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ABSTRACT
/

This study investigated early‘structural changes in the gallbladder
in response to the ingestion of—a‘lithogenic diet.

Rabbits. were fed a diet containing 15 w/v of dihydrocholesterol
(DHC) and éonﬁro] animals were fed the normal rabbit pellet. The
gallbladder was removed from experimental animals at”daily intervals.up
to five dayslfollowing the investion ¢ the diet. The sizé of the 6rgan
was. determined,ihv .olume of water displacement. Histologic and
ultrastruct *»1 —rudies were made with light and electron microscope
restectivelv, aad o w8 4 lycoprotein was determined histochemically.

DHC-ric: diet ~wsed no increase in the size of the gallbiadder.
Within 24 grs the production of mucus was increased and osmiophilic
lipid material appeargd intercellularly as well as within foam cells 1in
the lamina propgiaji Earl§ in'racellular epithelial alterations involved
dilation ‘of both the rough and <cmooth -endoplasmic ret.culum and
mitochopdria. bélis,exhibiting these intracellular changes also showed
distortion of the apical'ﬁiasma membrane including microvillous pattern
and configuration. Prqgressiv: focal epithelial disruption and relgase
of cellular debris into the -gallbladder  lumen followed. 4

It 1is concluded that the gallbladder epith:lium -is injured and
.ﬁucus secretion 1ncreased v;ry early in this model of" experimental

cholelithiasis; There is no distention of the gallbladder and

intramural deposition of osmicated lipid droplets occurs in this model

of gallstone formation.
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‘that of the gallbladder (arrowhead) H & E x400.
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Light wmicrograph of gallbladder epithelium at day 3.
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6. b. The basal lamina (arrowhead) is markedly
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: ) Toluidene blue x400.
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(arrowed) into the gallbladder lumen through a point
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P

8. Thick plastic section of the gallbladder epithelium 2
days after. the rabbit had ingested the DHC-rich
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' predominantly on the upper third of the mucosal fold;
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9. Thick plastic sections of “gallbladder epithelium 3
days after.the ingestion of the DHC-rich diet, showing
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: Toluidene blue x400.

10._Scanniﬁg electron micrograph of gallbladder eplthelium
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Transmission EM of gallbladder epithelium 24 hours : 58
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18.
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Transmission'electron micrograph of an epithelial cell
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C. the basal lamina (arrowed) is markedly folded and
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x2300.
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INTRODUCTION: .Perspective on gallstone disease

Gallstone diseasé is a major, and increasing cause of morbidity,
admission to hospital and burgeoning hfalth costs, 1n 1industrialized
countries. Of the Eotal Canadian ﬁopuiation of app?oximaﬁély 24 million
persons (1), each-year about 130,000 are admitted to hospital because of
this disease and 80,000 of them ultimately qndergo cholécystectomy
(2). In monetary terms,’ the estimated annual cost of gallstone-

associated ﬁorbidi;y is 280 million dollars in Canada (2) and one

billion dollars 1in the U.S.A. (3).

\ v

Most of .the cur-c.t statistics on this disease are based on
hospital data chiefly of symptomatic cases and necropsy findings, both
of which underestimate the-true prevalence in th; population (2-4). 1In
the U.S.A., a recent review of the epidemiology of cholelithiasis (3)
indicated that ab0uﬁ 16 million people have gallstones, that each year
about 800,000 new cases are diagﬁésed, half of these patiengs ultimately
requiring éurgery, and 5,000 to 8,000 deaths are due to the diseése each
year. The problem is much greater in some North Americag Indian tribes;
studies in the Pima in the U.S.A. (5) and Micmacs in Canada (6) have
shown that approximately 707 of the women have gallstones by about 30

years of@age and a similar frequency in thé Pima men in a much later

hY
age.

Epidemiological reports from other parts of the world have shown
high rates of the ‘disease 1in Europe, especially Sweden, but fewer

cholecystectomies than Iin Canada and the U.S.A.(2,7). The incidence of

o



cholelithiasis is inéreasing in Japan (8), but 1is still rare in  the
Masai, a‘mainly nomadic East African tribe, and in Canadian Inuit (2,3).

Several authors have postulated a positive correlation between
gallstone disease and such factors as age, sex, soclal class, genetics,
obesity and dieﬁ, and diseases such as pancreatitis, diabete; mellitus,
atherosclerosi;, aﬁd hyperlipidemia (3). It is much commoner in females
than in males. Cho%elithiasis is rare in childhood, but the frequency
increases with age in both sexes 23). Recently the disqgge has been
reported in premature Infants witﬁ respiratory distress syndrome and

)

bronchopulmonary dysplasia who were being treated with assisted

ventilation, total parenteral nutrition and furosemide (9).

Gallstones are classified by their cholesterol content (pure or

mixed) or as pigment stones. In the U.S.A., 80% of stones are the mixed

vériety. (10), containing at least 702 cholesterol by weight; bile
pigments and acids, calcium salts, und piqteih coﬁstitute the remaining
30%. It 1s not known whether the non—cholesteroi particles are trapped
by cholesterol crystalé as they grow or are active participants in stone
formation. Pigment stones usually occur in association with chronic
hemolytic disorders and -liver cirrhosis (7).

Despite the recent advances 1Iin knowledge of biliary-tract

physiology and the physiochemical properties of bile, the pathogenesis

and nétural history of gallstone disease remain unresolved. This 1is

partly because the study of cholelithiasis has lagged'behind most areas
of medical research (4,11,12). Gallstones may produce symptoms with or
without associated pathologic and functional changes, or may produce no

symptons but be detected on abdominal roentgenograms taken for other

' »

reasons or at necropsy (4). The disease tends to run a benign course in.

5



the early stages, becoming sympcomatic only when the stones have become
large enough to block the cystic duét or 1induce cholecystitis (7).
Also, small stones passing through the common bile.duct produce pain and
acute pancreatitis.

Neoplastic degeneration of the gallbladder has been reported in a
small proportion of people with iong—standiﬁg cholelighiasis (13,14).
Gallstones may relate to development of carcinoma of the gallbladder:
1) gallstones are found 1in abéut 75% of gallbladders removed at
operation for‘this tumor . and in about 90% of cases in which it is found
at necropsy (14) and 2) the tumor is commoner in femaies than in males
2 . -

- -a paﬁtern similar to that of gallstone disease (14). Adenocarcinoma
is the commonest histologic type; sarcoma (}4,15) and pleomorphic
spindie-cell carcinéma (16) are very rare.

At present, cholecystectomy is the definitive treatment of
gallstone disease; medical dissolution of the stones 1is still
experimental (10). The operation carries a.very small but definite risk
and is inainsable in very few patients (13). Thus the problem of
gallstone disease 1is likelf to remain until the pathogenesis and natural
history héve been clearly defined and 'pharmacologic agents\ or  other

measures such as dietary regime have been developed to prevent or treat-

the disease.



REVIEW OF THE LITERATURE

Morphology of the Gallbladder

GROSS ANATOMY

Th: e are no major differences in the gross anatomy of human and
rabbit. gallbladder (17). This oblong, sacculated organ, commonly
described as pear-shaped, 1s situated in the fossa on the inferior
surface of the right lobe of the liver. Peritoneum covers all of {its
surface except where the organ 1is in contact with the liver. It
congists of three parts: the fundus, body, and neck. In humans, in the
erect posturg, the body of the gallbladder passes upward and backward
into the neck; thus. the fundus becomes the most dependant part,
rendering gravity ineffective in emptying the organ (7). A bulge
(Hartman's pouch) 1in the neck region, which used to be considered a
norhal anatomic finding, 1is now regarded as the result oan pathologic
process (18). Congenital anomalies can result in abnormal number, size,
shape and locationbof the organ (19).

The: arterial blood supplf to the gallbladder comes from the cystic
artery, which usually arises from the right hepatic artery. There are
many veiiations of this pattern: and only about 50-60% ~f cases conform
to the 'usual' arrangement; in 20Z, accessory arteries are present, and
in another 20Z the ~cystie arter;: is replaced by other vessels (18).
Most of the venous drainage is by small v?;gs; most'of>these empty into

J
the liver, and others drain into the cystic branch of the portal vein.



