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Rapid determination by centrifugal ultrafiltration of
inter-mixed micellar/vesicular (non-lecithin-associated)
bile salt concentrations in model bile: influence of
Donnan equilibrium effects
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Brigham and Women’s Hospital, and Harvard Digestive Diseases Center, Boston, MA 02132

Abstract We have developed the technique of rapid (<2 h)
centrifugal ultrafiltration to measure the inter-mixed micellar/
vesicular (non-lecithin-associated) bile salt (BS) concentrations
(IMC) of individual BS in model biles. This methodology uses
a centrifugal concentrator with a reinforced membrane, through
which a small fraction (<15% total volume) of model biles was
ultrafiltered by low centrifugal forces (1500 g 5-60 min). Total
and individual BS concentrations in the filtrate were measured
by high performance liquid chromatography. However, non-
filterable anions, in this case BS/lecithin/cholesterol mixed
micelles and unilamellar vesicles, induce an asymmetric distri-
bution of ions across the membrane. Therefore, BS concentra-
tions in the filtrate exceeded the true IMC, which was estimated
taking into account Donnan equilibrium effects. To confirm the
hypothesis that a correction for Donnan forces was necessary,
distributions of BS and another filterable anion, chloride, were
measured in systems containing the non-filterable polyanion
dextran sulfate as an analogue for non-filterable polyanionic
mixed micelles and vesicles. An asymmetric distribution of the
monovalent anions chloride and BS monomers as well as poly-
valent simple BS micelles was indeed present during centrifugal
ultrafiltration. i This new methodology was validated by
comparing IMC values with those obtained by modified
equilibrium dialysis also corrected for Donnan equilibrium
effects (Donovan, J. M., et al. 1991. J. Lipid Res. 32: 1501-1512).
Centrifugal ultrafiltration, which utilizes <1 ml of bile, deter-
mines the composition in the IMC necessary to separate micelles
and vesicles of native biles by techniques that involve dilution of
bile such as gel filtration chromatography.—Donovan, J. M.,
and A. A. Jackson. Rapid determination by centrifugal
ultrafiltration of inter-mixed micellar/vesicular (non-lecithin-
associated) bile salt concentrations in model bile: influence of
Donnan equilibrium effects. J. Lipid Res. 1993. 34: 1121-1129.
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In model and native biles, cholestereol is solubilized in
at least three types of liipid aggregates that coexist
pathophysiologically: simple micelles of bile salts (BS) and

cholesterol, mixed micelles of BS, lecithin and choles-
terol, and in cholesterol-supersaturated bile, BS/lecithin/
cholesterol vesicles (1). An understanding of the re-
spective roles of micelles and vesicles in cholesterol crys-
tallization and gallstone dissolution in the gallbladder and
cholesterol absorption from gallbladder and upper small
intestine requires accurate separation of these lipid ag-
gregates, as well as subsequent determination of their
compositions and properties (2). In turn, accurate separa-
tion of cholesterol-carrying lipid aggregates in bile re-
quires a knowledge of equilibria between mixed micelles,
vesicles, and their common intermediates, the monomer
and simple micellar concentrations of non-lecithin-
associated BS. We have suggested earlier (3) that the ap-
propriate terminology for this concentration is the inter-
mixed micellar/intervesicular (non-lecithin-associated)
BS concentration (IMC) (3).

In an earlier paper (3), we described modified equi-
librium dialysis, a new method for determining correct
values for the IMC in model bile. This method includes
an appreciable correction for Donnan equilibrium effects
(especially in concentrated biles) induced by non-dialyzable
negatively charged mixed micelles and vesicles?, which
previous equilibrium dialysis determinations of IMC
values did not take into account (8-10). However, because

Abbreviations: BS, bile salt; IMC, inter-mixed micellar/vesicular bile
salt concentration; TC, sodium taurocholate; EYL, egg yolk lecithin;
HPLC, high performance liquid chromatography; TDC, sodium
taurodeoxycholate; MWCO, molecular weight cut off.

"To whom correspondence should be addressed at: Brockton/West
Roxbury VA Medical Center, 1400 VFW Parkway, West Roxbury, MA
02132.

