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A B S T RA C T Because mucin glycoproteins may be
important in the pathophysiology of gallstones, we
studied the relationship among biliary lipids, gall-
bladder mucin secretion, and gallstone formation in
cholesterol-fed prairie dogs. Organ culture studies of
gallbladder explants revealed that the incorporation of
[3H]glucosamine into tissue and secretory gallblad-
der glycoproteins was significantly increased at 3, 5, 8,
and 14 d of feeding. Peak secretion of labeled mucin
occurred at 5 d, when total tissue and secreted
glycoprotein production was fivefold greater than con-
trol. Gel filtration of the secreted glycoprotein on
Sepharose 4B indicated that the majority of radio-
activity was present in a macromolecule of >1 mil-
lion molecular weight. The increased secretion of gall-
bladder mucin was organ specific, in that [3H]-
glucosamine incorporation into glycoproteins of stomach
and colon was unaffected by cholesterol feeding.
Similarly, the incorporation of [3H]mannose into
gallbladder membrane glycoproteins was not altered
by cholesterol feeding. The rate of glycoprotein syn-
thesis and secretion returned to normal upon with-
drawal of the cholesterol diet, and ligation of the
cystic duct before cholesterol feeding prevented gall-
bladder mucin hypersecretion. Both results indicate
that the stimulus to mucin secretion was a constituent
of bile. Gallbladder bile after 5 d contained choles-
terol in micelles, liquid crystals, and crystals, whereas
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hepatic bile remained a single micellar phase through-
out cholesterol feeding. For this reason the choles-
terol-saturation indices of gallbladder bile were com-
pared in both homogenized and centrifuged samples.
The micellar phase of gallbladder bile was appreciably
less saturated than homogenized bile at 5 and 8 d,
which reflects the continuous nucleation of choles-
terol in the gallbladder. Purified human gallbladder
mucin gels were shown to induce nucleation of
lecithin-cholesterol liquid crystals from supersaturated
hepatic bile. These in turn gave rise to cholesterol
monohydrate crystals within 18 h. Control super-
saturated hepatic bile could not be nucleated by the
addition of other proteins, and was stable for days
upon standing. These results suggest that the in-
crease in cholesterol content of bile in cholesterol-
fed prairie dogs stimulates gallbladder mucus hyper-
secretion, and that gallbladder mucus gel is a nucleat-
ing agent for biliary cholesterol.

INTRODUCTION

The formation of cholesterol gallstones requires at least
three sequential physicochemical steps: hepatic se-
cretion of cholesterol-supersaturated bile; nucleation
and precipitation of excess cholesterol from biliary
micelles; and retention, agglomeration, and eventual
growth of cholesterol monohydrate crystals into macro-
scopic stones (1). Supersaturation of hepatic and gall-
bladder bile has been well documented in gallstone
patients (2, 3), as well as in obese subjects (4),
patients with interrupted enterohepatic cycling of bile
salts (5), and normal individuals, especially during
fasting (2, 3, 6). Supersaturated gallbladder bile,
however, does not necessarily result in the formation
of cholesterol crystals or gallstones (2, 3). Previous
studies (7-10) emphasized the importance of choles-
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terol monohydrate crystals in bile as a means of dis-
tinguishing lithogenic from nonlithogenic biles. Re-
cently, Holan et al. (11) demonstrated that super-
saturated bile from gallstone patients differs from
supersaturated bile from patients without stones in its
ability to nucleate micellar cholesterol. In addition,
Sedaghat and Grundy (12) have confirmed both of these
observations by observing that cholesterol monohy-
drate crystals in the bile or the ability of bile to grow
cholesterol crystals was invariably associated with
cholesterol gallstones. An obvious corollary of these
studies i-s that either a nucleating factor is present in
lithogenic bile or substances which inhibit nucleation
are present in supersaturated bile from normal indi-
viduals. If a "nucleation factor" is present, it most
likely arises from the gallbladder itself since choles-
terol gallstones are common in the gallbladder, rare
in the bile ducts, and occur infrequently after chol-
ecystectomy even though hepatic bile may remain
supersaturated (13, 14).

That gallbladder mucus may be of crucial importance
in the pathogenesis of gallstones, particularly as a
nucleating agent, was first emphasized by Womack
et al. (15) and Hult6n (16). Womack later noted (17)
that gallbladder mucus hypersecretion preceded gall-
stone development in hamsters fed a lithogenic diet.
After also observing that cholesterol crystals first
formed in aggregates of mucus rather than in the liquid
phase of gallbladder bile, he hypothesized that a
prosthesis of mucus was essential for the develop-
ment of cholesterol gallstones. That mucus may also
be important in the pathophysiology of other types of
gallstones has also been suggested. For example,
Freston et al. (18) found increased biliary hexosamine
owing to elevated glycoprotein concentrations in gall-
bladders of rabbits fed 5a-cholestanol before the ap-
pearance of glycoallodeoxycholate stones (19). Sim-
ilarly, Englert et al. (20) noted increased mucus secre-
tion during diet-induced pigment gallstones in the dog.
Further studies by Bouchier et al. (21) and Lee et al.
(22) demonstrated that gallbladder bile from patients
with gallstones contained more glycoproteins and
was more viscous than normal owing to its greater
concentration of mucus. Although the role of choles-
terol-supersaturated bile in the pathophysiology of
cholesterol gallstones is well established, the inter-
relationships between mucus synthesis and secretion
and the lipid composition of bile has not been studied
in detail.

To study these relationships, we chose the choles-
terol-fed prairie dog, an excellent model of cholesterol
gallstone formation (23-26). We quantified the rela-
tionship between gallbladder mucus synthesis and
secretion and the formation of cholesterol gallstones
using an organ culture technique. By measuring the
incorporation of [3H]glucosamine into gallbladder

glycoproteins during the development and nucleation
of supersaturated bile, we found a marked increase
in mucus synthesis and secretion with increasing rela-
tive cholesterol content of bile. Cholesterol crystals
and their growth into gallstones took place predom-
inantly in a mucus gel which was adherent to the
gallbladder wall.

