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Abstract Lith genes control susceptibility to cholesterol gall-
stone formation in inbred strains of mice on a lithogenic diet
containing high fat, high cholesterol and 0.5% cholic acid.
Our study defines the physical-chemical phenotypes of C57L,
AKR, and (C57L X AKR) F, mouse gallbladder biles during 56
days on the lithogenic diet. We found enhanced cholesterol
supersaturation, accumulation of mucin gel, and larger gall-
bladders in all C57L and F, mice, as well as more frequent
gallstone formation in male C57L and F, mice (80%) com-
pared to females (40%) or AKR mice (15%). In male C57L
and F, mice, mucin gel accumulated at 3 days, followed by
cholesterol supersaturation and phase separation of liquid
crystals, solid monohydrate crystals, and, in 43% of mice, an-
hydrous cholesterol crystals; whereas, in females, phase sepa-
rations were delayed 2 to 9 days, and anhydrous crystals did
not form. In AKR mice, cholesterol supersaturation and phase
separations were infrequent and delayed, and gender did not
influence the phenotype. Taurocholate invariably replaced
endogenous bile salts, especially tauro-f-muricholate, with
crystallization sequences matching taurocholate-containing
model bile systems. Bl We conclude: i) Lith genes determine
biliary cholesterol supersaturation, mucin gel accumulation,
gallbladder size, phase-separation, and prevalence of choles-
terol gallstones. i) Identical phenotypes in C57L and F, mice
indicate susceptibility to cholesterol gallstones is genetically
dominant, favoring males 2:1. ) Mucin gel accumulation,
crystallization, and stone formation are rare in AKR mice. This
definition of the physical chemistry of lithogenesis should aid
in further elucidation of the Lith genes and the proteins they
encode.—Wang, D. Q-H., B. Paigen, and M. C. Carey. Pheno-
typic characterization of Lith genes that determine suscepti-
bility to cholesterol cholelithiasis in inbred mice: physical-
chemistry of gallbladder bile. J. Lipid Res. 1997. 38: 1395~
1411,
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Cholesteroi (Ch) gallstone disease is a major public
health problem in all developed countries (1, 2). A ge-

netic predisposition is clearly present in the Pima (3),
certain other North American Indians (4, 5), and Chil-
eans (6), populations with very high prevalence and
early onset rates (4, 7, 8). Not so well known is that Ch
gallstone disease is appreciably more common among
family members in Caucasians (9-12). Van der Linden
(11) and Huddy (13) reported that gallstones were
more frequent by a ratio of 3:1 in siblings and other
family members than in spouses or unrelated controls.
Using ultrasonography to ascertain gallstones in first-
degree relatives of index patients, Gilat et al. (14) found
a 21% prevalence in first-degree relatives compared
with 9% in matched controls, and Sarin et al. (15)
found a 5 times higher frequency than in controls. With
respect to bile composition, Danzinger et al. (16) noted
that cholesterol supersaturation was higher in fasting
duodenal bile of older sisters of Ch gallstone patients
than in controls. Pairwise correlations for Ch synthesis,
bile saturation, and galistone prevalence were also sig-
nificantly higher in monozygotic than in dizygotic male
twins (17), underscoring the importance of genetic con-
tributions to Ch gallstone disease.

The inbred mouse, with its superior genetic resources
(18}, is an excellent animal model (19, 20) for investi-
gating genetic determinants of Ch cholelithiasis. In

Abbreviations: ACh, anhydrous cholesterol; BS, bile salt; Ch, choles-
terol; ChM, cholesterol monohydrate; CSI, cholesterol saturation in-
dex; HPLC, high performance liquid chromatography; L, lecithin;
TG, taurocholate; TCDC, taurochenodeoxycholate; TDC, taurodeox-
ycholate; T-3-MC, tauro-f-muricholate; T-»-MC, tauro-w-muricholate;
TUDC, tauroursodeoxycholate.
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1964, Tepperman, Caldwell, and Tepperman (21) in-
duced Ch gallstones in mice by feeding a lithogenic diet
containing 1% Ch and 0.5% cholic acid, and discovered
that mouse strains differed considerably in susceptibil-
ity. Later, Fujihira, Kaneta, and Ohshima (22) found
that prevalence of Ch gallstones varied from 0 to 100%
among six inbred strains of laboratory mice. Dueland
et al. (23) reported that feeding a taurocholate (TC)-
containing diet for 6 wks caused enlarged gallbladders
and Ch gallstone formation in C57BL/6 mice, but not
in BALB/ ¢ mice. Recently, we (24) studied 9 strains of
inbred mice on a lithogenic diet and found that differ-
ences in gallstone susceptibility between C57L and AKR
strains were determined by at least two Lith genes with
Lith] mapping to mouse chromosome 2 by quantitative
trait loct (QTL) analysis. These findings, taken together
with the epidemiology of human cholelithiasis, point to
genetic factors as playing a critical role in the develop-
ment of Ch gallstone disease.

In the present study, we report the gallbladder phe-
notypes of Lith genes with particular reference to the
physical-chemistry of bile in inbred mice with suscepti-
ble (Ch7L strain) and resistant (AKR strain) alleles. On
the basis of the heterozygous phenotype in C57L X AKR
(F,) mice, we established the dominant inheritance of
Ch gallstones. We also explored how genetic and di-
etary factors interacted to determine the incidence of
Ch gallstones in each strain. These physical-chemical
phenotypes provide a basic framework for investigating
candidate Lith genes affecting Ch gallstone formation
in this animal model.

