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Abstract C57L mice are susceptible and AKR mice are
resistant to gallstone formation. We studied in male mice
of both strains gallbladder histopathology, cholecystokinin-
induced emptying, and concentrating function at 0, 14, 28,
and 56 days on a lithogenic diet. Gallbladder wall thick-
ness increased on the diet, with stromal granulocyte in-
filtration, progressive fibrosis, edema, and epithelial cell
indentation, particularly in C57L. Strong basal cholecys-
tokinin octapeptide-induced gallbladder emptying (70% of
fasting volumes) occurred in both strains, but fasting gall-
bladder volumes were significantly larger in C57L (14.8 6
2.2 ml vs. 8.8 6 1.0 ml). On the diet, fasting volumes in-
creased exclusively in C57L (28.6 6 2.9 ml on day 56), with
progressively decreased emptying (27% of fasting volumes
on day 56). Gallbladder emptying remained normal in
AKR. Gallbladder concentrating function decreased on the
lithogenic diet (especially in C57L), coinciding with de-
creased aquaporin-1 (AQP1) and AQP8 expression at the
mRNA and protein levels. In additional experiments, similar
downregulation of AQP1 and AQP8 mRNA expression oc-
curred in farnesoid X receptor (FXR)-deficient mice after
1 week on the lithogenic diet, without any difference from
corresponding wild-type mice. In conclusion, during murine
lithogenesis, altered gallbladder histology is associated with
impaired motility, reduced concentrating function, and de-
creased AQP1 and AQP8 expression, the latter without the
involvement of the FXR.—van Erpecum, K. J., D. Q-H. Wang,
A. Moschetta, D. Ferri, M. Svelto, P. Portincasa, J-J. Hendrickx,
M. Schipper, and G. Calamita. Gallbladder histopathology
during murine gallstone formation: relation to motility and
concentrating function. J. Lipid Res. 2006. 47: 32–41.
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C57L and AKR inbred mice exhibit different suscept-
ibilities to cholesterol gallstone formation, depending on
Lith genes. Susceptibility is high in C57L males (gallstones
in 80% of mice after 56 days on a lithogenic diet) and low
in AKR males (gallstones in 15% after 56 days on a litho-
genic diet) (1). Based on their time course during the
earliest stages of lithogenesis, biliary cholesterol super-
saturation, the hydrophobic bile salt deoxycholate, and
high concentrations of crystallization-promoting mucin
are thought to play crucial roles in murine gallstone for-
mation (1, 2). In humans, the gallbladder is thought to
be another key player in gallstone pathogenesis. Impaired
postprandial and interdigestive gallbladder emptying are
often found in gallstone patients, providing time for nu-
cleation of cholesterol crystals and their aggregation into
macroscopic stones (3). Also in animal models, gallblad-
der contractility is decreased in the earliest stages of gall-
stone formation, even before gallstones have formed (4).
Furthermore, in the fasting gallbladder, hepatic bile is
concentrated 4- to 5-fold by absorption of water, thereby
enhancing cholesterol crystallization (5, 6). Aquaporins
(AQP0 to AQP10) are a family of transmembrane channels
mediating the movement of water through the lipid bi-
layer. AQP1 (7–12) and AQP8 (12) have recently been
detected in gallbladder epithelial cells. Virtually no infor-
mation is available about the gallbladder in murine gall-
stone formation, despite the obviously crucial role of this
organ in lithogenesis.

In the present study, we describe gallbladder histopa-
thology (including reducedAQP expression),motility, and
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concentrating function on a lithogenic diet. Farnesoid X
receptor (FXR: NR1H4) functions as a bile salt receptor
regulating the transcription of numerous genes involved in
cholesterol and bile salt homeostasis (13). This nuclear
receptor may be relevant for gallstone formation: FXR-
deficient (FXR�/�) mice were recently found to exhibit
high susceptibility to cholesterol gallstone formation (14).
In addition, in gallstone-susceptible C57L mice on
a lithogenic diet, biliary cholesterol supersaturation and
gallstone formation were prevented by treatment with a
synthetic FXR agonist: FXR-dependent increases in biliary
secretion of cholesterol-solubilizing bile salt and phospha-
tidylcholine molecules restored cholesterol solubility and
thereby prevented gallstone formation (14). Because the
lithogenic diet contains cholic acid [a high-affinity ligand
for FXR (15)], we investigated in the FXR�/� murine
model whether the FXR pathway could play a direct role in
reducing AQP gene expression.

