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Quantitative ultrastructural studies of gall bladder
epithelium in gall stone free subjects and patients
with gall stones

S Sahlin, J Ahlberg, K Einarsson, R Henriksson, A Danielsson

Abstract
The present study aimed at a further evalua-
tion of the role of glycoproteins in the forma-
tion of cholesterol gall stones in man. An
electron microscopic morphometric study of
the gall bladder epithelium was performed in
six gail stone free subjects and 12 gail stone
patients. Six of the gail stone patients were
treated with ursodeoxycholic acid three weeks
before cholecystectomy. The number and the
volume density of the mucin containing
secretory granules, were not significantly
increased in gall stone patients compared with
gail stone free subjects. Treatment with
ursodeoxycholic acid did not affect the number
or volume density of the secretory granules.
Thus, these results do not give evidence for
that the degree of cholesterol saturation
influences mucin content in the gall bladder
wall of man. A major new finding was that
gail stone patients had a markedly reduced
total lysosome area and volume density of
lysosomes compared with gail stone free sub-
jects, a finding which may be related to a
decreased intraceilular degradation of protein
and/or mucin.

Wahlin et al23 have shown that the mouse gall
bladder epithelium has a basal secretion of
glycoproteins. Electron microscopic and cyto-
chemical studies have established that these
mucous substances are present in secretory
granules.23 Mice fed a lithogenic diet displayed
an increased synthesis ofglycoproteins in the gall
bladder epithelium and an enhanced secretion
before gall stone formation.'4 These findings
have been confirmed by Lee and Scott'6 and
recently by MacPherson et al24 25 in ground
squirrels.
The aim of the present investigation was to

further evaluate the role of gall bladder glyco-
proteins in the pathogenesis of gall stone
formation in man. For this purpose an electron
microscopic morphometric study on human gall
bladder epithelium was carried out with special
reference to secretory granules and lysosomes in
patients with cholesterol gall stones and gall
stone free subjects. Also gall stone patients
treated with ursodeoxycholic acid (UDCA), a

bile acid known to make bile unsaturated with
cholesterol and to induce gall stone dissolution,
were studied.
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Supersaturated bile is considered to be a neces-

sary factor for cholesterol gall stone formation.
As supersaturated bile is also a common finding
in subjects without gall stones, however, other
factors seem to be of importance.' A crucial
event in gall stone formation seems to be the
formation of cholesterol crystals - that is, the
nucleation process.3 The nucleation time is thus
much shorter in gall bladder bile of gall stone
patients compared with normal subjects.4
Rapid nucleation has been suggested to result

either from an excess of pronucleating factors
and/or a deficiency of antinucleating factors.'-'
Several studies using the cholesterol fed prairie
dog as an experimental model of cholesterol gall
stone formation have implicated gall bladder
mucin as an important nucleating agent.8'- Also
mice fed a lithogenic diet develop cholesterol gall
stones along with an increase in mucin produc-
tion.'4-'7
Human gall bladder mucin accelerates

nucleation of cholesterol crystals in model bile. 8

Gallinger et al19 found that mucin from both
abnormal and control bile shortens nucleation
time in a dose dependent manner. They did not
find any quantitative or qualitative differences,
however, in mucin of normal and abnormal
bile.20 Recent studies indicate an important role
ofmucin in the formation of biliary sludge as the
first step of gall stone formation.2' 22

Methods

PATIENTS
Gall bladder bile and tissue samples were
collected in 18 patients undergoing cholecystec-
tomy. Twelve consecutive gall stone patients in
whom preoperative cholecystography had shown
gall stones in well functioning gall bladders were
studied. Furthermore six consecutive gall stone
free subjects with well functioning gall bladders
without stones, but with polyps or adeno-
myomas of the gall bladder wall which justified
operation, were included as controls in the
investigation. All were non-obese (<120% of
relative weight) (Table I), and had normal liver
function tests. Six patients from the gall stone
group were treated with UDCA during three