MATERIALS AND METHODS

Chemicals

High performance liquid chromatographic (HPLC)
grade reagents were obtained from Fisher Scientific Co.
(Fair Lawn, NJ). BS standards were purchased from
Sigma Chemical Co. (St. Louis, MO), and CalBio-
chem-Behring (San Diego, CA), with the exception
of the taurine conjugates of o-, B-, and o-muricho-
lates (30,6B,70-trihydroxy-53-cholanoate, 30,68, 7f-tri-
hydroxy-5B-cholanoate (T-B-MC), and 30,60,7p-trihy-
droxy-5B-cholanoate (T-w0-MC), respectively), which
were generous gifts from Tokyo Tanabe Co., Tokyo,
Japan (courtesy of Mr. H. Sugata). Purity of individual
BS was at least >98% by HPLC (25, 26). All other chem-
icals and solvents were American Chemical Society or
reagent grade quality (Fisher Scientific Co., Medford,
MA).
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Animals and diets

Homozygous C57L/], AKR/], and heterozygous
(C57L X AKR) F; (24) mice of both genders, 4-6 wks
old, were bred at The Jackson Laboratory, Bar Harbor,
ME. (Panel 1) All animals were housed in a tempera-
ture-controlled room (22 # 1°C) with a 12-h light cycle
(6 AM—6 PM). Mice were provided free access to water
and food (normal mouse chow or lithogenic diet)
throughout the experimental period and were allowed
to adapt to the environment for at least 2 wks prior to
study. Normal Purina mouse chow contains trace Ch
(The Mouse Diet 1401, St. Louis, MO 63144). Each 100
g of the semisynthetic lithogenic diet (24, 27) contains
15 g butter fat, 1 g Ch, 0.5 g cholic acid, 2 g corn oil,
50 g sucrose, 20 g casein, and essential vitamins and
minerals. Biliary tract surgery was performed at 9 am
before (day 0) and at frequent intervals after feeding
the lithogenic diet for 1 to 56 days. All experiments were
executed according to accepted criteria for the care and
use of laboratory animals. Protocols were approved by
the Institutional Animal Care and Use Committee of
Harvard University and were consistent with euthanasia
recommendations of the American Veterinary Medical
Association,

Collection of gallbladder biles and gallstones

Animals were fasted overnight but had free access to
water. After weighing, mice were anesthetized with 35
mg/ kg pentobarbital (Abbott Laboratories, North Chi-
cago, IL) injected i.p. Under sterile conditions, laparot-
omy was performed through an upper midline incision.
The liver and the gallbladder were examined, and gall-
stones and mucin gel, invariably visible through the
gallbladder wall, were noted. The cystic duct was iden-
tified and doubly ligated, and a cholecystectomy was
performed. Gallbladder volume was determined by
i) immersion of the gallbladder into a partly filled
I-ml syringe and measuring water displacement, or
it) weighing the whole gallbladder and equating gall-
bladder weight (including stones when present) with
gallbladder volume (24). To obtain sufficient bile vol-
umes for lipid analyses, gallbladder contents were
pooled from 30 C57L and F, mice and 40 AKR mice at
each time point and frozen at —20°C. For quantitation
of gallstone number, size, and Ch content, the gallblad-
der of each mouse was opened freshly and the inner
surface was exposed. Using a polarizing light micro-
scope  (Photomicroscope IIT; Carl Zeiss Inc,
Thornwood, NY), gallstones were counted at 200 X
magnification and their diameters were measured with
microscopic calipers. At 56 days, Ch content of 10-15
gallstones from each mouse strain was assayed by HPLC
as described (28).
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Panel 1. Photograph of three adult inbred mice with different susceptibilities to cholesterol gallstones. The mouse with *‘leaden-colored’
coat (left) of C57L/] strain is homozygous for Lith genes. The white mouse (center) is AKR/J strain and has resistant Lith genes, and the black

mouse (right) is the heterozygous (C57LXAKR)F, cross.

Microscopic studies

Fresh gallbladder bile was examined immediately
after cholecystectomy according to methods described
previously (25, 28). In brief, a 5-uL. sample was placed
on a glass slide at room temperature (=22 * 1°C) and
observed without a cover slip (29) using the polarizing
light microscope. The sample was then compressed with
a cover glass and re-examined using phase contrast op-
tics. To study the early stages of gallstone formation, a
small hole was made with a 18-gauge needle at the fun-
dus of the gallbladder. Bulk gallbladder bile dribbled
by gravity through the small hole, and mucin gel was
pressed out digitally with the assistance of a 24-gauge
needle. Bulk and gel bile were examined separately by
polarizing light microscopy for the presence of mucin
strands, liquid and solid crystals, and sandy and true
gallstones (see definition below) (24, 25, 28). In the late
stages of gallstone formation, most of the gallbladder
was filled with mucin gel, so that only a small portion
of well-mixed bulk plus gel bile could be sampled for
microscopic analysis. All phase separations were docu-
mented by 35 mm photography. Mucin was observed
as non-birefringent amorphous strands, and verified by
periodic acid /Schiff (PAS) staining (30). Arc, filamen-
tous, tubular crystals (assumed to be metastable transi-
tional forms of anhydrous Ch being hydrated to Ch
monohydrate (ChM) crystals), ChM crystals as well as

small, aggregated, and fused liquid crystals were de-
fined according to previous criteria (25, 28). Sandy
stones were irregularly shaped, and easily disintegrable
agglomerates of ChM crystals embedded in mucin gel.
As visualized under the microscope, individual flat Ch
crystals projected clearly from their edges, and grossly
they displayed a yellow color. True gallstones were hard,
ball-like objects, and light yellow in color with smooth
curved surfaces (21, 24). Because of scattered and ab-
sorbed light, they were opaque, and black in color un-
der the microscope.