2Although at physiological biliary lipid compositions only a small frac-
tion of BS is associated with vesicles as compared with mixed micelles
(4), BS do bind to vesicles (4-7). Therefore we have included BS/leci-
thin/cholesterol vesicles as non-membrane permeable species.
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of multiple changes of dialysant, the modified method re-
quires approximately 2 days to determine the IMC and is
cumbersome for application to native bile. Ideally, the
IMC should be measured “on-line” to facilitate separation
of biliary lipid aggregates. Therefore, we have devised a
much more rapid technique, centrifugal ultrafiltration, to
measure the IMC in hours, using a much smaller volume
of bile (<1 ml vs. 10 ml for modified equilibrium dialy-
sis), and have validated this technique against modified
equilibrium dialysis®. By directly testing previously made
assumptions for asymmetry of monomeric and simple
micellar BS across a dialysis membrane, we also obtain
insights into the Donnan effects induced by native bile
across biliary and gallbladder epithelia.

METHODS

Materials

Taurocholate (TC) (Sigma, St. Louis, MO) was purified
(12). Other BS (Calbiochem-Behring, La Jolla, CA, and
Sigma), grade I egg yolk lecithin (EYL) (Lipid Products,
South Nutfield, UK), cholesterol (Nu-Chek Prep, Elysian,
MN), [1-'*C]palmitoyl-2-stearoyl-sn-glycerophosphocho-
line and [*H]cholesterol (New England Nuclear, Boston,
MA) were used as received. By high performance liquid
chromatography (HPLC) (13) (Beckman Instruments,
Wakefield, MA), BS purity with respect to other con-
jugates was >95%, and by thin-layer chromatography
(butanol-acetic acid-water 10:1:1 v/v/v), BS were >99%
pure. Cholesterol was >99% pure by gas-liquid chroma-
tography. Purity of EYL (>99%) was confirmed by thin-
layer chromatography (CHCl;-MeOH-H,0, 65:35:4,
v/viv), as was radiochemical purity (>99%) of the 1*C-
labeled lecithin (New England Nuclear). NaCl (Mal-

>linckr0dt, Paris, KY) was roasted for 3 h at 500°C to oxi-

dize and remove organic impurities. All other chemicals
were of ACS quality or highest reagent grade purity.
3H,O was obtained from New England Nuclear. Pyrex
glassware was alkali-washed overnight in EtOH-2 M
KOH (1:1, v/v), followed by a 24-h acid washing in 2 M
HNO;, and thorough rinsing in filtered, deionized, and
glass-distilled water.

Model bile solutions

Model biles were prepared by coprecipitation of lipids
from MeOH-CHCI;, drying first under a stream of Ny,
and then under reduced pressure, followed by resuspen-
sion in aqueous solution (0.15 M NaCl, 0.001 M NaNj,
pH 7.4). Model biles were prepared either with a single

3Presented in part at the National Meeting of the American Gastroen-
terological Association, New Orleans, LA, May 19-22, 1991 (11).
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BS, TC, or taurodeoxycholate (TDC), or with a physio-
logical mixture of 12 BS corresponding to the average
composition of biles from 45 cholesterol gallstone patients
(14): tauroursodeoxycholate, 2%; glycoursodeoxycholate,
3%; TC, 11%; glycocholate, 21%; taurochenodeoxycho-
late, 11%; TDC, 7%; glycochenodedxycholate, 25%;
glycodeoxycholate, 20%; taurolithocholate-sulfate, 0.5%:;
glycolithocholate-sulfate, 1%; tauri‘;lithochola‘te, 0.5%;
and glycolithocholate, 0.5%.

Chemical analysis

BS were quantified by comparison with HPLC of in-
dividual BS with concentrations determined by dry
weight (13). Correlation of peak areas with BS concentra-
tions was linear (r > 99%) for all BS. To measure the dis-
tribution of filterable anions on hoth sides of the ultra-
filtration membrane (see below and (3)), chloride concen-
trations were determined spectrophotometrically (Sigma
Diagnostics).