METHODS
Cholesterol (USP grade, Sigma Chemical Co., St. Louis, Mo.)
was twice recrystallized from hot 95% ethanol and stored
under nitrogen. This material, migrated as a single spot by
thin-layer chromatography, had a melting point of 149-
150°C and was at least 99% pure by gas-liquid chroma-
tography. Sodium taurocholate (Calbiochem-Behring Corp.,
San Diego, Calif.) was recrystallized from ether and aqueous
ethanol and migrated as a single peak on thin-layer chro-
matography and a single peak by high performance liquid
chromatography. Lecithin (egg yolk, grade A, Lipid Products,
Surrey, England) was 99%pure by thin-layer chromatography
in several solvent systems (2, 27) and was used without
further purification. Glucosamine and 5a-cholestanol (chro-
matography grade standards) were obtained from Supelco,
Inc., Bellefonte, Pa. and D-[6_3H]glucosamine hydrochloride
(specific activity, 10-30 Ci/mmol and D-[2-3H]mannose
(specific activity, 10 Ci/mmol) was obtained from New Eng-
land Nuclear, Boston, Mass. Sepharose 4B and protein
standards for chromatography were obtained from Phar-
macia Fine Chemicals, Div. Pharmacia Inc., Piscataway,
N. J. Organ culture medium (Trowell's T-8) was obtained
from Grand Island Biological Company, Grand Island,
N. Y., and organ culture grids and dishes were from
Falcon Labware, Div. Becton, Dickinson & Co., Oxnard, Calif.
Scintillation solvent (Redisolv-HP) was a product of Beck-
man Instruments, Inc., Palo Alto, Calif. Other reagents were
analytical grade.

Black-tailed prairie dogs (Cynomys ludovicianus) of either
sex, weighing 0.75-1.0 kg were obtained from Otto M. Locke,
New Braunfels, Tex. These animals were fed a cholesterol-
free diet (guinea pig chow supplemented with corn) for at
least 3 mo before our studies in order to avoid inadvertent
cholesterol ingestion. The animals were kept in stainless steel
wire cages at a temperature of 23.0± 1.0°C and fed Purina
lab chow (Ralston Purina Co., St. Louis, Mo.) and water ad lib.,
except as indicated.

Organ culture. 'Prairie dog gallbladder, gastric and colonic
explants were maintained in organ culture for up to 24 h
by the following modification of the method of Browning
and Trier (28). Explants (1.5 mm2, three per dish) were
cultured in triplicate in Trowell's T8 medium without fetal
calf serum with [3H]glucosamine and added unlabeled
glucosamine to give a final concentration of 1.0 mMunless
otherwise indicated. In some experiments, gallbladder ex-
plants were incubated with 10 ,uCi/ml of [3lI]mannose.
After 4, 10, and 24 h of ipcubation, the incorporation of
radioisotope into tissue and secreted (medium) glycopro-
teins was measured after trichloroacetic acid precipitation,
as described by LaMont and Ventola (29). Endogeneous
concentration of glucosamine of gallbladder explants from
control and cholesterol-fed animals wa5 determined using
the method of Forsdyke (30) as modified by Alpers and
Philpott (31). Histological examination of explants incubated
for 24 h (courtesy of J. S. Trier) revealed excellent morpho-
logic preservation.

Paper chromatography. To determine the chemical iden-
tity of incorporated radioactivity, radiolabeled tissue and
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secreted glycoproteins from gallbladder organ culture ex-
periments (24-h incubations) were precipitated as described
above. These precipitates were then acid hydrolyzed and the
products subjected to paper chromatography (29). Greater
than 95% of the radiolabeled hydrolytic products comigrated
with authentic glucosamine or galactosamine.

Sepharose 4B chromatography. 2 ml of organ culture
medium containing radiolabeled glycoproteins was exhaus-
tively dialyzed against distilled water at 4°C for 72 h and
loaded on a 10 x 1.6-cm column of Sepharose 4B equil-
ibrated with 10 mMsodium phosphate buffer, pH 7.4. The
column was eluted with the same buffer at a rate of 16
ml/h. Radioactivity was monitored in each 1-ml fraction by
counting an aliquot in 10 ml of Redisolv-HP. The elution
of radiolabeled glycoproteins was compared with the elu-
tion of the following standards: blue dextran (2,000,000
mol wt) ovalbumin (45,000 mol wt) and vitamin B12 (1,557
mol wt). Uronic acid analysis on the void volume peak was
performed colorimetrically (32).

Collection of bile. Gallbladder and hepatic bile was col-
lected from prairie dogs after a 12-h fast. The animals
were lightly anesthetized with intraperitoneal pentothal
(Thiopentol sodium, Abbott Diagnostics, North Chicago, Ill.),
and the upper abdomen was opened. The cystic duct was
doubly ligated and gallbladder bile was collected by aspira-
tion with an 18-gauge needle and syringe prewarmed to
37°C. After cholecystectomy, the common bile duct was
cannulated and 2 ml of hepatic bile was collected after
discarding the first 0.25 ml to avoid contamination from
gallbladder bile. Bile samples were processed by two
methods. In one, aliquots of uncentrifuged bile were
frozen at -20°C and used for total and relative lipid analysis
after thawing and homogenization. This is referred to as
"homogenized" bile, which may, in addition to micellar
lipids, contain cholesterol liquid and solid crystals and small
cholesterol stones. In the second method, the bile sample
was first centrifuged (10,000 g) for 2 min at 37°C in a Beck-
man microfuge (Beckman Instruments, Inc.), and the clear
supernatant micellar phase was separated by aspiration with a
Pasteur pipette. This bile contained only a single aqueous
phase (micellar phase) and is hereafter referred to as "sep-
arated" bile.

Direct and polarizing microscopy. Fresh bile samples
maintained at 37.0±+1.5°C with a Mettler (FP 5; Mettler
Instrument Corp., Hightstown, N. J.) heating stage were
examined for crystals, liquid crystals, stones, and mucus gel
by direct and polarizing light microscopy (Photomicroscope
III, Carl Zeiss, Inc., New York), Cholesterol monohydrate
crystals were identified by birefrigence and typical notched
rhomboidal shapes (33). Liquid crystals containing choles-
terol and lecithin were identified as birefringent Maltese
crosses (focal conics) and by their compressibility (2). Mucus
gel appeared as nonbirefringent amorphous strands.

