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Complete mapping of crystallization pathways during
cholesterol precipitation from model bile: influence of
physical—chemical variables of pathophysiologic
relevance and identification of a stable liquid
crystalline state in cold, dilute and hydrophilic bile

salt-containing systems'

David Q-H. Wang and Martin C. Carey?

Department of Medicine, Gastroenterology Division, Brigham and Women's Hospital, Harvard Medical
School and Harvard Digestive Diseases Center, Boston, MA 02115

Abstract  Using complementary physical-chemical tech-
niques we defined five different crystallization pathways as
functions of time (30 days) and increasing lecithin (egg yolk)
content in pathophysiologically relevant model biles super-
saturated {cholesterol saturation indices, 1.2-2.7) by dilution
of =29 g/dl bile salt-lecithin-cholesterol micellar solutions.
As evidenced by quasi-elastic light-scattering spectroscopy,
supersaturation was heralded by the appearance of unilamel-
lar vesicles. With the lowest lecithin contents, arc-like crystals
with habit and density (d 1.030 g/mL) consistent with anhy-
drous cholesterol] appeared first and evolved via helical and
tubular crystals to form plate-like cholesterol monohydrate
crystals (d 1.045 g/mL). With higher lecithin fractions, cho-
lesterol monohydrate crystals appeared earlier than arc and
other transitional crystals. With typical physiological lecithin
contents, early liquid crystals (d 1.020 g/mL) were followed
by cholesterol monohydrate crystals and subsequent appear-
ances of arc and other intermediate crystals. With higher
lecithin contents, liquid crystals were followed by cholesterol
monohydrate crystals only, and at the highest lecithin mole
fractions, liquid crystals appeared that did not generate solid
crystals. Added calcium increased solid crystal number in
proportion to its concentration (5-20 mM) but did not influ-
ence appearance times, crystallization pathways, or micellar
cholesterol solubilities. Decreases in temperature (37° —
4°C), total lipid concentration (7.3 — 2.4 g/dL), and bile salt
hydrophobicity (30,1200 = 30,700 — 3w,70,1200 = 30, 7P hy-
droxylated taurine conjugates) progressively shifted all crys-
tallization pathways to lower lecithin contents, retarded crys-
tallization, and decreased micellar cholesterol solubilities.
The lecithin content of mother biles decreased markedly
during crystallization especially where liquid crystals were a
coexisting phase at equilibrium. B This systematic study
provides a framework for understanding cholesterol crystal-
lization in human and animal biles and for examining factors
that influence the kinetics of phase separation.—Wang, D.
Q-H., and M. C. Carey. Complete mapping of crystallization
pathways during cholesterol precipitation from model bile:
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In cholesterol (Ch) gallstone formation, supersatu-
rated bile is followed by precipitation of cholesterol
monohydrate (ChM) crystals which agglomerate to form
macroscopic gallstones (1). Microscopic detection of
ChM crystals in human bile was proposed as the rate-
limiting step in gallstone formation (2, 3) and is com-
monly but erroneously called "nucleation" (2). Neverthe-
less, the overall processes can be subdivided into true

Abbreviations: Ch, cholesterol; ChM, cholesterol monohydrate;
QLS, quasi-elastic light-scattering spectroscopy; TC, taurocholate;
ACh, anhydrous cholesterol; L, egg yolk lecithin; HPLC, high
performance liquid chromatography; BS, bile salt; GC, glycocholate;
GCDC, glycochenodeoxycholate; GDC, glycodeoxycholate; GLC,
glycolithocholate;  GLCS,  glycolithocholate  sulfate; TCDC,
taurochenodeoxycholate; TDC, taurodeoxycholate; TLC,
taurotithocholate; TLCS, taurolithocholate sulfate; TUDC,
tauroursodeoxycholate; C, cholate; MBS, mixed bile salts (all as sodium
salts); CSI, cholesterol saturation index; R,, mean hydrodynamic
radius; [TL], total lipid concentration; d, density.
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TABLE 1. Analytical lipid compositions of stock cholesterol-saturated micellar biles

Number Mole % Ch* Mole % L* Mole%BS* L/(L +BS) [TL] (g/dl) CSI®

1 2.70 £ 0.05 1.88 £ 0.09 95.41+0.12 0.02 29.16 £ 0.46 0.91 £0.02
2 3481 0.15 479+ 0.10 91.74 £0.17 0.05 28.78 £ 0.74 0.9510.03
3 4.79+0.16 9.49 + 0.22 85.72 £ 0.26 0.10 28.96 + 0.57 0.96 £ 0.01
4 6.27+0.15 14.16 £ 0.40 79.57 £ 0.49 0.15 28.89+0.78 0.98 £ 0.01
5 7.39%0.18 18.55 + 0.59 74.06 £ 0.65 0.20 29.16 + 0.54 0.96 £ 0.02
6 8.07 +0.47 22.87+0.84 69.06 + 0.85 0.25 29.24 + 0.48 0.93 £0.02
7 8.83+0.59 26.84 £ 0.77 64.32 + 1.03 0.30 29.421+ 048 0.931+0.02
8 9.60 £ 0.06 31.55+0.48 58.84+0.78 0.35 28.95 £ 0.97 0.98 £ 0.01
9 9.48 + 0.06 36.39 £ 0.45 54.13 + 0.40 0.40 28.72 £ 0.40 0.98 £ 0.01
10 9.23+0.12 41.50 £ 0.38 49.26 £ 0.39 0.45 29.23 £ 0.47 0.97 £ 0.01
11 8.97 £0.07 45.79 + 0.51 45.24 £ 0.49 0.50 29.33 + 0.53 0.98 £0.01
12 8.92+0.04 49.04 £ 0.41 42,04 + 0.42 0.55 29.05 + 0.09 =1.00?

13 8.42+0.02 54.43 + 0.46 37.1510.46 0.60 29.05 £ 0.20 =1.00¢

14 0.00 67.46 + 0.25 32.54 £ 0.25 0.68 290.19£0.19 0.00

Data expressed as mean + SD except L/(L + BS) ratios, Abbreviations: Ch, cholesterol; L, lecithin (egg yolk); BS, bile salt; [TL], total lipid
concentration; CSI, cholesterol saturation index. Values were calculated using the averages of all bile salt systems, e.g., TUDC (n = 3), TC (n =
6), TCDC (n = 4), TDC {n = 2), GC (n = 2), C (n = 2), and mixed bile salts (MBS) (n = 6). Other conditions were 8.15 M NaCl, pH = 7.0, T=37°C.

“These values represent the mean CSI values of TC-, MBS-, and TCDC-L-Ch systems calculated from the critical tables (21).

*Even though CSI values could not be calculated for Nos. 12 and 13 because they plotted outside limits of the critical tables (21), each of

these biles was isotropic microscopically.
‘No added cholesterol.

nucleation,? precipitation of solid and liquid crystals
(crystallization), crystal growth, crystal agglomeration,
and stone growth (reviewed in ref. 4). The physical
chemistry of bile and the conditions necessary for Ch
gallstone formation have a thermodynamic basis in
multicomponent phase diagrams of aqueous biliary
lipid systems (5-7). Although quasi-elastic light-scatter-
ing spectroscopy (QLS) was shown capable of charac-
terizing early precipitation kinetics in model bile (8),
physical chemical understanding of nucleation and sub-
sequent crystallization has been slow in progressing.
High-resolution video-enhanced microscopy (9) pro-
vided evidence that Ch crystallization from supersatu-
rated model and human bile was a sequence of vesicle
formation, possibly vesicle aggregation and crystal-
lization (9-11). More recently, Konikoff et al. (12),
Chung et al. (13), and Konikoff and Carey (14) found
that the earliest Ch crystals in a dilute (1.2 g/dL) model

®Nucleation is the condensation or aggregation process by which a
propagable submicroscopic crystal or amorphous particle is formed
from a supersaturated bile, i.e., from a micelle plus vesicle system. The
submicroscopic crystal may or may not form on a minute amount of
substance that acts as a nucleus for subsequent crystal growth. In the
context of model systems of bile, because supersaturation involves a
second vesicle phase ab initio, we can loosely refer to multilamellar
vesicles (or liquid crystals) as nucleated particles also.

bile composed with 97.5% sodium taurocholate (TC)
were long filamentous crystals that had habit, density,
and X-ray spacings consistent with anhydrous choles-
terol (ACh) (15). Over a period of several days, the
filaments were replaced by a series of metastable inter-
mediate needle, helical, and tube-like crystals and then
classic ChM plates (12-14). These findings, taken to-
gether with the liquid crystalline pathway (9-11), drew
attention to the remarkable dearth of systematic infor-
mation that prevailed on Ch precipitation and crystal-
lization in model and native biles. We have now defined
five distinct Ch crystallization pathways in supersatu-
rated model biles of pathophysiological relevance as
functions of time and increasing lecithin (L) content and
describe the evolution and metastabilities of intermedi-
ate as well as solid and liquid crystals. Because the model
biles were followed to true equilibrium (~30 days), addi-
tional sets of phase diagrams have been developed for
a number of new pathophysiological conditions. Fur-
thermore, we studied model biles with different added
Ca?* concentrations to explore the effects of the princi-
pal divalent cation in bile (16) on phase equilibria as well
as Ch crystallization and crystal growth rates. Our find-
ings provide a framework for investigating the physi-
cal-chemistry and kinetics of Ch precipitation and crys-
tal growth in native biles and the conditions necessary
for stabilizing the supersaturated state.
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MATERIALS AND METHODS

Chemicals

Grade A TC, (Sigma Chemical Co., St. Louis, MO),
was recrystallized (17) and found to be > 99% pure by
high performance liquid chromatography (HPLC).
Other conjugated bile salts (BS), i.e., glycocholate (GC),
glycochenodeoxycholate (GCDC), glycodeoxycholate
(GDC), glycolithocholate (GLC), glycolithocholate sul-
fate (GLCS), taurochenodeoxycholate (TCDC),
taurodeoxycholate (TDC), taurolithocholate (TLC),
taurolithocholate sulfate (TLCS), tauroursodeoxycho-
late (TUDC), as well as unconjugated cholate (C), ali
sodium salts, were purchased from Sigma Chemical Co.
and Calbiochem-Behring (San Diego, CA). Purity of
individual BS by HPLC was generally > 98%, with TLCS
being > 96%, whereas by thinlayer chromatography
{butanol-acetic acid-water 10:1:1, vol/vol/vol), all BS
were > 98% pure. Ch was from Nu-Chek Prep Inc,,
(Elysian, MN) and was =98% pure by HPLC (iso-
propanol-acetonitrite 1:1 by vol (18)) and grade I egg
yolk L (Lipid Products, South Nutfield, Surrey, UK) was
> 99% pure by thinlayer chromatography (chloro-
form-methanol-water 65:25:4 vol/vol/vol) (19) and
HPLC. Standards used were sn-2 oleoyl and linoleoyl
lysolecithins from Serdery Research Laboratories (Lon-
don, Ontario, Canada). All other chemicals and solvents

were American Chemical Society (ACS) or reagent
grade quality (Fisher Scientific Co., Medford, MA).
CaClg was purchased from Orion Research Inc. (Boston,
MA). ACS grade NaCl was roasted at 600°C for4 hin a
muffle furnace to oxidize and remove organic impuri-
ties. As authentic crystalline standards, ChM and ACh
crystals were prepared by precipitation from 95% EtOH
and 100% acetic acid, respectively (20).