Centrifugal ultrafiltration

Centripor concentrators (Spectrum Medical Indus-
tries, Los Angeles, CA, molecular weight cut-off 10,000,
or 8,000 for total lipid concentration >7 g/dl, as discussed
below) were prepared by centrifuging (15 min, 1500 g)
with distilled water (0.5 ml), and carefully removing all
water with a syringe, with scrupulous attention to the area
under the filter where small droplets may be retained.
Model bile (0.4 ml) was placed in the reservoir with a
reinforced dialysis membrane, and inserted in a holder to
retain filtrate. After centrifugation for 5-60 min at 1500 g
variable amounts of filtrate were produced, ranging from
=().3-0.4 pl/min for systems with high total lipid concen-
trations (10 g/dl), to =3 pul/min for systems with low total
lipid concentrations (1 g/dl). Preliminary studies (vide
infra) showed that BS concentrations increased over the
first 25 ul of filtrate, due to dilution from adsorbed water
in the membrane, as well as to possible membrane ad-
sorption of BS. As BS concentrations in subsequent ali-
quots reached a plateau when 25 pl were ultrafiltered, this
volume of initial filtrate was discarded in subsequent
studies, and total and individual BS concentrations in the
next 20-40 ul were determined by HPLC. As discussed
below, the concentrations of BS in the filtrate exceed the
concentrations in the model bile. Therefore, only a mini-
mum volume was filtered so that the composition of the
initial solution was not altered. BS concentrations were
routinely measured after 2-3 centrifugations using the
same membrane to confirm that a plateau in filtered BS
concentration was reached. Membrane failure, which oc-
curred during 5-10% of centrifugations, was detected
either by higher ultrafiltration rates during centrifuga-
tion, or by a continuous increase in BS concentrations
over sequential centrifugations.

Because the micellar zone of the ternary phase diagram
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of BS, lecithin, and cholesterol depends upon temperature
(15), model biles were prepared and centrifuged at 37°C.
IMC values of model biles composed with the single bile
salt TC, or with a physiological mixture of BS with vary-
ing total lipid concentration (1-10 g/dl), BS/(BS + EYL)
ratio (0.6-0.8), and cholesterol content (0-10%) were
measured both by centrifugal ultrafiltration and by the
validated modified equilibrium dialysis method (3).
Results are expressed as means + 1 SD for replicate
measurements of at least four separate determinations.

To demonstrate filtration of monomers and simple
micelles, BS solutions (TC and BS mixture, 1-30 mM)
were centrifugally ultrafiltered and BS concentrations in
original solutions and filtrates were measured. To deter-
mine the retention of mixed micelles by the Centripor
concentrator membrane, EYL and cholesterol concentra-
tions in the filtrate were determined for model biles (3-10
g/dl, BS/(BS + EYL), 10% cholesterol) prepared with
tracer amounts of [1*C]lecithin and [3H]cholesterol. Scin-
tillation counting was carried out in a Beckman Scintilla-
tion Counter (Beckman Instruments).

Studies determining the distribution of chloride and BS
in initial solutions and filtrates were conducted using the
polyvalent anion dextran sulfate (mean mol wt 50,000,
Sigma Chemicals) as an analog for polyvalent mixed
micelles. The net charge of dextran sulfate was calculated
from the sulfur content (17.9% by weight) and corresponded
to 1.8 negative charges per glucose residue. Solutions were
prepared to contain from 10 to 150 mEq sulfate residues,
with varying BS concentrations (5-20 mM TC or the BS
mixture). '
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Fig. 1. Ultrafiltration of pure BS solutions composed with either TC
(®) or the BS mixture (l) with 8000 (O) or 10,000 (@, l) MWCO mem-
branes. There is minor retention of simple micelles up-to =20 mmM, but
above this concentration, BS retention by the membrane increases
markedly.

Donovan and Jackson

Equilibrium dialysis

Equilibrium dialysis was carried out as described previ-
ously (3). In brief, 1.0 ml cells (Fisher Scientific) were
separated by Spectrapor dialysis membranes (molecular
weight cutoff 12,000, Spectrum Medical Industries) that
were first prepared by exhaustive washing in glass-
distilled water. The entire apparatus was immersed in a
continuously shaken water bath at 37°C. Model* bile
(1.0 ml, dialysant) was placed in one side of the gqui-
librium dialysis cell, and dialysate (1.0 ml, 0.15 M NaCl,
0.001 M NaNjs, pH 7.4) was placed in the other. At inter-
vals of 2 h or greater over a 36-h period, the model bile
solution (dialysant) was replaced repeatedly by 1.0 ml of
an identical (original) model bile solution. Dialysate BS
concentrations were determined at equilibrium for dupli-
cate samples (30 pl) during the final three changes of
model bile. The IMC was calculated from the equilibrium
BS concentrations using corrections for Donnan equi-
librium effects, as described previously (3).