MATERIALS AND METHODS

Animals

Homozygous male C57L/J and AKR/J mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). They were
housed in a temperature-controlled room (226 1jC) with a 12 h
light cycle (6 AM–6 PM), with free access to water and Purina
laboratory chow containing traces (,0.02%) of cholesterol (Har-
lan Teklad Laboratory Animal Diets, Madison WI). Once animals
achieved 8 weeks of age, they were fed a semisynthetic lithogenic
diet containing (per 100 g) 15 g of dairy fat, 1 g of cholesterol,
0.5 g of cholic acid, 2 g of corn oil, 50 g of sucrose, 20 g of casein,
and essential vitamins and minerals (16). Cholecystectomy was
performed and gallbladder bile was aspirated completely at 9 AM
before (day 0) and after feeding the lithogenic diet for 14, 28,
and 56 days (five mice of each strain at each time point). Gall-
bladders were immediately placed in formalin. Cholecystectomy
and gallbladder bile collection were followed by cannulation
of the common bile duct and hepatic bile collection for 1 h (1,
17, 18). Pooled gallbladder biles and individual hepatic biles (five
mice at each time point) were stored at �20jC until further an-
alysis. In a second and a third series of experiments, the effects of
a lithogenic diet on AQP1 and AQP8 mRNA expression and on
gallbladder motility were examined (five mice of each strain at
each time point in all experimental groups). Gallbladder em-
ptying was determined in fasted mice by intravenous injection of
sulfated cholecystokinin octapeptide (CCK-8; 17 nmol/kg body
weight dissolved in 100 ml of PBS), identical volumes of PBS, or
no injection. Exactly 15 min after the injection, cholecystectomy
was performed and gallbladder volume was determined (19, 20).

A fourth series of experiments was performed in male FXR�/�

mice (21). FXR�/� and wild-type mice were on the same mixed
background (C57BL/6N3129/SVJ3FVB, backcross 3C57BL/
6N). Experimental conditions were the same as described above.
Mice were maintained on a low-cholesterol (0.02%) Purina chow
diet until 9 weeks of age, followed by only 1 week of the lithogenic
diet, given the sensitivity of FXR�/� mice to cholic acid (21).
After 12 h of fasting, cholecystectomies were performed, and
gallbladders were frozen in liquid nitrogen and stored at �80jC
until further analysis. Protocols were approved by the Institu-
tional Animal Care and Use Committee of Harvard University
and by the Institutional Animal Care and Research Advisory
Committee of the Southwestern Medical Center at Dallas and
were consistent with euthanasia recommendations of the
American Veterinary Medical Association.

Lipid analyses

Bile samples were lipid-extracted (22) after a short centri-
fugation (5 min at 3,000 g) to spin down cholesterol crystals.
Cholesterol (23) and phospholipid (24) concentrations were
measured enzymatically in the extracted biles, and total bile salt
concentrations in whole biles were measured by the 3a-hydroxy-
steroid dehydrogenase method (25). The cholesterol saturation
index was calculated according to the critical tables (26). Gall-
bladder bile samples were examined for the presence of choles-
terol crystals using direct and polarizing light microscopy (1003
and 4003 magnification). Conjugated bile salt species were an-
alyzed by HPLC (27) using a C-18 Waters Bondapack 10 mm
column. Methanol-phosphate buffer was used as an eluent (pH 5.2,
flow rate of 1 ml/min).

Histology

Histological evaluations were performed by two independent
pathologists unaware of mouse strains or time on the lithogen-
ic diet (5 mm sections from paraffin-embedded tissue), with
high interobserver agreement. For each gallbladder, numbers
of granulocytes were scored after hematoxylin-eosin staining in
20–40 high-power fields (4003 magnification). For each gall-
bladder, wall thickness is the mean value of six determinations in
the fundic area. Relative amounts of smooth muscle cells com-
pared with relative amounts of fibrosis were scored in Azan-
stained sections.

