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Abstract

Precipitation of cholesterol in gallbladder bile is believed to
produce platelike cholesterol monchydrate crystals directly.
We report complementary time-lapse microscopic studies of
cholesterol crystallization from model bile that reveal initial
assembly of filamentous cholesterol crystals covered by a mono-
molecular layer of lecithin. Over a few days, the filaments
evolved through needle, helical, and tubular microstructures to
form classical platelike cholesterol monohydrate crystals. Simi-
lar crystallization phenomena were observed in human gallblad-
der biles from cholesterol but not pigment stone patients.
Synchrotron x-ray diffraction of the earliest filaments sug-
gested a cholesterol monohydrate polymorph or admixture
with an anhydrous cholesterol precursor. However, density
gradient centrifugation of filamentous crystals revealed that
their density was 1.032 g / ml, consistent with anhydrous choles-
terol. Conventional x-ray diffraction of transitional crystalline
forms was consistent with pure cholesterol monohydrate crys-
tals, as were the equilibrium platelike crystals. These novel
findings suggest that crystalline cholesterol in bile may not be
completely mature or hydrated initially, but undergoes a series
of transformations to become thermodynamically stable mono-
hydrate plates. These observations have important implica-
tions for understanding the control of cholesterol crystalliza-
tion in bile, as well as explaining putative crystal cytotoxicity
during gallstone formation. (J. Clin. Invest. 1992. 90:1155-
1160.) Key words: nucleation ¢ microscopy ¢ synchrotron x-ray
diffraction » crystal structure  gallstones
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Introduction

Cholesterol is eliminated from blood and other tissues via lipo-
protein endocytosis, hepatic catabolism to bile salts, and secre-
tion with lecithins and bile salts into bile (1, 2). Although vir-
tually insoluble in water (~ 1078 M) (3), 5-50 mM choles-
terol is solubilized in human gallbladder bile within
thermodynamically stable bile salt/lecithin micelles, and fre-
quently metastable unilamellar lecithin vesicles (2, 4). Nu-
cleated bile is typified by platelike cholesterol monohydrate
crystals (5) that agglomerate via mucin glycoproteins to form
cholesterol gallstones (6) found in at least 10% of Western hu-
mans (7). Cholesterol crystallization is believed to follow ag-
gregation (8) and possibly fusion (9) of cholesterol-rich vesi-
cles, but the crystallization process is poorly understood. In this
study we present polarizing, phase-contrast, video-enhanced,
fluorescence and electron microscopy, as well as x-ray diffrac-
tion and density data of early cholesterol crystallization phe-
nomena in bile. Our studies reveal novel cholesterol crystalline
habits, x-ray diffraction patterns, and crystal densities that
challenge currently held beliefs that cholesterol crystallizes in
bile directly as thermodynamically stable platelike monohy-
drate crystals.

Methods

Chemicals

Sodium salts of taurocholate (TC)' and taurodeoxycholate (TDC)
were obtained from Sigma Chemical Co. (St. Louis, MO). TC was
recrystallized (10), and both TC and TDC were found to be > 98%
pure by HPLC and TLC. Cholesterol (Nu Chek Prep Inc., Elysian,
MN) and grade I egg yolk lecithin (EYL) (Lipid Products, South Nut-
field, Surrey, U.K.) were found to be > 99% pure by TLC, GC, and
HPLC. N-(lissamine rhodamine B sulfonyl)-phosphatidylethanol-
amine (R-PE) was from Avanti Polar Lipids, Inc. (Birmingham, AL),
and [*H]cholesterol and ['“C]sn-1-16:0:sn-2-18:2 lecithin were from
New England Nuclear (Boston, MA). All other chemicals and solvents
were American Chemical Society or reagent grade quality (Fisher Scien-
tific Co., Pittsburgh, PA). For standards, cholesterol monohydrate and

