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The Micellar Sink

A QUANTITATIVE ASSESSMENT OF THE ASSOCIATION OF
ORGANIC ANIONS WITH MIXED MICELLES
AND OTHER MACROMOLECULAR AGGREGATES IN RAT BILE

BRUCE F. SCHARSCHMIDT and RUDI SCHMID, Department of Medicine and
Liver Center, University of California, San Francisco, San Francisco,

California 94143

ABSTRACT Although the importance of mixed
micelles in the solubilization and biliary excretion of
lipids is established, little is known about a possible
role of mixed micelles in the excretion of other biliary
solutes. Ultrafiltration and ultracentrifugation tech-
niques were used to investigate the interaction be-
tween substances that are excreted in bile and biliary
mixed micelles. Substances (urea, erythritol, sucrose)
excreted in bile at concentrations equal to, or less than,
that in plasma did not show an association with mixed
micelles, whereas substances (indocyanine green,
iopanoic acid, rose bengal, unconjugated and conju-
gated sulfobromophthalein, and conjugated bilirubin)
excreted in bile at high concentration relative to plasma
did. The percentage of these latter substances in bile
associated with micelles varied from 26 to 93% and was
relatively independent of concentration. In addition to
their association with mixed micelles, these test solutes
formed self-aggregates that were stabilized primarily
by ionic bonds, and only a small percentage (range
= 0-5%) of these solutes were present in bile in the
form of monomer or complexes small enough to pass
a 5,000-mol wt membrane.

These findings offer a possible explanation for the
increase in sulfobromophthalein, bilirubin, and
indocyanine green maximal biliary excretory rate
produced by bile salt infusion, and suggest that the
concentrative transport into bile of endogenous com-
pounds and xenobiotics may result from their incorpo-
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ration into mixed micelles and other macromolecular
complexes.

INTRODUCTION

A variety of drugs and organic anions such as sulfo-
bromophthalein (BSP),! indocyanine green (ICG), and
conjugated bilirubin (cBR) are excreted primarily by
the liver. Because the concentration of these substances
in bile exceeds that in plasma and liver by up to two
orders of magnitude (1-6), their excretion across the
canalicular membrane is generally considered to in-
volve an energy-requiring, concentrative transport
process (7-11). However, the concentrative (active)
nature of this transport process may be more apparent
than real in that it may reflect to a large extent physical
association of these substances with mixed micelles.
Because molecules that are physically associated
with micelles or other macromolecular complexes in
bile are osmotically inactive, micelles could function as
a “sink” for excreted anions by decreasing their effec-
tive concentration in bile.

The following evidence is consistent with this
hypothesis. (a) Taurocholate infusion, which increases
the biliary output of mixed micelles, increases the
maximal biliary excretory rate (T,,) for BSP (9, 12, 13),

! Abbreviations used in this paper: BR, unconjugated
bilirubin; BSP, unconjugated sulfobromophthalein; cBR,
conjugated bilirubin; cBSP, conjugated sulfobromophthalein;
CLMM, ["C]- or [*H]cholesterol-labeled mixed micelles;
ICG, indocyanine green; r, nembrane rejection coefficient; R,
percent membrane retention (r X 100); R’, (Rg/Rciaun) X 100
during PM 10 ultrafiltration (also a measure of the percentage
of test solute in bile associated with mixed micelles); Repum,
retention of CLMM; Rg, retention of test solute; S, bile electro-
lyte solution having an electrolyte composition, pH, and
osmolality similar to bile; Ty, maximal biliary excretory rate in
milligrams per minute per kilogram of body weight.
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ICG (14), and cBR (15). (b) SC-2644 and theophylline,
which increase canalicular bile flow without increasing
bile salt output, fail to increase the T, for BSP (12, 16).
(c) Secretion of cBR by cultured hepatocytes is
markedly enhanced by the presence of taurocholate or
mixed bile salt micelles in the medium (17). (d) Ultra-
centrifugation and gel chromatography of artificial solu-
tions or bile suggest a physical association between
BSP and taurocholate (18) and between cBR and mixed
micelles or some other macromolecular complex in
bile (19-22).

Although several investigators have considered the
possibility of a physical association between organic
anions and mixed micelles (14-18, 23-27) and some
supportive evidence for this exists (18-22, 26, 27), this
important hypothesis has never been quantitatively
explored.

In this report we demonstrate by two independent
techniques that a variety of organic anions associate
with biliary mixed micelles and that many of these same
compounds also form aggregates by ionic interaction
in aqueous solution. Association with mixed micelles
and possibly also self-aggregation of these compounds
may serve to reduce their relative concentration in the
aqueous phase of bile and thereby account for their
apparent concentrative transport from liver into bile.