TABLE I Clinical parameters of the gall stone-free subjects,
the untreated gall stone patients, and those treated with
ursodeoxycholic acid (UDCA). The data are expressed as
mean (SEM)

Relative
body Cholesterol

Sex Age weight* crystals
(M:F) (yrs) (%) (Patients: n)

Gall stone free (n=6) 1:5 51 (8) 100 (6) 1
Gall stone (n=6) 3:3 42 (4) 100 (5) 3
UDCA (n=6) 0:6 49 (6) 96 (6) 2

*Calculated as body weight (kg) x 100%
length (cm)- 100
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weeks before operation (15 mg/kg body weight
and day). All operations were performed
between 9 and 12 am after an overnight fast.

Informed consent to participate was obtained
from each patient, and the protocols were
approved by the Ethical Committee at
Karolinska Hospital (date 11/5/84).

BILE COLLECTION AND POLARISATION
MICROSCOPY
The gall bladder was completely emptied of bile
using sterile needle and syringe to avoid stratifi-
cation of the bile.26 A regular cholecystectomy
was then performed. Uncentrifuged gall bladder
bile was kept in darkness at 37°C and examined
with polarised light microscopy immediately
after the operation and after three days.
Cholesterol monohydrate crystals were identi-
fied by birefringence and typical flat rhomboidal
shapes. The gall stones were classified as typical
cholesterol stones by direct inspection and/or
analysis in the laboratory.27 28

TISSUE PREPARATION AND ELECTRON
MICROSCOPY
Immediately after the gall bladder had been
removed, it was opened and inspected. A strip of
the wall was excised. The mucosa was separated
from the muscle layer and attached to a plate of
cork and at once transferred to 1% osmiumtetra-
oxide in Millonig phosphate buffer (0-1 M, pH
7 3, +4°C) for two hours. Then, the preparation
was rinsed and stored in 0 9% NaCl. The
specimens were then dehydrated in graded
ethanol solutions and propylene oxide and subse-
quently embedded in Epon 812. For electron
cytochemical demonstration of mucin in the gall
bladder epithelium, the periodic acid chromic
acid silver stain (PA-CrA-silver) technique of
Rambourg et al was used.29 These specimens
were embedded in Vestopal. Sections were cut at
a feeding rate of 70 nm on an LKB ultrotome
(LBK Instruments Inc, Rockeville, Md, USA),
and collected on naked copper grids or in the case
of PA-CrA-Silver stain, on gold grids. After
contrasting with uranyl acetate and lead citrate,
the sections were examined in a Philips EM300
electron microscope.

STEREOLOGICAL ANALYSIS
Electron microscopic measurements were
carried out on electron micrographs taken at
random of principal cells that displayed the
nucleus and part of the basal and apical surfaces
of the section. Ten micrographs from each
patient were randomly selected for stereological
analyses. Profile areas and parameters of cells,
nuclei and granules were estimated as well as
granule number and size. The same parameters
were also used for the lysosomes. All measure-
ments were carried out on coded micrographs by
one observer with MOP-Video plane (Kontron
Bildanalyse, Munich, Germany). The morpho-
metric analyses employed the standard measure-
ment program Y2 and stereoprogram 5 -42
(Kontron Bildanalyse). The volume densities of
granules and lysosomes were calculated by divid-

ing the respective area with the area of the
cytoplasm (cell section minus nucleus section).

ANALYSIS OF BILIARY LIPIDS
For determination of cholesterol and phospho-
lipids, a portion of the bile samples obtained was
immediately extracted with 20 volumes of
chloroform-methanol, 2:1 (vol/vol). Cholesterol
was determined by an enzymatic method30 and
phospholipids by the method of Rouser et al.3'
The total bile acid concentration in one aliquot of
the bile samples was determined using the
3-alpha-hydroxy-steroid dehydrogenase assay.32
Cholesterol saturation was calculated as a per-
centage of the predicted cholesterol solubility at
the respective biliary lipid concentration and
composition, as described by Carey.33 The calcu-
lation of cholesterol saturation in patients treated
with UDCA was performed without the correc-
tion factor suggested by Carey33 because this
factor is valid only for a total lipid concentration
of 10 g/dl.