Immunohistochemistry and Western blots

Endogenous peroxidase was preliminarily blocked and gall-
bladder sections were then incubated overnight at 4jC with pu-
rified monospecific primary antibodies directed against the C
terminus of AQP1 or AQP8 (anti-AQP1 or anti-AQP8; Alpha Di-
agnostic International) at a final concentration of 5 mg/ml in
blocking buffer (1% normal goat serum in phosphate-buffered
saline) (28). Thereafter, sections were washed and incubated with

Fig. 1. Gallbladder histology of resistant AKR (A)
and susceptible C57L (B) mice at baseline (hematox-
ylin-eosin; 4003magnification). Black arrows indicate
the epithelial layer, and the white arrow indicates
granulocyte infiltrate in C57L.
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goat anti-rabbit IgG (Sigma, St. Louis, MO). After several washes,
the sections were incubated with horseradish peroxidase-antiper-
oxidase, and immunolabeling was visualized by incubation with
3,39-diaminobenzidine-H2O2 (29). Controls performed using an-
tibodies preadsorbed with immunizing peptides or by omitting
the primary antibodies were always negative. Images were cap-
tured using a Nikon E600 photomicroscope equipped with a dig-
ital camera (Nikon DMX1200; Nikon Instruments S.p.a., Sesto
Fiorentino, Italy). The intensity of AQP staining was scored with
the aid of a semiquantitative score (05 absent; 115minor; 215

moderate; 31 5 appreciable; 41 5 strong) by one investigator
(M. Svelto) unaware of mouse strain or time on the lithogenic
diet. To quantitate gallbladder protein concentrations of AQP1
and AQP8, Western blot analysis was performed in separate sets
of mice from both strains (n 5 35 per group) before and after
28 and 56 days of feeding the lithogenic diet with the aid of
anti-AQP1 or anti-AQP8 (Alpha Diagnostic Int.) and b-actin as
a control.

Quantitative real-time PCR assays of Aqp1 and Aqp8 genes

Total RNA was extracted from C57L and AKR gallbladders
using RNeasy Midi (Qiagen, Valencia, CA). Reverse-transcrip-
tion reaction was performed using the SuperScript II First-
Strand Synthesis System (Invitrogen, Carlsbad, CA) with 5 mg of
total RNA and random hexamers to generate cDNA. Primer

Express Software (Applied Biosystems, Foster City, CA) was used
to design the following primers: mouse Aqp1 (NM_007472)
forward (59-TTCCCCTTTGGTCTGACTTACC-39), reverse (59-
TCAGCACAGGGACAATTCCA-39), and probe (59-AGGACCCTT-
CCCCTTGAACTCACTCTAAGACC-39); mouse Aqp8 (NM_007474)
forward (59-CAGTCTGTGACCTAGAGATAAGTGAGTACA-39),
reverse (59-GATCCGAGCCAGAGCTACCA-39), and probe (59-
AGGGCAGCCGGCGAACGTC-39). Real-time PCR assays for all
samples were performed in triplicate on the GeneAmp 5700 Se-
quence Detection System (Applied Biosystems). Relative mRNA
levels were calculated using the threshold cycle of an unknown
sample against a standard curve with known copy numbers. Data
were normalized using endogenous GAPDH as the invariant con-
trol (part 4308313; Applied Biosystems). For FXR�/� mice, RNA
extraction from gallbladder was performed using the RNA STAT-
60 reagent (Tel-Test B, Inc., Friendswood, TX). RNA was treated
with RNase-free DNase (Roche, Diagnostics Corp., Indianapolis,
IN) and reverse-transcribed (SuperScript II; Invitrogen) using
random hexamers (Roche) to a final concentration of 20 ng/ml.
Primer sequences were as follows: AQP1 forward (59-CCTGCT-
GGCGATTGACTACA-39) and reverse (59-GCACAGCAGAGCCAAAT-
GAC-39); AQP8 forward (59-GTAGCTCTGGCTCGGATCTTC-39)
and reverse (59-CCTTGACCTCAGGTAGGTCCAT-39). Real-time
quantitative PCR was performed as described previously (30)
using SYBRGreen I chemistry (SYBRGreen PCRMasterMix; ABI)

Fig. 2. Gallbladder wall thickness as a function of time on the
lithogenic diet. Gallbladder wall thickness increases progressively
during the diet period (P , 0.0001) and is more pronounced in
C57L than in AKR (P , 0.02). Closed circles, C57L; open squares,
AKR. Results are shown as means 6 SEM.