Lipid analyses

Biliary phospholipid was measured as inorganic phos-
phorus by the method of Bartlett (31). Ch was deter-
mined using an enzymatic assay (32). Total BS con-
centration was measured enzymatically by the 3a-hy-
droxysteroid dehydrogenase method (33). Individual
BS were measured by HPLC according to the methods
of Rossi, Converse, and Hofmann (34). Gallstones were
washed, air-dried at 22°C, and the Ch content (wt/wt)
was determined by HPLC (24, 35). Ch saturation in-
dexes (CSI) of pooled biles were calculated from critical
tables (36) established for TC, the predominant BS in
mouse bile on the lithogenic diet (see later). Relative
lipid compositions were plotted on condensed phase di-
agrams (28) according to the mean biliary lipid concen-
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trations for mouse strain and gender. For graphic analy-
sis, the phase limits of the micellar zones and the
crystallization pathways were extrapolated from model
systems developed for TC at 37°C (25, 37).

Statistical methods

All data are expressed as means * SD. Differences
among strains and outcrosses were assessed for statisti-
cal significances by the Student’s ttest or chi-square test.
Statistical significance was defined as a two-tailed proba-
bility less than 0.05.

RESULTS

Body weight

As expected for healthy rodents, mice of each strain
showed progressive weight gain from 20-30 g to 27-38
g over the 56-day lithogenic diet feeding period. Males
were appreciably (=17-20%) heavier than females, and
mice of strain AKR were =15-19% heavier than C57L
and F, mice, which were identical to each other. All ani-
mals appeared healthy with the excepiion of 8 AKR
mice (5%). These developed evidence of anorexia, leth-
argy, sleepiness, and weight loss, dying eventually be-
tween 42 and 50 days. At autopsy, no special causes of
death relevant to the hepato-biliary system were found.

Macroscopic and microscopic observations: habits of
solid and liquid crystals

At time 0, macroscopic and light microscopic exami-
nation of gallbladder biles showed no evidence of mu-
cin gel, solid and liquid crystals, or gallstones. The gall-
bladder wall was thin and transparent, and gallbladder
mucosa was smooth and cream to light red in color.

Figure 1 (a-1) displays photomicrographs of mucin
strands, habits of solid Ch crystals, and optical textures
of liquid crystals and gallstones. Mucin gel appeared as
non-birefringent amorphous strands (Fig. la). Liquid
crystals (25, 28) were denoted as small (Fig. 1b), when
minimally sized, non-birefringent, and scattered; aggre-
gated (Fig. 1c), when non-birefringent with particles of
1-5 um diameter; and fused (Fig. 1d), when birefrin-
gent with focal conic Maltese-cross textures and greater
than 0.5-1 pm in size (25, 28). In male C57L and F,
mice, we found arc-like crystals infrequently (Fig. le).
These were short curved rods (25, 28) and rarely were
filamentous in habit (Fig. 1f). Tubular crystals (25, 28,
29) were detected only in biles of C57L and F, mice,
and often appeared to fracture at their ends (Fig. 1g)
producing plate-like ChM crystals (Fig. 1h). ChM crys-
tals (Fig. 1h), typical of those seen in model (25) and
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human (28) biles and in human Ch gallstones (38},
were 79.2° and 100.8° angled parallelograms, often with

a small notched corner (38, 39). Amorphous masses of

ChM crystal are defined loosely as agglomerated sheets
(Fig. 1i). Sandy stones (Fig. 1j and k) were surrounded
by mucin gel and exhibited individual ChM crystals
projecting from their edges. Figure 11 shows true gall-
stones with typical round contours (21, 24) and black
centers.

Ch crystallization sequences and gallstone formation

Table 1 enumerates all crystallization sequences and
Fig. 2 demonstrates selective aspects of the data to illus-
trate the evolution of Ch crystallization and gallstone
formation according to gender in each mouse strain.

Male C57L mice (Fig. 2, top left panel). At 3 days, a
layer of mucin gel adherent to the gallbladder wall was
observed in all mice. By 5 days, some small scattered
liquid crystals as well as ChM, arc, and tubular crystals
were found principally in bulk bile. We observed small
liquid crystals more frequently within mucin gel, sug-
gesting a speedier evolution of crystallization. Occasion-
ally, we detected filamentous or needle-shaped crystals
principally within gelled bile. Numbers of solid and lig-
uid crystals increased appreciably over the next 4 days,
and aggregated liquid crystals formed. Principally, the
high concentration of aggregated and fused liquid crys-
tals (Fig. 1d) were most impressive within mucin gel.
By 7 days (Fig. 2), 43% of mice had formed arc (pre-
sumed to be ACh), filamentous and/or tubular crystals
(see Fig. 1(e~g)) that decreased by 14 days and, by 21
days, had vanished completely. With passage of time,
individual ChM crystals enlarged in size and were con-
solidated by mucin gel as agglomerates 1-5 um diame-
ter. In contrast to mucin gel, bulk bile had a very weak
reaction to PAS staining (30). By 21 days (Fig. 2), bile
became turbid and contained some ball-shaped masses
of agglomerated ChM crystals of various sizes (mostly
= 1 mm). Some crystal agglomerates floated freely, but
the majority were implanted within mucin gel. At this
time, many soft, fragile, and disintegrable sandy stones
(see Fig. 1(j,k)) were detected. After 28 days (Fig. 2),
27%, and by 56 days, 80% of male C571. mice had
formed true gallstones.