1. Abbreviations used in this paper: CSI, cholesterol saturation index;
EYL, egg yolk lecithin; GC, gas-liquid chromatography; QLS, quasie-
lastic light scattering spectroscopy; R,, mean hydrodynamic radius;
R-PE, N-(lissamine rhodamine B sulfonyl)-phosphatidylethanol-
amine; TC, taurocholate; TDC, taurodeoxycholate.
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anhydrous cholesterol crystals were grown from 95% EtOH and 100%
acetic acid respectively (11). NaCl was heated for 3 h at 600°C to
oxidize and remove organic impurities. Pyrex brand glassware was al-
kali-alcohol washed (EtOH — 2 M KOH 1:1, vol/vol), and acid
washed (1 M HNO,), for 24 h each, and then rinsed thoroughly with
purified water before oven drying. Water was filtered, ion exchanged,
and glass distilled (Corning Glass Inc., Corning, NY).

Model biles

Cholesterol, EYL, and TC were coprecipitated from chloroform-meth-
anol (2:1 vol/vol) and dried under N, and reduced pressure. The dried
lipid film was dissolved in aqueous solution (0.15 M NaCl, pH 6-7),
containing 3 mM NaNj as an antimicrobial agent. Total lipid concen-
tration was designed so that relative lipid composition plotted within
the micellar phase limits of an appropriate phase diagram (12). To
obviate possible persistence of undissolved microcrystalline cholesterol
and to ensure complete micellization, the system was incubated for 1 h
at 60°C. To induce supersaturation, the stock solution was diluted with
0.15 M NaCl so that the relative lipid composition plotted above the
contracted micellar phase limit (12). This dilution time-point was
taken as the initiation of the nucleation process.

Human biles

Fresh gallbladder biles (generous gifts of Dr. M. Cahalane, Beth Israel
Hospital, Boston, MA ) were obtained from patients undergoing chole-
cystectomy after written informed consent and approval by the institu-
tional human subjects committee. Samples were cultured to exclude
infection, lipid analysis was performed (described below), and the cho-
lesterol saturation index (CSI) was calculated (12). Gallstones were
washed with distilled water and their cholesterol content (wt/wt) was
measured by GC (Shimadzu GC-9A, Kyoto, Japan ) using stigmasterol
as internal standard (13). Stones with a cholesterol content of < 20%
or > 80% were classified as pigment or cholesterol stones, respectively.
After stone removal, unprocessed biles were followed by sequential
microscopic examinations. Throughout all experiments, biles (model
and native) were kept at 37°C in sealed glass tubes, under argon.

Analytical procedures

Light microscopy. Bile samples (10 ul) were placed on a glass slide at
room temperature and observed initially without a cover slip using a
polarizing microscope (Photomicroscope III; Carl Zeiss, Inc., Thorn-
wood, NY.) Then the sample was compressed with a cover glass and
reexamined using phase contrast optics or a Zeiss Axiovert 35 M micro-
scope equipped with Nomarski differential interference contrast optics.
For video-enhanced time-lapse microscopy, 200-ul samples were incu-
bated in a sealed drop-slide (Fisher Scientific Co.) on a heating stage
(HS-1; Instec, Boulder, CO) at controlled (Apple Ile computer) tem-
perature (37.0+0.1°C) attached to a microscope (Optiphot-Pol; Nikon
Inc., Instr. Group, Melville, NY') and sequentially photographed with a
change-coupled device video camera (wv-GL110; Panasonic Industrial
Co., Secaucus, NJ). Images were digitized from a video casette record-
ing (AG-1960; Panasonic) by a frame grabber (Image Grabber; Neo-
tech, Eastleigh, Hampshire, UK) and analyzed on a Macintosh Ilci
computer using Ultimage software (Graftek, Meudon-La-Foret,
France).

Fluorescence microscopy. To enable morphologic localization of
phospholipids during the crystallization process, model biles were pre-
pared as described above, with traces of R-PE substituted for 0.5-5
mol% of lecithin, as fluorescent probe. Samples were observed with a
Zeiss Standard 16 fluorescence microscope equipped with phase con-
trast optics.

Electron microscopy. Samples for electron microscopy were ob-
tained by aspirating agglomerated crystals via a wide bore needle, or
after sedimentation of crystals by centrifugation. Scanning electron
microscopy (JSM-35CF; JEOL, Peabody, MA ) was performed after air
drying and gold coating, and negative stain transmission electron mi-
croscopy (Philips 300; Philips Electronic Instr. Co., Mahwah, NJ) was
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performed after staining with 1.5% phosphotungstic acid and drying
in air.