Fig. 3. Gallbladder stromal granulocytes (number/high-power
field; 4003 magnification) as a function of time on the lithogenic
diet. Numbers of stromal granulocytes are significantly higher in
C57L than in AKR (P , 0.003), but there are no changes during
the diet period. Closed circles, C57L; open squares, AKR. Results
are shown as means 6 SEM.

Fig. 4. A: Subepithelial edema in AKR mice at the end of the study period (56 days). B: More pronounced
subepithelial edema in C57L mice after 56 days on the lithogenic diet, with significant granulocyte infiltrate.
Arrows indicate the epithelial layer, the interrupted arrow indicates the smooth muscular layer, and the
arrowhead indicates subepithelial edema (hematoxylin-eosin; 2003 magnification).
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on the ABI Prism 7900HT Sequence Detection System. Each sam-
ple was run in triplicate. Relative fold changes were calculated
using the comparative cycle times method with cyclophilin as the
reference gene and the wild-type mice as the calibrators.

Statistical analysis

Results are shown as means 6 SEM. Differences between
groups and time effects were analyzed for statistical significance
by Mann-Whitney U-tests or ANOVA with Fisher’s least significant
difference as the posthoc test. A two-tailed P value of ,0.05 was
considered significant.

RESULTS

Gallbladder histology

At baseline, gallbladder wall thickness was greater, and
epithelial cells appeared more elongated, in C57L than

in AKR (Figs. 1, 2). On the lithogenic diet, gallbladder
wall thickness increased markedly, but this was most pro-
nounced in C57L (Fig. 2). Also, there was moderate in-
filtration of neutrophilic granulocytes in gallbladder wall
stroma and some intraepithelial granulocytes in C57L
during the entire study period (Figs. 1B, 3). Granulocytes
were infrequent in AKR (Fig. 1A, 3), but occasional lym-
phoid aggregates were noted during the diet period. From
day 28 on, progressive fibrosis (C57L > AKR) and, more
pronounced, increased smooth muscle thickness were
noted in the gallbladder wall. Also from day 28, sporadic
macrophages loaded with debris and fat were seen in
C57L. These abnormalities were progressive on day 56 in
C57L, with concomitant edema in the subepithelial layer
(Fig. 4B). Similar changes were not noted before day 56 in
AKR and were less pronounced than for C57L (Fig. 4A).
Also, progressive epithelial indentation was seen in C57L
from day 28 of lithogenic feeding (Figs. 5F, H, 6F, H).

Fig. 5. Immunohistochemical distribution of aqua-
porin-1 (AQP1) in the gallbladders of AKR (A, C, E,
G) and C57L (B, D, F, H) mice on the lithogenic
diet. A, B: Day 0. Considerable AQP1 immunoreac-
tivity (brown staining) is observed over the apical
(arrowheads) and lateral (insets; open arrowheads)
membranes of AKR (A) and C57L (B) gallbladder
epithelia. Staining is also observed over the plasma
membrane of endothelial cells (A,B; double arrows)
and red blood cells (A; thin arrow). Additional label-
ing is often present in the neck region of both AKR
and C57L gallbladders, where intracellular staining
is seen over vesicles located at the subapical pole of
surface epithelial cells (A, inset; arrows). Lateral spaces
between adjacent epithelial cells appear enlarged as
a morphological consequence of the process of fluid
absorption (48) (B, inset; dashed arrows). C, D: Day
14. Immunohistochemical patterns of AQP1 in AKR
(C) and C57L (D) gallbladder epithelial cells and
plasma membranes of endothelial or red blood cells
(apical staining, arrowheads; endothelial staining,
double arrows; red blood cell staining, small arrows).
E, F: Day 28. Considerable AQP1 expression (arrow-
heads) is seen at the apical pole of the gallbladder
epithelium of both AKR (E) and C57L (F) mice. Sub-
apical staining is frequently observed in the neck re-
gion of gallbladders (arrows). A striking indentation
of the surface epithelial layer (red dashed areas) is
observed in the C57L gallbladders (F). G, H: Day 56.
Apical (arrowheads) and subapical (arrows) AQP1
labeling is present in the epithelial layer of both
AKR (G) and C57L (H) gallbladders. Indentation of
the epithelium is now also observed in the neck region
of the AKR gallbladder (G; red dashed areas). AQP1
immunoreactivity is observed even in epithelial sheets
detached away from the C57L gallbladder as a con-
sequence of advanced lithogenesis (H, inset). Original
magnifications,3400.
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Although less marked than in C57L, indented epithelium
was also observed in AKR gallbladders at day 56 on the
lithogenic diet (Figs. 5G, 6G).