Preparation of model biles

Stock micellar biles (Table 1) were prepared (7) with
L and Ch and either a single BS (see Materials), or a
physiological mixture of BS (MBS), containing
C:CDC:DC:LC:LCS in a ratio of 12:12:8:0.3:1 (22, 23)
with a G:T conjugate composition of 2:1. After copre-
cipitation from CHCls-MeOH 2:1 (vol/vol), lipid mix-
tures were dried under a stream of Ny and at reduced
pressure to constant weight. Each lipid film was dis-
solved in aqueous 0.15 M NaCl plus 3 mM NaNs (as an
antimicrobial agent) adjusted with a few pl. of 1 M
NaOH to pH 7.0. To ensure complete BS ionization,
stock biles containing GC or C alone were reconstituted
in aqueous 33 mM NaH2PO,/NagHPO4 plus 3 mM NaNs
at pH 8.0 and 9.0, respectively, and sufficient NaCl to
give the appropriate ionic strength. Tubes were sealed
with Teflon-lined screw caps under a blanket of N2 and
vigorously vortex-mixed for a few min. To avoid persist-

TABLE 2. Analytical lipid compositions of stock cholesterol-supersaturated biles

Number Mole % Ch Mole % L Mole % BS L/(L + BS) [TL] (g/dl) Cst®
1 7.79+0.15 4.60 £ 0.04 87.61+0.16 0.05 28.96 * 0.68 2.13+0.02
2 9.83 £ 0.17 8.98 £ 0.08 81.19+0.22 0.10 29.07 £ 0.74 1.97 £ 0.02
3 10.74 + 0.30 13.29 +0.20 75.98 + 0.49 0.15 29.19 £ 0.45 1.68 + 0.02
4 13.84 £ 0.13 13.12 £ 0.37 73.04 £ 0.27 0.15 29.36 £ 0.65 2.16+£0.03
5 10.80 £ 0.11 17.39 £+ 0.42 71.80 £ 0.35 0.20 29.08 + 0.81 1.40 £ 0.01
6 14.30 + 0.12 21.33+£0.20 64.37 £0.19 0.25 29.46 £ 0.13 1.63 +0.03
7 12.89 £ 0.11 26.09 £ 0.11 61.03 £ 0.11 0.30 29.07 £ 0.55 1.36 + 0.02
8 17.89 £ 0.11 28.47 £ 0.35 53.64 £ 0.32 0.35 29.24 £ 0.41 1.83 + 0.02
9 14.28 £ 0.13 34.33 £ 0.41 51.45 £ 0.41 0.40 29.03 + 0.54 1.47 £0.03
10 19.14 £ 0.18 36.18+0.18 44.68 £ 0.27 0.45 29.00 £ 0.60 2.02 +0.02
i1 11.33 £ 0.07 39.86 £ 0.06 48.81 £ 0.12 0.45 28.94 + 0.43 1.20 + 0.02
12 13.27 £ 0.21 39.01£0.19 47.72 £ 0.20 0.45 29.34 + 0.62 1.40 + 0.02
13 14.29 £ 0.13 38.34£0.16 47.37 £0.18 0.45 29.38 +0.43 1.51+0.03
14 11.25 £ 0.11 44.38 £ 0.26 44.37 £0.33 0.50 29.25 + 0.73 1.23 £ 0.02
15 15.87 £ 0.10 41.92 £0.39 42.21+0.40 0.50 29.43 + 0.21 1.73 + 0.01
i6 19.22 + 0.16 40.19£0.18 40.60 + 0.16 0.50 29.04 +0.89 2.10 £ 0.02

Data expressed as mean * SD except L/(L + BS) ratios. See footnotes of Table 1 for list of abbreviations and other conditions.
These values were calculated for all bile salt systems, e.g., TUDC, TC, TCDC, TDC, GC, C, and MBS (n = 2 for each).
“Mean CSI values of TC-, MBS-, and TCDC-L-Ch systems calculated from the critical tables (21).
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TABLE 3. Analytical lipid compositions of the MBS-L-Ch model bile systems with and without calcium

Day 0° 30 Days”
Number Mole%Ch Mole%L MoleBS [TL] 9g/db) CSl Mole%Ch Mole%L. Mole?%BS  {TL}(g/dl) CS1
Without calcium
1 2.71 1.79 95.50 7.18 1.30 2.03 1.46 96.51 6.25 0.99
2 3.38 4.81 91.81 6.94 1.23 2.50 4.87 92.63 6.45 0.92
3 4.99 9.33 85.68 6.93 1.30 3.11 8.46 88.43 6.13 0.91
4 6.35 14.62 79.03 6.75 1.27 4.08 11.03 84.89 6.12 1.00
5 7.52 18.94 73.54 6.75 1.24 4.95 16.00 79.05 5.86 0.95
6 8.12 22.51 69.39 7.21 1.18 6.00 20.35 73.65 5.96 0.98
7 9.15 27.20 63.65 7.12 1.21 6.80 24.80 68.40 6.02 0.97
8 9.58 33.12 57.30 6.85 1.23 7.64 30.56 61.80 6.17 1.00
9 9.44 36.71 53.85 7.11 1.22 7.48 35.72 56.80 6.14 0.98
10 9.13 41.92 48.95 7.19 1.21 7.62 39.50 52.88 6.33 1.01
Mean = SD 7.00+0.18 1.24 +0.04 6.14+0.17 0.97 +£0.03

Calcium, 10mM

1 3.39 4.71 91.89 7.44 1.22 2.49 4.19 93.32 6.13 0.97
2 6.10 14.05 79.86 7.39 1.22 4.10 10.93 84.96 6.50 1.00
3 8.33 2291 68.76 7.38 1.19 6.05 19.81 74.14 6.56 0.98
4 9.09 27.59 63.32 7.87 1.18 6.82 23.28 69.89 6.22 1.00

Mean + SD 7.40+0.03 1.20+0.02 6.35+0.21 0.990.01

Calcium, 20 mM

1 3.44 4.55 92.01 7.48 1.25 2.54 4.70 92.76 6.03 0.96
2 6.02 13.94 80.04 7.60 1.20 3.97 10.99 85.04 6.32 0.97
3 8.30 23.08 68.62 7.47 1.18 6.14 20.13 73.7% 6.46 0.99
4 9.02 27.15 63.84 7.44 1.18 6.77 23.09 70.14 6.27 1.00

Mean £ SD

7.50£0.07 1.20+0.03

6.27 £ 0.18 0.98 +0.02

Abbreviations are as in Table 1.

*Other conditions were ionic strength = 0.15 M (NaCl + CaCly), pH=7.0, T = 37°C.

ence of undissolved microcrystalline Ch, the tubes were
shaken at 100 rpm for 1 h at 50°C using a model 75 Wrist
Action Shaker (Burrell Corporation, Pittsburgh, PA).
Because of reduced micellar Ch solubilizing capacity in
the TUDC-L-Ch system (21), these mixtures were shaken
vigorously for 1 h at 95°C until isotropic microscopi-
cally. Each stock solution was then microfiltered (0.22
um filter) through a preheated Swinnex-GS filter assem-
bly (Millipore Products Division, Bedford, MA) and a
=0.1 ml sample was removed for analysis. To induce
supersaturation, stock micellar biles (Table 1) were di-
luted 4-, 8-, and 12-fold with aqueous solvent at the
appropriate pH. According to critical tables for the
TC-L-Ch system (21), these dilutions should increase the
cholesterol saturation index (CSI) to 1.17 + 0.05, 1.40
0.04, and 1.60 * 0.05, respectively, and this constituted
the initial time-points of the study (12).

To verify crystallization pathways and determine
phase boundaries appreciably above the micellar phase,
model biles were also prepared (7) with higher Ch

contents to give supersaturated stock biles with CSls
(37°C) ranging from 1.2 to 2.1 (Table 2). Each model
system was sealed after an Ng purge and shaken at 100
rpm for 1 h at 75-95°C until isotropic microscopically.
After microfiltration through a 0.22um Swinnex-GS
filter assembly preheated to 75-95°C, =0.1 ml sample
was taken for lipid analysis. To enter the crystallization
sequence, stock solutions were divided and diluted as
before (12) but at higher temperatures and then
quenched to 4°, 23°, and 37°C giving CSIs of 1.2-2.7.
To monitor relative lipid compositions of the mother
biles during crystallization and to prove that equilibra-
tion had occurred, duplicate portions of the concen-
trated (7.3 g/dL) TC-L-Ch and TCDC-L-Ch systems
were microfiltered (37°C) as above at 0, 14-17, and 30
days and lipid compositions of the separated micellar
phases were analyzed. Because of the possibility that
repeated daily sampling of 5 pL to monitor crystal-
lization might alter the composition of the mother biles
artefactually, additional concentrated TC-L-Ch systems

Wang and Carey Cholesterol crystallization pathways in model bile 609
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spanning the same compositions were prepared and
each was divided into two equal parts. One portion was
allowed to crystallize with infrequent sampling (6-8
times), and the other was sampled every day for 30 days.
After microfiltration, the lipid compositions of the sepa-
rated mother biles in both TC systems were determined
at 0, 15-17, and 30 days.