Nucleation experiments. Gallbladder epithelial mucin
was prepared from human gallbladder specimens obtained
at operation from patients undergoing cholecystectomy for
cholelithiasis. Gallbladder mucosal strips, -2 x 2 cm,
were rinsed free of blood and debris in iced saline, then
scraped with the edge of a glass microscope slide to re-
move the mucosa. The mucosal scrapings were then sus-
pended in 10 vol of 10 mMTris buffer, pH 8.0, and ho-
mogenized in a Waring blender at high speed for 30 s. The
homogenate was centrifuged at 100,000 g for 60 min,
and the supernate lyophilized. Before gel filtration, the
lyophilized supernate was resuspended in Tris buffer and
loaded onto a 100 x 2.4-cm column of Sepharose 4B. The
column was eluted with Tris buffer at a rate of 20 ml/h,
and the void volume fractions containing high molecular

weight mucin were pooled, dialyzed, and lyophilized. The
lyophilized mucin was added to hepatic bile obtained from
prairie dogs fed cholesterol for 14 d, to give a final mucin
concentration of 20 mg/ml. At this concentration the mucin
formed a translucent gel similar to that observed in the gall-
bladder after 5 d or more of cholesterol feeding. The bile
and mucin were thoroughly mixed in the well of a microscope
slide and observed by polarizing microscopy at 37°C for
crystal as described above. Control slides contained mucin
alone, suspended in saline; the same bile mixed with
bovine serum albumin at 20 mg/ml final concentration;
or the same bile without any additions. The samples were
observed hourly for the first 6 h and every 6 h thereafter
up to 24 h. This experiment was performed on three sep-
arate specimens of gallbladder mucin.

Lipid analysis. Biliary phospholipids were measured as
inorganic phosphorus by the method of Bartlett (34). Choles-
terol was determined with Carr and Drekter's (35) modifica-
tion of the original method of Abell et al. (36). Total bile
salt concentration was measured enzymatically by the 3-a
hydroxysteroid dehydrogenase method of Talalay (37) as
modified by Admirand and Small (38). Biliary sterols were
extracted with hexane from samples of gallbladder bile
(0.1 ml bile in 0.1 ml hexane) and gallstones (1.0 mgcrushed
stone powder in 1.0 ml hexane) as well as from control
and lithogenic diet (10 g chow in 0.5 ml hexane). These
mixtures were shaken vigorously at room temperature for 10
min, and the hexane phase was analyzed for cholesterol
and other sterols by gas-liquid chromatography by the
method of Miettinen et al. (39). Cholesterol and 5a-choles-
tanol were used as external standards. Weanalyzed the bile
acids of gallbladder samples from control and choles-
terol-fed animals using high performance liquid chromatog-
raphy (Altex model 11OA, Beckman Instruments, Inc.).
The mobile phase was 75% methanol in aqueous 0.005 M
KH2PO4 at pH 5.0 at a pressure of 3,000 psi through a
reversed-phase octadecylsilane column. The detector system
was a variable wavelength UV-monitor set at 210 nm, re-
corded on an Altex C-RIA integrator-recorder. Weplotted the
relative lipid compositions on triangular coordinates using
phase boundary limits for different total lipid concentra-
tions generated by Carey and Small (2). Saturation indices
of hepatic and gallbladder bile samples were calculated
individually from the critical tables of Carey (40), which
corrects the saturation index of each bile sample for its own
total lipid concentration.

Preparation of artificial mixed micelles. Mixed micellar
solutions containing sodium taurocholate, cholesterol (1, 3, 5,
or 7 mol/100 mol), and lecithin were prepared by co-
precipitation from methanol or ethanol as described (2). The
relative and total lipid concentrations were adjusted to ap-
proximate those of prairie dog gallbladder bile (total lipid
concentration 10 g/dl; molar bile salt to lecithin ratio, 8.5:
1.5). The lipids were lyophilized and reconstituted to the
desired total lipid concentration by addition of organ culture
medium.

Preparation of lithogenic diet. Recrystallized cholesterol
was dissolved in absolute ethanol, thoroughly mixed with
Purina chow pellets (Ralston Purina) at a final concentra-
tion of 1.2% cholesterol by weight, then dried. To prevent
auto-oxidation of cholesterol in chow during storage, we pre-
pared fresh chow every 4 d.

Statistical method. Control and experimental data were
compared using Student's two-tailed unpaired t test.

Experimental design
Induction of cholesterol gallstones. Prairie dogs were fed

a 1.2% cholesterol diet and sacrificed for study at 3, 5, 7, and
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14 d after commencement of feeding. Control animals were
fed identical chow without cholesterol. At each time point,
gallbladder contents and hepatic biles were collected and
studied by direct and polarized light microscopy, and
analyzed for lipids; the gallbladders were then removed for
organ culture studies.

Withdrawal of lithogenic diet. To determine the effect of
withdrawal of cholesterol from the diet on gallbladder glyco-
protein synthesis in organ culture, animals were first fed the
lithogenic diet for 5 d. The lithogenic diet was then stopped
and the animals were refed the control chow. Gallbladder
glycoprotein synthesis and secretion were measured in organ
culture 3 and 5 d after resumption of the regular diet.

Cystic duct ligation. To determine the effect of exclusion
of the gallbladder from the biliary tree on gallbladder gly-
coprotein synthesis and secretion, we ligated the cystic duct
of animals before cholesterol feeding. Under light pentothal
anesthesia, the gallbladders of unfed prairie dogs were milked
gently to empty the contents into the common bile duct.
The cystic duct and cystic artery were carefully dissected
with the aid of a magnifying lens. The cystic duct was
doubly ligated with 5-0 silk, care being taken to avoid
injury to the cystic artery. The abdominal incision was then
closed in layers. Sham-operated animals were treated iden-
tically, except that the cystic duct was isolated but not
ligated. After a 4-d recovery period, the animals were fed
the lithogenic diet for 7 d. Glycoprotein synthesis and
secretion in organ culture was measured in cystic duct-
ligated and sham-operated controls on the 8th d of cholesterol
feeding (12th d postoperative).