RESULTS

Validation of centrifugal ultrafiltration

To demonstrate that monomers and simple micelles
passed freely through the membrane, pure BS solutions
(TC or BS mixture) were subjected to centrifugal ultra-
filtration. As Fig. 1 demonstrates, BS filtrate concentra-
tions were only slightly lower than the initial solutions up
to 20 mM BS, ie., spanning the range of observed IMC
values in model biles of physiological composition (16).
Retention of simple micelles was similar for TC (closed
circles) as compared with a mixture of BS (squares), both
for the 8,000 (open circles) and 10,000 (closed symbols)
molecular weight cut-of (MWCO) membranes. At BS
concentrations above 20 mM (Fig. 1) appreciably more
simple micelles were retained by the membrane. We dis-
cuss below how this minor retention of BS affects accurate
measurement of the IMC. For BS mixtures, filtrate BS
composition was identical to BS composition in the initial
solution (+ 6%, P > 0.2), implying that hydrophobic BS
were not selectively retained.

Fig. 2 displays BS concentrations in aliquots of filtrate
obtained sequentially with the same filtration unit for
three different model biles (composed with TC/(TC +
EYL) = 0.8, 0% cholesterol; BS mixture, BS/(BS +
EYL) = 0.8, 10% cholesterol; and TDC/(TDC + EYL) =
0.7, 10% cholesterol; all 3 g/dl). As discussed in the ac-
comnpanying article (16), IMC values depend greatly on
the BS composition of the model bile. However, for all
three model biles, after approximately 25 ul of filtrate had
passed through the membrane, BS concentrations reached
a plateau. When 3H,O was used to wash the filters, ap-
proximately 6-8 gl remained adsorbed to the membrane

Inter-mixed micellar/vesicular bile salt concentrations 1123
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Fig. 2. BS concentration in ultrafiltrate of model biles with TC (@),
BS- mixtures (&), or pure TDC (M), as functions of the volume of
ultrafiltrate produced. After approximately 25 ul of ultrafiltrate was
produced, BS concentrations reached a constant value (see text for de-
tails). Other conditions were TC/(TC + EYL) and BS/(BS + EYL) =
0.7, TDCATDC + EYL) = 0.8, 3 g/dl, 10% cholesterol, 37°C.

despite removal of all visible water. Thus, the admixture
of adsorbed water from the membrane diluted the initial
aliquot of ultrafiltrate.

During centrifugation of systems containing simple
and mixed micelles as well as vesicles (4) (BS/(BS +
EYL) = 0.7-0.8, 10% cholesterol, 3-7 g/dl), no de-
tectable EYL or cholesterol (<0.1% of values in initial
model bile) was present in the filtrate using membranes
with MWCO 8,000 or 10,000. However, for 10 g/dl BS
mixtures, up to 10% of total EYL was ultrafiltered by a
10,000 MWCO membrane, but <0.1% by an 8,000
MWCO membrane. Ultrafiltration of mixed micelles by
the 10,000 MWCO membranes was accompanied by a
continuing rise in BS concentration in the filtrate, which
illustrated the importance of measuring several sequential
filtrate BS concentrations as shown in Fig. 2. Therefore,
8,000 MWCOQO membranes were used in all experiments
where total lipid concentrations exceeded 7 g/dl.

Fig. 3 displays IMC values determined by centrifugal
ultrafiltration and modified equilibrium dialysis for biles
composed with TC (circles) or the BS mixture (squares).
IMC values were comparable when measured by both
methods, and the least squares fit of the data (slope =
0.92 and r = 0.95) did not differ significantly from the
line of identity. Moreover, individual BS concentrations
in the IMC of the BS mixture (data not displayed) were
identical (+ 2%) by each method (n = 9 for modified
equilibrium dialysis and n = 12 for centrifugal ultrafiltra-
tion, P > 0.1 for all BS). Therefore, both the BS composi-
tion and concentration in the IMC as measured by rapid
centrifugal ultrafiltration were comparable to those ob-
tained by the modified equilibrium dialysis method (3).
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Donnan equilibrium effects: theoretical considerations

BS in mixed micelles and vesicles are negatively
charged non-dialyzable and non-filterable anions. Such
“fixed” anions induce an asymmetrical distribution of
dialyzable ions across a dialysis membrane, known as the
Donnan equilibrium effect (17). The concentration of di-
alyzable anions in the dialysate exceeds the concentration
of dialyzable anions in the dialysant, whereas cation con-
centration in the dialysant exceeds that of the dialysate.