To study the effects of calcium concentration, we
prepared stock MBS-L-Ch micellar biles (=29 g/dL) with
5, 10, or 20 mM CaCle at pH 7.0 and sufficient aqueous
NaCl to maintain the ionic strength at 0.15 M. To induce
supersaturation, the stock biles were diluted 4-fold with
aqueous CaClg plus NaCl which decreased the total lipid
concentration ([TL]) to 7.3 g/dL and increased esti-
mated CSIs from a mean of 0.96 + 0.04 to 1.17 + 0.06
(21). After incubation at 37°C and daily sampling for
determination of crystal appearance times, crystal
number was assayed by counting crystals in 5-uL. samples
for 5 days using a microscopic field of 1 cm? (x 200
magnification). In a parallel study with the MBS-L-Ch
systems (37°C), 5-uL. samples were removed for micro-
scopic study every 2-3 days and the influences of 0, 10,
and 20 mM CaCls on the micellar phase boundary were
assessed by lipid analysis of the microfiltered mother
biles at 0 and 30 days (Table 3).

Quasi-elastic light-scattering spectroscopy (QLS)

To monitor particle sizes, QLS measurements of
mean hydrodynamic radius (Rh) and polydispersity
were performed on 1-mL samples of the initial stock
biles and supersaturated biles after 4-fold dilution, re-
spectively, at intervals between 0 and 168 h. Samples
were maintained individually at 4°C, 20°C, and 37°C by
means of a Peltier thermostatic block (8). To remove
dust, each sample was filtered once through a Swinnex-
GS 0.22 pm filter at the appropriate temperature (24).
At thermodynamic equilibrium (< 30 days) as evidenced
by stability in the crystallization sequences (see below),
all precipitates were separated from the mother biles by
centrifugation (100,000 g 37°C for 8 h) or microfiltra-
tion (0.22 um filter, 20°C) and QLS measurements were
repeated on the isotropic phases. Where appropriate,
multicomponent analysis (24) was used to confirm the
presence and sizes of two or more discrete particle
populations.

Detection times of solid cholesterol crystals and
liquid crystals

After QLS, each model bile was subdivided into three
samples and incubated without shaking at temperatures
of 47, 23° (R.T.), and 37°C. Crystallization times and
pathways were determined by the method of Konikoff

610  Journal of Lipid Research Volume 37, 1996
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Fig. 1.

represent: @—@ for 0 <L/TC, L/TCDC and L/MBS < 0.2; BB for 0.2 <L/TC, L/TCDC and L/MBS < 0.4; ¢-@¢04<L/TC,L/TCDC and L/MBS < 0.6; A—A for 0.6 <L/TC, L/TCDC

and L/MBS < 1.0, respectively,

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

JOURNAL OF LIPID RESEARCH

i

Fig. 2(a-j). Habits of solid and
liquid crystals of Ch observed in
this study by polarizing light mi-
croscopy: (a) arc-like crystal; (b)

irregular right-handed helical

crystal; (c) tubular crystal with

. helical stripes; (d) tube-like crys-
y tal fracturing at ends to produce
s plate-like ChM crystals; (e) typi-

- cal ChM crystals, with 79.2° and

100.8° angles, and often a
notched corner; (f) small non-

~ birefringent liquid crystals (la-

beled "small"); (g) aggregated
non-birefringent liquid crystals
(labeled "aggregated"); (h) typi-
cal fused liquid crystals (labeled
"fused") with Maltese-cross bire-
fringence and focal conic tex-
tures; (i) ChM crystals emerging
from an aggregated liquid crys-
tal; and (j) same, from fused
liquid crystals. All magnifica-
tions x 800.
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et al. (12) with minor modifications. In brief, 5-ulL
samples were taken from the bottom third* of a 1-mL
sample and placed immediately on a glass slide at =23°C.
Initial observation by polarized light microscopy was
without a cover slip and then with a cover slip using
phase contrast optics (Photomicroscope III; Carl Zeiss
Inc., Thornwood, NY). Crystallization sequences were
examined at 2-h intervals for 12 h and then every day
for 30 days with permanent documeniation by 35 mm
time-lapse photography. Processed films were used for
measurement of different Ch crystal habits as well as
identifying liquid crystalline textures. Pitch angles of
helical crystals were measured by the methods of Chung
et al. (13). Detection times were defined as the intervals
from dilution to the earliest microscopic detection of
noncompressible solid and compressible liquid crystals
(x 400 magnification). Where denoted, detection times
of ACh,> ChM, and liquid crystals (see subcategories
below) were the times required for the earliest appear-
ances of non-compressible arc-like crystals, plate-like
parallelepiped crystals, and small compressible non-
birefringent droplets, respectively.

Sucrose density gradient centrifugation

Linear (2 to 20%) sucrose density gradients were
prepared in 13.2-mL nitrocellulose tubes (14, 25), and
densities (d) were verified using marker beads (Pharma-
cia-LKB Biotechnology, S-7561 82, Uppsala, Sweden).
Ultracentrifugation of authentic ACh and ChM stand-
ards (19) resulted in bands of d 1.034 g/ml and d 1.048
g/mL, respectively, identical with literature values (15,
26). Liquid crystals and Ch crystals in the mother biles
were concentrated by centrifugation, then layered on
top of the gradients and centrifuged (20°C) in a SW41
Ti rotor (Beckman Instruments Inc., Fullerton, CA) at
201,000 g for 8 h (14, 25). Fractions were aspirated from
top to bottom with an L-shaped Pasteur pipette and
examined microscopically (14).

Lipid analysis
BS concentrations were assayed by the 3o-hydroxys-
teroid dehydrogenase method (27), L by an inorganic

In preliminary studies we found that sampling trom this portion
of the tubes produced highly quantifiable sequences. A comparison
of sequences and detection times in samples from top, middle, and
bottom of a series of tubes of typical pathophysiological compositions
revealed slight time-dependent differences only. These (not displayed)
were considered inconsequential for the purposes of the present
study.

5Konikofl and colleagues (12) were circumspect in making a
decision with respect to the earliest fitamentous crystals in TC-rich
dilute model bile. The crystals were apparently ACh crystals as
revealed by their habits, suggestive synchrotron X-ray spacings, and
appropriate density. Nevertheless, more refined studies have yet to be
carried out 10 conclusively prove that ACh and not a new ChM
polymorph precipitates from bile under these circumstances.

612  Journal of Lipid Research Volume 37, 1996

phosphorus procedure (28), and Ch enzymatically (29).
Calculation of CSIs in model biles containing TC, MBS,
and TCDC were based on the critical tables plus its
appendix which incorporate correction factors for
TUDC (21). Within experimental error, maximal Ch
solubilities in the TC-L-Ch systems were identical to
those published in the critical tables (21), and were
remarkably close to present experimental values for the

A 123 4

CRYSTALS AND LIQUID CRYSTALS (arbitrary number)

" " 1 "

0 5 10 15 20 25 30
TIME (days)

Fig. 3(a~e). Crystallization sequences subdivided into pathways A,
B, C, D, and E based on the principal habits observed in the most
concentrated (=7.3 g/dL) MBS system at 37°C (0.15 M NaCl, pH 7.0).
The vertical axes represent arbitrary numbers of crystals and liquid
crystals per high power microscopic field, all normalized to the same
maximum, Consecutive numbers represent (1) arc (most likely ACh),
(2) helical, (3) tubular, and (4) plate-like ChM crystals, and (5) small,
(6) aggregated, and (7) fused liquid crystals, respectively (for pictures
and definitions, see Fig. 2). The detection times of ChM crystals
(arrows on baseline) were retarded progressively between pathways A
and D; ChM crystals did not appear in pathway E. Because of repeated
sampling, relative number of ChM crystals and liquid crystals are
decreased artifactually at later time points. When frequent sampling
was not carried out, microscopic liquid crystals were invariably present
at 30 days in pathways C — E but were absent from pathways A and
B. When temperature, total lipid concentration, and BS hydrophobic-
ity were decreased, the curves of ACh crystals (numbers 1 to 3) and
ChM crystals (number 4) moved to the right, whereas those of liquid
crystals (numbers 5 to 7) shifted to the left.
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Fig. 4. Equilibrium phase diagram of MBS-L-Ch system (37°C, 0.15
M NaCl, pH 7.0, [TL] =7.3 g/dI) showing positions and configuration
of crystallization regions (see pathways in Fig. 3). The components are
expressed in moles percent. The micellar zone ("one-phase" at bottom)
is enclosed by a solid curved line. The upper part of the triangle is
divided by two dashed and two straight solid lines into regions A to E
with different crystallization sequences (Fig. 3). The number of phases
given represents the equilibrium state. They are ChM crystals and
saturated micelles for crystallization regions A and B. ChM crystals,
saturated micelles and liquid crystals with 1:1 Ch/L composition (point
¢} for regions C and D and liquid crystals of variable composition and
saturated micelles for regions E. Note that in the case of regions A, B,
C, D and E, metastable unilamellar vesicles (Fig. 1) with a Ch/L of 2:1
(8, 36) i.e., point ¢’ may be present in biles at the initial time points of
the study (see text for further details).

MBS-L-Ch and TCDC-L-Ch systems but not for the other
BS (see results). Although during these long incubations
rigorous measures such as Ng purge and added NaNj3
were taken to avoid auto-oxidation of Ch (producing
oxysterols) and spontaneous L hydrolysis (producing
lysolecithin), their effectiveness was documented by
HPLC (18) and thin-layer chromatography (19) of rep-
resentative concentrated samples for all L mole frac-
tions before and after 30 days incubation at 37°C. As
evaluated by the two chromatographic methods, no
lysolecithin was formed and no oxysterol peaks were
detected.