STATISTICAL ANALYSIS
Significance of differences was evaluated with
Student's t test. Data are given as means (SEM).

Results

LIGHT MICROSCOPY
All gall bladders were routinely examined by a
pathologist not involved in the study. Those with
gall stones showed evidence of light to moderate
chronic inflammation. In the gall stone free cases
the suspected polyps were foldings of epithelium
or cholesterolosis and the adenomyomas were
confirmed. All gall stones were of cholesterol
type.

ELECTRON MICROSCOPY AND
MORPHOMETRY
The Figure illustrates the ultrastructure of gall
bladder epithelial cells in gall stone free subjects
and gall stone patients. The principal cells were
almost the only cells found in the epithelium.
The secretory granules are located in the apical
part of the cell as demonstrated in conventional
staining (Figs a and b). The Rambourg tech-
nique (Figs c and d) stains not only the mucin
containing secretory granules, but also the
lysosomes in a similar way, indicating chemically
related contents. The lysosomes are larger and
their content is more heterogeneous than the
granules, which are abundant in the apical part
of the cell. The lysosomes are also more lobated,
compared with the granules, a finding which is in
accordance with the work of Koga.34
The results of the quantitative electron micro-

scopic analysis with respect to mucin containing
secretory granules are presented in Table II. The
mean volume density and the number of
secretory granules tended to be somewhat higher
in the gall stone group as well as in the UDCA
group compared with the gall stone free group,
but the differences did not reach statistical
significance.
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Figure: Micrographs ofgall bladder principal cellsfrom patients without (GSF) and with gall stone disease (GS). The
upper panel shozws electron micrographs of(a) GSF and (b) GS in conventional staining. The lower panel shows electron
micrographs after PA-CrA-silver stain29 for GSF (c) and GS (d). Arrows point at lysosomes (L) and secretory granules (SG).

Table II displays that the lysosome area as well
as the volume density of lysosomes in the gall
stone free group were three to four times higher
compared with both gall stone and UDCA
groups. The volume density was calculated as
lysosome area/(cell area-nucleus area). The
number of lysosomes was about the same in the
different groups.

LIPID ANALYSIS OF BILE
The concentration of total lipids in the gall stone
free group was higher compared with the gall
stones as well as the UDCA group (Table III).

The cholesterol saturation in the gall stone group
was increased compared with the gall stone
free group. UDCA treatment normalised the
cholesterol saturation.

CHOLESTEROL CRYSTALS
Three patients in the gall stone and one in the gall
stone free group had monohydrate crystals in the
gall bladder bile (Table I). Two in the UDCA
group had crystals, both with unsaturated bile.
The crystals all appeared at the first day. The bile
samples were inspected for at least three more
days.
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TABLE II Secretory granules and lysosomes in gall bladder
epithelium ofgall stone free subjects, untreated gall stone
patients, and gall stone patients treated with ursodeoxycholic
acid (UDCA). The values are expressed as mean (SEM)

Gall stone Gall stone UDCA
free (n=6) (n=6) (n=6)

Granules
Volume density(%) 3-2 (1-0) 4 1 (1-1) 4-8 (1 7)
Total granule area ([tm') 5-1 (2-0) 5 5 (1-7) 7-6 (3 0)
Numberofgranulesper 12-7(2 2) 17-4(4-2) 22-3(7 2)

cell (n)
Mean granule area ([m2) 0 3 (0-1) 0 3 (0-1) 0 3 (0-0)

Lysosomes
Volume density (%) 3-8 (0-4) 1-1 (0 24 1-0 (0-4)4
Total lysosome area ([tm2) 5-4 (0-6) 1-5 (0 4)4 1-5 (0-7)t
Number of lysosomes (n) 5-5 (1-7) 3-7 (1-1) 3-9 (1-4)
Mean lysosome area (tm2) 1-5 (0 4) 0 5 (0 1)* 0 4 (0 0)*

*Significantly different from gall stone free subjects, p<0 05;
tp<0-O1; fp<O-OO1.