An analogous situation holds during centrifugal ultra-
filtration of systems containing non-filterable anions. In
the initial solution, the concentration of filterable anions
(in the case of model bile, chloride and BS monomers and
simple micelles) is less than the concentration of filterable
cations (sodium). To achieve electroneutrality in the
filtrate, the total filtered anion concentration must equal
the total filtered cation concentration. The concentration
of filtered anions must exceed the concentration of filter-
able anions in the initial solution, and conversely, the con-
centration of filtered cations must be less than their con-
centration in the initial solution. Therefore, during
centrifugal ultrafiltration, the measured BS concentration
in the filtrate is expected to exceed the true IMC, similar
to the case during modified equilibrium dialysis where the
BS concentration in the dialysate exceeded the IMC (3).
We hypothesized that during centrifugal ultrafiltration,
monovalent anions would distribute asymmetrically as
predicted by Donnan equilibrium effects. Further, we
hypothesized that distribution of BS monomers and sim-
ple micelles would approximate that of chloride anions,
producing a pseudo-Donnan effect, despite the fact that
BS simple micelles are polyvalent, and thus the Donnan
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Fig. 3. Comparison of IMC values of model biles containing TC (@)
or a BS mixture (M, [J) determined by modified equilibrium dialysis and
centrifugal ultrafiitration with 8000 (IJ) or 10000 (®, M) MWCO units,
both corrected for Donnan equilibrium effects. The line of identity (solid
line) between the two methods is not significantly different from the least
squares fit (slope of 0.92, » = 0.95).
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equilibrium conditions derived for monovalent anions
would not apply strictly.* We tested both hypotheses ex-
perimentally by measuring chloride and BS concentra-
tions in systems containing the non-filterable polyanion
dextran sulfate as an analog for non-filterable polyanionic
mixed micelles.

According to classical Donnan equilibrium theory (17),
the ratio of anions and cations in the initial solution and
filtrate can be expressed by the following equation:

[Na+ﬁl!rate] _ [Cl_initial] Eq 1)
[Na+initial] [Clnﬁltrate]

where [Na*iniia] and [Na'girate] refer to sodium concen-
trations in the initial model bile and in the filtrate, respec-
tively, and [Cliniiat] and [Clsirace] refer to chloride con-
centrations in the initial model bile and in the filtrate,
respectively. Since the ratio of any other filterable anion
must also be equal to the ratio of chloride anions (17), the
BS concentration in the IMC can be related to the BS
concentration in the filtrate by the expression:

Iiniei
[BSic) = [Clmiwal o pg. Eg 2)
[Cl-ﬁltrate]

I

Correction factor (C.F))

where [BStmc] and [BSgiirate) refer to the BS monomeric
and simple micelle concentrations in the initial model bile
(defined as the IMC) and in the filtrate, respectively. Im-
plicit in equation 2 is the assumption that BS simple
micelles, which have a net negative charge equal to their
aggregation number less bound sodium cations, are dis-
tributed identically to monovalent ions. In fact, Donnan
theory predicts (17) that

[Clinisia} _
[Cl-ﬂltrate]

[BS]M(;] In Eq. 3)
[Bsﬁltrate]

where n is the net simple micellar charge. We later show
experimentally that despite this assumption, the IMC can
be accurately estimated (vide infra).

Fig. 4 schematically displays the relevant ionic species
in the initial model bile and the filtrate, along with expres-
sions of initial concentrations in terms of the correction
factor (C.F.), derived from equation 2. Applying the con-

*The latter assumption was made for the calculation of Donnan
equilibrium effects in modified equilibrium dialysis, and was indirectly
confirmed by the fact that values of the IMC were used to correctly
separate micelles and vesicles by gel filtration chromatography (3).