Effect of artificial mixed micelles and supersaturated
hepatic bile on in vitro glycoprotein synthesis and secretion.
We measured glycoprotein synthesis and secretion in gall-
bladder explants from control (noncholesterol-fed) animals
after incubation with media containing either unsaturated
or supersaturated artificial mixed micelles, or supersaturated
hepatic bile from 5-d cholesterol-fed animals. In one set of
experiments, the explants were preincubated for 30 min at
37°C with organ culture medium containing the mixed
micellar solutions. The explants were then thoroughly
washed three times with fresh organ culture medium and
cultured for an additional 24 h in medium containing
[3H]glucosamine without micellar solutions. In another
series of experiments, the gallbladder explants were incu-
bated continuously with mixed micellar solutions in culture
medium containing [3H]glucosamine for 24 h. The in-
corporation of [3H]glucosamine into tissue and secreted
glycoproteins was determined as described above.

To determine the effect of native supersaturated bile on
glycoprotein synthesis of control gallbladders in vitro, hepatic
bile was collected from prairie dogs fed the lithogenic diet
for 5 d, and lyophilized in 0.75-ml aliquots after centrifuga-
tion. The dried bile was then reconstituted with 0.75 ml
organ culture medium to achieve the original total lipid
concentration and incubated continuously with control
prairie dog gallbladder for 24 h. Glycoprotein synthesis
and secretion were then quantified as described.

RESULTS

General effects of the lithogenic diet: gross and
microscopic observations of bile and gallbladder.
Cholesterol-enriched chow was readily eaten by prairie
dogs, in amounts comparable to that of control chow.
No weight loss or other sign of illness was observed
in any animal during cholesterol feeding. Hepatic bile

from both control (n = 12) and cholesterol-fed animals
(n = 31) was, without exception, grossly and micro-
scopically clear. Gallbladder bile from control animals
was always clear, without gross or microscopic evi-
dence of mucus gel, liquid crystals, cholesterol mono-
hydrate crystals, or stones; and gallbladder mucosa
was smooth and glistening. The gallbladder bile after
3 d of feeding the lithogenic diet (n = 6) was in-
distinguishable grossly and microscopically from con-
trol bile. At 5 d of feeding (n = 8), the gallbladder bile
was grossly turbid. Microscopy showed this turbidity
to be due to mucus threads, cholesterol monohydrate
crystals, and, in many cases, liquid crystals, but not
to stones. Gross examination of the gallbladder wall at
5 d revealed a layer of adherent mucus gel in which
numerous cholesterol monohydrate crystals were em-
bedded. By 8 d of cholesterol feeding (n = 6), the
turbidity of gallbladder bile was more pronounced,
with a thicker layer of mucus and more cholesterol
crystals. At day 14 (n = 11), the gallbladders were
somewhat shrunken and in 5 of 11 animals, no liquid
bile could be aspirated through an 18-gauge needle.
Whenopened, these gallbladders revealed a very thick
mucus gel that contained numerous 1-2-mm yellow-
ish cholesterol gallstones. Polarizing microscopy re-
vealed the presence of mucus gel, numerous choles-
terol crystals, and gallstones. In two animals, the
stones had migrated into the cystic duct, but no
animal had stones in the common duct.

Histologic sections of the gallbladder wall from
cholesterol-fed animals when compared with controls
showed no evidence of inflammation of the gall-
bladder during cholesterol feeding. Aerobic and an-
aerobic cultures of 14-d gallbladder bile (n = 6)
were sterile.

Effect of glucosamine concentration on glycopro-
tein synthesis. The rate of [3H]glucosamine incor-
poration into gallbladder epithelial glycoproteins is
dependent in part upon substrate (glucosamine) con-
centration in the organ culture medium. We there-
fore performed a dose-response study comparing
[3H]glucosamine incorporation with total glucosamine
concentration in gallbladders from controls and animals
fed cholesterol for 8 d (Fig. 1). The dose-response
relationship in both control and cholesterol-fed animals
was described by sigmoid curves, with the half maximal
glucosamine concentration at -1 mMin both. Glu-
cosamine concentrations >5 mMwere mildly toxic
to gallbladder explants, as evidenced by pyknotic
nuclei and karyolysis on light microscopy. Higher con-
centrations of glucosamine have been shown to in-
hibit protein, RNA, and DNAbiosynthesis in normal
and neoplastic tissues (41). We therefore performed
all incubations at 1 mMglucosamine concentration to
avoid toxicity.

Influence of incubation time on gallbladder glyco-
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FIGURE 1 24-h organ culture of gallbladder explants. Dose-
response relationship between glucosamine concentration
and glycoprotein synthesis by explants from animals fed
control chow (0) and 1.2% cholesterol chow for 8 d (0).

protein synthesis and secretion. [3H]Glucosamine
was incorporated into gallbladder tissue and secreted
glycoproteins in a progressive fashion at 4, 10, and
24 h of incubation (Table I). The total (tissue plus
secreted) incorporation into glycoproteins at each time
point was greater in the 5-d lithogenic diet animals
than in the controls. This increase was particularly
striking after 10 and 24 h of incubation. In addi-
tion, cholesterol feeding was associated with a change
in the proportion of [3H]glucosamine incorporated
into secreted vs. tissue glycoproteins. In control
animals, the percentage of radioactivity in secreted

glycoproteins accounted for 24% of total radioactivity
at 4 and 10 h, and 32% at 24 h. In cholesterol-fed
animals, secreted glycoproteins accounted for 33%
of radioactivity at 4 h, 50% at 10 h, and 49% at 24 h.

Influence of duration of lithogenic diet on gall-
bladder glycoprotein synthesis and secretion. Cho-
lesterol feeding produced an increase in glycopro-
tein synthesis and secretion at 3, 5, 8, and 14 d,
and after 4, 10, and 24 h incubation when compared
with control values (Table I). These differences were
significant at all times studied except the 24-h se-
cretion value on day 3. The greatest increases were
observed on the 5th d of cholesterol feeding. For
purposes of illustration, the 10-h incubation data at
3, 5, 8, and 14 d of cholesterol diet are shown in
Fig. 2. The mean increase in secretion of [3H]-
glucosamine-labeled glycoproteins was 516% of con-
trol on day 5, while the corresponding increase in
incorporation of [3H]glucosamine into gallbladder
tissue was 116% of control. The rate of incorpora-
tion into both compartments fell dramatically at 8 and
14 d, but was still significantly higher than control.