Female C571. mice (Fig. 2, top right panel). After 5 days
of feeding, a layer of mucin gel became visible by direct
light microscopy on the gallbladder mucosa. At 7 days
(Fig. 2) small liquid crystals were detected in bulk bile as
well as in mucin gel. Numbers of aggregated and fused
liquid crystals increased progressively with time up to 7
and 14 days. At the same time, we found numerous ChM
crystals of different sizes in both bulk bile and mucin
gel. By 21 days (Fig. 2), large numbers of ChM as well
as aggregated and fused liquid crystals were present. By

270z ‘8T aunr uo ‘1sanb Ag Bio°Jj:mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

28 days, 6-10% of female C57L mice had formed sandy
stones mainly within mucin gel; and by 56 days, 40% of
mice had formed true gallstones.

Male and female F, mice (Fig. 2, middle panels). F,
mice of either gender had identical evolutionary se-
quences of Ch crystallization and gallstone formation
as described above for male and female C57L mice. In
33% of male F, mice, ACh crystals were detected be-
tween 7 and 21 days (Fig. 2) mirroring the affected male
C57L parent. By 28 days, sandy stones were detected
and gallstones had formed in 30% of male and 13% of
female mice. By 56 days (Fig. 2), 77% of male and 33%
of female mice had formed gallstones.

Male and female AKR mice (Fig. 2, bottom panels). At
time 0, gallbladder biles of AKR mice were isotropic by
polarizing light microscopy and were macroscopically
light-yellow in color. By 14 days (Fig. 2), a thin layer of
mucin gel was observed adherent to the gallbladder wall
in 35% of mice. Mucin gel was invariably thinner in AKR
mice by up to threefold compared with C57L mice. At
21 days (Fig. 2), small liquid crystals were detected in
bulk bile as well as in mucin gel, and at later time points
formed small aggregates. We detected some ChM crys-
tals in both bulk bile and mucin gel at 37 days, and by
46 days, 5—8% of AKR mice had formed both sandy and
true gallstones. At 56 days, gallstones had formed in
15% male and 13% female AKR mice. In contrast to
C57L mice, the biliary phenotypes of AKR mice re-
vealed no obvious gender difference, and no ACh crys-
tals were detected.

Biliary lipid compositions and CSI during gallstone
formation

Table 2 tabulates all gallbladder bile lipid composi-
tions on chow (day 0) as well as on the lithogenic diet
for 56 days. All mice had unsaturated gallbladder biles
at time O that became Ch supersaturated gradually or
rapidly depending upon strain and gender. As inferred
from relative or absolute lipid compositions (25, 37),
an increase in Ch content of bile occurred and became
exaggerated with passage of time. Furthermore, all
Ch/BS ratios showed significant increases from 0.03 *
0.00 (day 0) to 0.13 % 0.01 (56 days) in C57L and F,
mice, and in AKR mice from 0.02 = 0.00 (day 0) to 0.14
* 0.01 (56 days), respectively. Also in C57L. and F, mice,
Ch/L ratios increased significantly from 0.21 = 0.02
(day 0) to 0.49 = 0.03 (56 days), and from 0.20 * 0.01
(day 0) to 0.46 * 0.01 (56 days) in AKR mice, respec-
tively. As expected, when bile became most enriched in
Ch (56 days), L/BS molar ratios were maximally in-
creased (Table 2). These values ranged from 0.12 =
0.02 (0 day) to 0.26 = 0.01 in C57L, from 0.12 = 0.01
to 0.27 * 0.01 in F,, and from 0.12 * 0.00 to 0.30 =
0.00 in AKR mice. These findings show that the litho-

genic diet mainly increased the Ch as well as L concen-
trations of mouse gallbladder bile, and that solubility
and phase separations of Ch were critically dependent
on L/BS ratio and Ch concentration (Table 2). With
respect to the solubilizing components of bile, Ch pre-
cipitation and growth into gallstones were predictable
(36, 40-42) from the solubility relationships with re-
spect to absolute and relative BS and L. compositions as
inferred from model systems.

Figure 3 displays the time-dependent changes in CSI
that differed profoundly in the three mouse strains. CSI
values of galibladder bile in C57L and F, mice reached
supersaturation at 1-2 wks and gradually increased to
CSI = 1.3-1.5 by 56 days. In contrast, CSI values of AKR
mice remained unsaturated for 28 days and then
reached supersaturation abruptly at 37 days, whereafter
CSI values increased to CSI = 1.2-1.3. CSI values for
bile of Fy mice and C57L mice were significantly higher
than those of AKR mice (P < 0.01). Males of all strains
invariably displayed higher CSI values and reached su-
persaturation earlier than females. As Table 2 shows,
although total lipid concentration was significantly
(P < 0.01) higher in AKR mice (means = 12.0
g/dL, males, and 13.7 g/dL, females) than in C57L
(7.4 g/dL, males, and 9.2 g/dL, females) and F, mice
(9.1 g/dL, males, and 9.0 g/dL, females), we did not
find any appreciable change within each strain or gen-
der over 56 days.