Donovan and Jackson

dition of electroneutrality to both the initial solution and
the filtrate, we obtain the following expressions:

[BSinitial] + [ClTinicial] = [Na'initial] Eq 4)

[Bsﬁltrate] + [C]-ﬁltratc] = [Na+ﬁltrate] Eq 5)
where [BSinia] is equal to the sum of [BSpuc] and
[BSiecithin-associated]- By substituting for [Clhigia] and
[Na*inital], we obtain:

[Bs'mitial] + [Cl-ﬁltrate] X [CF] = [Na+ﬁl(rate]/[C'F-] Eq 6)

Equations 5 and 6 can then be solved for the correction
factor in terms of the measurable quantity [Cl girate]:

CF = Eq 7)
~ [BSiniiar] + V[BSinicall? + 4([CT grate] + [BSirace]) X [Cl faerate]
2 [Cl_ﬁhrate]

or in terms of the known quantity [NaCl], the initial NaCl
concentration:
CF = Eq 8)
[BStirare] + V [BSgiearc]? + 4[NaCl] x ((NaCl] + [BS;niiar])
2 ([NaCl]+ [BSiial)

Of note, under conditions where [BSiniia] equals
[BSimc]), i.e., there are no mixed micelles or vesicles, as
well as for conditions of very high NaCl concentrations,
equations 7 and 8 simplify to a value of one for the correc-
tion factor.

Fig. 5A displays the magnitude of the correction factor
as calculated from equation 8 and the expressions in Fig.
4 as functions of the non-diffusible anion concentration
(= [BSiecithin-associated]) for three different initial NaCl
values. The bottom horizontal axis depicts the concentra-
tion of non-filterable anions, whereas the top axis depicts
the concentration of non-filterable (mixed micellar and
vesicular) BS in a model bile of typical physiological com-
position (TC/(TC + EYL) = 0.7, 10% cholesterol, IMC
values from ref. 3). Although the correction factor is not
significantly different from unity for systems of 1 g/dl
(=0.99), it becomes substantial (=0.78) for concentra-
tions of 10 g/dl as are found in gallbladder bile. In theory,
increasing ionic strength decreases the asymmetrical dis-
tribution of ions, even within the limited range from 0.10
to 0.25 M.

Fig. 5B displays correction factors for systerns containing
0.15 M NaCl, with three different values of the IMC from
0 to 40 mM, again as functions of the concentration of non-
diffusible anion concentration, i.e., [BSiccihin-associated]- AS
shown in Fig. 5B, the correction factor depends upon the

Inter-mixed micellar/vesicular bile salt concentrations 1125
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Fig. 4. Schematic diagram of the ionic species
present in the model bile and in the filtrate, and the
equations relating these concentrations (see text for
details).

MODEL BILE FILTRATE
[BS fittrate] X C.F. = BS e ]
filtrate IMC [BS fmrate]
[BS mixed micelles]
[Na fijtrate] / C.F. = [Na jnitial ] [Na fiitrate ]
[Cl fittrate ] X C.F. = [Clinitial ] [C filtrate ]

IMC as well as the NaCl concentration, as BS anions
(and their sodium counterions) increase the effective ionic
strength.

Donnan equilibrium effects: experimental
considerations

To test the theoretical approach described above, filtrate
BS concentrations were directly measured in the presence
of known concentrations of non-filterable anions. As the
non-filterable anion concentration in BS/EYL systems de-
pends on the IMC, we studied systems containing BS and
the polyvalent anion dextran sulfate. In this way, correc-
tion factors required to calculate the IMC from filtrate BS
concentration could be determined experimentally and
compared with values derived from theoretical considera-
tions outlined above. Fig. 6a displays values of actual
[Cl7iniviall/[Cl fitrate] ratios as functions of theoretically
calculated correction factors predicted by Donnan equi-
librium considerations. Despite the rapid time course of
ultrafiltration, the distribution of chloride anions during
rapid centrifugal ultrafiltration conforms to Donnan equi-
librium predictions. Fig. 6b displays values of [BSni.)/

TOTAL LIPID CONCENTRATION (g/di)

[BStirate] ratios, which also agree with the distribution of
chloride anions predicted by Donnan theory, both for
membranes with 10,000 (squares) and 8,000 (circles)
MWCO membranes for TC (closed squares) and for a
mixture of BS (open symbols). Thus, in the presence of
non-filterable anions, BS concentrations in the ultra-
filtrate exceed those in the initial solution.