Quasielastic light scattering spectroscopy (QLS). Measurements
were performed at a constant scattering angle (90°) and controlled
temperature (37°C) on a home-built apparatus (14), equipped with a
digital autocorrelator (BI2030AT; Brookhaven Instruments Corp.,
Holtsville, NY). Mean hydrodynamic radii (R,) of particles in solu-
tion were derived from experimentally determined mean diffusion coef-
ficients, and where appropriate, multicomponent analysis was used to
confirm the presence of two or more discrete particle populations (14).

Gel permeation chromatography. To quantify micellar and vesicu-
lar fractions that solubilize cholesterol, bile samples were chromato-
graphed on a high performance Superose six-gel filtration column as
described previously (15) with 16 mM TC as eluent. This TC concen-
tration was determined to be the intermixed micellar/ vesicular bile salt
concentration (16). Cholesterol and lecithin contents of eluted frac-
tions radiolabeled with [*H ]cholesterol and ['*C]sn-1-16:0:sn-2-18:2
lecithin were determined by dual radiocounting.

X -ray diffraction. Bile samples were concentrated by centrifugation
and sealed in 1-mm quartz capillary tubes. Conventional x-ray diffrac-
tion was performed using a Ni-filtered CuKa beam from rotating an-
ode generator (Gx-6; Elliot Automation, Borehamwood, UK) (11).
Synchrotron x-ray diffraction was performed at Brookhaven National
Laboratories (Upton, NY, beam line X-20C) using a wavelength of
1.36 A selected by a silicon crystal monochromator. Samples were con-
tinuously rotated through the long axis of the capillary tubes, perpendic-
ular to the beam. For conventional and synchrotron x-radiations, ex-
posure times were 18-72 h and 5 min-3 h, respectively, and the diffrac-
tion patterns were recorded with position sensitive linear detectors.

Differential scanning calorimetry (DSC). High resolution DSC was
performed on a calorimeter (MC-2; MicroCal Inc., Amherst, MA)
connected to a personal computer that allowed automated control,
data acquisition, and analysis. Samples were washed and diluted with
degassed water and introduced at room temperature into the calorime-
ter cell (1.5 ml), and run against a similar volume of water in a refer-
ence cell. Measurements were recorded over a temperature range of
10°C-100°C at a heating rate of 90°C/h.

Density gradient centrifugation. Crystals in nucleated bile samples
were concentrated by centrifugation and layered on top of a linear
(2-20%) sucrose gradient in 13.2-ml nitrocellulose tubes, and centri-
fuged in a rotor (SW41; Beckman Instruments, Inc., Fullerton, CA) at
201,000 g at 20°C for 8 h (17). Fractions were collected from top to
bottom with an L-shaped pasteur pipette and examined by phase con-
trast and polarizing light microscopy as described above. Sucrose densi-
ties were verified using a temperature compensated refractometer.

Lipid analysis. TC was quantified by the 3a-hydroxysteroid dehy-
drogenase method (18), lecithin by an inorganic phosphorus proce-
dure (19), and cholesterol enzymatically (20).

Results

The principal model bile used in our study was composed of
TC, EYL, and cholesterol in a molar ratio of 97.5:0.8:1.7.
When dissolved to a concentration of 7 g/dl, this mixture
formed a micellar solution with R, = 17+5 A (mean=SD, n
= 4) by QLS. Sixfold dilution of the micellar solution increased
the CSI from 90 to 208%, and produced unilamellar vesicles
(R, = 212425 A) with a molar cholesterol/lecithin ratio
~ 2. The mixture was designed to have this vesicular lipid ratio
(4, 12), and its composition was experimentally verified by gel
permeation chromatography and analysis. By QLS, polydis-
persity increased monotonically over the first several hours of
observation, and multicomponent analysis revealed at least
two large (R, > 200 A) particle populations that coexisted with
> 99% micelles (wt/wt), as derived by gel permeation chroma-
tography. After ~ 10 h into the nucleation sequence, reproduc-
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ible autocorrelation functions could not be obtained because of
large fluctuations in scattered light intensity.