For purposes of illustration, we plot on triangular co-
ordinates in Fig. 4 the mean relative lipid compositions
of gallbladder biles (Table 2) with micellar phase
boundaries (37) and Ch crystallization pathways (25)
for the appropriate mean total lipid concentrations in
TCerich bile. Figure 4 demonstrates that with duration
of lithogenic diet feeding the relative lipid composi-
tions of gallbladder biles progressively shifted upward
and to the right of the phase diagrams. This shift was
caused by an absolute and relative increases in Ch con-
tent, a relative increase in L content, and a relative de-
crease in BS content (Table 2). In C57L and F,; mice,
the biliary lipid compositions at 0, 1, 3, and 5 days plot-
ted within the one-phase micellar zones, whereas after
7-14 days lipid compositions plotted above the micellar
zone. By phase analysis, these biles were predicted to
be composed of two or three phases, namely micellar
bile, solid Ch crystals, and/or liquid crystals, exactly
as was observed experimentally (Fig. 2). Because in
male C57L and F, mice between 7 and 14 days the rela-
tive lipid composition of gallbladder bile passed
through crystallization pathway B (25, 28), ACh crystals
(arc, filamentous, and tubular crystals) appeared after
ChM crystals (25) (Fig. 4). This phenomenon was also
found by us to occur in a small number of human gall-
bladder biles (28). In contrast, during lithogenesis, the
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Fig. 1. Photomicrographs of mucin gel as well as habits of solid and liquid crystals, sandy stones, and true gallstones observed in C57L and
F, males: (a) non-birefringent amorphous mucin gel; (b) small non-birefringent liquid crystals; (c) aggregated non-birefringent liquid crystals;
(d) fused liquid crystals with Maltese-cross birefringence and focal conic textures; (e) arc-like (possible anhydrous Ch) crystal; (f) filamentous
crystals; (g) tubular crystal fracturing at ends to produce plate-like ChM crystals with notched corners; (h) typical ChM crystal, with 79.2° and
100.8° angles; (i) agglomerated ChM crystals; (j and k) disintegratable amorphous sandy stones surrounded by mucin gel, with individual Ch
crystals projecting from the edges; (1) gallstones exhibiting rounded contours and black centers from light scattering /absorption. All magnifica-
tions X 1600 except Fig. 1j, X 800; and Fig. 1(k and 1), X 400 by polarizing light microscopy.
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Fig. 1.

relative lipid compositions of gallbladder bile in female
C57L, F), and male and female AKR mice entered crys-
tallization pathway C from the one-phase micellar zone
(Fig. 4). Therefore, we did not find ACh crystals in these
biles (25). It is notable (Fig. 4) that during Ch supersat-
uration, the relative lipid compositions of gallbladder
biles of AKR mice entered region C abruptly from an
unsaturated micellar state that lasted more than two

weeks (Fig. 3). Accordingly, as predicted from model
systems (25), liquid crystals invariably proceeded ChM
crystals during crystallization (Fig. 2).

Effects of lithogenic diet on gallbladder sizes

Figure 5 displays mouse gallbladder sizes (uL) as
functions of days on the lithogenic diet. Before feeding
the lithogenic diet (day 0), gallbladders of C57L and F,
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Fig. 2. Percent of mice forming mucin gel, solid and liquid crystals (multilamellar vesicles), sandy stones,
and true gallstones as functions of days on the lithogenic diet. The panels show the time sequences as means
for each group of inbred mice. Arrows indicate the first appearances of true gallstones (see Fig. 11). Abbrevia-
tions: ACh, anhydrous cholesterol crystals, including arc-like, filamentous as well as transitional tubular crystals;
ChM, cholesterol monohydrate crystals; LC, liquid crystals, including small, aggregated and fused (multilamel-
lar) varieties; SS, sandy stones; GS, true gallstones. (See text for further description.)

mice were approximately double the sizes in AKR mice.
Response of the gallbladders in C57L, F,, or AKR mice
did not differ up to 28 days of lithogenic diet feeding.
However, in C537L and F, mice, gallbladder size in-
creased slightly after 28 days when Ch crystallization
and gallstones were fully developed (Fig. 2). This in-
crease in gallbladder size paralleled the elevated CSls
in bile, and both were much more marked in C57L mice
compared with AKR mice. Furthermore, gallbladder
sizes were significantly larger in female C57L, Fy, and
AKR mice than in males (P < 0.01).

Molecular species of bile salts in gallbladder bile

Figure 6 displays the BS species determined by HPLC
in gallbladder biles of mice before and during feeding
the lithogenic diet. All BS species were taurine-conju-
gated, and while mice were on the chow diet they were
similarly distributed in each strain and gender. Tauro-
cholate (TC) (range 46-54%) and tauro-f-muricholate
(T-B-MC) (range 34-42%) were the predominant BS
species. Tauro-@w-muricholate (T-0-MC) (2-5%), taur-
oursodeoxycholate (TUDC) (2-7%), taurochenodeox-
ycholate (TCDC) (1%), and taurodeoxycholate (TDC)
(2-6%) were present in much smaller concentrations.
With the lithogenic diet, TC in C57L and F, mouse biles
increased markedly to 71-91% even after 1 day, and

then decreased somewhat, remaining at 60-82% for the
duration of the experiment. In contrast, over the same
time period, T-MC decreased to 10-14%, and fell to
5% for the remainder of feeding. In the gallstone-sus-
ceptible C57L and F, strains, both TCDC and TDC in-
creased sharply at day 5, and remained at 10-20% and
5-10% levels, respectively, for the duration of feeding.
Further, both T-o-MC and TUDC constituted minor
bile salts and did not change with the length of feeding.
In AKR mice, the lithogenic diet also resulted in an in-
crease in TC to 70% which remained at approximately
53-80% after 1 day (Fig. 6). Reciprocally, T$-MC de-
creased sharply on day 3 and then increased signifi-
cantly to 13-26% thereafter. In bile of AKR mice after
the first 2—3 days, the lithogenic diet produced no addi-
tional changes in percentages of T-w-MC, TUDC,
TCDC, or TDC.