RESULTS

QLS analysis of supersaturated model biles

Figure 1 shows the time dependence of R, values
before ([TL] of =29 g/dL) and after 4-fold dilution of
TC-, TCDC-, and MBS-L-Ch systems at 4°C, 20°C, and

37°C, respectively. The stock Ch-saturated micellar biles
(Table 1) contained a uniform population of particles
with R, (+ SD) values of 16 + 3A (0 < L/TC, L/TCDC,
and L/MBS < 0.2), 25 + 44 (0.2 < L/TC, L/TCDC, and
L/MBS < 0.4), 42 + 24 (04 < L/TC, L/TCDC, and
L/MBS < 0.6), and 82 + 6A (0.6 < L/TC, L/TCDC, and
1/MBS < 1.0) at 20°C. As noted before (30) micellar
R, values of BS-L systems increase strongly with L
content but only weakly with increases in temperature.
By 0.5 h of dilution, the micellar biles had produced
unilamellar vesicles as evidenced by an order of magni-
tude increases in R, values (Fig. 1) and this was con-
firmed by vitreous ice electron microscopy (D. Q-H.
Wang, D. Gantz, D. M. Small and M. C. Carey, unpub-
lished observations). The post-dilution Ry, values were
208 + 11A (0 <L/TC, L/TCDC, and L/MBS < 0.2), 464
+ 344 (0.2 <L/TC, L/TCDC, and L/MBS < 0.4), 603 +
16A (0.4 <L/TC, L/TCDC, and L/MBS < 0.6), and 798
+16A (0.6 <L/TC, L/TCDC, and L/MBS < 1.0) at 20°C
increasing uniformly with L content. When the micelle
plus vesicle biles entered the crystallization sequences
(described below), reproducible autocorrelation func-
tions could not be obtained because of large fluctuations
in scattered light intensity (24). In systems that formed
stable liquid crystals, (0.4 < L/TC, L/TCDC, and
L/MBS < 1.0) QLS was terminated because of excess
turbidity which was earliest at 4°C (Fig. 1).

Habits of crystals and textures of liquid crystals

Figure 2 (a-h) documents habits of solid Ch crystals
and optical textures of liquid crystals. Arc-like crystals
(Fig. 2a) were short curved rods. Sometimes longer
filaments were found that varied in length from 10 to
several hundred um. Long arcs usually coiled into ir-
regular helices or spirals (Fig. 2b). Over time these
increased in length and number to form a population
of right-handed regular helices. Initially, helices had
small diameters and pitch angles of =56 + 3° which
decreased to =11 + 2° (13). At later times, helices wid-
ened and fused to become ribbed cylindrical structures
(Fig. 2c), whose length varied from 10 to several hun-
dred um (12, 13). Tubular crystals fractured frequently
at their ends (Fig. 2d) to produce plate-like ChM crystals
(Fig. 2e) with angles of 79.2° and 100.8°, and frequently
a notched corner (31, 32). Figure 2f demonstrates the
earliest appearing liquid crystals denoted as small, which
were minimally sized, scattered, and non-birefringent.
After a few days, small liquid crystals began to cluster
(Fig. 2g) forming non-birefringent 1-5 pm particles,
defined here as aggregated liquid crystals. At later time
points, these fused into typical lamellar liquid crystals
(Fig. 2h), which displayed characteristic focal conic tex-
tures and Maltese-cross birefringence (33, 34). The sizes
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Fig. 5. Positions of crystallization regions A-E in the MBS-L-Ch
system as functions of variations in temperature (4°C to 37°C). Other
conditions are 0.15 M NaCl, pH 7.0, and [TL] =7.3 g/dL. All model
bile systems exhibit the same physical states, at equilibrium, as in Fig.
4, but with decreases in temperature, crystallization pathways are
shifted to the left, thereby generating a series of new condensed phase
diagrams.

of fused liquid crystals varied considerably, but were
usually greater than 0.5-1 um.6 Only aggregated and
fused liquid crystals (Figs. 2i, 2j) developed irregular
sharp edges with acute (=82 *+ 2°) or obtuse angles (=95
+4°) and afterwards these remodeled into typical ChM
crystals.

Crystallization pathways and time sequences

Figure 3A-E shows crystals and liquid crystals in
arbitrary numbers as functions of time for stepwise

®Because they were visible by optical microscopy, all liquid crystals
observed must have been multilamellar vesicles of different sizes. The
arbitrary dimensional division of these particles into small,
aggregated, and fused has sequence significance for descriptive
purposes only in this work and is not meant to imply differences in
structure.

614  Journal of Lipid Research Volume 37, 1996

increases in L mole fraction which defined pathways A,
B, C, D, and E (sequences described below). Crystal-
lization is shown for ~7.3 g/dL. MBS-L-Ch systems in
0.15M NaCl at 37°C. Arabic numerals 1-7 refer consecu-
tively to curves of (1) arc, (2) helical, (3) tubular, (4)
plate-like crystals, and (5) small, (6) aggregated, and (7)
fused liquid crystals respectively (see Fig. 2). The posi-
tion of each of these pathways is shown as crystallization
regions on the condensed phase diagram for the MBS-
L-Ch system at 37°C in Fig. 4.

Figure 3A depicts the crystallization sequence in re-
gion A (Fig. 4). The first precipitates were arc crystals,
followed by helical and tubular crystals (as in Fig. 2a—c);
ChM crystals (Fig. 2e) appeared after helical crystals
were detected, and became predominent only when
other crystals had disappeared. Some short arc crystals
grew laterally to become flat ribbon-like crystals, or
several long arc-crystals uncoiled in the middle or at one
or both ends to grow into typical ChM crystals. At 4°C
(not displayed) and in the higher [TL] systems, long
bar-like crystals appeared, which grew into plate-like
units. In dilute TC-L-Ch systems, and with high TC to L
ratios, long filamentous crystals rather than arcs were
observed, and they extended to several hundred um
(12). Only occasionally were filamentous crystals ob-
served in other BS systems and they never appeared in
TUDC-L-Ch systems. Furthermore, arc, helical, tubular,
and ChM crystals were absent in dilute TUDC-L-Ch
systems. Detection times of ACh and ChM crystals in
pathway A (Fig. 3) became more prolonged in the rank
order of systems containing TC <C<MBS <GC<TCDC
<TDC < TUDC.

Figure 3B shows that in region B (Fig. 4) the crystal-
lization pathway demonstrated plate-like ChM crystals
initially, followed by the transient appearances of arc,
helical, and tubular crystals at later time points. Tubular
crystals uncoiled or fractured producing plate-like ChM
crystals. It appeared that most ChM crystals in pathway
B (Fig. 3) crystallized de novo from solution via a differ-
ent route. Filamentous crystals (12-14) were rarely seen
except with low [TL] and they were absent in TUDC-L-
Ch systems. Crystal detection times in this region fol-
lowed the rank order of biles containing TC < MBS <
TCDC < TDC < GC < C < TUDC.

Figure 3C shows that in region C (Fig. 4) small liquid
crystals as evidenced grossly by development of turbid-
ity, were present at 2 days. Within a few days they
aggregated and/or fused forming particles 1-5 ym in
size (Fig. 2 f, g). Only large liquid crystals such as those
shown in Fig. 2 i, j developed edges that transformed
into semisolid crystals and then typical ChM plates.
Fourteen to 16 days after ChM crystals became visible,
the number of liquid crystals decreased and arc (occa-
sionally filaments), helical, and tubular crystals ap-
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peared at similar times in all systems; but were slowest
and infrequent in TUDC-L-Ch systems. After 2-3 days
of coexisting with liquid crystals, ACh and other metas-
table crystals disappeared being replaced by ChM plates.
Liquid crystal detection times were prolonged in the
rank order of systems containing TC < GC < C <MBS <
TUDC < TCDC < TDC.

Figure 3D shows that in region D (Fig. 4) crystallizing
biles contained many small liquid crystals at 2 days that
slowly aggregated and fused to form typical focal conics
with Maltesecross birefringence (33, 34). Generally
most ChM crystals were observed in association with
aggregated or fused liquid crystals and some free in
solution. Arc, helical, and tubular crystals were never
observed in this pathway. Detection times of both liquid
crystals and ChM crystals were similar for all model biles
except that solid crystals were much slower to appear in
TUDC-L-Ch systems. In an apparent precursor-product
relationship with increasing numbers of ChM crystals
(Fig. 3D) liquid crystals decreased in number but were
not eliminated by 20-27 days.

Figure 3E demonstrates that only liquid-crystals oc-
curred in region E (Fig. 4). All model biles became turbid
by 1 day, and small liquid crystals were detected micro-
scopically. By 5 to 10 days, liquid crystals began to
aggregate, fuse and at 12-13 days coalesced to form a
macroscopic precipitate phase, but a transformation to
ChM crystals did not occur. As predicted from theoreti-
cal phase equilibria considerations (35), myelin figures
(33, 34) were observed occasionally in this pathway.

As Figure 4 shows, although liquid crystals must be
present at equilibrium, i.e., end of crystallization, in
pathways/regions G, D, and E (Figs. 3, 4) frequent
sampling, especially from the bottom third of tubes (see
footnote 4), depleted their numbers considerably so that
they were difficult to detect in region C and sometimes
in D. However, this was less of a problem in region E or
at4° and 23°C than at 37°C. Further, liquid crystals that
apparently "nucleated" ChM crystals in these pathways
were physically removed with solid crystals. It is also
important to note that at the initiation of crystallization,
the vesicle Ch to L ratio (Fig. 1) of systems falling into
pathways C and D could be as high as 2:1 (8, 36). The
latter ratio is suggested by the broad dashed line in the
phase diagram through region E (Fig. 4) which intersects
the Ch-L axis at ¢. However, at equilibrium, the Ch/L
ratio in liquid crystals is 1:1 (7) i.e., plotting at point c.
This change in the phase boundary between metastable
and equilibrated states facilitated an investigation of
pathway D at CSIs between 2.1 (Table 2, Fig. 4) and 2.7
(see Methods). Another important issue is that consid-
erable time-variations occurred within each crystal-
lization pathway in that the sequences shown in Fig. 3
could occur faster or slower depending on whether the

relative composition was in the left or right margins of
the region (Fig. 4).