Within 2-4 h of dilution, thin filamentous structures were
observed by microscopy (Fig. 1). Individual filaments ex-
tended in length to several hundred micrometers (Fig. 1, 4 and
B), and the width of the thinnest filaments was 0.1 um by
scanning and transmission electron microscopy. Occasionally,
filaments clumped together in “wheat-sheaf” bundles (Fig. 1,
C and D), and within 12-24 h, they had agglomerated into a
buoyant wool-like macroscopic meshwork.

During 2-7 d, filaments were replaced by or coexisted with
thicker needlelike and helical structures (Fig. 2) and platelike
crystals. By time-lapse video-enhanced microscopy, filaments
coiled into right-handed spirals and helices, which by lateral
growth gradually formed crystalline tubelike structures (Fig. 2,
A-D). Eventually, the tubes fractured at their ends to produce
platelike monohydrate crystals of typical habit (Fig. 2, E and
F). Occasionally, filaments grew laterally to become flat rib-
bons that broke directly into plates (Fig. 1 D). As expected (4,
12), when crystals were separated centrifugally from the
mother liquor at thermodynamic equilibrium (10-14d), QLS
analysis disclosed micelles (R, = 17+3 A), but no vesicles. Fig.
3 schematically depicts that the crystallization sequence could
be divided into three stages, based on the principal crystalline
habits present at each time period.

To obviate possible artifacts caused by undissolved micro-
crystals, incomplete hydration, or preparation path, the crys-
tallization sequence was examined after preincubation (20°C,
37°C, 60°C, 1-24 h) or filtration (0.22-um membranes; Nu-
clepore, Corp., Pleasanton, CA) of the micellar solution, and
after preparing the nucleating bile by direct dilution of a dried
lipid film to a final concentration of 1.2 g/dl. The crystalliza-

Figure 1. Photomicrographs of fila-
mentous crystallization of choles-
terol from model bile at 37°C. (4)
Fluorescence microscopy (with 1%
R-PE) at 4 h of nucleation. (B)
Phase contrast microscopy at 6 h.
(C) Light microscopy with No-
marski interference optics at 18 h.
(D) Scanning electron microscopy
at 48 h. Scale bars, 10 um.

tion process was found to be unaffected by all of these mea-
sures.

After ultracentrifugation (210,000 g, 60 min), filtration
(0.22 um), and water-washing, chemical analysis of isolated
filaments revealed a cholesterol/lecithin/bile salt molar ratio
of 95.3:4.1:0.5. Assuming a close-packed lecithin monolayer
(surface area of 65 A2 per molecule [21]), a filament of typical
length (100 pm) and diameter (0.1 pm) would have a molar
lecithin/cholesterol ratio of 3.8%, which compares closely to
the analytic value. After washing with 30 mM TC and 50 mM
TDC, lecithin content was 1.7% and 0.9%, respectively, sug-
gesting that the monolayer was hydrophobically adsorbed. To
verify this, fluorescence microscopy highlighted filaments
grown from an identical model bile containing traces of R-PE
(Fig. 1 A and Fig. 4). After addition of a few ul of 50 mM TDC,
fluorescence was lost during 60 min without dissolution of the
filaments (Fig. 4).

Fine structure of filaments at 24-48 h, when analyzed by
conventional x-ray powder diffraction, revealed three orders of
diffraction maxima, corresponding to Bragg spacings of
34.1+1.4 A, 17.2+0.3 A, and 5.9+0.3 A. This pattern was con-
sistent with cholesterol monohydrate crystals (11, 22). In addi-
tion, scanning calorimetry disclosed an endothermic transition
at ~ 95°C, and upon rescanning after rapid cooling a single
endotherm at ~ 36°C, identical with the transitions obtained
with a cholesterol monohydrate standard, and consistent with
the known thermal behavior of cholesterol monohydrate (11).
However, Fig. 5 shows that synchrotron x-ray diffraction of
filaments harvested at 8—12 h, revealed in addition to the mono-
hydrate pattern a peak at 4.9 A, which corresponded precisely
to a minor peak in the diffraction pattern of anhydrous choles-
terol crystals. Density gradient centrifugation at 12 h resulted
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in a band of concentrated filamentous crystals at a density of
1.032 g/ml, compatible with anhydrous cholesterol (23), and
a band consisting of platelike cholesterol monohydrate crystals
at a density of 1.048 g/ml.