Prevalence, chemistry, size and number of gallstones
at 56 days

Figure 7 shows prevalence rates and average Ch gall-
stones diameters at 56 days. As indicated on the top
panel, gallstone prevalence was identical in C57L and
F, mice and was significantly greater than in AKR mice
(P < 0.01). Moreover, gallstone prevalence rates were
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Fig. 3. CSI values of gallbladder bile as functions of mouse strain,
gender, and time on the lithogenic diet. In C57L. and F, mice, the
CSI of gallbladder biles (pooled) reached supersaturation after 1 wk.
In AKR mice, the CSI remained unsaturated up to 4 wks, and then
became supersaturated abruptly between 4 and 5 wks. Symbol B rep-
resents male C57L, [J female C57L, A male F;, A female F,, ® male
AKR, and O female AKR mice.
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Fig. 5. Gallbladder sizes as functions of time on the lithogenic diet.
The volumes were larger in C57L and F, mice than in AKR mice, but
were similar between C57L and F, mice. Gallbladder sizes increased
slightly over time in C57L. and F, mice, whereas in AKR mice, they
remained unchanged up to 28 days. At 56 days of lithogenic diet feed-
ing, all mice displayed 1.5- to 2-fold increases (all NS) in gallbladder
sizes. Symbol M represents male C57L, O female C57L, A male F;, A
female F,, ® male AKR, and O female AKR mice.
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Fig. 4. Mean relative lipid compositions (moles per 100 moles) of gallbladder biles (pooled) at each time
point plotted on condensed phase diagrams for average total lipid concentrations of the bile samples (from
Table 2) which were 7.4 g/dL (males) and 9.2 g/dL (females) (C57L strain), 9.1 g/dL (males) and 9.0
g/dL (females) (F, strain), 12.0 g/dL (males) and 13.7 g/dL (females) (AKR strain). The one-phase micellar
zone is enclosed by a solid curved line. Above the micellar zone, two solid and two dashed lines divide the
phase diagrams into regions A to E with different crystallization sequences (see ref. 25). With passage of time,
in all strains the relative lipid compositions of gallbladder bile shifted upward progressively and to the right.
Only the lipid compositions of biles in C57L and F, males passed through region B. In contrast, the lipid
compositions of bile in C57L and F, females as well as AKR mice entered crystallization pathway C directly
from the one-phase micellar zone. Symbol B represents male C57L, O female C57L, & male F|, A female F),
® male AKR, and O female AKR mice. See text for further description.
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Fig. 6. Bile salt (BS) species as function of days on the lithogenic
diet displayed as percent total BS. TC and T-B-MC (see list of abbrevia-
tions) were the predominant BS when mice were fed laboratory chow.
Because the lithogenic diet contained 0.5% cholic acid, TC replaced
most T-B-MC over the first few days in all strains of mice. In C57L and
F, mice, percent of TCDC and TDC, more hydrophobic BS increased
sharply at 5 days and remained elevated for the duration of feeding
whereas the hydrophilic BS such as T-3-MC remained at =~2%. In AKR
mice, after the first few days the percent hydrophobic BS remained
unchanged at 1-3% while the hydrophilic TB-MC remained at
=20%. Symbol O represents TG; O T-3-MC; Bl TCDC; @ TDC; A T-
®-MC; and 4 TUDC. See text for further description.

2-fold higher in C57L and F, males than females (P <
0.01), but there were no gender differences in AKR
mice (Fig. 7). The bottom panel of Fig. 7 shows that
gallstone diameters in C57L. (0.56 * 0.31 mm) and F,
(0.49 = 0.26 mm) males were significantly (P < 0.01)
bigger than in AKR (0.30 = 0.09 mm) males, but the
small differences among C57L (0.33 * 0.12 mm), F,
(0.31 * 0.17 mm), and AKR (0.28 = 0.11 mm) females
did not reach significance.

Figure 8 shows the frequency distribution of gall-
stones at 56 days as functions of mouse strain and gen-
der. On average, the number of gallstones in Ch7L and
F, mice fell between 7 and 9, whereas in AKR mice the
corresponding values were 4 and 6. Most notably, gall-
bladders of AKR mice displayed much lower gallstone

1406  Journal of Lipid Research Volume 38, 1997

numbers than in C57L and F, mice, and 85-88% of
AKR mice were gallstone free.

The extracted sterols from all gallstones of each
mouse strain contained only Ch, which constituted 95-
99% of pooled stone weight.

DISCUSSION

Gallbladder bile phenotypes of Lith genes in inbred
mice

The goal of the present studies was to define the gali-
stone and gallbladder bile phenotypes rigorously so as
to provide a frame of reference in searching for possible
candidate genes for gallstone susceptibility. The most
important findings were: i) Lith genes were crucial in
elevating CSI, speed of Ch crystal formation, gallblad-
der volume, and size and number of Ch gallstones.
i) As the F, phenotype mimicked the affected C57L
parent, this confirmed that susceptibility to Ch gall-
stones was a dominant trait in the outcross. 7)) A small
percentage of AKR mice formed Ch gallstones after
receiving the lithogenic diet for a much longer time pe-
riod. As they did so abruptly and only in a small percent-
age of mice, this suggests an additional environmental
factor such as severe hepatic steatosis (D. Q-H. Wang,
J. M. Crawford, F. Lammert, B. Paigen, and M. C. Carey,
unpublished observations) might contribute to the phe-
notype. iv) Besides the well-known liquid crystal to solid
ChM crystal pathway in model and gallbladder biles
(43), the direct ChM crystallization pathway and an
ACh crystal to solid ChM crystal pathway (25, 29) also
occurred in gallbladder biles but they differed among
the lithogenic C57L, F,, and AKR strains and genders.
Therefore, in inbred mice, we identified three Ch crys-
tallization pathways as part of the phenotypes of gall-
bladder bile, which were identical to those found in
model biles for physiological lipid composition (25, 29)
and in native human biles (28).