Density gradient centrifugation of crystallizing biles

For crystallizing TC-, TCDC-, or MBS-L-Ch systems
plotting in regions A and B (Figs. 3, 4) density gradient
centrifugation and microscopy at 2-3 days of crystal-
lization yielded bands of arc crystals at a d 1.031 g/mL
and plate-like ChM crystals at d 1.046 g/mL (14). With
systems crystallizing with sequences of region C, (Figs.
3, 4) bands of arc crystals at a d 1.030 g/mL were found
at 14-17 days together with plate-like ChM crystals at a
d 1.045 g/mL and liquid crystals at a d 1.020 g/mL.
Upon standing for 96 h (37°C), mixtures plotting in
regions A, B, and C (Fig. 3, 4) revealed that arc crystals
had transformed into helical, tubular, and plate-like
crystals, consistent with hydration and subsequent mi-

7.3g/dL
0 20 40
Y a "’ v
Q\o 40 / 3 PHASE ¢ 60 %
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& Q
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20
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0 —— 100
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0 1PHASE f 100
2.4g/dL
2 PHASE
0 1 PHASE — 100
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Fig. 6. Positions of crystallization regions A-E in the MBS-L-Ch
system as [TL] was varied (=2.4-7.3 g/dL). Other conditions are 37°C,
0.15 M NaCl, and pH 7.0. These systems exhibit the same physical states
at equilibrium, as described for Fig. 5. With decreases in 1otal lipid
concentration, all crystallization pathways shifted to the left, thereby
generating a series of new condensed phase diagrams.

Wang and Carey Cholesterol crystallization pathways in model bile 615

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) mmm woiy papeojumoq


http://www.jlr.org/

Downloaded from www.jlr.org by guest, on June 18, 2012

, ) “IX91 3Y) Ul UIALS U S[IEIap I9YLIN ] 3] AY) 01 pasous A-V sdemyyed uonezij[eisAid pue A[IQnIos [0I2SA[OYD IR[@ITW wnurxeur
ay pip os ‘paseardap Liiqoydospiy gg oy sy ‘9-4 's814 105 umoys se wnuqnba e sarels [ea1s4yd ouwres o uquyxs pue § Sif se JRULIO} JUIeS JY) Ul 3B SWIIsAs 3say] ‘(' Hd ‘[DeN
WGT'0 D.L§ SIe suonpuod 1Y p/3 ¢4~ Jo [TL] 18 (swasks 4D TOANL Pue “OL “DADL “DAL) 1vigoydospiy gg Suiseanap 105 g-v suoidar uonezyisino jo suonisog ‘L iy

oaL %
or 09 '™ oot

q 3SYHd 1

ISYHd T 3

Journal of Lipid Research Volume 37, 1996

616

anasy HOYV3S3Y AidIT 40 TYNYNOr w&_



http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

gration in the centrifuge tube to a d of ChM (14). With
crystallizing biles typifying sequences in region D, (Figs.
3, 4) density gradient centrifugation at 15-18 days

yielded bands of plate-like ChM crystals (d 1.045 g/mL)

and liquid crystals (d 1.021 g/mL). In contrast, density
gradient centrifugation at 10-13 days of mixtures typi-
fying the stable liquid crystals in region E yielded a single
liquid crystalline band displaying focal conics (33, 34) at
a d 1.022 g/ml and no ACh or ChM crystals.

General influence of physical chemical variables on
crystallization

When temperature, [TL], and BS hydrophobicity
were decreased, crystallization regions A-E (Fig. 4)

shifted progressively to lower L contents. Moreover, all
ACh (1, 2, and 3) and ChM (4) crystallization curves
shifted to the right, i.e., became slower (Fig. 3) whereas
liquid crystalline curves (5, 6, and 7) generally moved to
the left, i.e., became faster.” In regions A and B (Fig. 4),
ACh and ChM crystal detection times in all BS systems
with [TL] = 7.3 g/dL were prolonged 1- to 2-fold at 23°C

"Detailed nucleation paths and phase equilibria data for the effects
of individual bile salts (TUDC, TC, TCDC, TDC, GC, and C) at
different temperatures (4°-37°C) and for variations in total lipid
concentration (2.4-7.3 g/dL) are available upon written request from
the corresponding author. However, the reader must temper the
actual time sequences with caution, as they are not a stepped function
across a region (Fig. 4) but are a continuum.
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Fig. 8(a~d). Influence of calcium concentration on the numbers of ACh crystals (arc and other metastable crystals) and ChM crystals
(plate-like crystals) per 5-ul bile samples. Open symbols represent numbers of ACh with increasing calcium concentration, O—O 5 mM;
(-0 10 mM; A—A 20 mM calcium, respectively. Closed symbols represent ChM with increasing calcium concentration; ®—@ 5 mM;
B8 10 mM; A—A 20 mM calcium, respectively. The inset in d shows the experimental condensed phase diagram and crystallization
regions with 0, 10, and 20 mM added CaCly; data points (open symbols, no Ca2*, with daily sampling, closed squares and circles, with
Ca?*, every 2-3 day sampling) represent changes in composition of micellar biles at 30 days compared to the systems at time 0. Panels
a to d correspond to crystallization pathways in regions A to D as denoted by the inset in panel d. Dashed curve in E of inset shows the
2:1 Ch/L ratio of supersaturated vesicles and explains how pathway D enters detectable compositions when CSI is ~1.2 (Table 3). Other
conditions were MBS, 37°C, pH 7.0, and [TL], initial TL =7.3 g/dL and final [TL] (micellar) =6.1-6.3 g/dL (see Table 3). Note that for

clarity, liquid crystal numbers are omitted from regions C and D.
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and 2- to 4-fold at 4°C compared to 37°C. In regions C
and D, they were prolonged 0.3- to 1-fold at 23°C and
1- to 2-fold at 4°C compared to 37°C. In region C
detection times of liquid crystals were shortened 0.5- to
2-fold at 23°C and 1- to 3-fold at 4°C compared to 37°C
whereas in region D, they were prolonged by similar
factors at 23°C and 4°C compared to 37°C. However, in
region E, liquid crystal detection times were similar for
all model bile systems and independent of temperature.
When [TL] was decreased from 7.3 to 2.4 g/dL, detec-

tion times of ACh and ChM crystals in regions A, B, C,
and D at 37°C (Fig. 4) were extended 1.5- to 2-fold, 1.2-
to 1.5-fold, and 0.7- to 1-fold, respectively. Concomi-
tantly, liquid crystal detection times in regions C, and D
(Fig. 4) were shortened 1- to 1.5-fold, and 1- to 2-fold,
respectively, but were similar for all model biles in
region E. When BS hydrophobicity (37) was decreased
(from TDC to TUDC), ACh and ChM crystal detection
times at 37°C were extended 2.5 to 3.5-fold, 2.3- to
3.2-fold, 1.3- to 2.5-fold, and 0.8-fold, in pathways A-D
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TC(I) 2 7 7/ l [4
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\ A\ AN
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E > pHasE
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PERCENT CHOLESTEROL
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0 \ \ \
100 % 80 70 60 50
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Fig. 9. Truncated phase diagrams with arrows connecting data points showing initial, intermediate, and final
relative lipid compositions during crystallization for 30 days. The direction of the arrows shows that in general
L/BS ratio decreases as the excess Ch precipitates. The lower left points demarcate the saturated micellar zone.
In TC(I)}L-Ch, and TCDC-L-Ch systems the samples were observed microscopically at daily intervals. In the
TC(I1)-L-Ch system, daily samplings for microscopic observations were made in one set (closed symbols) but not
in the other (open symbols). Right uppermost symbol of each cluster indicates day 0, middle symbol 14-17 days,
and left lowest symbol 30 days of crystallization. Mean total lipid concentration of initial mixtures was =7.3 g/dL
and at equilibrium for saturated micelles was =6.2-6.3 g/dL. In many cases, crystallization path boundaries are
crossed explaining in part the crystallization sequences in Fig. 3. The fact that in TC(II) systems the changes in
L/BS ratio in region A are not marked (in contrast to TC(I)) is consistent with absence of liquid crystals and
persistence of unilamellar vesicles in this region (see also Fig. 8 d inset). Other conditions were 37°C, 0.15 M NaCl,

pH 7.0, for further description see text.
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([TL] = 7.3 g/dL) respectively. However, by decreasing
BS hydrophobicity, liquid crystal detection times in
regions C and D were shortened 1- to 1.3-fold, and 1- to
1.5-fold, but were similar in region E for all BS. When
L/(BS + L) ratio, [TL], and temperature were held
constant, the detection times of ChM crystals were
accelerated in the following rank order, TDC > TCDC >
C 2 TC = MBS 2 GC > TUDC for BS systems. Phase
boundaries ab and bc (Fig. 4) are straight lines in all
phase diagrams and all crystallization pathways are de-
pendent on the position of point b as further shown
below.

Influence of temperature on crystallization pathways

Because all crystallization pathways were followed to
true equilibrium (e.g., Fig. 4) we display in Fig. 5 the
positions of the crystallization pathways as well as phase
diagrams for the MBS-L-Ch system (7.3 g/dL, 0.15 M
NaCl, pH 7.0} as functions of variations in temperature
(4°-37°C). The 37°C diagram is the same as Fig. 4 where
solid lines denote experimentally determined equilib-
rium phase boundaries and two dashed lines extending

30

from the Ch apex further divide these into crystal-
lization regions A-E. With decreases in temperature, ail
physical states and crystallization pathways are shifted
to the left, i.e., to lower L contents, and concomitantly
the micellar zone becomes progressively smaller. It is
apparent that as the left two-phase zone became smaller
(Fig. 5), the right two-phase area, (region E) where stable
liquid crystals form, separates the central three-phase
area from the micellar zone for typical pathophysiologi-
cal compositions.