Fig. 7 compares experimental filtrate BS concentra-
tions in systems containing dextran sulfate with the actual
BS concentrations in the initial solution. BS filtrate con-
centrations (closed symbols) consistently exceeded BS
concentrations in the initial solution (slope by least
squares fit = 1.2). In contrast, corrected values (open
symbols) more closely approximated the line of identity
with the initial BS concentrations. Despite the polyvalent
nature of BS simple micelles, the asymmetrical distribu-
tion of BS (Fig. 6b) approximated the distribution for
monovalent anions predicted by Donnan theory, and al-
lowed the IMC to be calculated. As Figs. 6 and 7 demon-
strate, polyvalent BS micelles are distributed in a pseudo-
Donnan distribution, and a correction is necessary to ac-
curately measure the IMC.

1.00 g+ - e I 2
o 0.90
E B. IMC (mM): Fig. 5. Dependence of theoretical values of the cor-
S) rection factor on non-filterable anion concentrations
E 0.80 for (A) varying values of [NaCl] (0-0.25); and (B)
2 varying values of the IMC (0-40 mM) as calculated
8] from equations 6 and 7. The total lipid concentration
5 on for model biles with BS/(BS + EYL) = 0.7 cor-
w responding to the non-filterable anion concentrations
E shown is displayed on the top horizontal axis.
o}
¢ 060

050 — L 1 /] 1 1 ] | 1 1 1 1 1 1 1 1 1

0.00 0.04 0.08 0.12 0.16 0.00 0.04 0.08 0.12 0.16 0.20

NON-FILTERABLE ANION CONCENTRATION (M)
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Fig. 6. Comparison of theoretical values with experimental values of the correction factor obtained by using dex-
tran sulfate as a surrogate non-filterable anion for (a) chloride distribution (@) and (b) BS distribution of TC ()
and the BS mixture (C, O) for 10,000 (M, 0J) and 8,000 (O) MWCO membranes. Theoretical values were calculated
on the assumptions that Donnan equilibrium effects are present for centrifugal ultrafiltration, and that the ratio of
BS monomers and simple micelles in the initial system and in the filtrate is identical to that of chloride. The least
squares fits are shown and are not significantly different from the line of identity (not shown).

DISCUSSION

We have developed a rapid centrifugal method for mea-
suring the IMC of model biles, and validated it by com-
parison to the technique of modified equilibrium dialysis
as previously established in our laboratory (3). In contrast

25

10

FILTRATE BILE SALT CONGENTRATION (mM)
&
[ ]

L L L s L L L . L
0

6 2 4 6 8 10 12 14 16 18 20
INITIAL BILE SALT CONCENTRATION (mM)

Fig. 7. Comparison of measured filtrate BS concentrations (@, l) with
values corrected for Donnan equilibrium effects (O, ). Systems were
composed with dextran sulfate (50-150 mM) and either TC (®, O) or
the BS mixture (M, (). The least squares fit for the uncorrected values
(closed symbols) has a slope of 1.24, consistent with the observation that
ultrafiltrate BS concentrations exceeded those in the initial solution by
from 5 to 50%. However, the least squares fit for the corrected values
(open symbols) has a slope of 0.98, demonstrating that corrected
ultrafiltrate concentrations accurately measure the IMC of biles.

Donovan and Jackson

to modified equilibrium dialysis, which is limited by sub-
stantial expenditure of time and large volumes of bile,
IMC values of model bile can be measured by the cen-
trifugal ultrafiltration method in less than 2 h, thus allow-
ing measurement of the IMC during the time frame
wherein phase changes occur in metastable model or
native biles (18). This method has the further advantage
over modified equilibrium dialysis of not being subject to
osmotically induced water shifts that may occur during
long dialysis times.

Essentially, this method depends upon the separation
by size of simple micelles from mixed micelles and larger
aggregates. The size of the membrane pores is crucial, as
the smallest mixed micelles have diameters approaching
the size of the pores in the 10,000 MWCO membranes
(25A, personal communication, 1992, Spectrum Indus-
tries). Therefore, for biles of high total lipid concentra-
tions with high mixed micellar BS/(BS + EYL) ratios,
8,000 MWCQO membranes were used to discriminate be-
tween simple and mixed micelles. As the BS/(BS + EYL)
ratio in the mixed micelles increases, mixed micellar size
also decreases (19), requiring a smaller MWCO to retain
mixed micelles. A similar technique has been used to
separate small mixed micelles from multilamellar vesicles,
using a membrane with a much higher molecular weight
cut-off of 100,000 (20).