METHODS

Test substances. Unconjugated bilirubin (BR) (Sigma
Chemical Co., St. Louis, Mo.), phenol red (Sigma Chemical
Co.), BSP (Sigma Chemical Co.), sodium cholate (Sigma
Chemical Co.), cholesterol (Sigma Chemical Co.), erythritol
(Sigma Chemical Co.), ICG (Hynson, Westcott and Dunning,
Inc., Baltimore, Md.), Evans blue (]J. T. Baker Chemical Co.,
Fairlawn, N. J.), egg lecithin (Schwarz/Mann Div., Becton,
Dickinson & Co., Orangeburg, N. Y.), urea (Mallinckrodt,
Inc., St. Louis, Mo.), sucrose (Mallinckrodt, Inc.), taurine
(Calbiochem, San Diego, Calif.), sodium taurocholate (Cal-
biochem), monoethyl-[*3H]diethylstilbesterol (Amersham/
Searle Corp., Arlington Heights, Ill.), [**CJurea (Amersham/
Searle Corp.), [“Clerythritol (Amersham/Searle Corp.),
[1,2-*H](N)testosterone (New England Nuclear, Boston,
Mass.), [*Cllecithin (New England Nuclear), and [*H]-
and ["C]-cholesterol (New England Nuclear) were used
directly as supplied by the manufacturer. cBR was prepared as
described previously (28) and consisted of a mixture of mono-
(70%) and diconjugates (30%). Glutathione-conjugated BSP
(cBSP) was prepared as described by Whelan et al. (29). Analy-
sis of this preparation by paper chromatography (29) indicated
that <0.5% of the BSP present was unconjugated. Iopanoic
acid was solubilized from Telepaque tablets (Winthrop
Laboratories, Sterling Drug Co., New York) in Dr. Henry
Goldberg’s laboratory at the University of California, San
Francisco, San Francisco, Calif. and an electrolyte solution (S)
similar to an ultrafiltrate of rat bile in its composition (Na
= 125 meg/liter, Cl = 105 meq/liter, K = 5 meq/liter, and
HCO, = 25 meq/liter) was prepared. The aqueous solutions of
test solute used in ultrafiltration and ultracentrifugation
studies were prepared as follows. Crystalline BR was dis-
solved with heating and stirring in a NaCl/Na,COj; solution
(5.2 g/liter of each) and aliquots of this solution were added

to distilled water, 0.1 and 5.0 M NaCl, 5 M urea, Tris buffer,
or S. The remaining test solutes were dissolved directly in the
appropriate solution in a concentration of 0.0001-10 mM. Ex-
cept where specifically indicated otherwise, the pH of these
solutions was adjusted to 7.6-8.0 with 0.1 N HCI or NaOH.

Analytical techniques. Evans blue, phenol red, rose
bengal, BSP, ¢cBSP, and ICG concentrations in bile or other
solutions were quantitated spectrophotometrically by compar-
ing their optical densities at their respective absorption
maxima with standard curves prepared by dissolving weighed
amounts of dye in bile or the appropriate reference solution.
BSP, cBSP, and phenol red solutions were alkalinized with
0.1 N NaOH to pH 10 before analysis. Bilirubin concentra-
tions were determined by the method of Malloy and Evelyn
(30) and iopanoic acid concentrations were determined by
fluorescent excitation analysis (31). Radioactivity was meas-
ured by liquid scintillation counting (Beckman model LS-
250, Beckman Instruments, Inc., Fullerton, Calif.) with ex-
ternal or internal standardization for quench correction. For
determination of total bile salt concentration, the hydroxy-
steroid dehydrogenase assay of Talalay (32) as modified by
Admirand and Small (33) was used. Individual free and con-
jugated bile salts were separated by thin layer chromatography
(34). After scraping the individual bands, bile salts were eluted
with methanol and quantitated with the hydroxysteroid
dehydrogenase assay (32, 33). Total phospholipids were meas-
ured by the method of Bartlett (35), and cholesterol was
quantitated by gas liquid chromatography. BSP and ¢BSP in
bile were separated and quantitated by paper chromatog-
raphy (29).

Animal studies. Simonson Sprague-Dawley rats of 290-
350 g weight on an ad libitum diet were used in all studies.
Jugular (polyethylene 10, Clay-Adams Div., Becton, Dickin-
son & Co., Parsippany, N. J.) and biliary (polyethylene 90)
cannulas were inserted under light ether anesthesia and the
animals were restrained. While the animals were infused
continuously at 1 ml/h per 100 g with an aqueous solution con-
taining 30 mM sodium cholate, 1.9 mM egg lecithin, 0.166
mM cholesterol, and 30 mM taurine, bile was collected on ice,
in the dark, and then frozen. After 2 liters of bile had been col-
lected from =50 rats, the bile was thawed, pooled, and re-
frozen at —20°C in 16-ml aliquots that were used later for the
gel filtration, ultrafiltration, and ultracentrifugation studies
described below. Some animals were also given an i.v. bolus
or continuous infusion (1 ml/h per 100 g) of isotonic NaCl
containing [3H]diphenylhydantoin, [*H]testosterone, [*H]-
diethylstilbesterol, BSP, ICG, BR, rose bengal, or Evans
blue in addition to the above solution and bile was collected
for analysis in separate experiments. Body temperature was
maintained at 37°C with an infrared lamp.