To determine whether cholesterol feeding influenced
the synthesis of membrane-type glycoproteins in the
gallbladder as well as mucin-type glycoproteins, we
measured the incorporation of [3H]mannose into gall-
bladder explants and medium glycoproteins. Mannose
is commonly found in membrane glycoproteins but is
not a constituent of mucin glycoproteins (42). The
incorporation of [3H]mannose into tissue glycopro-
teins of gallbladder explants from prairie dogs fed

TABLE I
Organ Culture Studies: Influence of Cholesterol Feeding on Incorporation of

[3H]Glucosamine into Gallbladder Glycoproteins

Number of days on lithogenic diet

Control 3 5 8 14
Incubation time (n = 12) (n = 5) (n = 8) (n = 5) (n = 5)

h DPMImg DPM/mg

Tissue glycoproteins
4 14.2±0.3 21.0±1.9* 27.0±4.41 25.5±3.5§ 24.0±4.1§

10 38.1±2.9 47.5±4.1* 82.5±5.4t 57.5±7.9§ 56.0±4.4§
24 78.4±1.3 98.5±8.5* 146.5±6.Ot 105.0± 10.1§ 120.0±6.4§

Secreted glycoproteins
4 4.4±0.5 8.4±1.3* 13.5± 1.6t 8.9+0.9§ 8.7±+1.4§

10 11.8±0.9 18.1±1.7* 70.9±5.8t 37.0±2.9§ 28.9±2.8§
24 37.4+5.9 41.9±2.8 138.6± 19.9t 70.2±3.0§ 59.3+3.5§

Results are expressed as DPM/mgprotein x 10-4 (mean±SEM). The figures in parentheses are the numbers
of animals studied. Explants of gallbladders were incubated with [3H]glucosamine for the times indicated.
Incorporation of radiolabel into tissue and secreted glycoproteins was measured as described in Methods.
Each assay was performed in triplicate.
* P < 0.05, compared with control value at same incubation time.
$ P < 0.001, compared with control value at same incubation time.
§ P < 0.01, compared with control value at same incubation time.

1716 S. P. Lee, J. T. LaMont, and M. C. Carey



300

200

400

L4j
(J)1

'\-i

TISSUE GLYCOPROTEIN
y-1.2 + 41.9x (r=0.87)

20

3 5 8 44

DAYS ONLITHOGENIC DIET

FIGURE 2 Influence of duration of lithogenic diet on the
incorporation of [3H]glucosamine into tissue and secreted
glycoproteins. The vertical axis represents percent increase
compared with control values. Each point represents the
mean percentage increase±SEM compared to control.

cholesterol for 5 d was 102% of control (n = 14 ex-
plants in each group from two separate experiments,
P > 0.1). Organ culture medium from both choles-
terol-fed and control gallbladders did not contain sig-
nificant protein-bound radioactivity, which confirms
that mannose is not incorporated into secreted mucin
glycoproteins.

Influence of lithogenic diet on endogenous glucos-
amine pool size. To test whether the dramatic in-
creases in glycoprotein production were artifacts of a
change in endogenous glucosamine concentration in-
duced by cholesterol feeding, we estimated the pool
size of glucosamine in gallbladder explants from
control and cholesterol-fed (5-d lithogenic diet) ani-
mals. In Fig. 3 we plot the concentration of added
unlabeled glucosamine vs. the reciprocal of incorporated
[3H]glucosamine after 10 h of incubation. Despite
the mild morphologic alterations observed at higher
substrate concentrations, the incorporation of glucos-
amine into gallbladder explants was proportional to
dose. The data points fell on two straight lines,
whose slopes reflect the rates of glycoprotein syn-
thesis; that is, the greater the rate of synthesis, the
steeper the slope. The linear regression equations
indicate that on the lithogenic diet, tissue glycopro-
tein incorporation is 2.9-fold that of control, a value
which corresponds to our earlier data (Table I).

0

15 Lithogenic Diet 9-

Lu ~~~~5doys ---

10 00

Control

0~~~~~0

-5.~

0.5 1.0 1.5
(DPM/mg Pro_einF'Ix 10c3

FIGURE 3 Influence of 5-d lithogenic and control diets on
endogenous glucosamine concentration in gallbladder ex-
plants, determined by the isotope dilution technique (see
Methods). Glucosamine concentrations were obtained by
extrapolation of the linear regression to the y-axis.

The vertical intercepts of these lines give the endo-
genous concentrations of glucosamine, which were
1.8 mMfor control and 1.2 mMin the lithogenic
diet-fed animals. This small difference is unlikely to
account for the marked increase in glycoprotein syn-
thesis and secretion in cholesterol-fed animals.

Influence of lithogenic diet on glycoprotein syn-
thesis and secretion in other organs. Increased dietary
cholesterol might be expected to affect glycoprotein
synthesis and secretion in the mucosa of the stomach
or colon since both epithelia are in direct contact
with excess cholesterol in food and feces. To de-
termine whether cholesterol feeding caused an in-
crease in mucin synthesis and secretion in these
organs, we measured the incorporation of [3H]-
glucosamine into explants of glandular stomach and
colon from control and 5-d cholesterol-fed prairie dogs.
Preliminary experiments indicated that gastric mucosal
explants underwent autolysis after 8 h incubation,
but were normal by light microscopy after 4 h incuba-
tion. Incorporation of [3H]glucosamine (4 h) into
explant glycoproteins of 5-d cholesterol-fed explants
was 100.5% of control, and for secreted glycopro-
teins was 99.6% of control (n = 14 determinations
from two separate experiments, P > 0.1). Similarly,
the incorporation of [3H]glucosamine into colonic
explants from 5-d cholesterol-fed animals was 96.6%
of control, and into secreted colonic glycoproteins
was 108.6% of control (P > 0.1). Thus the stimulatory
effect of cholesterol feeding on mucus secretion ap-
peared to be specific to the gallbladder.