Influence of total lipid concentration on
crystallization pathways

Figure 6 displays on truncated phase diagrams the
crystallization pathways of MBS-L-Ch systems for vari-
ations in [TL] (2.4-7.3 g/dL) at 37°C (0.15 M NaCl, pH
7.0). These systems exhibit the same physical states and
crystallization regions (A to E) as described in Figs. 4
and 5. It is clear however, that lowering [TL] had the
same effect as lowering temperature (Fig. 5). As pre-
viously defined for the TC-L-Ch system (7), the micellar
zone became smaller as [TL] decreased and contraction
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Fig, 10. Fragment of a triangular coordinate plot of equilibrium Ch solubilities in micellar BS-L-Ch systems (37°C) all at =6.0~6.2
g/dl and two sets (TC-, TUDC-L-Ch), derived from the critical tables (21) where the calculation was carried out for 10 g/dl in the
case of TUDC-L-Ch systems. The inset indicates an enlarged portion of the equilibrium Ch solubilities between 57 and 59 moles %
BS. The symbols in the inset and main figure from top to bottom are [J, TDC-L-Ch; B, C-L-Ch; A, TCDC-L-Ch; A, TC-L-Ch;
(experimental), O TC-L-Ch (critical tables (21)), ®, MBS-L-Ch; ¢, GC-L-Ch; and x, TUDC-L-Ch (appendix plus critical tables (21)),
and @, TUDC-L-Ch (experimental). Capacities of different BS to solubilize Ch is maintained with increases in L and for constant
[TL] decreases in the rank order, TDC > C > TCDC = TC =MBS > GC > TUDC.
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Fig. 11. Ch crystal and liquid crystal detection times as functions of L mole fraction (L/(BS + L) molar ratio) in combined TC-L-Ch,
TCDC-L-Ch, and MBS-L-Ch systems which had similar crystallization and phase behavior (37°C, 0.15 M NaC), pH 7.0, [TL] 7.4 g/dl,
CSI 1.2 £ 0.1). At lowest L fractions, ACh crystal detection is earlier than that of ChM crystals. Between molar ratios of 0.13 and
0.20, ACh detection times lag behind those of ChM crystals. As L mole fraction is increased further, liquid crystals appear first,
followed by ChM crystals, then ACh crystals and, with increasing L content, they diverge. Between L mole fractions of 0.30 and 0.42,
liquid crystals are detected before ChM crystals and no ACh crystals appear. At lecithin mole fractions greater than 0.42, liquid
crystals only appear. Symbol O represents ACh crystals, A ChM crystals, and < liquid crystals.

of the left two-phase zone occurred. Concomitantly, the
right two-phase zone (region E) extended between the
micellar zone and the central three-phase zone and
overlapped pathophysiological compositions (Fig. 6),
especially in the most dilute model bile.

Influence of bile salt hydrophobicity on
crystallization pathways

In similar format, Figure 7 displays the crystallization
pathways as functions of BS hydrophobicity using the
taurine conjugates of the common BS (37°C, 0.15 M
NaCl, pH 7.0, [TL] =7.3 g/dL). When BS hydrophobic-
ity (37) was decreased, all 2- and 3-phase zones and
crystallization regions shifted progressively to the left
and the micellar zone became contracted (38, 39). In the
case of the MBS-L-Ch system (Fig. 4), the micellar zone
and phase boundary ab were similar to that of the

TC-L-Ch system, whereas in the GC-L-Ch system phase
boundary ab was shifted slightly to the left and in the
C-L-Ch system to the right (data not displayed). As point
“b" moved to the left with decreasing BS hydrophobicity,
region E extended to the left and overlapped patho-
physiological compositions as exemplified in the TUDC-
L-Ch system (Fig. 7). As shown in earlier work (39) this
occurs also with a range of other very hydrophilic BS
systems. On the assumption of additivity, this shift
would be more dramatic if a hydrophilic BS-L-Ch system
was dilute as well as cold (see Figs. 5, 6).

Influence of calcium on cholesterol crystallization
pathways

Figure 8 (a-d) represents ACh and ChM crystal
number for MBS-L-Ch compositions that plotted in
crystallization regions A, B, C, D, (Fig. 4, Fig. 8d inset).
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Fig. 12. Left panels: Summary data for TC-,
TCDC-, and MBS-L-Ch systems (37°C, 0.15 M
NaCl, pH 7.0) showing influence of CSI on Ch
crystal and liquid crystal detection times for
regions A-E (Fig. 3, 4) at constant [TL] of 7.3
g/dL (mean * SD). The higher the CSI values,
the shorter ACh, ChM, and liquid crystai detec-
tion times. Right panels: summary data showing
influence of [TL.] on Ch crystal and liquid crystal
detection times for region A-E (Fig. 3, 4). As
displayed by the ordinate, with 4- to 12-fold
dilution, CSI values increased from 1.2 1 0.0, 1o
1.4+ 0.1, 1o 1.6 £ 0.0, and whereas this led to
progressively longer ACh and ChM crystal de-
tection times, it shortened liquid crystal detec-
tion times. In both panels, symbols @—@ repre-
sent ACh; l-—-B ChM; and A—A liquid crystals,
respectively.
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Compared to control biles without calcium (Fig. 3), Ch
crystallization in MBS-L-Ch biles with 5, 10, or 20 mM
added CaClg did not display any alteration in solid
crystal or liquid crystal detection times or crystallization
pathways (Fig. 8 d inset). Nonetheless, Fig. 8 a-d shows
that the numbers of solid Ch crystals were significantly
greater in all model biles and increased stepwise in
proportion to CaClg concentration (P < 0.001). Fig. 8 a
shows that in region A (Fig. 8 d inset), ACh crystals
appeared at 1 day, reached a peak at 3 days, and gradu-
ally decreased in number, whereas the number of ChM
crystals that appeared on day 2 progressively increased,
suggesting a precursor-product relationship with ACh
(14). Figure 8 b displays that in region B (Fig. 8 d inset)
ChM crystals appeared at day 4 followed by ACh crystals
on day 9, and no precursor-product relationship was
apparent. Figure 8 ¢ depicts the sequences of solid
crystallization in region C (for clarity, liquid crystals are
omitted). Although solid crystal appearance times were
delayed 2-4 days, the behavior was similar to region B
with ACh appearing after ChM. Figure 8 d illustrates
that in region D, ChM crystals did not appear until 14
days (data for liquid crystals are omitted) and no ACh
crystals were observed. Table 3 summarizes analytic
lipid compositions of these MBS-L-Ch systems with 0,
10, and 20 mM added Ca2?* before and after the 30-day
incubation. At time 0, [TL] was 7.0-7.5 g/dl with CSI of
1.2, whereas at 30 days, [TL] (micellar) was 6.1-6.4 g/dl
and CSIwas 1.0. As displayed by the inset phase diagram
(Fig. 8 d), the relative lipid compositions of the MBS-L-
Ch micellar phase with 10 (closed squares) and 20 mM
(closed circles) CaClp after 30 days equilibration were
not appreciably different from 0 mM CaCly (open and
closed circles) and all final compositions plotted on the
same micellar phase boundary (Fig. 8 d inset, left lower
data points).

Changes in lipid compositions of mother biles
during crystallization

Figure 8 d (inset) provides a glimpse of the fact that
in the case of the calcium study the relative L/BS
compositions of the mother biles changed during incu-
bation for 30 days. This occurred irrespective of
whether the tubes were sampled daily (0 mM Ca?*) or
every 2-3 days (10 mM and 20 mM Ca?*). It is clear that
all compositions shifted appreciably to lower L contents
except in region A. This was addressed more formally
in TC(I)- and TCDC-L-Ch systems (37°C, 0.15 M NaCl,
pH 7.0) that were separated and analyzed at three time
points during crystallization in addition to being sam-
pled to monitor crystallization. Two identical TC(II)-L-
Ch systems were also studied: in one crystallization was
monitored every day and in the other the systems were

sampled 6-8 times. This allowed us to check whether
frequent sampling altered relative compositions artefac-
tually at equilibrium (see Methods). As summarized in
Table 4, initial biles had a mean [TL] of 7.4 g/dL and
CSI of 1.2. By 14-17 days, [TL] (micellar) was 7.1-7.2
g/dL and CSI was 1.1, and by 30 days [TL] (miceliar)
was 6.2 g/dL and CSI was 0.99 indicating that equilibra-
tion had occurred. Figure 9 illustrates, on truncated
triangular coordinates, relative lipid compositions of
initial, intermediate, and final mother biles for TC(I)-L-
Ch (frequent sampling), TC(II)-L-Ch (frequent and in-
frequent sampling), and TCDC-L-Ch systems (frequent
sampling) before, during, and after 30 days incubation.
These results indicate that during Ch crystallization,
relative compositions of crystallizing biles do not follow
lines of constant L/BS ratio, but exhibit a progressive
decrease in L mole fraction. This change was invariably
greater with more frequent sampling than without, es-
pecially in region A. In many cases the change in L/BS
ratio induces a traversal from one crystallization region
to a neighboring one of lower L content (Fig. 9). It is
apparent (Fig. 9) that the altered L/BS ratios are not an
artefact of frequent sampling as TC(II) shows similar
changes in composition in the absence as well as in the
presence of frequent sampling. In region A there is a
shift in L/BS ratio with daily sampling (TC(I)-TCDC)
but not in the TC(II) study nor with added Ca?* (Fig. 8
d). This suggests that only unilamellar vesicles and per-
haps micelles were the crystallizing particles in pathway
A (Fig. 3) as both of these particles would have passed
through the microfilters. Because liquid crystals would
be retained during microfiltration, it is apparent that
L-containing multilamellar vesicles were retained in the
other regions (Fig. 8 d inset, Fig. 9) in agreement with
microscopic observations (see above). As L/BS ratio
also shifted strongly in region B (Fig. 8 d) and where
multilamellar vesicles are not expected (Fig. 4), it is likely
that small metastable liquid crystals were present in this
pathway although not microscopically visible.

Particle sizes in micellar biles at termination of
crystallization

QLS analysis (20°C) of the microfiltered biles after 30
days incubation revealed micelles with meanR, + SD
values of 16 + 3 A (0 < L/TC, L/TCDC and L/MBS <
0.2),25+5 A (0.2 <L/TC, L/TCDC and L/MBS < 0.4),
and micelles coexisting with traces (< 0.1%) of unilamel-
lar vesicles, giving R, values of 39 + 7 A and 550 + 43 A
(0.4 <L/TC, L/TCDC and L/MBS < 0.6), 79 + 9 A and
670 + 64 A (0.6 < L/TC, L/TCDC and L/MBS < 1.0).
Ry, values of both micelles and vesicles in each group
increased as L/BS ratios increased and these values
were either identical to or showed no appreciable differ-
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ences from the Eh values of the stock (=29 g/dL)
micellar biles before dilution (see earlier results). This
indicated the near lack of dependence of R,, values on
[TL] under these conditions (30).