Supersaturated model biles simulating human gallbladder
bile (TC/EYL/cholesterol 73.1:18.4:8.5; 6-10 g/dl, n = 8)
also revealed filamentous, helical, and tubular precipitates dur-
ing the cholesterol crystallization process before the equilib-
rium state of platelike cholesterol monohydrate crystals was
reached. However, compared to the dilute model system, fila-
mentous crystals were less abundant in these biles and the time
sequence of needle, helical, and tubelike growth was less pre-
dictable. Moreover, six of eight human gallbladder biles from
cholesterol gallstone patients (CSI = 92-273%), but not biles

Figure 3. Schematic
presentation of the three
principal stages and
crystal habits in the
cholesterol crystalliza-
tion sequence from
model bile as functions
of time. The initial stage
is characterized by fila-
ments, the transitional
stage by helical and tu-
bular structures, and
the equilibrium stage by
plates. The curves rep-
resent relative numbers
of crystals (per high
power microscopic field,
all normalized to the
same maximum).

*x Ly

5

CRYSTALS  (number)

0 5 10 15
TIME  (days)
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Figure 2. Representative time-lapse pho-
tomicrographs of crystalline cholesterol

at days 2-6 by phase contrast (4-E) and
video-enhanced (F) light microscopy. (4)
Filaments, a spiral, and a short needle on
day 2. (B and C) Helices on days 3 and 4.
(D and E) Microtubules with helical
backbones producing platelike cholesterol
crystals on day 5. (F) A tube producing

a platelike crystal of cholesterol monohy-
drate with a characteristic notched corner
on day 6. Scale bars, 10 um.

from four pigment gallstone patients (CSI = 88-237%) also
disclosed cholesterol filaments within 1-3 d of ex vivo incuba-
tion. Initially, six of the cholesterol stone biles, but no pigment
stone biles, contained platelike cholesterol crystals, whereas by
30 d all cholesterol stone biles and one pigment stone bile
showed platelike crystals. The amounts and time-sequences of
nonplatelike crystals were variable and could not be correlated
with chemical composition or CSI. In one cholesterol stone bile
filamentous crystals were sufficiently abundant for isolation
and analysis yielding a composition of 96.5% cholesterol and
3.5% lecithin.

Discussion

These experiments report an early crystallization sequence of
cholesterol from supersaturated model and native biles in a
series of crystal habits hitherto undocumented. Our results sug-
gest that filamentous cholesterol crystals in bile express the
habit and density of anhydrous cholesterol (11, 23). However,
a needlelike crystal habit is not proof of an anhydrous state
(24), and this habit may persist upon hydration (25). More-
over, although anhydrous and monohydrate cholesterol crys-
tals are distinct and crystallographically well defined (11, 23,
26), the predominant structural feature of early filaments in
our study was that of cholesterol monohydrate with a minor
reflection at 4.9 A corresponding to a reflection found in anhy-
drous cholesterol. This minor reflection could result from pre-
ferred orientation of longitudinal anhydrous crystals, or be part
of the spectrum of a new crystalline cholesterol polymorph. It is
extremely unlikely that the wide angle diffraction signal origi-
nates from the adsorbed lecithin monolayers, since the ob-
served Bragg spacing of 4.9 A is too large, and the peak too
sharp to arise from disordered lecithin chains (21, 27, 28).
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Hence, neither an intermediate cholesterol polymorph nor the
terminal hydration of anhydrous cholesterol crystals can be
ruled out with certainty, and definitive proof of the precise
crystalline nature of the cholesterol filaments in bile must await
additional studies.