The rich lymphatic syste& of ‘the organ begins in two main plexuses, one
in the lamina propria and the other in the ;ubserosal connective tissue;
vesséls that arise on the left side»of the‘orgaﬁ\drain into the cystic
lymph nodes, and those from the right side dr;;n into the superior
pancreaticoduodenal nodes (18). The ofgah is supplied by both
parésfmpathetic and sympathetic nerves; a myenteric\blexus exists in the

lamina propria and subserosa.

HISTOLOGY . i

The wall .of the gallbladder consists of fdﬁr layers:
1. an epithelial lining | |
2. connective tissue layer (lamina proprig)
3, a fibromuscular layer |
4, a serosal layer

The‘mucosa is 1in folds of various heights and widths, which are
diminished when the organ +is distended.’ In the humgn gallblgdder,’
crypts between tbe folds project 1into’ the- lamina propria;l in: cross
section they resemble tubular glands. '"True' glands_a;e réré’in'the

fundus and body of the gallbladder but are present in the neck. region.

l.Epithelial 1ining. There are some species variations. In all

species examined, the lining containq a single layer of tall.columnar
cells thch' have pale-staining cytoplasm and basally located nuclei.
Light microscopy reveals a faint brush border on the luminal aspect of
the cells. 1In human gallbladders the lining consists predominaptly of
tall cells with rod-shaped ('pencil') cells, and Sasal cells also
occuring (20,21). The 'pencil' cells are found mainly in the fundus

and, like the columnar cells, they extend from the basement membrane to



the lumen, bearing 1m1crovilli on their apical border. They appear
compressed from the sides, and théir 'dafker—staining cytoplasm
distinguishes them from the ligh;fstaining columnar cells; Basal cells
~ appear much darker than their ngighbors. Althéugh’each basal cell rests
on the basementfmembrane, alltrem?iﬁ wedged bggweeﬁuthe.basal aspect of
adjaceﬁf columnar cells ahd ﬁLQe no c@ntact Vith the lumen. In humans,
goblet cells are absént from normal adult gal{bladder epithelium but

cup-shaped cells presumed to-be goblet cells~are present in the 7 month

fetus (22). . In sheep, but not rabbifs;‘goblet cells are present (23).
P '

2.The Lamina propria. This 1s a -loose connective tissue layer

containing many blood ‘and lymphatic vesels. .In human gallbladder, but
not In the rabbit, tﬁe lamina ;robria coqtains simple tﬁbulo—alveolar
glands 1in the neék region (24); they are lined by cuboidal cells which
have basally situated nucleil and secrege mucus. These glands have often
been confused with deitanqky;ASChoff sinuées; the. latter are mucosal
pséudodiverticula,v which "aiéo aré lined by cuboidal epithelium but
penetrate the muscle layef of the wall. - They are considered evidegce«of
a péthologi; ﬁroceéé that.has;weakened‘the gallbladder wall, allowing
in;agi;ation of;the mucosé (24).

3.The fibromuscular layer consists of an irregular meshwork of

longitudinal,'transverse, and. oblique smooth-muscle fibers interpersed

with collagendus, reticular, and elastic fibers.

4.The.§erosalﬁlayér is composed of flattened mesothelial cells. In

. P .
some human gallbladders, small aberrant bile ducts (Luschka's ducts) are

present in the subserosal layer.



ULTRASTRUCTURE OF THE GALLBLADDER

The most conspicuous feature of the gallbladder's surface
morphology 1s the mucosal folds, which are particularly well visualized
by scénning electron microscopy (EM). These folds are due mainly to
upheéyals of tHe conne_ctive-tissue layer. The epithelial lining follows
these outlines; in addition, it folds. independently, .producing minoF
creases (25). Mueller et al. (26), in ‘ studies of guinea-pig '
gallbl‘adder,v showed.vthavt this morphologic picturé relates to the degree
of distension of the érgan. When the gallbladder 1is full,; the only
evidence of mucosal folds consists of sparse low ridges that‘voverlie
larée submucosal blood vessels. Flattening of the folds reveals the
mouths of crypt:-like glahdg and secretions discharging from the;n. In
gu_inea pigs, these glands (which are absent from rabbit gallbladder
(17)) are located. all over the’ mcosa but are more concentrated in the
ductal end. Their lining cellé do not differ from the other epi_t;helial ‘
celis; histochemically tb;t thé? conf"ain,.PAlS—r;'eactive material, possibly

glwcoproteins, in the apical cytoplasm.

,A". B

Whether these mcosal"ifolas;jggca\ physvio>l‘ogical units 1is not known.
In a combined pﬁ&siologiéal e,_md‘;;""\;iﬁraE'f;u’\r::};;xral stuay of rabbit
gallbladder, .Kaye _gg_ al. (17) 'fho{md ‘that, 1in specimens transborting
fluid, dilation of the latéral intercellular space was limited to the
upper part of these folds. The;' thgrefore pos'tulat:ed that absorptive
func'tion was restricted to the tips of ) thé folds. In other studiesk'of
. rabbit gallbladder epithelium (27), autoradiography in vivo and in-vitro
revealed greatest mito‘tfic a;:t.ivity in~ the valleys between the folds..

This led to the suggestion that the valleys might represent the site of’

cell renewal of gallblédder epithelium. However, this concept has been



~“challenged by the findings 1in studies of guinea-pig gallbladder, that

muepsal folds were present only when the organ was unfilled (26) and

A~ that mitotic activity was not restricted to any one part of the mucosa

,/,/'
o N28).
~ Jz8)

// The appearance of the epithelium on transmission electron

L

microscopy : (TEM) of human (20), rabbit (17,29), and guinea-pig
gallbladder (26) shows some minor variations. The folded mucosa is made
up of a sheet of tall columnar cells that ‘are separated from the
underlying lamina propria by a basement membrane. The most striking
feature of the apicél plasma membrane consists in fairly well-developed

‘ microvilli coated with . PAS—-positive material, probably
mucopolysaccharide (29,30). The nature of membrane-bound vesicles and
granules near the apical 3urfaée is still a subject of discussion. The
earliest ﬁypothesis held that they represent pinocytotic vesicles
(31,32); pinocytotic uptake of particies in tabbit gallbladder was
demonstrated in one study (17) but not‘in another (29). However, recent
studies on human ;nd'animal gallbladders-have shown that these granules
tend to fuse with the,apicgl plgsma membrane, and are discharged into
the lumen by exocytosis (22,33). ;
Wahlin et al. (34) injected Thotbtrast intqlmouse gallbladder in
vivo reported pinocytotic uptaké of particles Kg{\ thorium oxide by
epithelial cells. The ﬁﬁ;ticles were seen in membrane~bound ‘apical
vegicles but none was observed in the apical and subapical grarules.
Feeding olive o0il to the mice resﬁlted in free discharge of the
subapical granuleé from the cell surface to the lumen. It was concluded
that gallbladder epithelium is capable of pilnocytosis but that this is

not essential for bile concentration (23), and that the apical and



subapical granﬁles are secretory (34). There havé also been reports of
the occésional protrusion’ of cytoplasm into the gallbladder lumen in
fetal rabbits (35), humans (36), dogs (37), rainbow trout, and tench
(38); The protruded cytoplasm is membrane-bound and free of granules or
organelles, a finding whose significapce is unknéwn.

Like the luminal border, the iateral cell surface of adjacent cells
has a striking appearance on TEM. This feature hasv been well
illustrated, by Kaye et al. (17) and Tormey et al. (29) with rabbit
gallbladder, and has.béen described in many other species, including man
(20), but 1is absent from fetai rabbit. gallbladder epithelium (35). The
: épiéal ends are fused by tigﬁt juncéions aﬁd dppear mo;ghelectfon—dense
than lower regions. The cell surface is stfaight.from below fhis tight
'junction down to the 1level of the nucleus where it‘ erupts ‘1nt§
miérofolds that -interdigitate with similar folds protruding from
adjacent cells. The degree of interdigitatjon depends on the cell's
functional state (17,29): in cells engaged in fluid- transpprti thé
lateral intercellulaf space 13 dilated and the interlocking is Iloose.
In therbasal regions,. these folés are not well developed, therefore,‘the
lateral intercellular space communicates.with the basement membrane and
the underlying lamina propria but not with the lumen (29).