Physical-chemical characterization of gallbladder biles

Evolutionary sequences of Ch crystallization and gall-
stone formation were characterized by the initial accu-
mulation of mucin gel, followed by appearances of lig-
uid crystals and/or ACh crystals and ChM crystals, and
then agglomerated ChM, sandy stones, and true gall-
stones, which were identical in appearance in all gall-
bladders. These sequences are in agreement with re-
sults of investigations in other animal models of Ch
gallstone formation, such as the prairie dog (44, 45).
Although this is not easily achieved in humans, investi-
gators (46-49) have attempted to study the physical-
chemical phase separation sequences in bile before and
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Fig. 7. Gallstone characteristics at 56 days. The top
panel displays gallstone prevalence, and the bottom
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were identical between C57L and F, mice, but were
significantly greater in male C57L and F, mice than
in females or AKR mice where the characteristics were
independent of gender. Asterisks indicate P < 0.01.
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Fig. 8. Numbers of gallstones at 56 days. Gallblad-
ders of both C57L and F, mice showed significantly
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during gallstone formation among obese patients who
ingested a very low-calorie diet or were undergoing
weightreduction after gastric-bypass surgery. These mod-
els of rapid Ch gallstone formation (46—49) indicated
that CSI became elevated earliest, followed by dramatic
increases in the concentration of mucin glycoproteins
and ex vivo evidence of shortened ChM crystal detection
times, and then in vivo ChM crystal formation. Finally,
37% of obese patients undergoing rapid weight loss had
Ch gallstones or microstones by 19 wks (48). The substan-

S S ) E—

higher gallstone numbers than in AKR mice. Most
C57L and F, gallbladders contained between 7 and 9
gallstones, whereas AKR mice contained between 4
and 6. Note that the majority of AKR mice remained
gallstone free.

A

tial evidence from these human investigations is in ac-
cord with the results of the present study in inbred mice.

The following pathophysiological alterations might
be responsible for accelerated Ch crystallization and
gallstone formation observed in susceptible mice. First,
the mean Ch content, i.e., CSI,” in pooled gallbladder

*T-B-MC, a poor Ch solubilizer (50) comprised 34-42% of BS in
mouse gallbladder bile during chow feeding and the first 1-2 days of
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biles increased rapidly after the lithogenic diet was initi-
ated and reached supersaturation by 1-2 wks in C571.
and F; mice. Second, marked gallbladder mucin accu-
mulation occurred in C57L. and F, mice fed the litho-
genic diet for 3 days, that is, prior to the formation of
solid crystals, liquid crystals and gallstones, and Ch crvs-
tals grew predominantly within mucin gel that accumu-
lated first on the gallbladder wall. These sequences of
biliary events are in agreement with carlier results of
Alexander and Portman (19). Therefore, these observa-
tions suggest that the expression of mucin (Muc) genes
{51) and mucin secretion in the gallbladder may be en-
hanced because of stimulation by some components
such as increased levels of Ca®', BS, or ATP (52) in Ch
supersaturated bile and /or the regulation of Lith genes.
Third, our studies showed that the percent of hy-
drophobic BS such as TDC increased from 2-5% to 5-
10% in C57L and F, mice concomiiant with the early
stages of lithogenic diet feeding. This is in agreement
with observations in Ch gallstone patients (28, 53, 54)
who usually have higher percentages of hydrophobic BS
compared with controls. Studies on model (25, 55) and
hurman biles (28, 54) have shown that increased levels of
hydrophobic BS induced rapid Ch crystal precipitation,
either because they induce more rapid aggregation and
fusion of vesicles (56) or they shift crystallization path-
ways on phase diagrams to positions that favor Ch crys-
tallization (25, 28). Fourth, the lower total lipid concen-
tration in bile of C57L and F, mice could decrease the
Ch-solubilizing capacity (25, 36, 37), favoring ecarlier
formation of Ch-supersaturated bile (25, 57), and accel-
eration of gallstone formation. Finally, the bigger gall-
bladder sizes and larger volumes of mucin gel in C57L
and F, mice might have enhanced Ch crystallization and
gallstone formation compared with AKR mice. The mo-
tility of the gallbladders might be more impaired in the
susceptible mice and this constitutes one of the trinity
of cardinal pathophysiological defects, involved in Ch
gallstone pathogenesis (1, 2). In fact, our ongoing study
(58) of cholecystokinin (CCK)-A receptor-deficient
mice fed a normal chow diet showed that the *'knock-
out”” mice had larger gallbladders and ablated galiblad-
der motility after an i.p. CCK bolus. When fed a litho-
genic diet, these mice displayed markedly increased
susceptibility to Ch gallstone formation at 12 wks (58).

The present work confirms that the ACh crystal to
ChM crystal pathway (25, 29) also occurs in 30-43%
male C57L and F, mice during Ch gallstone formation
as it does in some humans (28). When the biliary com-

the lithogenic diet. Therefore, the “"urso-correction factor™ (36) was
used to calculate a more realistic assessment of the early CSIs. Based
upon this adjustment, it is likely that over the first 3 days the “oue”
CSIs in gallbladder bile would approximate 0.80-1.10 in C571. and
F, mice, and =0.80 in AKR mice.
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positions of these mice were plotted on phase diagrams.
they passed through region B (Fig. 5) where ACh crvs-
tals separate from bile as was shown in model svstems
{25) and in some recrystallizing human biles (28). This
explains not only the occurrence of ACh crystallization
in male C57L and F, mice, but also provides a clue as
to why CSls reached supersaturation earlier in ChH7L
and F, mice compared with AKR mice (see Fig. 3).