The mechanisms of growth of filamentous cholesterol crys-
tals and their transformations into helical and tubular micro-
structures are also unclear at present. Preferential unidimen-

Figure 5. Synchrotron
x-ray diffraction pat-
terns of cholesterol fila-
ments and standards of
cholesterol monohy-
drate and anhydrous
crystals recorded by a
position sensitive linear
detector. Filaments
were harvested at 8-12
h of incubation and ex-
posed for 30 min to the
synchrotron x-ray
beam. The displayed
portion of the diffrac-
tion spectrum of biliary
cholesterol filaments
(26 = 11.3-17.8°,d
= 6.9-4.4 A) highlights
the 5.9 A reflection that
overlaps with a major
peak of cholesterol
monohydrate, and the
26 4.9 A reflection that
overlaps with a minor peak of anhydrous cholesterol crystals but has
no counterpart in the spectrum of monohydrate cholesterol.

Anhydrous
Chotesterol

Chokesterol )
Filaments H

Cholesterol
Monohydrate

Figure 4. Photomicrographs of a “wheat-sheaf”
bundle of cholesterol filaments grown from a bile
containing | uM R-PE (corresponding to 5 mol%
of lecithin content). (4-C) Fluorescence micros-
copy at 15 min, 30 min, and 45 min after addition
of 2 ul of 50 mM TDC under the microscope cover
slip. This progressive loss of fluorescence was sec-
ondary to bile salt dissolution of surface lecithin
molecules as verified analytically. (D) Phase con-
trast microscopy of the same bundle of filaments
at 60 min showing intact cholesterol crystals. Scale
bar, 10 um.

sional growth could be influenced by chirality of the lecithin
molecules in the surface monomolecular layer or the choles-
terol molecules themselves, whether anhydrous or hydrated.
Further, induced helical twists may result from preferential en-
antiomorphic packing of either surface (lecithin) or core (cho-
lesterol ) molecules. Helical and tubular habits have been ob-
served in dilute crystalline suspensions of aqueous diacetylenic
phospholipids and a number of other chiral amphiphiles with
stiff (crystalline ) chains (29-36). The needlelike habit is highly
suggestive of anhydrous crystallization (11), which might be -
the case because in cholesterol-rich vesicles, the 3-8 hydroxyl
group of cholesterol and the sn-2 carbonyl of lecithin can be
hydrogen bonded (37, 38). If initial crystallization is anhy-
drous, subsequent helical growth might be caused by asymmet-
ric molecular strain during hydration as water molecules be-
come incorporated into the crystals. It is also noteworthy that
some typical platelike cholesterol crystals also appeared in the
model system without going through any of the morphologic
transitions described here. This is consistent with spectroscopic
data (38), which suggest that as vesicles are depleted in choles-
terol, the cholesterol molecules remaining within the lecithin
bilayers may become hydrated.

Although alluded to previously (39), these novel crystal
habits of cholesterol in bile have never been systematically eval-
uated as part of a cholesterol crystallization sequence (8, 40),
nor have they been observed in other native systems, such as
the developing atheromatous plaque (41). Even though the
principal model system studied here is unphysiological in hu-
mans, the presence of filamentous cholesterol crystallization in
both model biles of physiological composition and in native
human gallbladder biles suggests that this phenomenon is physi-
ologically relevant. Moreover, biliary lipid compositions simi-
lar to our model system have been reported in animals (42),
and needlelike cholesterol crystals have been observed during
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cholesterol gallstone formation in the guinea pig (43). None-
theless, it remains to be determined whether filamentous crys-
tallization represents a major or a minor pathway of cholesterol
crystallization in native biles. Further refinements of the physi-
cal-chemical properties of these crystallization phenomena are
likely to lead to better insights on cholesterol nucleation and
crystal growth in bile, and to identification of factors that may
accelerate or retard these transitions. Moreover, it is intriguing
to speculate that during gallbladder dehydration of bile, needle-
like crystals may interact with apical membranes of mucosal
cells, analogous to the “cytotoxic” effects of monosodium ur-
ate monohydrate and calcium pyrophosphate dihydrate crys-
tals in the joints of gout and pseudo-gout patients (44).
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