The cytoplasm can be roughly divided into fivé zones (34): apical,
s&%cuticular ('dark'), supranuclear, nuélear, aﬁd basal. The apical zone
is clearly apparent in human (20, 21) and rabbit gallbladder (17, 23,
29). It 1is devoid of organelles, and contains filamentous structures
that converge on a terminal web (29). In general, tbe cytoplasmic
organelles display only one striking feature - the mitochondria, which

appear as electron~dense structures with a double limiting membrane and
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few transverse cristae (23); The mdtochondrlé are widely.distributed
throﬁghout the cytoplasm, excluding only the apical zone; they are mos t
numerous in the ‘'dark' zonme. The granular endoplaémic reficulum is
well-defined, and the supranuclear Golgi apparatus (which in the mouse

is responsible for mucus-secretion) is well developed_(39). C

Functions of the Gallbladder

The gallbladder performs two main functions:
1. It‘céllects and stores bile between mealé. .
2. It delivers the stored bile to the intestine »duriné meals, to .
facllitate the absorption of fat (40).

The importance of this orgén appears to lle not éo much ip.lts
function but in its being the site of a very cémﬁon disease. Removal of
the ggllbladder has very little effect on the body's babaéi;y to hgndle'
dietary fat, although steatorrhea has beenArepdtted in é féW‘patiénts
(40). Nevertheless, it 1is rgasonable to ‘assume .that the ability to
deliver large quantitites of bile salt into the iﬁggstlne is of benefit
for those .species. whose members eat large fatty meals at infrequent
intervals (41). J

Bile 1is formed in the interhepatocyte: bile canaliculi, secreted
into the bile &ucts; and 1s modified there by the absorptio; and

- gsecretion of water and eleétrolytes (40). It contaiuns lipid, bilirﬁbin,
and electrolytes; the tﬁree main constlfuents (42) are bile salts (72%),
phospholipids (12%), and cholesterol (4%). Bile salts are synthesized

from cholesterol, a process that 18 controlled by a negative feed-back

mechanism whereby the rate of gynthesis varies inversely with the amount

¢
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of bile salts returning to the liver from the intestine (40, 42). Bile
saltsltend to aggregate to .form micellar complexes with‘cholesterol and
phospholipida. In this process, the 1ipophilic'portion of each of the
three ;olecules is directed toward thev center of the cohplex: and the
»lhydrophil{c portions of the bile salts areroriehted peripherally, thus
rendering the micelle soluble in an.aqueous environment. Consequently,
the -solubility of cholesterol depends .upon the amount of bile salt and

phospholipld available for micelle formation (40, 42).
Bile 1is produced continuously by the rliver, and during fasting
periods about .752 gets. diverted to the gallbﬂadder (43). With a
capacity of about 40 =50 ml (40, 44) the organ can %tore this quantity of
bile by selectively absorbing some electrolytes and water (41). Sodium
and chloride 1ons are pfobably tfahsported'into the cell by a carrier
molecule situated-atlthe luminal celi surface (42).  Sodium ions are
pumped out of the cell into the latetal intercellular space by the
sodiué:potasaidm pump located at the lateral cell membranes, and
‘chloride ions drift.out“to join the eoalum ions. The ahsotption of‘

: ~ |
bicarbonate ions 1is probably effected by the chloride/sodium carrier

‘system or by a seﬁarate’bicarbonate/sodium carrier system(42). Active
transport of ions from the cell into the lateral Intercellular space

creates an osmotic gra&ient; this moves water from bile, through the
i

cell, into.the intercellular space, until osmotic e%ﬁilibrium is reached
‘ . f

(17). Loss of water greatly increases the concentration of bile salts

and unabsorbed yipids.

Stored hile is delivered to the duodenum by the’ simultaneous

contraction of ‘the gallbladder ‘musculature and relaxation of the

sphincter of 0ddi. - Gallbladder wmotility is 7egulated by a complex |

.

“
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interaction of the intrinsic myenteric neural plexus, vagal and
sympathetic external innervation and hormones. The primary determinant
of gallbladder motility after meals 1s cholecystokinin, which 1is
released by mucosal cells in the upper part of the small intestine in

response to specific nutrients - mainly fatty acids (44).

The Gallbladder and the Evolution

of Cholesterol Gallstones

The current concept of the pathogenesis of éholesterol gallstones
centers on tﬁe production df a cholesterol—supersaturéted bile (45-47),
participation by the gallbladder in the nuéleation and precipitation of
excess cholesterol into mlcrocrystals, and the grdwth of these c;ystals
into macroscopic stones (48-50).The clagsic work of Admirand and Small,
reported in 1968 (45) demonstrated that patienté who havevcholesterol
gallstones produce lithogenic biié containing too much. cholesterol and
' nﬁﬁ enough bile salts or phoépholipids for micelle fdgmation.
Accordingly, a lot of the research since then has sought to- determine
conditions under which bile becomes _supersaturated ‘with cholesterol
(i;e. lithogenic).

Some authors postulated éenetic or metabolic defects within the
hepatocytes as being respongible for the production of this abnormal
bile (51), a concept that régarded'cholelithiasis‘Es a consequence of
disor?efed hepatic metabolism‘ and bassigned a passive role to the’
gallbladder. Later studies identified the liver as the source of .the
lithogenic bile (52). However, no metabolic or genetic factors have

v

-been delineated and no functional or anatomic defects have been found
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1

aésociaged with the liver in gallstone‘disease (52).

Although 1lithogenic bile 1s necessary to the formation of
cholesterol gallstomes, this is not sufficient causé by itself for the
érecipitati)n and aggregation of stones (53, 54). Bile from people who
produced lithogenic bile bdf do not form stones crystallized after
incubation for 16 days at 37°C, whereas bile from patients who Sad
gallstones formed crystals after only 3 days (53). These data suggest
that antinucleating factors-that solubilize the excess gholésterol, are
present in the supersaturated bile of persons without stones (54) or
that nucleating factors exist 1in the bile of gallstone patienté (50).
Cholesterol gallstones rarely form beyond the géllbladder, and new ones
rarely form 1in the bile duct after cholecystectomy = even if the
production of lithogenic bile continues (5>). Thus, as the gallbladder
ap}ears to provide a suitable ‘milieu for s-one formation, one may
reasonably assume it 1s the site of thé adéitional factor(s) necéssary
for the ndcleation‘ and precipitation of cholesterol crystals and for
theif retention and growth to stones. =

Many aséects of the probably complex role of the gallbladder in the =
pathogenesis of cholesterol gallstones are uncleér. Figure 1 outlines
the probable stages of cholesteroligallsgone formation. For the purposes
of this review, tﬁese can.be considered under two main headings: 1)
muscular gchanggs in motil#ty) and 2) mucosal.

A

CHANGES IN MOTILITY

Evidence supporting the role of gallbladder stasis 1in the
. pathogenesis of gallstones has come from both clinical and laboratory

observations (49). Increased incidence of gallstones has been reported
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in patients who have undergone truncal vagotomy, which interrﬁpts the
parasympathetic nerve supply to the gallbladder and thus leads to
dilation and decreased contractility (56). The 1induction of biliary
stasis by part or complete obstruction of the cystic duct led to stone
formation in rabbits and dogs (57). In cholesterol-.ed prai;ie dogs,
stasis‘developed (58) and cystic—-duct rcuiétance increased (59) during
lithogenesis, before stones had formed, and abolishing the stasis by '
sphincterectoﬁy (60)_or by giving physiological doses of cholecystokinin
(61) prevented the forﬁation of gallstones. Gallbladder stasis enhances
the retention of microcryst&is and their growth into macroscopié stones
(7). Furthermore,. stasis—induced incomplete>emptying of the gallbladder
can lead to interruption ‘of the enterohepatic circulation, further
increasing the production of lithogenic bile (10) [Fig. 1].

However, the: factors that initiate stasis in these patients and
animal models have not beén identified. vIn studies of cholesterol-fed
prairie—dogs, 1t 18 speculated that the lithogenic bile might irritate
the gallbladder wall, inflaming it and léading to narrowing of the
cystic duct (59). Ot!:r contributing factors may be increased viscosity
of bile, due to micus hyperseéretion (50) - which also precedes stone
formation - or alteration by lithogehic bile of the gallbladder/cystic-
duct complex's response to hormonal = stimulation. " The latter 1is
supported by the ﬁreliminary results of studies on prairie dogs, whiéh
showed impaired gallbladder response to the 1intravenous iInjection of
cholecystokininiduring lithogenesis (67).