Gallbladder motility

Basal fasting gallbladder volumes were significantly
larger in C57L than in AKR inbred mice (14.8 6 2.2
ml vs. 8.86 1.0 ml). PBS infusion did not affect gallbladder
volumes before or during diet treatment (Fig. 7). Before
the lithogenic diet, low gallbladder volumes were observed
after CCK infusion in both strains (4.4 6 0.5 ml and 3.0 6

0.3 ml in C57L and AKR, respectively, corresponding to
70% emptying). As shown in Fig. 7B, fasting gallbladder
volumes increased progressively on the diet in C57L (from
14.8 6 2.2 ml on day 0 to 28.6 6 2.9 ml on day 56), with
progressively decreased CCK-induced emptying (70% and

27% of fasting volumes on day 0 and day 56, respectively).
In contrast, there were only minor (nonsignificant) in-
creases of fasting gallbladder volumes in AKR during the
lithogenic diet feeding (from 8.86 1.0 ml on day 0 to 136
1.3 ml on day 56), and CCK-induced gallbladder emptying
remained largely preserved (Fig. 7A).

Biliary lipids and gallbladder concentrating function

The cholesterol saturation index in hepatic biles (basal,
0.91 6 0.12 and 0.83 6 0.12 for C57L and AKR, res-
pectively) and associated gallbladder biles (basal, 0.53 and
0.52 for C57L and AKR, respectively) was supersaturated
from day 14 in both strains. At baseline, mol% bile salts,
cholesterol, and phospholipids in gallbladder biles and
associated hepatic biles were identical. In contrast, during
lithogenic diet feeding, mol% bile salts was consistently

Fig. 6. Immunohistochemical expression of AQP8
in AKR and C57L gallbladders during lithogenic diet
feeding. A, B: Day 0. Considerable AQP8 immunore-
activity (arrowheads) is seen at the apical pole of both
AKR (A) and C57L (B) gallbladder. Some staining is
also observed over the plasma membrane of endo-
thelial cells (double arrows). C, D: Day 14. Although
much less pronounced than on day 0, AQP8 reactivity
is observed at the apical pole of both AKR (C) and
C57L (D) gallbladders (arrowheads). The decrease
in apical AQP8 expression is more pronounced in
C57L (D; arrowheads) than in AKR gallbladders. Ex-
pression of AQP8 in both AKR and C57L gallbladder
endothelial cells (double arrows) appears unchanged
compared with basal values. E, F: Day 28. Apical
labeling of AQP8 in AKR gallbladder epithelium
(E; arrowheads) and C57L gallbladder epithelium
(F; arrowheads). Note the intracellular reactivity (F,
inset; arrows) often associated with the characteristic
indentation of the C57L gallbladder epithelium (F;
red dashed areas). G, H: Day 56. Considerable AQP8
reactivity is seen at the apical pole of both AKR (G)
and C57L (H) gallbladders (arrowheads). Subapical
reactivity (insets; arrows) is seen below the indentation
(red dashed areas). Original magnifications, 3400.
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higher and mol% cholesterol and phospholipids were
consistently lower in gallbladder biles than in associated
hepatic biles (results not shown). During lithogenic diet
feeding, the bile salt pool (at baseline mainly tauro-b-
muricholate and taurocholate) became enriched in hy-
drophobic bile salts in C57L (taurochenodeoxycholate to
256 2% and taurodeoxycholate to 9 6 1%) but remained
low in AKR. Cholesterol crystals were abundant from day
14 on in C57L, whereas only occasional crystals occurred
in AKR at the end of the study period. Furthermore, as
shown in Fig. 8A, B, the ratios of gallbladder bile to he-
patic bile lipid concentration (at baseline, z4 in AKR and
z5 in C57L) decreased markedly on the lithogenic diet,
most pronounced in C57L mice (ratios at day 14, z2.5 in
AKR and z1.5 in C57L). Decreases in these ratios are
consistent with decreased gallbladder absorptive function
during the lithogenic diet period.