Candidate functions for Lith genes as inferred from
gallbladder phenotypes

The current study suggests that several physiological
functions could be altered to induce Ch gallstone for-
mation. For example, the higher CSIs observed in gall-
stone-susceptible mice suggest that Lith gene products
might increase Ch secretion from the liver (59). This
might result from up-regulated Ch synthesis, increased
Ch absorption, or defective disposition such as from re-
duced de novo BS synthesis and cholesteryl ester forma-
tion. All three could provide an important source of
excess Ch molecules for secretion into hepatic bile
thereby increasing its Ch content.

The principal enzymes of Ch metabolism that alter
pools of free Ch within the liver are 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGR), acyl-CoA:cholesterol
acyltransferase (ACAT) Ch 7a-hydroxylase (C7H), and
sterol 27-hydroxylase (S27H). We assayed these enzymes
during feeding the lithogenic diet (60) and have prelimi-
nary data confirming that HMGR regulation differs be-
tween C57L and AKR with the former resisting down-reg-
ulation by Ch (24). The structural genes for HMGR map
to mouse chromosome 13 (61), ACAT to chromosome 1
(62), and S27H to chromosome 1 (63), respectively. As
LithI maps to chromosome 2, these enzymes themselves
or their adjacent regulatory DNA such as promoter or
binding sites for regulatory molecules could notaccount
for the LithI gene, simply because they map to the wrong
chromosomes. However, differences in proteins that de-
termine the concentrations of regulatory molecules re-
main possible candidate defects.

The second class of candidate genes that could affect
Ch pools within the liver are Ch transport molecules.
These might be low density lipoprotein receptor
(LDLR) (64), the scavenger receptor SR-B1, i.e., high
density lipoprotein receptor (HLDR) (65), and chylo-
micron remnant receptor(s) (66) that could transport
Ch in plasma lipoproteins into liver cells, or sterol car-
rier protein 2 (SCP2) (67), which is believed to play an
important role in intracellular lipid movement. Al-
though structural genes for LDLR, HDLR, and SCP2
map to mouse chromosomes 9 (62, 638), 8 (62), and 4
(69), respectively, the proteins encoded by Lith genes
might regulate their gene expression. Furthermore, it
is possible that there is a protein in the bile canalicular
membrane that could transport Ch molecules into or
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out of hepatic bile. With respect to this possibility, it
has been suggested (62) that megalin (Gp330) (70), a
member of the Ldlr gene family, might be a possible
candidate gene. It maps to the same region of the
mouse chromosome 2 (70) as the Lithl gene (24).
Moreover, prior to feeding the lithogenic diet there is
identicalness of micellar BS species in the susceptible
and resistant mouse strains, so that the physical-chemi-
cal aspects of intestinal Ch solubilization and absorp-
tion are equivalent (50, 71). Yet, the CSI of gallbladder
bile in C57L mice was appreciably higher than in AKR
mice (Fig. 3). Because hepatic HMGR levels were lower
in C57L mice (24), this suggests that C57L mice might
exhibit higher Ch absorption from both dietary and bili-
ary sources compared with AKR mice. A putative Ch-
transport protein (72) is believed to be located in the
small intestinal brush-border membrane which might
facilitate Ch absorption. It is possible that Lith genes
may regulate the activity of Ch-transport proteins re-
sponsible for Ch absorption, or that the activity of a pu-
tative intestinal Ch-transport protein may be encoded
or modified by one of the Lith genes.

A third function for Lith genes might be the encoding
of proteins that affect mucin levels, as during litho-
genesis there is a notable difference in mucin gel accu-
mulation between C57L and AKR mice (Fig. 2). As in-
ferred from our earlier prairie dog studies (44, 45), hy-
persynthesis and secretion of mucin glycoproteins are
canonical responses to the lithogenity of gallbladder
bile. The Mucl and 3 genes that regulate mucin secre-
tion in the mouse gallbladder are located on mouse
chromosomes 3 and 5 (73, 74), respectively, and there-
fore are not candidates for structural Lith genes (24).
Hypersecretion of mucin and its gelation in gallblad-
ders of C57L and F; mice also suggests that one of the
Lith gene products might indirecty regulate mucin syn-
thesis and secretion. Alteratively, the Muc gene expres-
sion may respond to a molecular stimulus from the lu-
men such as from higher content of Ch, Ca**, TCDC,
TDC, or ATP (52) in gallbladder bile.

The remaining function for Lith genes would be the
protein molecules responsible for the dramatic differ-
ences in the gallbladder sizes both prior to and after
feeding the lithogenic diet. Because the CCK-A recep-
tor (75) and Cck genes (76) map to mouse chromo-
somes 5 and 9, respectively, they are not candidate Lith
genes (24). Nevertheless, the larger gallbladders dis-
played by C57L and F, mice suggest that Lith genes
mightinhibit gene expression, leading to defects in gall-
bladder motility. In addition, mucosal absorption of
higher Ch contents in the gallbladder could impair gall-
bladder smooth muscle contraction, as accumulating
evidence suggests (77).

The physical-chemical phenotypes of Lith genes in
gallbladder bile described in the present study will be

crucial for elucidating the genetic determinants of Ch
gallstone disease in mice as well as in humans. This
study therefore provides the connection between multi-
ple Lith genes and early Ch gallstone disease and consti-
tutes the basic framework for investigating how individ-
uval Lith genes influence the various Ch gallstone
phenotypes. As there is exceptionally close homology
between mouse and human genomes, this work should
also facilitate a more rational search for human Ch gall-
stone (LITH) genes.B8
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