Sepharose 4B chromatography of secreted glyco-
proteins. To determine that the incorporated radio-
activity in secreted glycoproteins was in fact due to a
high molecular weight mucus glycoprotein rather than
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a shed membrane glycoprotein, we performed gel
chromatography (Sepharose 4B) of dialyzed organ cul-
ture medium after 24 h incubation with gallbladder
explants from control and cholesterol-fed animals.
Approximately 85% of macromolecular radioactivity
eluted in the void volume, which indicates a glyco-
protein with an approximate molecular weight of at
least 1 x 106. A smaller radiolabeled glycoprotein
comprising l15% of the total radioactivity eluted in
the included volume near the peak fraction of oval-
bumin (45,000 mol wt). The elution patterns from
Sepharose 4B of secreted glycoproteins from the gall-
bladders of cholesterol-fed animals were essentially
the same as that seen in control animals. Intestinal
(43) and colonic (44) mucins have previously been
shown to elute in the void volume of Sepharose 4B.
Uronic acid as determined colorimetrically was not
present in these peak fractions, which indicates the
absence of radiolabeled glycosaminoglycans, which
would also be expected to elute in the void volume
of this column.

Relative lipid compositions, identification of in-
soluble phases, and lithogenic indices of hepatic and
gallbladder biles. In Fig. 4 we plot on triangular
coordinates the relative lipid compositions of homoge-
nized hepatic and gallbladder biles. In addition, we plot
the micellar phase boundaries (cholesterol-solubility
limits) which correspond to the upper and lower total
lipid concentrations in each set of biles (2, 40). As
expected, a progressive increase in the relative cho-
lesterol concentration of hepatic and gallbladder biles
occurred with cholesterol feeding. Both hepatic and
gallbladder bile reached saturation on the 5th d,
and were distinctly supersaturated by 8 and 14 d. As
in other experimental models and in man, when bile

becomes more enriched in cholesterol, the phos-
pholipid to bile salt ratio also increases (45). In
Fig. 5 we plot the mean relative lipid compositions
of hepatic and gallbladder bile shown in Fig. 4. The
micellar phase boundary in the figure is drawn ac-
cording to the mean total lipid concentration in each
set of biles. This clearly shows the progressive shift
upward and to the right in relative biliary lipid com-
positions. This shift corresponds to an increase in
cholesterol content, a relative decrease in total bile
salt content, and a relative increase in phospholipid
content. As indicated in Fig. 5, hepatic biles were
always a one-phase micellar system, whereas gall-
bladder bile at 5, 8, and 14 d consisted of more than
one phase, namely micellar bile, and liquid and solid
cholesterol crystals. To determine the relative lipid
concentration of the micellar phases isolated from these
samples, we prepared and analyzed separated bile as
described in Methods.

In Fig. 6 we compare the saturation indices of
homogenized and separated bile. Hepatic bile from con-
trol and experimental animals was always a one-
phase system, and, therefore, the saturation indices of
both homogenized and separated bile are similar.
Similarly, gallbladder bile on day 5 showed similar
saturation indices in homogenized and centrifuged
samples. In contrast, 8-d homogenized gallbladder
bile was apparently far more saturated than separated
gallbladder bile. This difference can be attributed
to the inclusion of liquid and solid crystals of cho-
lesterol in homogenized bile and to their removal in
centrifuged bile. In addition, the plot reveals that
centrifuged gallbladder bile remained just saturated
at 5 and 8 d, whereas the saturation indices of
hepatic bile increased between these two time points.
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Nevertheless, by 14 d centrifuged gallbladder bile
became clearly supersaturated.

Analysis of individual bile salts in gallbladder bile
by high performance liquid chromatography revealed
that all bile acids were taurine conjugated. Taurocholate
comprised the major (range 91-94%) bile salt in both
control and lithogenic bile; tauirochenodeoxycholate
(5.4-6.1), taurodeoxycholate (0.1-1.3), and taurolitho-
cholate (0.2-1.0) were present in much smaller con-
centrations. The onlv difference we observed in gall-
bladder bile during cholesterol feeding was a marked
decrease in the concentration of secondary bile salts,
taurodeoxycholate, and taurolithocholate at 14 d. We
did not observe any unusual bile salts which might
cause mucus hypersecretion.

To verify that cholesterol without appreciable quan-
tities of cholesterol oxidation products (46, 47) was
being fed to our animals, we analyzed by gas-liquid
chromatography the regular and cholesterol-treated
chow, as well as gallbladder bile and gallstones of
cholesterol-fed animals. The control prairie dog chow
contained only a trace (0.8%) of cholesterol. The
lithogenic diet contained a major cholesterol peak,
but no significant cholesterol oxidation products. Cho-
lesterol constituted 94.7% of the sterols in gall-
bladder bile (5 d of cholesterol feeding) and 90.4%
of the sterols extracted from gallstones. To summarize,
qualitative lipid analysis of bile revealed no major
changes in the types of bile acids, and no evidence
for any unusual sterols.

Effect of u,ithdratval of lithogetnic diet on gall-
bladder glycoproteitn sytnthesis. To determine whether

the increased glycoprotein synthesis wouild returni
to normal after cholesterol feeding was terminated,
we fed prairie dogs the lithogenic diet for 5 d, then
abruptly withdrew the diet and placed the animiials
on regular chow for 5 d. From the peak level at 5 d
on the lithogenic diet, the incorporation of [3H]-
glucosamine into gallbladder glycoproteins declined
significantly 3 d after stopping the diet and was normiial
5 d after withdrawal of the cholesterol diet (Table II).
These results indicate that the increased synthesis of
glycoprotein observed during cholesterol feeding is
dependent upon continuatioin of cholesterol feeding.

Effect of cystic duct ligatiotn ont glyco protein sytn-
thesis. Since previous studies by Freston et al. (18)
in rabbits indicated that cystic dtuct ligation prevented
mucus accuimulationi in the gallbladder of rabbits fed
5a-cholestanol, we determined the effect of cystic
duct ligation on glycoprotein synthesis and secretion
of cholesterol-fed prairie dogs. Cystic duct ligationi
resulted in marked diminution of gallbladder glyco-
protein synthesis and secretion in cholesterol-fed prairie
dogs compared with sham-operated cholesterol-fed
controls (four animals in each group). Total glycopro-
tein synthesis (tissue plus secreted) wvas reduiced
45.1% (P < 0.01) at 24 h of incubation in explants
from cystic dtuct-ligated animals when compared with
cholesterol-fed controls. Total glycoprotein synthesis
in the cystic duct-ligated group did not differ sig-
nificantly from animals fed the control diet. These
results suggest that the stimulus to increased gall-
bladder glycoprotein synthesis is carried to the gall-
bladder via bile. Cystic duct ligation produiced neither
necrosis nor atrophy of the gallbladder, which imakes
it unlikely that the results observed were secondlary
to nonspecific tissue damage.