Although gallbladder stasis 1is not sufficént cause per se fdr the
" nucleation and precipitation of excess cholesterql out of 1lithogenic

bile (62,63), it does appear to potentiate the procéss in 1its early

4



16

stages or to 1induce the appropriate conditions for its initiation.
Consequently, attention 1is now being focused, on changes 1n the
gallbladder epithelium durdng lithogenesis as a possible source of

nucleating agents (50, 64).

MUCOSAL CHANGES

Bacterial inflammation of the gallbladder wall is one of the oldest
theories put forward to explain the pathogenesis of gallstone formation
(49, 65). Acéording to this concept, inflammatlon causes the
exfoliation of epithelial cells, which then provide a nidus for
cholesterol crystallization. Infection of the gallbladder probably
plays a key role in the genesis of biliary calculi in India (66) and.did
80 1In Japan before the adoption of Western.culture there (63). The
stones aré composed’ pri;érily 6f calcium-bilirubinate and some
protein. Eagly-attempts at producing animal models of Spolelithiasis
relied on infecting 'the gallbladder and its contents with bactéria\
(67). However, clinical and laboratory studies. in We;tern countries
have ruled out an infective péthogenesis in cholesterol’cholelithiasis
(68), having demonstrated no bacterial growth on culture of human bile
in_e significantly high proportion of cases. When present, bacterial

infection 1s considered secondary; the commonest pathogens are E. éoli,

Strep. faecalis, and staphylococci (68).

Another view 1is that inflammation of the gallbladder wall 1is
probably the result of chemical irritation (68-70). Mosbach and Bevans
(69) who fed dihydrocholesterol to rabbits, showed that an inflammatory
reaction consisting of édema and cellular 'infil;ration pfeceded the

formation of Gconcrements. Sjodahl et al. (70) further showed that
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lysolecithin (the product of enzymatic cleavage of lecithin) induced an
inflammatory reaction when instilled into the lumen of rabbit
gallbladdérs. Against this hypothesis, is the absence of these changes
‘n some human gallbladders surgically removed for cholelithiasis (64).
Furthermore, Borgstrom et al. (71), using the rabbit model, found none
of the inflammatory changes reported (69)‘ and hence concluded that
inflammation could not account for gallsione formation.;

Inflammatory and mucosal changes have long been regérded as a
result rather than the cause of gallstones; probably because most
specimens obtained during cholecystectomy for .gallstones represent
advanced stages of the disease. Also, definition is stili confounded by
failure to reconcile the criteria fo; cholecystitis among pathologists
(65) and in animal models (72). -One current view is that some form of
gallbladder epithelial injury takes place before gallstone gormgtion but
. 1§ not manifested by the classical histologic signs of acute
", inflammation (e.g., cellular infiltration); the daﬁaged epiﬁhelium may
increase micus ‘secreﬁidn and cellular proliferétion, as in other
gastrointestinal mucous membranes (64).

The role of mucus in ;hé pathogenesis of cholestgroi gallstones was
fifst stressed by Womack and hié colieagues (48). They demonstratea
mucopolfsaccharides. in the ceﬁte; of thuman gallstones, and in
histochemical studies showed a thin layer of mucold substance covering

. o
the.gallbladder epithelium. They éoncluded that a prosthgsis of mucus
was necessary for stone formation. Maki et al. (73) confirmed these
findings and identified the mucous substances-as sulfated glycopfoteins,

and Bouchier et al. (74) reported that the mucus content was greater in

bile from calculous gallbladders than from normal ones. Lee et al. (75)
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reported similar findings and concluded that these macromolecules were
secreted into bile by the gallbladder mucosa. Further ipterest in the
role of micus in the evolution of gallstones stemmed from observations
in animal studies. Hayward et al. (76) who fed dihydrocholesterol to
rabbits, demonstrated that during lithogeﬁesis the normally nonsecretory
epithelium became secretory, producing excess mucus before the formation
of stones. Similar findings héve been documented in other animal
species: f3* {instance in hamsters %ed a fat-free diéé (77), mice fed
choiesterol cholic ac%d k64, 78, 79), prairie dogs fed a Fholesterol
diet (50, 80), and in mongrel.dogs dufing dietary induction of pigment
gallgtones (81). The unique result was Increased secretion ofl mucus
preceding the formation of stones, despite wide variation in the method
of induction and the compoéition of the stones. \

Mucus appears to play a crucial role in gallstone formation: 1. It
functions as a nucleating agent (48, 50); 2. It dincreases bile
visdogity, trapping microcryétals and preventing their evacuation k7,
63, 82); 3. It provides scaffolding for the further deposition of
crystals (81, 82); and 4. It probably.sequestersibile salts, reducing
the quantity available for micelle formation (82). This hypothesis was
supported by .the fact that nb galistones were formed after wmucus
secretion had been blocked by aspirin in cholesterol-fed prairie dogs
(83). In recent experiments, howeverxlactulose prevented gallstone
formation in haﬁsters without any obvi&hg:change in the concentration ofl
gallbladder mucus (84).

The nature of the” stiﬁulus that initiates the excessive mucus
production,. and the mechanism By which it releases mucus 1into the

gallbladder 1lumen, are still not clear. In two studies with different
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animal models (50, 82), exclusion of the gallbladder from the
enterohepatic circulation by cystic—-duct ligation did not result in
mucus hypersecretion. This]suégests that fhe fagtor which stimulates
mucus synthesls probably circulates in the bile. In other experiments,
in  dihydrocholesterol-fed rabbits, Lee and Scott (72) found mucosal
changes ({i.e., mucus hypersecretion) coincident with ;an increased
proportion of allodeoxycholate; this bile acid precipitated to form
stones, ihdicating that 1t was ‘the initiating factor. Bile acids are
injurious to most eéithelial surfaées, a property dependant upon their
composition and concentration (85); and there seems no reason whf they
shouid affect 'gélibladde} epithelium differently. Wahlin and his
colleagues (86) showed that the synthesis and secretion of mucus by the
principal cells of mouse gallbladder epithelium is 1influenced by
cholecystokinin as well as by cholinergic drugs (87). However, the
absence of mucus hypersecrétion after ligation of the cystic duct,
clearly excludes these ageuts as initiators of this process.

Another mucosal change observed 1in the gallbladder during
lithogenesis 18 1increased ce}lular\proliferation. Autoradiography.LQ
vitro after ’3H—thymidine labeling showed an 1increase in both DNA
synthesis and the mitotic index in the epithelium of gallbladder from
paﬁients who had cholelithiasis (88). Stydies of mice fed a litgogenic
diet (cholesterol cholic acid) revealed celluiar proliferation as early
as 48 hours (64) - a.finding confirmed with the same model by Ziegler
and Palme (89) who also noted its association with excessive exfoliation
of epithelial cells into the gallbladder lumen when no concrement had
formed. There have been réports of cellular hyperplasia in the bile

~duct during the induction of choledocholithiasis in rats fed lithocholic



20

acid (90) and in the gallbladder during stoné formation in several other
species (91).

As for mucus hypersecrecibn, the initiating stimulus for increaséd
kinetic activity of the epithelium 1s not known. Many theories have
been proposed. One of these maintains that distension of the
gallbladder may be responsible for increased cell renewal -(92), a
hypot. '8is supported.by the increased mitotic activity in the distended
gallbladder of patieﬁts in whom the distal end of the common bile duct

obst ~ted by neoplasm (93). Furthermore, in’mdce fed a lithogenic
diet, the gallbladder starts to.eq}arge'at 2 days (64) indicating that{
the ¢« stension may lead to transiegt ischemia (92) and cell damage, the
releasc of lysosomal enzymes, and thus an inflammatory reaction (94).
Howaver Ziegler and Palme (89) could find. no histologic evidence of
ischemic reaction- with cellulag damage; 1in fact, they reported that
increased «cell renewal preceded distension of the gallblaader,
precluding the latter as the initiating agent. ~

Another schéol of thought proposes changes in bile acid composition
as the factor respohsible. This theory 1is backed up by the observation
that in mice the ingestion of cholic acid or deoxycholic acid, but not
of cholesterol, 1increases. the‘ uptakev‘of 3H—thymidine in gallbladder
epithelium, and fibroblasts in the 1lamina propria and‘ hepatocytes
(89). However, it is not certain whether bile acids affect the cell
renewal process directly or whetﬁer the increased hptake represented a

response to epithelial cell injury. Recently, it has been shown that

cerulein (a choiécystokinin analog) and cholecystokinin~octapeptide have

the same effect as these bile acids on mouse gallbladder epithelium

(95). Polypeptide hormones and hormone-like mediators are known to
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A
initiate, promote; and maintain pfoxiferative regsponses 1n certain
disease states (96); however, no speéific role ﬁas been ascribed to
cholecystokinin in‘experimental cholelithiasis.