TABLE III Lipid composition and cholesterol saturation in
gall bladder bile ofgall stonefree subjects, untreated gall stone
patients, and gall stone patients treated with ursodeoxycholic
acid (UDCA). The values are expressed as mean (SEM)

Gall stone Gall stone UDCA
free (n =6) (n=6) (n=6)

Cholesterol (mol%) 5 7 (0-8) 7-8 (0 8) 3-7 (0-7)
Bile acids (mol%) 59 8 (10-9) 65-8 (1-6) 77 0 (4-5)
Phospholipids (mol%) 25 5 (1-8) 26 5 (1 5) 19-4 (3-8)
Lipid concentration (g/dl) 15-0 (1 5) 7 9 (1 7)* 4-8 (0-8)t
Cholesterol saturation (%) 69 (7) 102 (9)* 64 (9)

*Significantly different from gall stone free subjects p<005;
tp<0-001.

Discussion
A number of studies in recent years indicate that
the gall bladder secretes or releases one or several
factors which may accelerate the nucleation
process in cholesterol gall stone formation.7 This
factor may be a nucleating agent in itself or may
act by neutralising an antinucleating agent
normally present in bile. In either case the result
is an accelerated nucleation in supersaturated
bile. Several animal investigations suggest mucin
to be a pronucleating factor or cofactor."I
Electron microscopic studies of mouse gall
bladder epithelium have shown that the secre-
tory granule volume, containing glycoproteins,
increases when the animals are fed with a litho-
genic diet.'4'6 This process precedes the crystal
and gall stone formation. Similar results have
been obtained in the gall bladder of ground
squirrels.25

In the present study a tendency of increased
secretory granule volume was found in gall stone
patients compared with gall stone free patients.
No statistical significance could be established,
however, with respect to this parameter. Nor did
the UDCA treated patients with unsaturated bile
show a significant change in volume density of
secretory granule. The latter finding may impli-
cate that the degree of cholesterol saturation is of
no major importance for the quantity of intra-
cellular mucin secretory granules in man.

Thus, our results do not give evidence that gall
stone patients have an increased content of
glycoproteins in the principal cells of the gall
bladder or that the cholesterol saturation would
influence this. It should be pointed out, how-
ever, that our data only apply to the fasting state
of the gall bladder. Studies in the mouse have
shown that after fasting there is a low content of
mucin granules in the gall bladder epithelium

which increases on refeeding. I5 Furthermore our
data do not exclude the possibility that gall stone
patients may have an increased mucin secretion
and content in the gall bladder bile. Previously,
Bouchier et all' found an increased concentration
of hexosamine, a marker for mucin, in gall
bladder bile of gall stone patients. Similar results
were reported by Mingrone et all and have also
been obtained in our laboratory.37 Also Lee et all'
found raised glycoprotein concentration in gall
bladder bile of gall stone patients. In contrast,
Harvey et al"0 reported that the mucin glyco-
protein concentration of gall bladder bile in gall
stone patients and gall stone free subjects were
not significantly different. Some of their gall
stone patients, however, did have raised concen-
trations of mucin glycoprotein.
Do glycoproteins play a role in the formation