Radiolabeling of mixed micelles in vitro. 16 ml of bile
in a test tube was overlayered with 200-300 ul of benzene
containing =10% dpm of [*C]- or [*H]cholesterol. The ben-
zene was evaporated by a stream of N, and the presence of
the cholesterol label in mixed micelles was confirmed by gel
chromatography (vide infra). Labeling of bile with [*C]-
lecithin was performed in a similar manner. Test solutes,
BSP, cBSP, ICG, BR, rose bengal, Evans blue, phenol red,
urea, erythritol, and sucrose were dissolved in bile in vitro
before ultrafiltration and ultracentrifugation in most studies.
For comparison, ultrafiltration and ultracentrifugation of bile
collected from rats that had been infused intravenously with
BSP, ICG, or rose bengal was also performed. In contrast,
cBR, iopanoic acid, [*H]diphenylhydantoin, [*H]testos-
terone, and [*H]diethylstilbesterol were not added to bile in
vitro; rather in all experiments bile was collected from rats
infused intravenously with BR, iopanoic acid, or the labeled
drugs, respectively. No attempt was made to identify the
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biliary metabolites of iopanoic acid, diphenylhydantoin, testos-
terone, or diethylstilbesterol.

Gel chromatography. A K9-30 column (Pharmacia Fine
Chemicals, Piscataway, N. J.) containing =18 ml of G-100
Sephadex (Pharmacia Fine Chemicals) was preequilibrated
with 3-column vol of 60 mM taurocholate dissolved in S.
The column was overlayered with 0.5 ml of bile containing
[®H]- or [**C]cholesterol-labeled mixed micelles (CLMM) or
[“Cllecithin-labeled micelles and then eluted with 60 mM
taurocholate in S. The eluate was collected in 1-ml fractions
and analyzed for radioactivity, bile salt, cholesterol, and
phospholipid. This relatively high concentration of taurocho-
late in S was used for column preequilibration and elution
(as well as subsequent ultracentrifugation studies) because
preliminary experiments with lower concentrations (3-10
mM) did not result in co-filtration of cholesterol, phospholipid,
and bile salt. Instead, cholesterol and phospholipid appeared
in the void volume determined with Blue Dextran (Pharmacia
Fine Chemicals) and the bile salt peak coincided with the
total column volume. This presumably reflected dissolution of
the mixed micelles with microprecipitation of the cholesterol
and phospholipid. Concentrations of taurocholate ranging
from 40 to 60 mM gave similar results.

Ultrafiltration studies. Before ultrafiltration, bile was
passed through a coarse filter (1.2-um Millipore filter, Milli-
pore Corp., Bedford, Mass.) that removed mucus and par-
ticulate debris but not CLMM (recovery of CLMM was 100%).
Ultrafiltration of bile or other solutions was performed with
an Amicon multi-micro UF system (Amicon Corp., Lexington,
Mass.) in a N, atmosphere at 40 pounds/in®. Bile and other
solutions were adjusted to pH 7.6-8.0 with 0.01 N HCI before
study and were stirred continuously so that the vortex did
not exceed one-third of the solution height. Filtration was
terminated when one-fourth to one-half of the original 3-5 ml
remained in the cell. Because the critical micellar concentra-
tion of bile salts is relatively independent of temperature
between 20 and 40°C (36), all studies were performed at room
temperature.

The retention of test solute by a particular membrane was
determined by calculating the “rejection coefficient” (r). r
represents the fraction of test solute in a given volume of fil-
tered solution that does not pass through the membrane, that
is, is rejected by the membrane. r can be calculated based on
measurement of solute concentration in the retentate (Cg) and
filtrate (Cg) by the formula r = 1 — C¢/Cg, or it can be cal-
culated from measurements of retentate concentration alone
by the formula derived below.

Amicon ultrafiltration membranes (Amicon Corp.) have a
thin upper ultrafiltration “skin” which discriminates mole-
cules with respect to size. This is supported by a nondiscrim-
inatory and much thicker supporting matrix (37). This porous
matrix may adsorb molecules passing the upper filtering sur-
face, as indicated by the fact that recovery of filtered bile salts
and organic anions was generally incomplete and unpre-
dictable. After use with substances such as bilirubin or ICG,
the supporting matrix (but not the upper skin) was densely
colored by adsorbed dye, and the percent recovery was not
improved by presoaking the membrane in test solute or by in-
creasing test solute concentration. Because of this adsorp-
tion of solute to the matrix, calculations based on ultra-
filtrate analysis would tend to spuriously overestimate r (38).
This potential source of error was avoided with the formula
derived below for calculation of r based on retentate analysis,?
in which V equals retentate volume at any time, t, and Qp

2 Derivation provided by Amicon Scientific Systems Divi-
sion, Lexington, Mass.
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equals ultrafiltration flow rate. As discussed above, rejection
coefficient can be calculated by the formular = 1 - Cy/
Cg. Thus, Cg = Cg(1 — 1). Conservation of mass requires that
dVidt = =Qp, dV = —Qgdt and d(VCg)/dt = —-Q.Cy
= —QgCg(1l — 1r). Rearranging, dVCg = VdCy + CrdV
= —QpCg(1 — 1)dt = Cx(l = r)dV and VdCy = —rCgrdV.
Thus, dCg/Cy = rdV/V.