Alterations in fluid transport across tﬂe gallbladder wall
constitute another mucosal aberration that can enhance the precipitaﬁion
of gallstones during lithogenesig. Fluid transport was increased in
gallbladders of rabbits and . guinea pigs during induction of
‘cholelithiasis (97). This occured concurrently with increased cellular
proliferation “and mucus hypersecretion and preceded any histologic
evidence of inflammation. In these cirgumstancesl it is‘ likely that
cholesterol precipitation 1s facilitated by the hydrostatic pressure,
wﬁich would tend to keep any microcrystal adherent to the epithelium -
the site where stone formation 138 known to begin (97). ' In studies of
mice, Tepperman and Weinér (94), réported faster hepatic production ofV;
blle and increased cholesterol concentration in gallbladder bile, which
they attributed to altered fluid trénsport across the gallbladder
waLl. Others have shown that gallbladders with histélogic featufes of
inflammation absorb bile salts, rendering the gallbladder bile more
nlithogenic (98, 99>, In specimens witﬁ adGanggd pathologic changes,

however, absorptive function of the epithelium is impaired (100, 101).

CONCLUSION

Gallstones form 1in staées, each necessary for the next (102). Many.
factors opérate at the different stages to bring about#\changes that
enhance stone fbrmation. In the first. stage, the liver producgs
iithogenic bile whose basic bilochemical defect is decreased bile-salt

concentration relative to cholesterol. Interruption of the
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enterohepatic circulationj also facifztaﬁes lithogenicity of lbile, by
decreasing hepatic produétion of bile salts relative to cholesterol.
The second stage takes piace in the gallbladder, which provides optimal
conditions for nucleation, the precipi;ation of excess cholesterol 1into
microcrystalg, and growth of the crystals to macrospopic étones. " In
this regard, mucousréubstances have been strongly implicated as specific
nucleating agents. "Aberration of fluld transport that follows
epithelial changes; - also, facilitates this process. Decreased
gallbladder motility leads to‘ stgsis,‘ enhancing the retention of
precipitafes and permitting their growthv;nto macroscoplc stones. The
latter may remain 'silent', or produce symptoms by inducing

cholecystitis or obstructing the cystic duct.



THE PRESENT STUDY

Overall Objective

> The wmain objec;ive of this research was to study early
mofphological and histochemical changgs in thelgallbladder epithelium in

. |
response to a lithogenic st;mﬁlus (dietary cholesterol).

P

Background Knowledge-

Recent studies of/ the pathogenesié of cholesterol gallstones have
shown that the production of lithogenic bile (i.e., supersaturated with
choleéterol) 1s necessary to. stone formation (45) and "that the
gallbladder, also plays a primary role by providing optimal conditions
for the nucleation and precipitation of cholesterol microcrystalé and
their growth to m;croscopic stones (49, 50). waever, our knowledge on
this subject 1s. still far from complete. This 1s partly Because
prospective studies designed to define the stages of evolution of the
disease 1in. humans are cechnicélly difficult and are complicated by
ethical consideratipns. |

The only large scale prospective studies have been conducted among
the Pima Indians, a tribe with a very. high prevalence of gallstoneé.
Bile saturation increases significa;tly during ,pubertal growth and
development and by the age of 19 years, 71Z% .of females and 29% of males
produce 1lithogenic bile but do not form stonesf(103). About 8 years
later, well over half of them have galiatones deteétable on

cholecystography (5). Thus there is clearly a latent period between the

23
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onset qf production of lithogenic bile and the fOrmatioQ of stones. The .
interim changes that bring about the nucleation.‘and precipitation of
excess cholesterol from the 1lithogenic bile remain specﬁlative but
probably they occur in the gallpladder, the commonest site of
"cholesterol galistone formation (63, 89). Knowledge of these events
would aid delipeation of .the pathogenesis Qg the disease'and thus the
development ofké;eventive and théfépéﬁtiéﬁﬁeasutes.

§}Retrospective studies Iin humans have not resolQed. this problen,
belﬁ%se they cannot discrimingge between changes relating to
'"initiation' of stones and those of the subsequent‘ 'growth' phase
(81). Moreover, findings on specimens removed at operation for |
cholelithiasis reflect mainly end-stage processes of the disease and
reveal nothing about the early stages. This situatiog has necessitated
the use of animal models to formuiéte‘concepts of the disease mechanism
in humans. | )

. Recent results of induction of'gallstones\ln;various animal species
have clearly implicated changes in gallbladder epithelium (e.g., mucus
hypersecretion) during thé 1étent period as nucledting agen;s (50,64).
However, the type:of mucus préduced is not known. With the excepti?n of
the recent report by Ziegler et al. (79) of acute stud£es (15-30 hr\)"inl~
mice fed a diet rich in cholesterol and Chblic acid, informéfion on this
subject 1is based on findings somé days or weeks after the start of the
lithogenic diet. Thus there 1is scaﬁty information.on the very early

1 . : .
mucosal changes 1in the gallbladdéf dﬁring 11thogenesis, information that
would aid in the_élucidation of undeflying mechanismsg.

The present research investigated these early changés in the

structure of 'gallbladde; .epithelium in response to ‘a "~ lithogenic
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challenge [dihydrocholesterol (DHC)] in rabbits.

vl"

SPECIFIC AIMS

1. To determine gross structural changes in size (using volume
digplacement) and changes in the appearahce of the luminal’
surface of the‘gallbladder; and to note changes in the color of
bile and the development of crystals.

2. To determine morphological changes in the mucosa, using light

microscopy and scanning and transmission electron microscopy.

3. To determine histochemical changes during this early phase,

using PAS and Alcian Blue (pH 2.55'stéin5,

4, In correlating the findings in aims 1-3, to outline the
sequence of early changes in the gallbladder epithelium at both

the cellular and the subcellular level in response to the

» lithogenic stimulus. .

SELECTION OF THE ANIMAL MODEL

Rabbits tolerate the dihydrocholesterol—rich_diet very we&l (104)
and their gallbladders provide sufficient tissue for the investigationé
performed in this ‘étudy. Furthermore, the dihydrochoiesterol-rabbit
model is especially ﬁseful for short-té?ﬁ studies as stones are produced
very quickly ;n most animals (;04),50 that morphological alterations are

likely to occur very early during lithogeneéis.

PR
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Extrapolation of the findings 1in an experiment of this type to

‘human gallstone disease 1s limited by the following:

l. Human gallstones are mainly mixed stonés, predominantly
cholesterol (10); whereas in ,ngbit fed DﬁC the major
coﬁstituent i1s allodeoxycholic acid, anlinsoiuble isomer of
the norma% debxycholic acid (104).

' 2. The compoéition of the lithogenic diet 1s not identical to
that conéumed by humans. |

3. Induction of gallstones in this model 1is acute, whereas the
formation of gallstones in humans 1s almost certainly a
gradual process over a long time ~ a fac; subported by the

studies in Pima Indians (5,103).

Nevertheless,-it‘was hoped that the findings 1n_ﬁhese experimenté
/ ' A
would s;imulate the development of concepts of the pathogenesis of

gallstone disease in humans.



