual rates of PC synthesis are lower in (+/
—) and (—/—) compared to (+/+) mice. That the PC content
of the liver is not influenced by the reduced rate of biliary PC
output in (+/—) and (—/—) mice (see Table I) suggests that
this may be the case; it is possible that the rate of PC secretion
determines the rate of synthesis if a feedback mechanism is
operative.

Although it may be assumed that the maximal rate of PC
secretion is largely determined by the maximal velocity of mdr2
Pgp, the relation between bile salt and phospholipid secretion
can probably not be described by a simple hyperbola with Vi,
of mdr2 Pgp as maximum: in both (+/+) and (+/—) mice,
the curve tends to become linear at higher bile salt secretion
rates and the slope of this linear part appears similar in both
(+/+) and (+/—) mice. As a consequence, the decrease of
phospholipid secretion in the (+/—) mice is more pronounced
at low rates of bile salt secretion.

To investigate whether the defect in phospholipid secretion
in (—/—) mice also pertains at high bile salt flux we infused
increasing amounts of taurocholate up to rates that exceeded
the transport maximum of these animals. The bile salt transport
maxima which were obtained in this way turned out to be differ-
ent in the three genotypes: a stable maximum output rate of
1,230 nmol/min per 100 g was reached in the control mice,
while this did not exceed 810 nmol/min per 100 g in the hetero-
zygotes and 680 nmol/min per 100 g in the homozygotes. In
our previous report, we observed an increased bile salt output
in (+/—) and (—/—) mice (17). From our present results we
can conclude that this increase is caused by an enlarged bile
salt pool in these animals [19.6 umol/100 g in (—/—) vs 12.6
#mol/100 g in (+/+) mice]. This enlargement is most proba-
bly due to an increased bile salt synthesis from cholesterol as
a consequence of the increased cholesterol content of the liver
(Table I). In the experiments of Fig. 3 and Table II, a more
reliable estimation of the maximum bile salt transport capacity
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of the livers of the three mouse genotypes is obtained because
bile salts are administered at a continuous high infusion rate.
The cause of the decreased maximal bile salt transport capacity
of the (—/—) and (to a lesser extent) (+/—) liver is not clear.
Indirect evidence has been obtained in the past which indicates
that at high bile salt secretion rates vesicular transport of bile
salts may contribute to their canalicular secretion (for review
see reference 26); colchicine inhibits bile salt secretion at high
secretion rates (27, 28) and electronmicroscopic studies using
antibodies against bile salt have demonstrated an interaction of
bile salt with intracellular membranes (29). If PC is supplied
via vesicles, the flux of these vesicles will be reduced in (+/
—) mice and (almost) absent in (—/—) mice. Thus, if transport
of bile salts associated with these vesicles contributes to bile
salt secretion, total secretion will be reduced in these animals.
However, it is unlikely that such a pathway contributes for as
much as 50% to total bile salt secretion. An additional explana-
tion for the reduced maximal bile salt secretion might be an
altered lipid composition of the canalicular plasma membrane
in (—/-) and (+/—) mice as compared with (+/+) mice. It
is not likely that the reduced bile salt transport is caused by
damage to the canalicular membrane; the reduction of transport
is already observed at submaximal bile salt transport rates and
an intermediate reduction is observed in (+/—) mice which
secrete considerable amounts of lipid.

Our results show that under conditions in which endogenous
bile salts are secreted in the absence of phospholipid, the dispo-
sition of cholesterol into the canaliculus is also severely im-
paired. Nevertheless, a reduced level of phospholipid secretion
is sufficient to reach full cholesterol output, since in the hetero-
zygotes a 50% reduction in phospholipid secretion had no sig-
nificant effect on cholesterol output. This suggests that the ratio
of phospholipid to cholesterol can vary significantly but that a
minimal phospholipid secretion is obligatory for normal choles-
terol output. This is in line with the fact that mixed micelles of
bile salt and phospholipid have a much higher capacity to take
up cholesterol than pure bile salt micelles (30). Alternatively,
this observation may support the view that phospholipid and
cholesterol are taken from the canalicular membrane as intact
units. If this is indeed the case, the changed phospholipid/cho-
lesterol ratio that is observed in bile of the (+/—) mice should
also prevail in (the outer leaflet of) the canalicular membrane
of these animals.

In accordance with data obtained in other species (31-34),
infusion of bile salt into mice at rates equal or above the trans-
port maximum leads to a decline in biliary phospholipid and
cholesterol secretion. This was observed both in (+/+) and in
(+/—) mice. Surprisingly, in (—/—) mice under conditions of
maximal taurocholate infusion cholesterol secretion increased
from very low levels to amounts comparable with controls and
heterozygotes under the same conditions. The maximal choles-
terol output rate in (—/—) mice was ~ 2.4 nmol/min per 100
g and this was 50% of the maximal output rate in controls and
heterozygotes (5 nmol/min per 100 g). Under these conditions,
phospholipid secretion in the (—/—) mice amounted to 2.2
nmol/min per 100 g. Hence, in the (—/—) mice, maximal tauro-
cholate output is able to partially uncouple phospholipid and
cholesterol secretion. This could represent the distinction be-
tween two types of cholesterol secretion: on the one hand the
active, accompanied secretion of cholesterol with phospholipid
which represents the major pathway in normal animals and is
indirectly dependent on the function of mdr2 Pgp; on the other
hand the aspecific extraction of cholesterol and phospholipid