Integrating from zero time, when Cy = C, (original solute
concentration before ultrafiltration) and V = V,, (volume above
the membrane before ultrafiltration) to time t, when Cy = C;
(final concentration of solute in retentate) and V = V; (final
retentate volume) yields the following expression for r (38, 39):
r = In(Cy/C,)/In(V,/Vy). Calculation of r is thus based on reten-
tate analysis alone and is not affected by adsorption of solute
to the supporting matrix. To the extent that adsorption to the
thin ultrafiltration skin had occurred, this would have de-
creased rather than increased r and thus reduced apparent
micellar association (R’) as defined below.

We have expressed r in the more convenient form of a per-
centage where R (percent retention) = r x 100. Before the
ultrafiltration studies membranes were rinsed by filtering
several cell volumes of distilled water through the membrane.
Because dye dilution studies indicated that an average of 0.14
ml of fluid remained in the cell after the preliminary rinse
with distilled water and after aspiration of the retentate, 0.14
ml was added to both the V,, and V, terms in the calculation of r.

In preliminary experiments several membranes with dif-
ferent compositions and mol wt cutoffs (2,000-20,000 daltons)
were tested (UM2, DM5, UM10, PM10, UM20, Amicon Corp.).
R for CLMM (R¢pum) averaged 93% or greater for each of these
membranes. DM5 and PM10 were selected for the definitive
experiments because they showed the least intermembrane
variation in retention of test solutes, and in contrast to the UM
membranes which have some free ionic sites, they have an un-
charged, covalently cross-linked surface that is less likely to
interact with organic anions and other charged bile constituents
(37). This latter point may explain the unexpectedly high Repum
shown by the UM20 (20,000 mol wt) membrane. PM10 mem-
branes have the additional property of very rapid filtration
which is a particular advantage when working with labile
compounds such as ¢cBR and BR. Properties of the DM5
and PM10 membranes used are summarized in Table I.

Because all test solutes dissolved in S freely penetrated
the PM10 membrane (mean Rg = 1.8%), the increased reten-
tion of test solutes dissolved in bile presumably reflects
association of test solutes with larger, nonpermeating ag-

TABLE 1
Membrane Filtration Properties

DMS5 PM10

Mol wt cutoff for globular proteins 5,000 16,000*
Filtration rate for deionized water,

mllem?*min 0.04-0.1 1-4
Mean R of CLMM during bile

filtration, mean+SE 100+4.5 93.0+0.03
Mean R of bile salts during bile

filtration, mean+SE 100£7.0 40.0x4.02

* Although listed in Amicon brochures as 10,000, information
obtained from the Amicon Scientific System Division and
Amicon publication no. 427 indicates that the molecular
weight cutoff for globular proteins of the PM10 membrane
is =16,000.
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FIGURE 1 Gel chromatography of bile. Bile containing
[C]cholesterol- or [“Cllecithin-mixed micelles was ap-
plied to a G-100 Sephadex column that had been preequili-
brated and was subsequently eluted with 60 mM taurocholate
dissolved in a bile electrolyte solution. The labeled choles-
terol and lecithin co-chromatographed with unlabeled choles-
terol, phospholipid, and bile salt, indicating the presence of
label exclusively in the mixed micellar fraction.

gregates, that is, mixed micelles. In bile ultrafiltration studies,
therefore, Rg was divided by R¢ium to calculate a “relative
retention” (R’) for each solute: R’ = (Rg/RcLum) X 100.

Assuming that test solute dissolved in bile does not pene-
trate the membrane as a result of its association with mixed
micelles, R’ can be taken as a direct measure of the extent
to which each test solute is associated with mixed micelles.
Determination of R’ rather than simply Rg corrects for possible
errors caused by the measurement of small postfiltration
sample volumes (because the V, and V, terms cancel) and also
for minor intermembrane variability in Rcpym. R’ calculated
in this way was unaffected by the concentration of test solute
and by V/V; and showed an average coefficient of variation of
13.0%.

Ultracentrifugation. Sucrose was dissolved in 60 mM
taurocholate in S and a 10 — 40% (wt/wt) continuous gradient
was prepared in 5-ml (¥%2 X 2 inches) cellulose nitrate tubes
(Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.).
This gradient was overlayered with 0.2 ml of bile containing
CLMM and(or) test solute and spun at 48,000 rpm and 23°C
in an SW-50L rotor (Beckman Instruments, Inc.). After ultra-
centrifugation for 50 h (except in preliminary experiments in
which both shorter and longer spinning times were employed)
the bottom of the tube was pierced and 20-drop fractions were
collected for measurement of radioactivity and test solute
concentration.