MATERIALS AND METHODS

A total of 36 female; white New Zealand rabbits weighing 1.4 to 2.5
kg weré used for this study; 30 were experimental and 6 were controls.
The égimals were housed in separate cages and were allowed water ad
1ibitum. Expe;imental animals were fed a daily diet of 100g of rabbit
| chow pellets (Purina) containing 12 w/v of dihydrochdlesterol (DHC) (5-
,cholestan-36—ol,.Aldrich>Chemical Company, Milwaukee, UjS.A.)'which had
beénf dissolved in eth&l ether. The diet was wmixed while damp and
allowed to dry at réom temperature in a hood. Control animals were fed
the same amount of pellet to which only ethyl ether was badded' and
allowed to dry asvabove. The animals‘were'fed at 8:30 a.m. daily except
those sckeduled for sacrifice.

The gallbladdér was removed from 6 experiméntal animals after 1, 2,
3, 4 and 5 days on the ﬁHC—rich diet and from the controls on the fifth e
day. Anesthesfa was indgced with halothane and Fhe biliary tract was
exposed "through a midling incision. The cystic duct was double—clémped,
divided and the organ was gently removed by blunt dissection; the
rabbits were killed im@ediately by cardiac puncture. The gallbladder
’was placed in a finely calibrated cylinder containing. freshly prepared
Kreb's sélution and the clamp removed. The volume of soiution displaced
wag recorded as the size of the gallbladder and its contents. The orgén
was opened longitudinally, thoroughly washed in Kreb's solution, gently
pinned to a piece of cork without stretching and cut-into half.

One half of each gallbladder was used for 1light microscopy and

histochemistry. The tissue was fixed in formalin for 24 hours and then

27
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embedded in paraffin. Sections were cut K at 8um' and stained with
hematoxylin  and eosin and examined with ~a Leitz Orthoplan
photomicroscope.‘ Periodic Acid-Schiff (PAS) and Alcian blue (pH 2.5)
histochemical reactions were performed on other paraffin-embedded. tissue
to demonstrate neutral and/or acidic mcopolysaccharide material’
regspectively.
The other half of each gallbladder was processed for transmission

(TEM) and scanning (SEM) electron microécopy. It was floated face—down
in Karnovsky's cacodylate—buffered (glutéral&ehyde—paraformaldehyde)
fixative at pH 7.4 for 24 "hours. Specimens for TEM weré cut from the
edges of these blocks and diced into appropriately sized pleces and the
remaining tissdepblock was processed for SEM. Both sefé of tissue were
postfixed 1in 2% cacodylate—bufferéd osmium tetroxide -and dehydrated
through an alcohol series to absolute ethanol.. TEM samples were passed
through absolute gjcetone. and embedded in Spurr's resin. Thig sections
.wer :;t on a Reichert-Jung ultracut ultramicrotome, mounted én 300-mesh
copper grids, counter-stained with uranyl acetate»and lead citrate and
" examined in a Philins 410 TEM at 80Kv. Thicﬂ sections (lum) were
~ obtained with the same ultramiecrotome, stained with toluidine blue and
examined with a Leitz Orthoplan photomicroscope. From absolute ethanol,
tissues from SEM were critical point dried in a Seévac ;arbon dioxide

critical point dryer. The samples were then mounted on aluminum stubs,

sputter coated with gold and examined using a Philips 505 SEM at 20Kv.



RESULTS -

All rabbits tolerated tbe diet well and appeared healthy throughout
the experimental period.

Ihere was no correlation between the size of‘ﬁhe gallbladder and
the nuﬁber of days the animal had been on ;he DHC-rich diet (Table 1).
In gallbladders from control animals, 'the bile was clear green and
contained ng crystals and the mwmucosa had a uniférm, velvety—like
appearance. No mucosal iesions were seen macroscopically in any of the
bspecimens from animals fed DHC-rich diet. The gallbladder bile from
experimental énimalsbwas clear green and contained no crystals.

Table .2 summarizes the morpholoéical change of gallbladder
epithelium’from animals fed the DHC-rich diet.

LIGHT MICROSCOPY

a) Paraffin Sections

The mucosa of gallbladders from éontrol rabbits appeared normai.
Mucosal folds of varied height and width were lined by tall columnar
epithelial cells with basal nuclgi. The basal lamina separated tﬁé
epithelium_from the lamina propria, which consisted of loose connective
tissue. No glands were observed. In tissues from the experimental
group, the most remarkable finding was oval 1intra-epithelial wvesicles
‘(Fig. 2); The‘vesicles were observed as early as day 1 and their numher
increasgd.in subsequent specimens. In some parts of the epitﬁelium they
had rupture& aﬁd were in ‘direct communication with the gallbladder

lumen. Highep magnifications revealed that in éome epithelial cells
AN
& 29 | '
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TABLE I: CHANGE IN SIZE OF GALLBLADDER IN RELATION TO DURATION OF DIET

Group Days on Diet Mean Volume Displaced*
(m1)
Experimental 1 , 0.83 + 0.06
2 1.42°% 0.21
3 0.90 + 0.19
4 1.02 + 0.07
5 | P 0.88 + 0.04
Control - day 5 | 1.15 £ 0.12

- * Mean + SEM: n = 6 animals per sampling interval.



31

uswny *g°*'9 Uy STIqOPp
IeTNTT92 YITM 199Us TeIT2ylITde

+ N ++ ++ ++ ++ ur A3FNUTIUODSTP JO SBIIB TBIOJ-
ejadoad eujwe] jo ewaps
+ +—+ +++ ++ ++ ++ ‘oowds uwﬁsﬂawoumu:ﬁ Teiaie] poaIevII(d-
sueiquew puseld [ed}de jo Julqqeiq
+ 4+ +++ +++ ++ + YIM TITFACIO W JO UOTIONIA]SI(Q-
soT[auesdio posiadsip
+ 4+ +4++ ++ -+ ++ ATopTM Yam STT90 Sujuyels-ajed-
33 yjoouws
+ -+ 4+ -+ +++ +++ pa3eTyp pue safnueid TedFdeqng- WiL
FIIFA0IOTW Aqqnis ‘Iao0ys YIim
87792 Bujlievidusldap fUOTIBTTOIXD
+ . +++ 4+ 4+ + TerTey3Ifde jo seaie [8203- WS
+ ++ ++ ++ ++ ++ Ule3s Svd-
+ ++ +H+ ++ +H+ ++ uyels anyg/v- *WAHDOLSIH
- 4+ +4++ — ++ + efidoad sujwey JO BWIPI-
+ 4+ FE— +H+ +++ ++ ™ ST1®2 3Bujujels ayed-
- - - + ++ +++4+ gja7doap prdyT °FrTydoTwsO-
+ +H+ ++ T+ Y +H+ S9TOFS9A [eIT2Yltdorijul- W1
(g £eq) ¢ Keq 5 Keq £ Leq 7 Aeq 1 Leqg SUOTIBAIDEQQ

1013uU0)

¥

1d1d NO NOoILvind

1310 HOTY-TO¥dLSHATOHDOYARAHIA ddd SILI149vd 40
HNTTIHLIdY d3AAVIETIVO NI SHONVHD TTVIIODOTOHAIOW J0 AAVHKWAS ¢ d79V1



FIGURE 2:

FIGURE 3:

Light microgLaph of gallbladder epithelium 24 hours
after ingestion of DHC-rich diet, showiﬁg a large
intréepithelial vesicle (arrowed). Some have
ruptured and{their lumina are continous with that of
the gallbladder (arrowhead).

H & E x400

Light micrograph of gallbladder epithelium at day
3. The lamina propria 1s edematous and a blood
vessel 1s engorged with erythrocytes. Vasculitis and

perivascular infiltration are absent.

H & E x400
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the cytoplasm was clear and contained only thé nuclef. No Rokitansky-
Aschoff 'sinuses were seen 1n any of the gallbladders. The lamina
propria and fibromuscular iayer were edematous (Fig. 3). Most of the
blood veqsels in the 1aﬁina propria were dilated and some were engorged
with erythrocytes, but the endothelial cells appeared normal. There

were nb;hemorrhages or perivascular infiltration associated with these

\

vessels.

Histochemical studies with PAS and 'Alcian blue (pH 2.5) stalns
revealed mucus cover@ng the epithelial surface and filling the intra-
epithelial vesicles (Fig.4a,b) H & E staine’ the mucus poorly; but PAS"
and Alcian blue stained intensely. This finding, indicating both
neutral and acidic mucopolysaccharide, was mQre’marked in experimental

than control animals (Fig 5a,b).

b) Thick Plastic ‘Sections

In preparations from control animals, some parts of the mucosal
fold containeq lateral intercellular spaces.