of cholesterol gall stones? Levy et all8 as well as
Gallinger et al'9 have shown that human gall
bladder mucin accelerates the nucleation of
cholesterol crystals. On the other hand, Harvey
et al"0 could not find any correlation between
human gall bladder mucin concentration and
cholesterol nucleation time. Neither did Whiting
and Watts39 find any correlation between the
concentration of biliary hexosamine and
cholesterol crystal formation in man. The
mechanism by which mucin promotes nuclea-
tion is not known. Several authors have observed
that cholesterol monohydrate crystal formation
occurs in a mucus layer adherent to the gall
bladder epithelium. Thus, the mucus layer
might provide a favourable environment for the
nucleation process. Smith' recently reported on
the capacity of mucin to bind cholesterol and
phospholipids in a model bile. Binding of
phosphatidyl-choline and cholesterol to human
gall bladder mucin increased as a function of
cholesterol saturation. In supersaturated bile the
binding of especially cholesterol to mucin was
markedly increased. It is thus possible that
mucin may act as a pronucleating agent in the
formation of cholesterol crystals in super-
saturated bile mainly because of its hydrophobic
binding of cholesterol.
A major new finding was that the volume

density of lysosomes was three to four times
higher in the gall stone free group compared with
the gall stone and UDCA groups. The lysosome
is a cell organelle that originates from the vesicles
of the Golgi complex or from the endoplasmatic
reticulum or from both. The lysosomes contain a
great number of hydrolytic enzymes, particu-
larly acid phosphatase, and enzymes and
products of digested polysaccharides and
proteins.4' 42 The lysosome content stained
similarly to the mucin granules, which may
suggest a common origin, such as an intracellular
degradation of mucin granules. In other
epithelial tissues, it has been suggested that the
lysosomal system digests secretory granules
during periods of reduced secretory stimula-
tion.43 Kouroumalis et al4"45 found a close corre-
lation between neutral and acid esterases and
with acid phosphatase indicating a lysosomal
location. The distribution of the latter enzyme
activity corresponded to a lysosomal location.
Gall stone free patients displayed high concen-
trations of mucosal esterase, acid phosphatase
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and beta-glucuronidase activities whereas low
concentrations were found in patients with
cholesterol gall stones.4 45

Gallinger et a146 recently reported that gall
stone patients have a higher concentration of
total protein in the gall bladder bile compared
with gall stone free subjects. The protein concen-
tration correlated with the nucleation time in the
gall stone group. The hepatic bile protein con-
centrations, however, were similar in the two
groups ofpatients. The results suggested that the
gall stone patients may have a decreased capacity
to absorb or degrade protein in the gall bladder.
The finding of a reduced lysosome content may
explain a decreased protein degradation in the
gall bladder wall. In a smaller series of patients,
however, Yamazaki et a147 did not find any
significant difference in the concentration of
total protein in gall bladder bile between gall
stone free subjects and gall stone patients. An
alternative explanation could be that the
lysosomes are normally involved in intracellular
degradation of mucin granules. A reduced con-
tent of these organelles may thus reflect a defect
in elimination of mucin granules, which other-
wise are released into the gall bladder lumen and
may act as a nidus for cholesterol crystal forma-
tion. Kouroumalis et a145 presented a third
explanation that lysosomal enzymes are released
together with mucin granules into the gall
bladder lumen, where they hydrolyse conjugated
bilirubin into unconjugated. The unconjugated
bilirubin can easily precipitate as calcium bili-
rubinate, forming nidus for gall stones.

In conclusion, the present study did not show
any statistically significant increase in secretory
granules in the gall bladder epithelial cell in gall
stone patients after an overnight fast. This does
not, however, exclude the possibility of
increased mucin secretion as quantitative mor-
phology gives a static picture of a dynamic
process including granule synthesis, intra-
cellular degradation and secretion of mucin
granule. It should also be mentioned that the
studies were conducted on patients who had
already had gall stones for several years, and thus
do not exclude an increase of secretory granules
in the very early stage of gall stone formation.
The finding of diminished cellular lysosome
content may limit the intracellular mucin
degradation. Further studies are needed to
evaluate the importance of the lysosomes in the
pathogenesis of cholesterol gall stone formation.
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