RESULTS

Bile composition and labeling of mixed micelles.
Analysis of the homogeneous 2-liter pool of rat bile
revealed the following bile salt and lipid composition:
total bile salt concentration = 40 mM (78% taurocho-
late, 12% glycocholate, and 10% taurodeoxycholate,
taurochenodeoxycholate, and free cholate), phospho-
lipid concentration = 4.2 mM, and cholesterol concen-
tration = 0.435 mM. Gel chromatography of aliquots of
this bile pool after [**C]cholesterol labeling (Fig. 1)
demonstrated co-filtration of labeled cholesterol with
unlabeled cholesterol, unlabeled phospholipid,
labeled lecithin, and bile salt. Thus, labeled cholesterol
was present exclusively in the mixed micellar fraction.

Ultrafiltration studies. The results of bile ultra-
filtration studies are summarized in Table II. The find-
ings with PM10 membranes indicated that each of the
test solutes, ICG, iopanoic acid, Evans blue, rose
bengal, BSP, cBR, BR, cBSP, and phenol red showed

TaBLE 11

Ultrafiltration of Bile Containing CLMM and Test Solute

PM10 DM5
Initial R'* Initial
No. of tratior No. of ration
Test solute studies in bile (range) Mean SE studies in bile Mean SE
mM % mM
ICG 15 0.12 - 10.8 93.3 2.05 3 0.80 100 1.33
Iopanoic acid metabolites 4 220—- 250 86.0 2.27 4 1.6 100 14.7
Evans blue 24 024 - 174 792 2.03 3 0.17 100 21.2
Rose bengal 11 0.54 - 10.3 79.0 445 3 0.50 100 1.3
BSP 23 0.36 > 22.7 747 243 3 0.40 96.0 0.86
cBR 13 014> 7.7 66.2 2.85 4 0.28 95.5 4.7
BR 12 0.15—> 056 612 3.46 8 0.15 68.3 3.8
[3H]Diethylstilbesterol metabolites 4 trace 436 2.90 2 trace 100 —
cBSP 14 0.04 —> 164 272 3.25 3 0.3 100 3.13
Phenol red 12 1.5 — 19.6 26.0 3.52 3 1.5 100 6.0
[3H]Testosterone metabolites 4 trace 104 32 2 trace 60.4 —
[*H]Diphenylhydantoin metabolites 4 trace 22 094 2 trace 61.3 —
Sucrose 3 3.0 —» 91 -15 15 2 trace 11.8 —
Erythritol 4 38 —> 144 -26 25 2 trace 26.0 —
Urea 5 06 — 6.0 -43 21 2 trace 29.2 —_
* R',([R of test solute]/[R of CLMM]) x 100.
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FIGURE 2 Ultrafiltration of bile containing labeled mixed
micelles (CLMM) and selected test solutes. R’ ([retention of
test solute/retention of CLMM] x 100) was determined for
each test solute, and the calculated concentration of each test
solute in the nonmixed micellar phase, ([100 — R’}/100) X total
initial concentration in bile, was plotted vs. total initial bile
concentration. Sucrose, urea, and erythritol, which show no
association with CLMM, all fell on or above the line of iden-
tity. The remaining test solutes, all of which are concentrated
in bile, did show an association with CLMM and fell well
below the line of identity.

association with CLMM, that is, R’ for each of these test
solutes in bile greatly (P < 0.001) exceeded R for the
same test solute dissolved in S. The percentage associa-
tion of these substances with CLMM in bile (R’) varied
from 26 to 93%. Each of these test substances (except
Evans blue and BR) are also excreted in bile in high
concentration relative to plasma. In contrast, sucrose,
urea, and erythritol, which are not concentrated in bile
relative to plasma (40), showed no association with
CLMM during PM10 ultrafiltration. The results of
PM10 ultrafiltration of bile samples containing ICG,
rose bengal, BSP, or cBSP which was prepared by infus-

ing animals in vivo (average R’ values: ICG = 89.9%;
rose bengal = 77.0%; BSP = 69.3%; cBSP = 23.0%)
were virtually identical with those using bile to which
the test solute had been added in vitro (Table II).
Because bile prepared by infusing the rats with BSP
contained both BSP and ¢cBSP, the concentration of BSP
and cBSP in bile was determined individually before
and after filtration, and R’ was calculated separately
for each. The findings summarized in Table II also
suggested an association between the labeled biliary
metabolites of diethylstilbesterol and CLMM, whereas
diphenylhydantoin and testosterone metabolites
showed little or no association. These results are
illustrated graphically in Fig. 2 in which the concentra-
tion of selected solutes in the nonmicellar phase of bile
([100 — R’] x total bile conc/100) is plotted vs. total
bile concentration. Whereas the values for sucrose,
urea, and erythritol fall on or above the line of identity,
those for ICG, rose bengal, Evans blue, ¢cBR, and BSP
all fall distinctly below this line. The concentration of
these latter substances in the nonmicellar or aqueous
phase of bile represents thus only a relatively small
fraction of their total concentration in bile. Also il-
lustrated in Fig. 2 is the fact that no distinct “micellar
saturation point” was detectable for any of these sub-
stances over the concentration range studied. That is,
partition between the micellar and nonmicellar phases
did not show a distinct change even at solute concentra-
tions in excess of those achievable in vivo by intra-
venous infusion of these substances.