from the canalicular membrane by bile salt micelles. The ques-
tion then arises why cholesterol secretion is not observed in
the absence of taurocholate infusion. The explanation may be
provided by the fact that the endogenous bile salt pool consists
of ~30% cholate and 60% muricholate. A similar bile salt
composition in mice was observed by others (35). After 2 h of
taurocholate infusion, > 95% of the bile salts consisted of cho-
late (-conjugates). It has been demonstrated by Montet et al.
(36) that S-muricholate is a very poor solubilizer of cholesterol.
In mixtures of B-muricholate with cholesterol, the bile salt/
cholesterol molar saturation ratio was 1,430 compared with 384
and 24 for ursodeoxycholate and chenodeoxycholate, respec-
tively. In light of these observations, it can be understood that
bile containing only cholate-conjugates extracts cholesterol bet-
ter from the canalicular membrane than a mixture of S-muricho-
late and cholate-conjugates.

In the (—/—) mice, a significantly increased bile flow was
observed. This phenomenon was especially striking because the
glutathione secretion was found to be strongly diminished in
these mice (17). Glutathione is thought to drive a substantial
fraction of the bile salt—independent bile flow in the rat (37,
38). Our experiments show that the increased flow can be fully
attributed to an increase in the bile salt—independent bile flow.
One of the possible causes for this phenomenon is the strong
ductular proliferation that was observed in (—/—) mice (17).
Bile ducts also give rise to water flow (39). In several species
including humans, pathological or experimental conditions,
which lead to ductular proliferation, give rise to increased bile
flow (40—42). However, several other mechanisms are possible
as well. The pathology in (—/—) mice could lead to an in-
creased paracellular permeability. Alternatively, a reduction of
ductular resorption of biliary solutes could also lead to an in-
crease in bile salt—independent flow. Further experiments are
needed to define the exact cause.

What is the mechanism of mdr2 Pgp—mediated PC secre-
tion? As discussed previously (17), the most likely hypothesis
is that it translocates PC from the inner to the outer leaflet of
the canalicular membrane. Strong support for this model was
recently provided by Ruetz and Gros (43), who expressed mdr2
Pgp in secretory vesicles of a yeast sec mutant and demonstrated
ATP-dependent translocation of a fluorescent PC analogue be-
tween the leaflets of the membrane. Primary active PC translo-
cation can lead to phospholipid imbalance between the two
leaflets of the membrane leading to increased lateral pressure
in the outer leaflet. As a consequence, instable structures may
be induced which give rise to vesiculation of PC from the outer
leaflet. Luminal bile salts may act to facilitate this process by
inserting into the outer leaflet. The fatty acid composition of
PC in bile differs from that in the canalicular membrane
(Ci60Cis:2 and Ci60Cig1 VS Cis:oCao4, respectively) (6). To ex-
plain this specific composition it has to be assumed in this
model that vesiculation occurs from microdomains in the outer
leaflet that are rich in these PC species. Such microdomains
may be created by the translocating action of Pgp but how they
are maintained is not clear. It has been demonstrated that the
apical domain of other epithelial cell types contains a high
amount of glycosphingolipids which have a strong tendency to
cluster by hydrogen bonding (44, 45). If this is also the case
for the canalicular membrane of hepatocytes, this may provide
a mechanism for the repulsion of PC into microdomains.

Assuming that the protein indeed acts as a flippase, its role
in PC secretion will depend strongly on the mechanism of intra-
cellular PC transport. Two mechanisms have been proposed.

Firstly, the abundant cytosolic PC transfer protein (15) may
take up PC from the endoplasmic reticulum (ER) and donate it
to the inner leaflet of the canalicular membrane. In a preliminary
report, Cohen et al. (16) have shown that such transfer can be
mimicked with a mixture of ER- and canalicular-like mem-
branes, albeit that in this experimental system the canalicular-
like acceptor membranes were essentially free of PC. They
also showed that bile salts promote this process. The important
consequence of such a mechanism is that PC is exclusively
donated to the inner leaflet. In this mechanism the role of mdr2
Pgp as a flippase is straightforward; the protein flips PC to the
outer leaflet where it is either taken up directly in bile salt
micelles or vesiculates under the influence of bile salts.

Secondly, insertion of PC into the canalicular membrane
may occur via PC-rich vesicles that are derived from the ER.
In the past, several groups have provided indirect evidence for
this mechanism by showing that lipid secretion can be inhibited
by colchicine (and vinblastine) (26-28, 46). Since these com-
pounds inhibit microtubular function, it was suggested that ve-
sicular transport must be involved in the lipid secretion process.
These putative PC-rich vesicles are derived from the ER where
PC is synthesized. Since a PC-specific flippase in this organelle
ensures the symmetric distribution of PC (47), fusion of these
vesicles with the canalicular membrane inserts PC in both
leaflets of the bilayer. It is difficult to reconcile this mechanism
of PC transport with the almost complete abrogation of PC
secretion in the (—/—) animal. Clearly, additional studies are
required to answer the intriguing questions generated in the
present study.
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