AQP expression

Under basal conditions, AQP1 labeling was observed in
both strains over the apical plasma membrane of the en-

tire gallbladder epithelium (Fig. 5A, B). There was also
some basolateral staining (Fig. 5B, inset). Immunoreactiv-
ity was most pronounced in the gallbladder neck region,
where additional staining was frequently observed in intra-
cytoplasmic vesicles at the subapical pole (Fig. 5A, inset).
AQP1 immunolabeling was also observed over the plasma
membrane of red blood cells and endothelial cells (Fig. 5A,
thin arrow and double arrows, respectively). Overall, the
immunohistochemical pattern inAKR(Fig. 5A,C, E,G)was
similar to that of the corresponding C57L gallbladders
(Fig. 5B, D, F, H). AQP1 reactivity remained detectable
in indented epithelial cells at the end of the study period
(Fig. 5H). On a semiquantitative scale (see Materials and
Methods), AQP1 immunoreactivity decreased significantly
in C57L from 3.86 0.4 at baseline to 2.66 0.5 at day 14 and
in AKR from 3.86 0.4 at baseline to 2.86 0.4 at day 14.

Under basal circumstances, AQP8 immunoreactivity
was detected mainly in the apical plasma membrane of
the gallbladder epithelium of both AKR and C57L mice
(Fig. 6A, B). Indented gallbladder epithelium at the end
of the study period was often associated with the presence
of AQP8 immunoreactivity at the subapical pole of the
epithelial cell (Fig. 6G, H). In C57L and, less pronounced,
AKR inbred mice, gallbladder epithelial expression of
AQP8 was considerably reduced on the lithogenic diet
(especially in the corpus-fundus region) compared with
basal values (Fig. 6). On a semiquantitative scale (see Ma-
terials and Methods), AQP8 immunoreactivity decreased
significantly in C57L from 3.86 0.4 at baseline to 1.86 0.4
at day 14 and in AKR from 3.6 6 0.5 at baseline to 2.6 6

0.5 at day 14. In agreement with the immunohistochem-
istry results, Western blots revealed significantly decreased
AQP1 and AQP8 protein on the lithogenic diet in both
strains (Fig. 9). By Western blot, AQP1 and AQP8 protein

Fig. 7. Gallbladder motility in AKR (A) and C57L (B) mice as a
function of time on the lithogenic diet. In C57L, there are highly
significant increases of fasting gallbladder volumes (day 0 signi-
ficantly different from all other time points) and highly significant
decreases of cholecystokinin octapeptide (CCK)-induced gallblad-
der emptying (day 0 significantly different from all other time
points) on the lithogenic diet. In contrast, there are only minor
(nonsignificant) changes of fasting gallbladder volumes and pre-
served gallbladder emptying in AKR mice. Closed circles, control
group; open circles, PBS infusion group; open squares, CCK in-
fusion group. Results are shown as means 6 SEM.

Fig. 8. Gallbladder-to-hepatic bile ratios of bile salt, phospholipid,
and cholesterol concentrations in AKR (A) and C57L (B) mice
before and during the lithogenic diet period. There are marked
decreases in these ratios during lithogenic diet feeding, consistent
with the loss of gallbladder absorptive function, particularly in
C57L mice. Closed circles, ratio for bile salts; closed squares, ratio
for cholesterol; closed diamonds, ratio for phospholipid. Results
are shown as means 6 SEM.
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levels were lower in C57L than in AKR. Relative AQP1
and AQP8 mRNA expression also decreased significantly
in both strains after institution of the lithogenic diet
(Table 1).

At baseline, gene expression of AQP1 and AQP8 in gall-
bladders of mice lacking the bile salt nuclear receptor FXR
and corresponding wild-type mice did not differ. After
1 week of lithogenic diet feeding, significant decreases of
gallbladder gene expression for AQP1 (650% of the basal
value) and AQP8 (660% of the basal value) occurred in
both FXR�/� and wild-type mice. Finally, no changes in
AQP1 and AQP8 gene expression occur in wild-type mice
treated with a synthetic FXR agonist (A. Moschetta and
D. J. Mangelsdorf, unpublished observations).