Results of DM5 ultrafiltration of bile containing test
solute and CLMM are summarized in Table I1. With the
exception of BR, each of the test solutes that had shown
an association with CLMM during PM 10 ultrafiltration
(ICG, iopanoic acid, Evans blue, rose bengal, BSP,
cBR, [*Hldiethylstilbesterol metabolites, ¢cBSP, and
phenol red) was almost entirely present in bile (range
= 95-100%) in the form of macromolecular complexes

TABLE III
DMS5 Membrane Retention of Test Solutes Dissolved in Various Solutions

Solution in which test solute dissolved*

Distilled NaCl NaCl Urea Tris Tris

Test solute water (0.1 M) (5.0 M) (5M) (pH 7.2) (pH 9.0) S
1CG 100 42.8 0 90.7 31.3 47.0 62.0
Evans blue 77.8 56.2 10.9 100 62.4 81.6 88.7
Rose bengal 84 15 0 89.3 62.5 68.5 55
BSP 90.4 36.8 0 73.2 65.9 84.6 67.2
cBR 73.8 36.4 29.0 75.6 57.2 97.2 100
BR 99.6¢ 96.1 22.0 89.2 70.8 80.4 86.8
cBSP 78.4 81.8 32.0 97.8 82.5 83.0 76.7
Phenol red 100 73.4 0 81.4 85.2 85.4 66.2

* Concentration of test solutes varied from 0.001 to 10 mM.
1 BR was dissolved in a dilute NaCl (2 mM)/Na,CO, (1 mM) solution rather than distilled water.
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too large to pass this 5,000-mol wt cutoff membrane. By
comparison, DM5 retention of sucrose, urea, and
erythritol was very much smaller (11.8-29.2%). The
cause and significance of the residual retention of these
three compounds are unclear.

Test solutes that had shown a significant association
with CLMM during PM10 bile ultrafiltration also were
dissolved in various aqueous solutions and ultrafiltered
through the DM5 membranes (Table III). Membrane
retention of these substances dissolved in distilled
water (or very low [NaCl = 2 mM, Na,CO; = 1 mM]
ionic strength solution in the case of BR) ranged from
73.8-100%, suggesting formation of self-aggregates too
large to pass the membrane. R was independent of
dye concentration over the range studied (0.001-10
mM). The strikingly different retention properties of
the PM10 (Table I) and DM5 (Table III) membranes
for the test solutes dissolved in S (mean R values
were 1.8 and 75.3%, respectively) suggested that these
self-aggregates in S have mol wt between 5,000 and
16,000. When test solutes were dissolved in solutions
of increasing ionic strength (NaCl = 0.1-5.0 M), a
progressive decrease in R was observed for each test
solute during DM5 ultrafiltration (mean R values for
distilled water and 5M NaCl were 88.0 and 11.7%,
respectively [Table III]). In contrast, dissolving test
solutes in 5 M urea did not reduce R and raising the
pH from 7.2 to 9.0 (exceeding the physiologic range of
bile) increased R only slightly (except for cBR). These
results suggest that each of these substances forms self-
aggregates stabilized primarily by ionic, rather than
hydrophobic or hydrogen, bonds.

Ultracentrifugation. In preliminary studies, bile
containing CLMM and a high concentration of ¢cBR
was ultracentrifuged for periods ranging from 3 to
120 h. As illustrated in Fig. 3, the location of the
pigment peak determined visually (by measuring its
distance from the bottom of the tube) coincided at all
times with the CLMM peak determined by scintillation
counting of tube fractions. On the basis of these experi-
ments, 50 h of centrifugation was chosen for the sub-
sequent studies because it was the shortest time that
produced a distinct micellar band clearly separated
from the bottom and top of the gradient. The profile
of a gradient containing bile with labeled CLMM after
50 h of centrifugation is shown in Fig. 4. The sucrose
concentration (wt/wt) decreased curvilinearly from 40
to 10%, the CLMM formed a distinct peak, and total bile
salt concentration at all points in the gradient greatly
exceeded the critical micellar concentration for
taurocholate.