Effect of artificial bile anid reconistittuted prairie
dog lithogeniic bile otn glycoprotein synithesis. Weat-
tempted to determine whether inctubation of control
gallbladder explants with saturated bile cauised in-
creased glycoprotein synthesis. In the first experi-
ment, we preincubated normal gallbladlder explants for
60 min in artificial bile before tranisferring them to
fresh culture medium with [3H]glucosamine for a
24-h incubationi. Increasinig conicenitrations of choles-
terol had no effect on glycoprotein synthesis. In a
second experiment, gallbladder explants fromii control
animals were incubated continuouisly for 24 h vith
artificial bile. This likewise had no effect on the rate
of glycoprotein synthesis. Similar negative results were
obtained with native bile from cholesterol-fed animals.

Nucleatiotn of bile by gallbladder mnucin gel. Gall-
bladder mucin glycoproteins were prepared froml
human gallbladder mucosa obtained from elective
cholecystectomy specimiienis. Three separate muicini
preparations were studied in regard to their ability
to cause nucleation of saturated bile. MIucin at a coni-
cenitration of 20 mg/mil was nmixed with saturated
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TABLE II
Effect of Withdrawal of Lithogenic Diet on Incorporation of

[3H]Glucosamine into Gallbladder Glycoproteins
Lithogenic diet

Fed5d, Fed5d,
Incubation time discontinued discontinued

Control Fed 5 d 3 d 5 d
h (n = 12) (n = 8) (n = 3) (n = 3)

DPMImg
Tissue glycoproteins

4 14.2+0.3 27.0+4.4* 22.1±+2.14 16.1 ± 1.3
10 38.1±2.9 82.5±5.4* 45.8±3.74 40.4±3.2
24 78.4±1.3 146.5±6.0* 97.4+8.14 80.5±5.9

Secreted glycoproteins
4 4.4±+0.5 13.5±+1.6* 7.7+2. 1 4.9+ 1.3

10 11.8±0.9 70.9+5.8* 16.3±1.8t 12.2+2.2
24 37.4+5.9 138.6±19.9* 40.1+3.6 38.2+6.4

Incorporation of [3H]glucosamine was measured in organ culture of gallbladders from
animals fed control; 5 d lithogenic; 5 d lithogenic, then 3 d control; and 5 d lithogenic,
then 5-d control diets. Results are expressed as DPM/mgprotein x 10-4.
* P < 0.001, compared with control value at same incubation time.
4 P < 0.05, compared with control value at same incubation time.

hepatic bile (saturation index 1.3) obtained from a
prairie dog fed cholesterol for 14 d. At this concen-
tration, the mucin formed a viscous translucent gel.
The results of a typical experiment are shown in
Fig. 7. By polarizing-light microscopy, the hepatic
bile and mucin gel mixture was noted to contain
liquid crystals (Maltese crosses) after 2 h of incubation
at 370C. At later time points (18 h), solid cholesterol
crystals (notched rhombohedral plates) became visible,
and were apparently nucleated from the liquid crystal-
line phase. Control incubations of hepatic bile mixed
with 20 mg/ml bovine serum albumin, gallbladder
mucin alone, or hepatic bile alone did not contain
liquid or solid crystals even after 24 h incubation,
at which time the experiments were terminated.

DISCUSSION

The initial observation in this study was that before
the formation of cholesterol crystals there was visible
accumulation of mucus gel in the gallbladder of prairie
dogs fed a lithogenic diet. We then quantitated this
effect by measuring the in vitro incorporation of
[3H]glucosamine into gallbladder mucus glycopro-
teins in an organ culture system. This technique
allowed us to maintain gallbladder explants in vitro
for up to 24 h with excellent maintenance of morpho-
logic detail, and to follow progressively at suitable
time intervals the increase in incorporation of [3H]-
glucosamine into tissues and secreted glycoproteins
(Table I and Fig. 2). We chose glucosamine as a
precursor because it is known to be incorporated
into epithelial glycoproteins in other tissues (44)
and is not significantly diverted into other metabolic
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pathways (29). [3H]Glucosamine incorporation into
gallbladder glycoproteins was markedly enhanced by
the addition of unlabeled glucosamine, as shown by
the dose-response relationship in Fig. 1. Studies in
rat brain (48) indicate that glucosamine transport
into cells is a saturable process with a Km of 2.1 mM.
Similarly, incorporation of [3H]glucosamine into
rat intestinal slices was significantly increased by addi-
tion of unlabeled glucosamine to 18 mM(49). In the
present study, we observed a half maximal rate of in-
corporation of glucosamine into gallbladder glycopro-
tein in both control and cholesterol-fed animals at a
concentration of 1 mMglucosamine. Further, we did
not observe a significant difference in the endogenous
glucosamine concentration in control vs. cholesterol-
fed animals (Fig. 3). Taken together, these observa-
tions make it extremely unlikely that the increased
gallbladder glycoprotein synthesis and secretion in the
cholesterol-fed animals is attributable to a change in
membrane transport or intracellular pool size of
glucosamine.

The stimulatory effect of cholesterol feeding on
mucin secretion appears to be specific to the gall-
bladder epithelium. Stomach and colon explants from
5-d cholesterol-fed animals did not manifest an in-
crease in mucin synthesis or release in organ culture,
although both of these organs would be directly
exposed to the increased dietary cholesterol. Sim-
ilarly, cholesterol feeding did not cause an increase
in synthesis of membrane glycoproteins in gallbladder
explants from cholesterol-fed animals, as indicated by
the incorporation of [3H]mannose. It remains pos-
sible, however, that other cellular functions in the gall-
bladder mucosa not measured in our study might also



FIGURE 7 Nucleation of supersaturated hepatic bile from
prairie dogs fed cholesterol for 14 d by human gallbladder
mucin gel. (a) Mucin gel immediately after suspension in bile;
(b) liquid crystals, 2 h; (c) liquid crystals, 12 h; (d) and (e)
liquid crystals and suggestion of solid cholesterol crystals,
16 h; (f) and (g) solid cholesterol crystals, 18 h; (h) typical
notched plate of cholesterol monohydrate (polarizing micros-
copy with first order quartz compensator, x50).

be affected by cholesterol feeding and contribute to
gallstone formation.