The strongest evidence that the assumptions outlined
above allow calculation of the IMC lies in experiments
using dextran sulfate as an analog polyanion. These
experiments demonstrated that despite minor retention of
simple micelles by the membrane (Fig. 1), IMC values so
calculated approximated the actual BS monomer plus
simple micellar.concentration in the original system (Fig.
7). As the ratio of the IMC to lecithin-associated BS does
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not vary widely through the physiological range of biles,
two countervailing effects appear to compensate for each
other. As the IMC increases, simple micelles are increas-
ingly retained by the membrane (thus decreasing the ratic
of BS concentration in the filtrate to the true IMC), but
the Donnan effect increases (thus increasing the ratio of
BS concentration in the filtrate to the true IMC). The
magnitude of both effects increases as total lipid concen-
tration increases, concomitant with increasing concentra-
tions of both simple and mixed micelles (3). As shown in
Figs. 6 and 7, the net effect is that the experimental distri-
bution of BS approximates the theoretical distribution of
monovalent anions.

Importantly, this method does not alter the composition
of the bile studied. In theory, removal of small volumes of
aqueous phase containing the IMC (<15% of total
volume) should not alter the relative composition of
micelles and vesicles in the model bile since they remain
in equilibrium with the IMC (2). However, for reasons of
electroneutrality discussed above, the BS concentration in
the filtrate exceeds the true IMC. It can be calculated that
even after removal of 15% of the volume containing
[BStirate), the BS/(BS + EYL) ratio of mixed micelles
and vesicles is altered by only 1%. Therefore, as shown in
Fig. 2, the composition of mixed micelles and vesicles in
the initial model bile is not significantly altered by the
process of centrifugal ultrafiltration with removal of
<15% of volume.

The eventual goal of these studies is to measure the
IMC of native biles that contain mucins and other pro-
teins that may bind BS. In preliminary studies in native
biles (11), ultrafiltration is somewhat slowed as compared
with model biles. However, the IMC of native biles and
identically composed (with respect to lipid composition)
model biles were comparable (11), suggesting that the
multicomponent complex mixtures present in native bile
act similarly to model systems. Because of their low abso-
lute anion concentrations ( <5 mg/ml), Donnan effects of
non-filterable mucin and proteins are negligible (<1-2%)
at biliary concentrations. Values obtained by modified
equilibrium dialysis measurements of the IMC and calcu-
lated using theoretical values for the correction factor
have been demonstrated to be the correct values for gel
filtration chromatography of micelles and vesicles without
net transfer of lipids between particles (3).

By measuring the asymmetrical distribution of chlo-
ride, this experimental approach can also be used to assess
rapidly the net negative charge of other charged macro-
molecules. This work provides a frame of reference for
considering the interactions of anions such as BS and un-
conjugated bilirubin with the physiological polyanion,
biliary mucin (21).

The strong Donnan effects generated by BS are be-
lieved to be a major driving force for diffusion of calcium
into bile (22). In the present work, the Donnan forces ex-
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hibited by bile are comparable to results reported for cal-
cium distribution in the presence of BS as measured by
equilibrium dialysis (23). The relationship reported by
Dawes, Moore, and Rege (24):

C.F. = 1/(1 + 0.0025[BS]) Eq. 9)

gives approximately the same values of the correction fac-

tor as displayed in Fig. 5A for a NaCl concentration of

0.15 M. However, this simplified equation fails to take
into account the effects of NaCl concentration or the rela-
tive magnitude of the IMC on the correction factor as
shown in Fig. 5.

In conclusion, we have developed a non-invasive, rapid
centrifugal method with corrections for Donnan equi-
librium effects that accurately measures the IMC of bile.
We believe that this methodology will facilitate investiga-
tion of rigorously derived IMC values for BS concentra-
tion and composition (16), which can then be used to
separate the cholesterol-carriers of native and model biles.
The ability to rapidly measure the IMC will allow analy-
sis of biliary micelles and vesicles during cholesterol crys-
tal formation, and give further insights into the earliest
stages of cholesterol gallstone pathogenesis. Hli
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