Ultracentrifugation profiles of bile containing various
test solutes and CLMM are illustrated in Fig. 5. Each
of the substances that had shown a strong association
(R’ > 40%) with CLMM by PM10 ultrafiltration also
sedimented with CLMM. Because these test solutes

-
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FIGURE 3 Ultracentrifugation of bile containing labeled
mixed micelles (CLMM). Note that the bile pigment peak
determined visually and the CLMM peak determined by
scintillation counting of tube fractions coincided at all spin-
ning times from 6 to 125 h.

sedimented with CLMM through a medium containing
taurocholate micelles, these findings suggest that these
test substances have a greater affinity for mixed mi-
celles than for pure bile salt micelles. Substances such
as phenol red, which had exhibited a weaker associa-
tion with CLMM by ultrafiltration, showed an inter-
mediate pattern with only a portion of the test solute
sedimenting with CLMM. Sucrose, erythritol, and
urea, which had failed to exhibit any association with
micelles by ultrafiltration, also showed none by ultra-
centrifugation. Thus the two independent techniques
of ultrafiltration and ultracentrifugation gave qualita-
tively similar answers to the question of whether, and
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FIGURE 4 Ultracentrifugation profile of bile. Bile containing
labeled mixed micelles was layered over a 10 » 40% con-
tinuous sucrose gradient (prepared by dissolving the sucrose
in 60 mM taurocholate solution with an electrolyte composi-
tion similar to bile) and centrifuged at 23°C and 48,000 rpm
for 50 h.
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FIGURE 5 Ultracentrifugation of bile containing CLMM and test solute. Substances that showed
a strong association with CLMM by ultrafiltration (R’ > 40%) sedimented with CLMM, whereas

substances that showed no association with C
none during ultracentrifugation. Substances that

LMM by ultrafiltration (R’ < 0%) also showed
showed a weak association with CLMM by ultra-

filtration (40% > R’ > 0%) had an intermediate pattern on ultracentrifugation.

to what extent, each test solute was associated with
CLMM. Ultracentrifugation studies of bile samples
containing ICG, rose bengal, BSP, or cBSP which had
been prepared by infusing the animals in vivo, gave
results analogous to those in Fig. 5, obtained with test
solutes that had been added in vitro.

Results of control ultracentrifugation studies in
which test solutes were dissolved in S rather than in
bile gave results very different from those shown in Fig.
5. Whereas test solutes dissolved in bile had shown a
relatively uniform centrifugation pattern (Fig. 5), no
such uniformity was observed in S. Some test solutes
(ICG, BSP, and rose bengal) actually sedimented more
rapidly in the absence of mixed micelles, and in all
instances the solute peak was lower and less well de-
fined. Inulin (mol wt, 5,000) has been shown to exhibit
little sedimentation under experimental conditions
similar to those employed in the present experiments
(18). It is likely, therefore, that the comparatively rapid
sedimentation in S of our test solutes, all of which are in
the 300-1,200-mol wt range, reflects their tendency to
self-aggregate. BSP sedimented more rapidly than
c¢BSP as has been observed previously (18).

DISCUSSION

We have investigated the interaction between [3H]-
or ['“C]cholesterol-labeled mixed micelles and a
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variety of test solutes by ultrafiltration and ultracentrif-
ugation. Our findings indicate that the substances ex-
creted in bile at high concentration relative to plasma
(BSP, cBSP, cBR, ICG, rose bengal, and iopanoic acid)
(1-6) (Unpublished observations.) are physically
associated with CLMM (R’ = 27-93%). Included
among this group were those organic anions (BSP,
cBSP, ICG, and c¢BR) for which biliary secretion has
been shown to rise in response to increasing biliary
output of bile salts and mixed micelles (9, 12—15). In
contrast, sucrose, urea, and erythritol, which are ex-
creted in bile at concentrations equal to or less than
those in plasma (40), were found not to be associated
with CLMM by ultrafiltration or ultracentrifugation.
In addition to their association with mixed micelles,
ICG, Evans blue, rose bengal, BSP, cBSP, BR, ¢cBR, and
phenol red in aqueous solution form self-aggregates
which do not pass a 5,000-mol wt membrane. Because
self-aggregation occurred even at very low concentra-
tions, it is possible that these dyes in aqueous solution
form polydisperse aggregates rather than true micelles,
The fact that 5M NaCl, but not 5 M urea, disrupted
these aggregates also suggests that ionic rather than
hydrogen or hydrophobic bonds are involved in their
formation. Although the present studies provide no
direct evidence that self-association of these dyes oc-
curs in native bile, aggregates were identifiable in an



artificial bile electrolyte solution. Moreover, retention
of some of these dyes (cBSP, phenol red [Table IIJ)
in bile was strikingly higher by the 5,000- than the
16,000-mol wt membrane whereas retention of mixed
micelles did not differ appreciably between the two
membranes. This suggests that in native bile these dyes
in part may exist in the form of macromolecular
complexes that are smaller than mixed micelles.

These findings have two major physiologic implica-
tions. The first relates to the reported observation that
the maximum biliary secretion rate for BSP, cBSP, cBR,
and ICG is increased by bile salt infusion (9, 12-15).
Whereas it is easy to understand the link between
biliary output of bile salts and hydrophobic substances
such as cholesterol and phospholipids (41), which are
excreted almost exclusively as part of the mixed mi-
cellar complex, the relationship between bile salt out-
put and the excretion of hydrophilic organic anions is
less readily apparent.