The peak of [3H]glucosamine incorporation into
gallbladder glycoproteins occurred at 5 d, and then fell
somewhat at 8 and 14 d (Fig. 2). The stimulus for this
increase appears to exclude the influence of other
known stimulants of mucus secretion such as acetyl-
choline (50) and cholecystokinin (51), since their effect
on the gallbladder would not be inhibited by cystic
duct ligation. Wecannot, however, completely exclude
the possibility of inadvertent damage to the blood
supply or innervation of the gallbladder in these
experiments. Even though mucus hypersecretion was
apparent by 3 d, the peak of mucus hypersecretion
coincided with the saturation of hepatic and gallbladder
bile which occurred on the 5th d of cholesterol feeding
(Fig. 5), which suggests that the increased cholesterol
in gallbladder bile was the stimulus for glycoprotein
synthesis and secretion. The rate of incorporation of

[3H]glucosamine fell appreciably at 8 and 14 d, even
though the saturation index of cholesterol had attained
a constant value or increased slightly from 5 to 14 d (Fig.
6). The reason for this asynchrony between glycoprotein
secretion and cholesterol saturation is unclear. One
possible explanation is that some of the increased cho-
lesterol content of bile was transferred into the apical
membrane of the gallbladder epithelial cells, altering
membrane properties and triggering an increased
synthesis and release of mucus. For example, Neider-
hiser et al. (52) have shown that micellar cholesterol is
absorbed by guinea pig gallbladder epithelium. The
accumulation, however, of an impermeable thick
mucus gel after the 5th d of cholesterol feeding may
have prevented further diffusion of cholesterol into
apical membranes and dampened the stimulus.
Another possibility is that gallbladder mucus hyper-
secretion was stimulated by some constituent of bile
other than cholesterol.

Wewere unable to demonstrate stimulation of gall-
bladder glycoprotein synthesis or secretion in organ
culture by addition of artificial micelles containing up
to 10 mol% cholesterol, or native lithogenic bile
reconstituted in organ culture medium. This negative
result may indicate that the gallbladder epithelium
must be exposed to the stimulus for >24 h.
Unfortunately, this was not feasible in our organ culture
experiments because of necrosis of epithelial cells
between 36 and 48 h incubation. Recent studies by
Axelsson et al. (53) indicate that vagal innervation may
be required for gallbladder mucin secretion. Obviously,
our gallbladder explants are denervated and might not
respond to a secretagogue in vitro.

In previous studies of cholesterol gallstone formation
in prairie dogs (23-26), dried egg yolk was the source of
dietary cholesterol. It is recognized that exposure of
dried cholesterol to air may result in the rapid formation
of toxic autooxidative products (54). This possibility
seems unlikely in the current study since we were
unable to demonstrate significantly sterols other than
cholesterol in hexane extracts of the lithogenic diet,
gallbladder bile, or cholesterol gallstones of cholesterol-
fed animals. Although our gas-liquid chromatography
studies suggested that cholesterol was the predominant
sterol in gallbladder bile, our studies have not entirely
excluded a minor oxidation product of cholesterol
which might be more biologically active than cholesterol
itself (53).

Our relative lipid compositions were in agreement
with those reported by previous authors in prairie dogs
(23,25,26). In agreement with Holzbach et al. (26,55),
we frequently observed the presence of cholesterol-
lecithin liquid crystals in 5- and 8-d supersaturated
gallbladder biles, as we did during the in vitro
nucleation studies with purified mucin gel and
supersaturated hepatic bile (Fig. 7). We did not,
however, specifically study the time-course of the
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transition to solid cholesterol crystals in the in vivo
studies of the present w'ork. In our high-performance-
liquid-chromatography analysis of bile we did not,
however, find a major qualitative or quantitative
change in the major primary bile acids, taurocholate
and taurochenodeoxycholate, as has been reported
after more prolonged (3-6 mo) feeding (23), and which
may in fact be a reflection of cholesterol ester-induced
hepatotoxicity (26).

Supersaturated hepatic bile in our cholesterol-fed
prairie dogs was always microscopically clear; that is,
it consisted of a single micellar phase. Gallbladder
bile, which on average is three times more concen-
trated than hepatic bile, should have an increased
capacity to hold cholesterol for similar relative lipid
composition (2). Wenevertheless observed (Fig. 5) that
gallbladder bile at 8 and 14 d of cholesterol feeding
consisted of several phases-a clear micellar phase
and a solid phase consisting of liquid crystals, solid
cholesterol crystals, and stones. Furthermore, cen-
trifuged gallbladder bile at 8 d was just saturated,
whereas simultaneously collected hepatic bile was
supersaturated. This suggests that a nucleating agent
or factor in gallbladder, but not in hepatic, bile was
a continuing stimulus to convert supersaturated micellar
cholesterol into cholesterol precipitates. The choles-
terol saturation index of homogenized gallbladder
bile (containing both liquid and solid phases) was
high at 8 d (Fig. 6), in contrast to separated bile,
which fell just on the line of saturation. The differ-
ence between these two values reflects, in part, the
relative amount of cholesterol nucleated in the gall-
bladder. The subsequent increase in the saturation of
gallbladder bile at day 14 suggests that once nuclea-
tion of cholesterol occurred at 8 d, gallbladder bile
could become supersaturated.

The results of our nucleation experiments (Fig. 7)
suggest that mucin gel was capable of nucleating
saturated hepatic bile, in contrast to soluble protein
(bovine serum albumin), which did not undergo gela-
tion at the concentration used. In addition, we have
recently demonstrated that pharmacologic inhibition
of mucus secretion prevented gallstones in this model
(56). Aspirin, at doses that inhibited gallbladder mucus
secretion, prevented cholesterol crystals and gall-
stone formation in cholesterol-fed prairie dogs, despite
comparable saturation indices of the gallbladder
biles (56). Given the same degree of cholesterol
saturation in samples of both hepatic and gallbladder
biles, the formation of cholesterol liquid and solid
crystals was determined by the presence of gallbladder
mucus gel. On the basis of our results, we hypothesize
that gallbladder mucus acts as a specific nucleating
agent in the formation of cholesterol gallstones. If this
hypothesis is confirmed in man, it may be possible
to prevent gallstones with pharmacologic agents that
inhibit mucus secretion by the gallbladder.
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