DISCUSSION

Virtually no information is available about the gallblad-
der in the mouse model of gallstone formation, despite
the obviously crucial role of this organ in murine lithogen-
esis. Therefore, we studied in detail gallbladder histopa-
thology and function on a lithogenic diet in gallstone-
susceptible C57L and gallstone-resistant AKR inbred mice.
The results can be summarized as follows: 1) progressive

changes in histology, most pronounced in C57L mice; 2)
progressive impairment of gallbladder emptying, exclu-
sively in C57L; and 3) impaired gallbladder concentrating
function, most pronounced in C57L, coinciding with im-
paired expression at the mRNA and protein levels of the
water channels AQP1 and AQP8.

Although there was moderate infiltration of granulo-
cytes in C57L, this did not increase during the study pe-
riod. Apparently, acute cholecystitis does not occur in the
mouse model. Instead, fasting gallbladder volumes in-
creased progressively in C57L, with progressive impair-
ment of CCK-induced gallbladder emptying, very similar
to human cholesterol gallstone patients (3). Changes in
gallbladder motility may theoretically result from lithogen-
ic gallbladder bile. In in vitro studies, significant amounts
of cholesterol are absorbed by the gallbladder wall from
supersaturated bile (31), with subsequent incorporation
of the sterol within the sarcolemnal plasma membrane
of the smooth muscle cell, leading to impaired motility
(32). In the present study, basal mol% lipids in hepatic
and gallbladder biles did not differ. In contrast, on the
lithogenic diet, mol% bile salts were always higher and
mol% cholesterol and phospholipids were always lower
in gallbladder than in associated hepatic biles. These
changes in the relative lipid composition of gallbladder
compared with hepatic bile have also been reported in
human gallstone patients (33, 34) and are consistent with
cholesterol, and phospholipid, absorption (possibly from
vesicular phases) by the gallbladder wall in the case of
supersaturated bile. Indeed, candidate transport proteins
for cholesterol, such as ABCG5/G8 (35), scavenger re-
ceptor class B type I (36), and megalin (37), have been
detected in the human gallbladder wall. Alternatively,
hydrophobic bile salts such as deoxycholate may impair
gallbladder motility (38). Indeed, in the current study,
hydrophobic bile salts (taurodeoxycholate and tauroche-
nodeoxycholate) were found in appreciable amounts
exclusively in C57L mice. Also, altered histology with in-
creased gallbladder wall fibrosis could have contributed to
the impairment of gallbladder motility. Impaired gallblad-
der motility in C57L occurred at an early stage (after 7 days
of the lithogenic diet, before gallstones had formed).
Therefore, impaired motility could contribute to gallstone
formation, even if it would be secondary to hydrophobic
bile salts or absorbed cholesterol. The occurrence of su-

TABLE 1. Relative AQP1 and AQP8 mRNA expression (corrected for
GAPDH) decreases significantly in C57L and AKR inbred mice on the

lithogenic diet

AQP1 AQP8

Time on the
Lithogenic Diet AKR C57L AKR C57L

0 days 7.1 6 0.4a 5.3 6 0.2a 7.6 6 0.3a 5.6 6 0.2a

14 days 3.7 6 0.2 2.8 6 0.1 6.0 6 0.2 3.1 6 0.07
28 days 3.8 6 0.2 2.7 6 0.2 4.1 6 0.2 2.9 6 0.04
56 days 4.9 6 0.2a 3.3 6 0.2 5.0 6 0.1 3.4 6 0.1

AQP, aquaporin.
a Significantly different from all other time points.

Fig. 9. Protein concentrations of AQP1 (A) and AQP8 (B) in
gallbladders of mice (n = 35 per group) before and during
lithogenic diet feeding for 56 days. For each protein concentration,
the fold change for AKR mice (open bars) fed the lithogenic diet
and C57L mice (closed bars) on chow or fed the lithogenic diet is
expressed relative to chow-fed AKR mice, which is arbitrarily set at
1.0. Values represent means 6 SEM of the fold change found in
these mice.
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persaturated bile (and possibly also hydrophobic bile salt
composition) could relate to certain Lith genes. A signi-
ficant number of hepatic lipid regulatory genes, hepatic
lipoprotein receptors and related genes, hepatic and in-
testinal membrane and intracellular lipid transporters,
and hepatic lipid regulatory transcription factors that
could be involved in the occurrence of biliary cholesterol
supersaturation colocalize with various Lith genes that
were identified by quantitative trait locus studies in the
mouse model (for an overview, see 39). In addition, the
CCK-A receptor controls to a large extent murine gall-
bladder contractility, the encoding gene Cckar colocalizes
with a Lith gene onmouse chromosome (39), and targeted
disruption of the murine CCK receptor increases suscep-
tibility to gallstones (40). Therefore, Lith genes could be
involved in the marked differences in gallbladder motility
between C57L and AKR mice found in this study.