One possible explanation would be a linkage of some
sort between the excretion of bile salts and organic
anions (14-16, 42). Although the observation that
Corriedale sheep excrete taurocholate normally (43, 44)
has been taken as evidence that bile salts and organic
anions are excreted via functionally separate pathways,
this interpretation remains tentative (42), because the
effect of BSP infusion on taurocholate excretion has
not been studied in these animals, and BSP has been
reported to compete with bile salts for binding to
isolated liver plasma membranes (45). Moreover, bile
salt infusion has been found to alter the scanning
electron microscopic appearance of canalicular mem-
branes (46, 47), modify the lipid composition and
enzymatic activity of liver plasma membrane prepara-
tions enriched in bile canaliculi (47), and alter the K,
for BSP excretion (24). These observations are in fact
consistent with the hypothesis that bile salts might
directly alter membrane transport of organic anions.

The present findings suggest an alternative explana-
tion, namely, that physical interaction between organic
anions and biliary mixed micelles accounts for the
direct relationship between the excretion rate of bile
salts and organic anions. Such an association would
reduce the effective concentration of these organic
anions in canalicular bile, thereby decreasing their
availability for back diffusion across the canalicular
membrane and increasing their net excretion (14-18,
23, 25, 42). Alternatively, if mixed micelles were
formed within the hepatocytes and excreted intact,
physical association between organic anions and mixed
micelles would actually increase the unidirectional
efflux rate of organic anions. Although the functional
importance of micellar sequestration for the biliary
excretion of organic anions has yet to be established,
this general hypothesis is supported by previous
studies of normal bile or synthetic solutions which
indicated a physical association between BSP and

taurocholate (18) and between bilirubin and mixed
micelles or some other macromolecular complex in bile
(19-22). The present findings extend these earlier
observations and provide quantitative information on
the physical association between several organic
anions and mixed micelles. The reported observation
that bile salt infusion produces a disproportionately
greater increase in biliary output of BSP than of cBSP
(12, 13) is thus entirely consistent with the present
finding that association with CLMM (R’) is greater for
BSP than for ¢cBSP (75 vs. 27%, Table II).

Vonk and co-workers (26, 27) recently also have
reported a physical association between solutes and
mixed micelles, but have failed to demonstrate an
increase in the biliary excretion rate for some of these
solutes during taurocholate infusion. Interpretation of
these findings is complicated by the fact that T, was
not measured for these solutes and the ultracentrifuga-
tion technique employed fails to distinguish between
association with mixed micelles and self-aggregatior.
Other findings that might be considered as evidence
against the present “micellar sink” hypothesis include
the reported increase in BSP T, during infusion of
dehydrocholate, a bile salt that does not form micelles,
and the observation that fasting decreases bile salt out-
put and BSP T,, but does not affect the T,, for rose
bengal (48). The former observation might result from
physical interaction between BSP and dehydrocholate,
similar to that demonstrated for taurocholate (18). Be-
cause fasting produces complex alterations in hepatic
function, the second observation is more difficult to
interpret. Although these and other findings considered
below illustrate the multiplicity of factors that may af-
fect transport of organic anions from liver into bile,
none of them refutes the potential importance of
physical association with mixed micelles or other
aggregates in the transport process.

Our findings also have important physiological
implications regarding the nature of the hepatic secre-
tory mechanism for organic anions. For example, it has
long been recognized that the concentration of organic
anions such as BR and BSP in bile may exceed their
concentration in plasma by up to two orders of mag-
nitude (1-6) and exceed their concentration in liver
homogenate by 30- to 50-fold (4-6). Although measure-
ments in whole liver homogenate ignore possible intra-
cellular compartmentation (49), these findings have
been taken as evidence that a steep concentration
gradient exists across the canalicular membrane and
that the secretory mechanism for organic anions is in-
trinsically concentrative, that is, active and energy
requiring (7-11). However, physical association of
these substances with mixed micelles and other aggre-
gates serves to reduce their free concentration in bile.
The present findings indicate that for each of the
organic anions studied that are concentrated in bile
relative to liver and(or) plasma, only a very small frac-
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tion (0-5%) is present in bile in the form of monomer
or small complexes. Whereas this does not exclude the
existence of an electrochemical potential difference
for these substances across the canalicular membrane,
it suggests as an alternative possibility that the trans-
port mechanism for these substances is equilibrative
rather than intrinsically concentrative.

Although micellar transport and self-aggregation
appear to be important factors in the concentrative
transport of these organic solutes into bile, they clearly
cannot be the sole determinants for their biliary excre-
tion. Indeed, the concept of micellar transport is en-
tirely consistent with the presence of carrier mecha-
nisms within the canalicular or sinusoidal membrane
(45, 50-53). This is illustrated by the finding with
Evans blue, which is associated with CLMM and forms
self-aggregates, yet is poorly transported into the
hepatocyte and may therefore represent a compound
for which no membrane carrier is available. It thus
would appear that the substrate specificity of such
carriers in the sinusoidal and(or) canalicular membrane
may determine whether a given molecule is or is not
transported into bile (54) whereas micellar association
and self-aggregation may help explain the concentra-
tive transport of those solutes for which an appropriate
carrier is available.
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