In gallbiégders from rabbits fed DHC, at day 1 (and. rarely
thereafter) the' most striking feature was the deposition of large
ogmiophilic droplets between the epithelial cells and the basement
mémbrane and within underlying foam cells in the lamina propria (Fig.
6ba). In ﬁhe latter, they had pushed the cells' nuclei to the beriphery
of the cytoplasm (Fig. ‘6b,c). The epithelial cells _contained tiny
cytoplasmic vacuoles mostly situated supranuclearly, but otherwise they
appeared normal in most cases. ° The éxtracelluiar ‘lipoid material
released into the gallbladder lumen through focl of diécontinuity in the
epithelium (Fig. .7). In gallbladders examined &t Qay 2 and later,

cellular damage was more intense and the lamina propria appeared



FIGURE 4: Gallbladder epithelium from rabbit fed the DHC-rich

diet for 24 hours. showing:
!

Figure 4a. Acidic (blue-staining) mﬁcopolysaccharides lining the
surface as well as the intraepithelial vesicle.

Alcian Blue x400

Figure 4b. PAS staining demonstrating néytral (purple-staining)
mﬁcopolysaccharides inside = the intraepithelial
vesicle.

S ' PAS  x400






FIGURE 5: Gallbladder epithelium from a control rabbit
demonstrating the paucity or abscence of

mucopolysaccharides on both:

Figure 5a. Alcian Blue x400

Figure 5b. PAS stains. x400
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FIGURE 6:  Thick piastic " gections of gallbladder epithelium
demonstrating. 1ipid vacuoles 24 hours after the

rybbit had ingested DHC- ich diet..

Figure 6a. The droplets (arrowhead) age present between the
plasmalema and the basal‘lamina (arrow) as well as in

- foam cells in the lamina propria.

Toluidine blue x400

Figure 6b. The basai lamira (arroﬁhead) is markedly’ displaced
‘into>the lamina propria and fhe nuclei of the foam
céils afe pushed to the periphery of the cytoplasm
(arrow).

Toluidine blue x400

Figure 6c. Transmission electron -micrograph of gallbladder
epithelium showing the accummulation of the 1lipid
droplet in the cytoplams of a foam cell (arrow) .

x1650 (9,900)
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edematous. Cells that had undergoﬁe intensive internal disruption
stained poorly and were observed predominantly 1in the upper third of the

mucosal ‘fold (Fig. 8, 9).

ELECTRON MICROSCOPY

a) Scanning Electron Microscope (SEM):

in preﬁénations from control gallbladders, low. power Scanning
electron micrographs showed marked folding of‘tﬁe mucosa with surface
creases (Fig. 10a). At higher magnification, individual cellular
outlines were prominent, imparting ua":cobblestone appearance to “the
surface (Fig. 10b). The apical surface of the cells appeared slightly
convex and was covered with moéerately developed microvilli (Fig; 10c).

In specimens from experimental rabbits, at days 1 and 3 (Fié.
1la,b) the surface was brokem by many gaps left by the extrusion of
epithéiial éells. The gaps ;e:e more numerous on the top of the mucosal
%olds than in the val%gys - a Eeaﬁure that concurred with findings on
tkick;blastic sections. Intercellular sbaces around dégenerating cfl1s
were widened .(Fig. 11b) and at higher magnifications, the microvilli
appeared short and.‘gtubby (Fig 12a.. SomeA cells weré partly or
completély devoid of microvilli and their apical plasma membrane were
exposed. (Fig; 12b).. In tissues examined at day 5, there:were large
areas of epitheligl desquamation and assoclated cellular débris (Fig.
13a); The basement membrane exposed by this desquamationl was

continuous, but appeared indented by marks left by the extruded célls

(Fig. 13b).

b) - Transmission Electron Microscopy (TEM):.

"In preparations from control gallbladders, the TEM revealed two



FIGURE 7:

FIGURE 8:

Thick-plastic sgcti;ns of the gallbiadder epithelium
demonstrating the escape of the 1lipid vacuoles
(arrow) into the gallbladder lumen through a point of'
discontinuity at the top of a mucqsal fold.

Toluidene blue x400.

Thick-plastic sections of the gallbladder epithelium

2 days after the rabbit had ingested the DHC-rich

diet. Degenerating célls stained palely and occurred

predominantly on the upper third of the mucosal fold;

the lamina propria is edematous.

Toluidene blue x400






FIGURE 9: Thick-plastic sections of gallbladder epithelium 3
days after 1ingestion of the DHC-rich diet showing
edema of the lamina propria, and pale staining
degenerating cells.

Toluidene blue x400

S

FIGURE 10a: Scanning electron micrograph of the gallbladder
epithelium of a control rabbit demonstrating marked
folding of the mucosa and the surface creases.

x194
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FIGURE 10: Scanning electron micrograph of gallbladder

epithelium from a control rabbit showing:

- Figure 10b. The prominence of cellular outlines.

x356

Figure 10c. Microvilli covering the apical surface of the

" {ndividual cells.

x1690






FIGURE 1l: Scanning: electron micrograph of the gallbladder

epithelium of rabbits fed the lithogenic diet for:

“

Figure lla. Day 1, showing focal areas of cellular damage(arrow).

x424

Figure llb. Day 3, demonstrating gaps left Ez_extruded cells and
widened apical intercellular space around some cells
(arrow).

x7ld






: 4
High—-power scanning electron micrograph of the

gallbladder epithelium 4 days after ingestion of the

DHC-rich diet demonstrating:

An extrudjng ‘degenerated cell (arrow) with short

stubby microvilli.

x3280

Figure 12b. Paucity or absence of microvilli (arrow) from the

aplcal surfaces of some cells.

x3500






FIGURE 13: Scanning electron micrograph of gallbladder

epithelium at day 5 show:

]

Figure 13a. Large areas of epithelial cell damage.
x260

\

Figure 13b. The gurface of the basal lamina (arrow) is denuded of

epithelial cells.
x280
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types of epithelial cells in the mucosa. The most predominant type was
the tall columnar cells, with slightly electron—lucent cytOpIasm. The
apical plasma membrane appeared slighgly convex and was covered by
moderately develop;d microvilli (Figf l4a). Immediately beneath the
luminal plasma membrane was the_organelie~free apical zone; Titochondria
were wideiy distributed in the cytoplasm except in the apicai zone. The
second epithelial cell type was the. 'pencil cell',  which was
charactefized by its narrowness and electron—dense cytoplasm (Fig
14b). Like tﬁe columna; cell, it extended from the basal laminavto
lumen and also borebmicrovilli at its apex. | o {

In pfeparations froﬁ gallbladders of the"gxperimental animgls,
cellular .alterations were mainly cytoplasmic or intracellular and
consisted of many —mucous glycoprotein vesicleé and dilated smooth
endoplasmic retiéulum (Fig. 15a). 'Tha:vesicles, mostly supranuclear,
developéd in ‘the Golgl regiom at the apical pole and to the side of the
nucleus. Host of these had accumulated in the ’léﬁer margin of the
apical zone, reduciﬁg its width; others had crqssed the zone and ‘fused
with the aplcal plasma membrane (Fig. ISb).' Cells that had undergone
.extensive ingernal dis;uption appeared edematous, with highly electféa—
lucent cytoplasm and widely dispersed organelles (Fig., 16). Despite

their severe internal degeneration, some of these cells remained

attached by their foot process ‘to the = basement membrane.
.

Ultrastructural changes 1in micrbvilli, plasﬁav membrane, and tight
junétionsﬁof the-epitheliai cells occurred predominanﬁly‘in thoge cells
whose mitochondria were swollen. These cells had fewer; stubby
micro&illi, and their apical plasma membrane was blebbedl(Fig. 17a,b) -

‘features similar to those associated with degenerating cells on SEM.

B



FIGURE 14:

Figure l4a.

Eigure 14b.