Cholesterol solubilities in equilibrated micellar biles

Figure 10 shows that at termination of crystallization,
micellar Ch solubilities decreased in the rank order of
systems containing TDC > C> TCDC 2 TC =MBS > GC
> TUDC. It is notable that Ch solubility in TC-L-Ch
systems was essentially identical to the critical tables
(21), and experimentally close to values for MBS-L-Ch
and TCDC-L-Ch systems, indicating that TC, TCDC,
and physiological MBS systems are highly similar (Fig.
10, inset). Furthermore, we confirmed that over the
entire range of BS/L ratios, micellar Ch solubilities are
significantly reduced in TUDC-L-Ch system (21) com-
pared with TC- or MBS-L-Ch systems, and Ch solubility
in the more dilute micellar lipid concentration of
TUDC-L-Ch systems (37°C, 0.15 M NaCl, pH 7.0) was
appropriately less than that 10 g/dL used in the critical
tables (21) with adjustment for the correction factor in
its appendix, (Fig. 10, inset). Figure 10 also shows that
for C congeners, TC-containing systems solubilize less
Ch than unconjugated C and more so than GC-contain-
ing systems.

Influence of lecithin mole fraction on crystal and
liquid crystal detection times

Figure 11 summarizes, on a semilogarithmic scale,
detection times of crystal and liquid crystals in the
combined TC-, TCDC- plus MBS-L-Ch systems (7.3
g/dL, 37°C, 0.15 M NaCl, pH 7.0) all of which had
similar crystallization behavior and Ch solubilities (Fig.
10). As the L mole fraction was increased, ACh crystals
were detected rapidly and preceded ChM crystals by =10
h. Between an L mole fraction of 0.15 and 0.20, detec-
tion times of ACh crystals intersected the curve of ChM
crystals at an L fraction of =0.13. At an L. mole fraction
between 0.20 and 0.30, liquid crystals appeared for the
first time, followed by ChM crystals and subsequently
ACh crystals. With further increases in L mole fraction,
detection times of solid and liquid crystal diverged.
Between L mole fractions of 0.30 and 0.40, liquid crys-
tals preceded ChM crystals, but ACh crystals were ab-
sent. At L mole fractions above 0.40, detection times of
liquid crystals became increasingly shortened but no
solid crystals ever appeared.
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Influences of CSI and total lipid concentration on
detection times

Figure 12 (left panel) summarizes, on a semi-logarith-
mic scale, mean (£ SD) Ch crystal and liquid crystal
detection times in model biles composed of TC-, TCDC-,
and MBS-L-Ch as functions of variations in CSI (1.2 to
2.4) at a constant [TL] of 7.4 g/di (37°C, 0.15 M NaCl,
pH 7.0). In all cases, detection times of ACh crystals,
ChM crystals, and liquid crystals became shorter with
increasing CSI values. This was particularly marked in
the most pathophysiologically relevant regions B, C and
D of Fig. 4 (7). Figure 12 (right panel) summarizes the
influence of [TL] on mean (+ SD) detection times in
combined TC-, TCDC-, and MBS-L-Ch systems where
the appearance of ACh and ChM crystals are progres-
sively shortened and liquid crystal detection times are
progressively prolonged with increases in [TL]. This
occurred even though CSI values decreased with in-
creasing concentration from 1.60 £ 0.04, to 1.40 £ 0.05,
and to 1.17 + 0.04, respectively.

DISCUSSION

Although precipitation of Ch crystals from supersatu-
rated bile is the first irreversible physical-chemical step
in Ch gallstone formation (1-3), it is clear that the true
nucleation process has not been measured in the cur-
rent work (see footnote 3). By applying the non-invasive
and sensitive approach of QLS (24) as well as vitreous
ice electron microscopy (D. Q-H. Wang, D. Gantz, D. M.
Small, and M. C. Carey, unpublished observations) we
discovered that the first precipitating particles detected
in all model biles were unilamellar vesicles. Their stable
R, values of 200-1000 A (Fig. 1) do not preclude a
change in internal structure over the 0.5-168 h of
measurement. As indicated in Fig. 1, vesicles gave rise
quite abruptly to dramatic fluctuations in scattered light
intensity that completely abrogated further measure-
ments of particle sizes. This suggested that critical crys-
tallization was occurring in systems with high BS/L
ratios (Fig. 1) and multilamellar vesicles were forming
in systems with low BS/L ratios (Figs. 2-4). The crystal-
lization phenomena observed within the resolution lim-
its of the light microscope took days to weeks (Fig. 3) for
initiation and completion. Although these data revealed
a rich and complex series of crystallization and liquid
crysiallization phenomena, a major reservation of our
work must relate to the fact that between particle sizes
of 200-1000 A and =10,000 A, i.e., from the initial time
of appearances of unilamellar vesicles to microscopic
solid and liquid crystals, we have no information on
what physical-chemical phenomena were occurring.
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Konikoff et al. (12, 14) found that thin filamentous
crystals of apparently ACh (see footnote 5) crystallize
from a dilute TC-rich model bile. These crystals trans-
formed slowly through a sequence of intermediate mi-
crocrystalline structures to become classic ChM plates
(12). In earlier work, two laboratories (40, 41) reported
that clumps of radiating, needleshaped crystals oc-
curred in both model and human T-tube biles, but their
significance as a habit typical of ACh was not appreci-
ated. Collins and Phillips (42) also found that in the
absence of BS, needle-shaped crystals grew from very
supersaturated multilamellar vesicles of Ch and dipalmi-
toylphosphatidylcholine (molar ratios =2:1-4:1). Fur-
thermore, earlier work using differential scanning cal-
orimetry (43) and X-ray diffraction (44) of fresh human
gallstones was strongly suggestive that ACh in addition
to ChM is deposited in stones (45). Of particular interest
is that scanning electron microscopy of Ch gallstones
forming in guinea pigs, whose bile contains only traces
of L (46), showed aggregates of needle-shaped possibly
ACh and not plate-like ChM crystals (47). Collectively,
these observations, together with the sequences of Kibe
etal. (9) and Halpern etal. (10, 11), suggested that model
and native biles may be capable of crystallizing in several
different pathways.

In the present study, we explored all solid and liquid
crystallization pathways systematically as functions of
time and increasing L/(BS + L) ratio in model biles
supersaturated by dilution. Because we investigated ef-
fects of [TL], T(°C), added Ca?*, and BS hydrophobicity
and proved true equilibration with termination of crys-
tallization (Tables 3 and 4), we defined the sequences
and boundaries of all crystallization pathways as well as
the corresponding regions on equilibrium phase dia-
grams for a number of new conditions.

The most important findings in the present study
were that five distinct crystallization pathways were pre-
sent as functions of L/(BS + L) ratio (Figs. 3, 4). The
dilute TC-rich model bile studied by Konikoff et al. (12)
plotted in region A (Fig. 7) and had a crystallization
sequence similar to what we found in the dilute TC
systems. However, as noted herein, at higher [TL] and
with other BS, filaments were replaced by arc-like crys-
tals. The crystallization pathways described by Kibe and
Halpern and colleagues (9-11) locate mainly to regions
C and D of the current work (Fig. 4). Not fully appreci-
ated before is that decreases in temperature (Fig. 5),
[TL] (Fig. 6), and reduction in BS hydrophobicity (Fig.
7) moved all crystallization pathways and phase bounda-
ries of the phase diagrams to the left while progressively
reducing sizes of the micellar zones (Figs. 5-7). In
contrast, although calcium binding to BS in mixed
micelles and vesicles of bile is appreciable (48), added
Ca?" in the MBS-L-Ch systems had no influence on

crystallization pathways, detection times, or micellar
cholesterol solubilities; however, crystal number was
profoundly affected (Fig. 8).

The expansion of region E (Fig. 4) containing liquid
crystals and saturated micelles but not solid crystals with
these manoeuvers has important theoretical and practi-
cal implications (35). For example, if region E encapsu-
lated "physiological” lipid compositions, then it would
provide a physical-chemical explanation for the delay
(or absence) of ChM formation in GUDC- and TUDC-
rich bile during ursodeoxycholic acid therapy of humans
(49-51). It is of interest that gallbladder bile of hibernat-
ing bears can contain =70% TUDC (52) and, hence, if
Ch-supersaturated would plot in region E. Contrariwise,
with increasing BS hydrophobicity, all phase boundaries
and crystallization pathways were shifted to the right
(Fig. 7). Under these conditions, physiological bile com-
positions plot principally in regions A and B (Fig. 7)
where ChM and ACh crystal formation are most rapid
(Fig. 3). Furthermore, liquid crystals that form with
physiological L/BS ratios in supersaturated TDC-rich
bile are highly unstable and rapidly precipitate ChM
crystals (see Results). It is interesting to note that most
Ch gallstone patients have a 3- to 4-fold increase in the
proportion of deoxycholate conjugates in hepatic and
gallbladder biles (reviewed in refs. 53, 54) consistent
with more hydrophobic BS favoring more rapid ChM
crystallization under pathophysiological conditions.

In dilute or cold Ch-supersaturated model biles, liquid
crystals would plot mainly in region E (Figs. 5 and 6)
with physiological L to BS ratios thus providing an
explanation why Ch crystallization seldom occurs in
dilute hepatic bile despite high CSI values (55). Con-
versely, in concentrated gallbladder bile, Ch crystal and
liquid crystal detection times are usually short (55, 56)
despite lower CSI values (see Fig. 12, right panel) by
virtue of a move in all phase boundaries to the right (Fig.
6). In the prairie dog, increased water and electrolyte
absorption by the gallbladder occurs during early Ch
gallstone formation (57), and administration of the
sodium channel blocker, amiloride, greatly reduces Ch
gallstone incidence by preventing increases in lipid con-
centration (58). Our results, therefore, provide a physi-
cal-chemical explanation for prevention of Ch gallstone
formation by maintaining gallbladder bile in a dilute
state and inducing physiological relative lipid composi-
tions to plot in an expanded region E (Fig. 6). This is
also suggested by the effects of cold on the crystallization
regions in the present work (Fig. 5), in that
poikilotherms would have highly stable biles, and fur-
ther it is a common experience (59) that ex vivo human
supersaturated biles do not crystallize easily when cold.