As inferred from gallbladder-to-hepatic ratios of lipid
concentrations, we found a strong decrease of gallbladder
absorptive function after institution of the lithogenic diet,
particularly in C57L inbred mice. We hypothesize that
decreased gallbladder concentrating function could also
be secondary to the absorption of cholesterol by the gall-
bladder wall from supersaturated bile and altered histol-
ogy with increased gallbladder wall thickness. Our findings
of water channel AQP1 expression in apical and basolat-
eral epithelial cell membranes, particularly in the gall-
bladder neck, are in agreement with previous data (7, 8,
10, 12). The presence of AQP1 in murine gallbladder mi-
crovessels (9, 10, 12) has also been reported previously.
Recently, AQP8 was detected in the apical gallbladder
epithelial plasma membrane of various species, both at the
mRNA and protein levels (12). Reduction of AQP expres-
sion in the gallbladder epithelial plasma membrane may
not be the consequence of a local effect exerted by the
lithogenic diet, because concomitant AQP expression in
gallbladder endothelial cells appeared not to change.
Also, similar AQP8 downregulation was reported recently
in the liver of cholesterol-fed mice (41) and during extra-
hepatic cholestasis (42). We also found, in the current
study, significant downregulation of relative AQP1 mRNA
expression (from 1 6 0.12 to 0.48 6 0.09) and relative
AQP8 mRNA expression (from 1 6 0.08 to 0.57 6 0.1) in
livers of C57L mice after 1 week on the lithogenic diet
(results not shown). These findings all suggest that the
lithogenic diet exerts a more general effect on AQP ex-
pression, possibly because of its high fat and cholesterol
contents. With regard to the gallbladder, concordant
changes of AQP expression and the absorptive function of
this organ on the lithogenic diet, as found in this study,
suggest the involvement of these water channels in gall-
bladder water transport, possibly secondary to changes in
electrolyte transport. Gallbladder Na1 absorption in the
fasting state is mostly mediated through apically restricted
Na1/H1 exchange. This protein kinase C-a-regulated
membrane protein facilitates the electroneutral exchange
of extracellular Na1 for intracellular H+, with subsequent
basolateral Na1 extrusion and secondary osmosis-driven
water transport (43). Limited data in the prairie dog

model suggest dysfunctional regulation of Na1/H1 ex-
change by protein kinase C-a during gallstone formation
(43, 44). Associated Cl� transfer probably involves Cl�/
HCO3

� exchangers and chloride channels. In contrast
with the fasting state, gallbladder water secretion seems to
predominate after meal ingestion, possibly influenced by
gastrointestinal hormones such as secretin and vasoactive
intestinal polypeptide (45–47). These hormones act on
cystic fibrosis-transmembrane conductance regulator in
the epithelial cell (47). Increases of intracellular cAMP
levels subsequently inhibit Cl�/HCO3

� and Na1/H1 ex-
changers at the apical membrane, with the result that net
NaCl entry is inhibited (10). Although one may speculate
that AQP1 and AQP8 exhibit different functions in the
fasting versus the fed state, this remains to be explored in
further studies.

Because the lithogenic diet contains significant amounts
of the FXR ligand cholic acid, we tested whether AQP1 and
AQP8 downregulation could occur through the FXR sig-
naling pathway. Similar AQP downregulation in FXR�/�

and corresponding wild-type mice after 1 week of the lith-
ogenic diet argues against a direct role of FXR in driving
the lithogenic diet-induced decreases of AQP1 and AQP8
gene expression in gallbladder or liver. This contention
is further supported by the absence of any changes in
AQP1 and AQP8 gene expression in wild-type mice treated
with a synthetic FXR agonist (A. Moschetta and D. J. Man-
gelsdorf, unpublished observations). In summary, pro-
gressive alterations in gallbladder histology during murine
lithogenesis are associated with progressively impaired
gallbladder motility, particularly in C57L. A temporal as-
sociation between decreased gallbladder concentrating
function and decreased AQP1 or AQP8 expression sug-
gests the involvement of these water channels in gall-
bladder water transport.
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