Although it was suggested (2) that the CSI of human
bile does not act as a good predictor for the rate of ChM
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crystallization, we found that higher CSI values short-
ened Ch crystal and liquid crystal detection times appre-
ciably (Fig. 12, left panel) but did not influence crystal-
lization pathways.® Provided that [TL] was kept
constant, there was a positive correlation between
higher CSI values and Ch crystal and liquid crystal
detection times (Fig. 12, left panel). This effect is weakest
in regions A and E and strongest in regions C and D
where the relative compositions of most human biles
plot (7). This suggests that higher degrees of Ch super-
saturation could act as an independent pro-crystal-
lization variable in native bile (60).

It is now well known that the addition to L, as well as
changes in phospholipid class and molecular species,
influence crystallization times in model and native biles
(61-67). Konikoff, Cohen, and Carey (65, 67) found that
in TC-rich dilute bile, saturated short-, medium-, and
long-chain polyunsaturated L induced rapid precipita-
tion of filamentous Ch crystals, indicating that the com-
positions plotted in region A of the present work (Figs.
3, 6). However, long-chain saturated L and brain sphin-
gomyelin prolonged ChM crystallization markedly and
ChM appeared before ACh crystals (65). These results
indicate that with these phospholipids the model bile
composition of Konikoff et al. (65) plotted in region B
(Figs. 3, 6), suggesting that saturated L species can move
phase boundary ab (Fig. 4) very close to the Ch axis. With
respect to L content, Halpern et al. (63) and Jiingst et
al. (64) demonstrated that the progressive addition of
natural Ls to both model and human biles prolonged
appearance times of ChM crystals; in one case, this was
extended from =2.5 to > 21 days (64). It is clear that with
changing L/(L + BS) ratios, bile compositions are pro-
duced that move through pathways B to C or D (Figs. 3,
11) thereby slowing the appearance times of ChM crys-
tals. Conversely, Nervi et al. (61) found that a diet rich
in legumes induced a selective reduction in biliary L
content which had the opposite effect (68) and hence
might be related to the high prevalence of Ch gallstones
in Chileans (61, 67). Again, this is consistent with our
data (Figs. 3, 11) where detection times of Ch crystals in
bile were accelerated greatly by a reduction in L. mole
fraction below a threshold value of =0.13 (Fig. 11).
Although it has been proposed (63, 64) that enhanced
phospholipid secretion into bile may be a promising
approach for preventing Ch gallstones, it is clear from
the current work (Fig. 4) that prevention strategies
would require bile compositions to plot in region E

BTheoretically, a very high CSI could influence the crystallization
sequence if it induced the relative L content of the mother bile to
decrease markedly during crystallization and hence induce the
composition to traverse the left boundary of a crystallization pathway
{see Fig. 9).
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where solid Ch crystals are a forbidden phase transition
and which would be difficult to achieve with MBS except
in the dilute state (Fig. 6).

Our results also provide a conceptual framework for
assaying effects of pro- and anti-"nucleating” factors on
Ch crystallization in model or human biles (reviewed in
ref. 69). For example, Ahmed et al. (70) claimed that the
effects of a variety of proteins on Ch crystal formation
in a TGC-model bile are nonspecific, being related to
protein hydrophilic-hydrophobic balance as evaluated
by their elution times on a phenyl-agarose column.
These authors (70) found that hydrophobic proteins
inhibited whereas hydrophilic proteins enhanced Ch
crystallization. The compositions of the physiologic
model biles used by these authors (70) plotted in region
B of our concentrated TC-L-Ch system (Fig. 7). Our
reinterpretation of their data suggests that when hydro-
philic proteins were added, the crystallization pathways
became similar to those in region A or B of the current
work (Fig. 7). In contrast, when hydrophobic proteins
were added (70) it appeared that crystallization path-
ways shifted to regions C or D (Fig. 4 and 7) of the
current work. These findings suggest that small amounts
of proteins might shift Ch crystallization pathways (Fig.
4), and therefore might appear pro- or anti-crystallizing
when the detection times of ChM crystals are measured.
Furthermore, because of the upslope of the micellar
phase boundary from that of pure BS to point b (Fig. 4)
itis likely that in the metastable state, a protein that shifts
crystallization pathways to the left will be associated with
a redistribution of Ch from micelles in favor of vesicles,
whereas a protein which shifts boundary ab (Fig. 4) in
the opposite direction will result in a converse distribu-
tion.

The Ch-solubilizing capacity of a bile is a critical
function of the hydrophobic-hydrophilic balance of the
principal BS (37-39, 71). BS hydrophobicity controls
capacities to solubilize Ch (37), and this is maintained
in the rank order TDC > C > TCDC =2 TC =MBS > GC >
TUDC with all pathophysiological L. contents (Fig. 10).
With the more hydrophobic BS species, the micellar
zones, e.g., Fig. 6 (see footnote 7), showed less concen-
tration-dependent changes because of the low inter-
mixed micellar/vesicular BS concentrations in these
systems (72-75). The equilibrium Ch solubilities (Fig.
10) agree in large part with those obtained by us and
other authors who studied model biles composed of a
range of BS species (7, 76, 77). Comparing the values
derived from the critical tables, with its appended cor-
rection factors (21), our experimental resuits show al-
most identical theoretical and experimental Ch solubili-
ties in TC-L-Ch and TUDC-L-Ch systems at 37°C (Fig.
10). Furthermore, because the curves of maximal Ch
solubility in both MBS-L-Ch systems with and without
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20 mM CaClg (Fig. 8 d, inset) and TCDC-L-Ch systems
approximated those of TC-L-Ch systems, the critical
tables appear valid for calculating the CSIs of MBS-con-
taining model and native biles. Whereas Ca?* was known
to influence phase transitions in model bile (78), its
effect with the MBS-L-Ch system was not due to decreas-
ing Ch solubility in the micellar zone (Fig. 8 d, inset) or
detection times but was directly related to promoting
crystal number and perhaps growth (Fig. 8).

An anticipated finding not studied systematically be-
fore (7) was that as crystallization progressed, relative
lipid compositions of biles did not follow constant L to
BS compositions, but rather the L fraction decreased
progressively (Figs. 8 d and 9). Although predictable for
regions C, D, and E where liquid crystals are a coexisting
phase at equilibrium (Fig. 4), this occurred also in region
B where liquid crystals are unexpected (Figs. 3, 4) and
did not occur in region A as anticipated when the
artefact of daily sampling for microscopy was removed
(Fig. 8 d, Fig. 9). A near-constant L/BS ratio before and
after crystallization suggests that unilamellar vesicles
were filtered and hence ACh crystals (Figs. 2, 3) may
nucleate from unilamellar vesicles in region A. Another
implication of the L/BS ratio shift in regions C~E was
that when relative lipid compositions were close to the
boundary of a pathway (Fig. 9) and then crossed that
boundary (Fig. 3) the bile appeared to renucleate ac-
cording to the new crystallization pathway. This may
explain, in part, some of the sequences of crystalline and
liquid crystalline phenomena documented. Nonetheless
in region C (Fig. 4), after liquid crystalline intermediates
and ChM crystallization, transient appearances of ACh
crystals still occurred (Fig. 3) despite mother bile com-
positions that remained clearly within the pathway (Fig.
9). It is notable that in earlier work, Holzbach and Marsh
(79) observed variable liquid crystalline phase transi-
tions that varied strongly with model bile composition.
A reexamination of their results suggests that composi-
tions that plotted in region C of Fig. 4 crossed phase
boundary ab to lie in the left two-phase area (region B)
where no microscopic liquid crystals form.

It is of relevance that in TC-, MBS-, and TCDC-L-Ch
systems, micellar Ry values did not differ significantly
between lipid concentrations of =6.3 (16-79 A) and 29
g/dl (16-82 A) for a given BS/L ratio, suggesting that
the higher ionic strengths, provided principally by BS
themselves, minimized micellar interactions (24). In
prior work (8, 30), small decreases in micellar Ry, values
occurred over a more dilute range of lipid concentra-
tions. Of greater importance is that the constancy of
micellar sizes from beginning to the end of the experi-
ments provides strong additional argument that L or Ch
degradation products were not formed during the
lengthy incubation periods (30 days) used. This suggests

that measures used to avoid these problems were appro-
priate (see lipid analytic methods).

Since the current work was completed, Juste et al. (80)
observed similar liquid and Ch solid crystals using su-
persaturated model biles containing a single lipid com-
position. Because BS hydrophilic-hydrophobic balance
was varied by these authors (80) we determined that the
crystallization sequenées for TCDC-, TDC-, GCDC-, and
TDC-L-Ch systems were located in region B, TC- and
GC-L-Ch systems in region C, and a TUDC-L-Ch system
in region E of the present work (Figs. 4, 7). These
investigators (80) also studied a range of very hydro-
philic BS species including taurohyocholate, tauro-
hyodeoxycholate, 3a-hydroxy-6-oxo-53-cholanoate, gly-
cohyocholate, and  glycohyodeoxycholate. = Our
reworking of their crystallization data (80) suggests that
all crystallization pathways for the hydrophilic BS would,
as anticipated (e.g., Fig. 7 TUDC-L-Ch systems (38)), plot
in region E where liquid crystals are stable indefinitely
(Figs. 4, 7).

In conclusion, we have demonstrated that five crystal-
lization pathways are present in pathophysiologically
relevant model biles as functions of increasing L frac-
tion. Singularity of pathways and their interconversions
are explained by the distinct metastable regions above
the micellar zone which have now been defined explic-
itly. The five crystallization pathways, detection times of
liquid and solid Ch crystals, and the phase boundaries
of relevant phase diagrams are influenced by BS hydro-
phobicity, [TL], and temperature but not by CSI values®
or added CaClg. The results help to provide rational
explanations for a wide variety of disparate and often
inexplicable results in the literature on the physi-
cal-chemistry of Ch crystallization in model and native
biles. The present work correlates remarkably well with
studies of ACh, ChM, and liquid crystallization pathways
in human gallbladder bile (81) (D. Q-H. Wang and M.
C. Carey, unpublished observations) and in the gall-
stone-susceptible inbred mouse (82) fed a lithogenic diet
of dairy fat, Ch, and cholic acid (83). These studies
should provide a rigorous physical-chemical basis for
investigating biliary pro- and anti-crystallization and per-
haps true nucleating® factors in native human biles and
for developing phase separation inhibitors to prevent
ChM precipitation.fif
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