Tténsmission electron micrograph of galibladder

epithélium from a control rabbit showing :

o

PR

The apical part of an epitheiiéi cell containing an
organelle—free ~ zone and shows the typical

distribution and appearance of the mitochondria.

x2500

N

The basal part of epithelial cells showing a 'pencil'
cell. with dark—staining cytoplasm and coluﬁnar cells

with electron-lucent cytoplasm.

. %2300

IPEN
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FIGURE 15: Transmission electron micrograph of gallbladder

epithelium 24 hours after ingestion of the lithogenic

diet.

Figure 15a. Mucus vacuoles (big arrow) are present and the
endoplasmic reticulum is dilated (small arrow).

x2300

~

Figure 15b. Mucus vacuoles havé accummulated in the apical zone

LT .

. R : k/v
of the cytoplasm, reducing its width.

'x3500






FIGURE 16:

Transmission electron micrograph of gallbladder
epithelium at day 3 showing an edematous cell in the
eplithelial sheet containing widely dispersed

organelles in 1ts cytoplasmic matrix.

e ' x2300

FIGURE 17a:Transmission electron micrograph of gallbladder

epithelium at day 3 showing shortening and partial

destruction of the apical microviili; ﬁhe'cristae of

the m@tochondria are indistinct and the endopiasmic

reticulum is dilated.-

x2500

| c-._-}
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These featuresc‘_'were absent from epithelial cells that had many micus
vacuoles and dilated smooth gndoplasmic reticulum but normai‘—appearing
mi tochondria. ‘These cytoplasmic changes were observed in most of the
specimens examfned at later stages. No inflammatory cells were seen. |

At days 2 and 3, cellular degeneration and exfoliation were\more
severe. In some specimens, granular endoplasmic reticulum was adherent
to granular electron-dense ‘bodies‘ (Fig 18). '}‘he organelles had lost
some of the ribosomes which normally at;tach t‘o tiﬁeir surface.

At day 4, the most conspicuous feature was increased frequency- of
dilated 1lateral intercellular spaces (Fig. 19a,b). Tight junctions
remained intact ‘near the luminal aspect of these interfaces, and the
‘spaces widened progr,essiveoly\ *:owards‘ the basemeq‘t membrane. Adjacent
cells appeared compressed laterally so that their cytoplasm appeared
darker than usual. and the organelles gainter; but mucus droplets were
apparent. The basal lamina was mark;dly iﬁfolded and t;he underlying
lamina propria.appea:ed edematous (Fig. 19c¢). The mucosal venules and
caplillaries were very dilated and their walls thinned, but no structural
abgormalities were noted ‘in ﬁhe endothelial cells. .

At ‘day 5, large areas of cellular disruption were observed and the
gallbladcier lumen contained cellular debris. In Asomi;;-_parts of the
mucosa, only remmants of f;he cytdﬁf‘ésmic organelles were visigi;a 4t
sites originally occupied liy surface. ‘cells (Fig. 26»).» In other
instances, rgnmants of cell membranes remained éttached to"néighbt‘)ring‘
cells and basement mehibrane; cfeating the impression of a cell whose
apical membrane -had ruptured and allowed extrusion of the cytoplasmic

contents into the lumen of the gallbladder.

L



FIGURE 17b: Transmission electron micrograph of gallbladder
epithelium "at day 3 demonstrating..blebbing of the
apical plasma membrane‘as well as alterations, loss

\ . ; .

of structural details and the preéence of  inclusion

in the wmitochondria, the endoplasmic' reticulum 1is

dilated.

x2500

FIGURE 18: Transmission electron micrograph of an epitheliai
cell at dayv3 showing granular endoplasmic reticulum
sg;rounding an electrpn—dense substance.

S
? x2300
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FIGURE 19:

Figure 19a.

Figure 19b.

Figﬁre 19c.

Transmission electron micrograph of gallbladder
epithelium 4 days after ingestion'of the lithogenic
diet showing alterations in the spatial organization

of the epithelial sheet.

The lateral intercellular spaces are dilated towards

the basal part of the cells; mucus vacuoles are

~

present mostly in the supranuclear regions of the

cytoplasm.

x2300

The prominence of the dil.ted lateral intercellular

gspaces 1n transverse section of the epithelial sheet.

x2300

The basal lamina (arrow) 1s markedly fulgad and the

underlying lamina propria is edematous.

x2300
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FIGURE
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Transmission electron micrograrh of gallbladder
epithelium 5 days after ingestion of the lithogenic
diet, showing gaps in the surface and cellular debris

from disintegrated cells.

x907%






DISCUSSION & = R ,/

~ Rabbits fed a DHC—righ diet consistently.aeéelop gallstones, which
are composed largely of glycine—conjugated bile acids (105);‘ the stones
form within 9 to 10 days (82). The findings in the present study and o
others (76, 82) clearly demonstrate that the gallbladder epithéiium>u
undergoes subtle changes long Dbefore gallqtoné formation. The
strﬁcturai alteration was rapid, beginning within 24 hoﬁrs of ‘the.start
of the lithogenic diét; itvcﬁnsisted of cellular exfoliation,_dgpqsition

of osmiophilic droplets between the epithelial cells and basai‘lamihA as

in foam cells of the lamina propria, and micus hyperseqretiop.

‘well
fdrt ermote, VTEM studiés showed that these geilular alterations were
ass éiated. with cytologic 'changes, including dilation of both the
end plasmié reticulum and mitochondria. fhus, at least in this model,
the gallbladder epithelium is injured very early during lithogenesis.

'In these studies, however, unlike those studies by Mosbach.and Bevans

~3

'
K& v,

(69), also in rabbits, inflammatqgg-cell infiltration was not prominent.

The ultrastructural<£esponse of the gallbladder ‘epithelium in the
present study can be considered in,three phages. In the early phase
(within 24 hours of.the gtart of the diet) Changéé in the intfacellﬁiar
- morphology .of the epithelial cells predominate. ° In cauéing- itd
cytolytic effect the offending agent may enter the cell by diffusion o;

pinocytosis, bec:h .f which are known to occur in the rabbit géllﬁiadder

(17). The smooth c¢ndoplasmic reticulum bears many complex enzymé
. A ) - \\“’“

- 68
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'Acytologic and cell~membrane effect of the offending agent culminated in L

systems on 1its surface that are capable of degrad}ng mos t exogenous

noxious substance(l106). Thus the distension of the organelle in this
: ) / .

phase- ls regarded as an adaptive response by the epithelial cell which
increases its ability to detoxify the ‘irritant.‘ Furthermore;fpthe,

o,
sl "L \ .

epithelial cells respond to the intracellular dnsult by increasing‘the

production of mucous glycoprotein (107) . In.this® phase, ultrastfh& . L]

3 [

. ' "

are not promfnent features.

The consequence of; epithelial cell membrane dysfunction~ were"i~
,‘;“d
Cells that had undergone

manifest in the second phase (days 2 to“ﬁ)
. g .

Intensive internal disruption exhibited{ pale*staining cytoplasms and
R 7 H,"' . '.Q ]

widely dispersed zorganelles, idgicative of intracellular edema (106)
4w : = '% yE
These Jinjured cells show two patterns of structural changes in thef“'i ®

:J . e

‘apical plasma'membrane. First there is destruction of the midrovilli

én’!

leaving only short, stubby knobs at the luminaljsurface of thg.GeLls.,yf.

The second change consisted of formation of blebs of - cytoplasm at che)ﬁ
) - :w ‘uua’
cell. surface. These changes were. mostly associated with cells thatkw.

exhibited swelling of the epdoplasmic reticulum and mitochondria.

o

The third phase, day 5 and waa characterized by increased shedding

Y
!

of damaged cells with cellular debris into- the gallbladder lumen. These

findings are well demonstrated on scanning'EM Indeed the author is

.not aware of any other study that has shown gallbladder epithelial

o

&

E injury on scanning EM during eXperimental cholelithiasis. The combined

more extensive cellular disruption. Cells .at the tip. and upper third of
the mucosal zolds appeared to be’least able to withstand the adverse
effect of iééitants, being .older (27) and o engaged ,in fluid
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transport (17). This may well eiplain»the present findinglof greater.
‘cellular disruption at these sites'than lower down the folds.
Although the present study did not examine the cause ‘of the injury

to the gallbladder epithelium, ‘the lack of correlation between

«

."“'1 ‘
gallbladder luminal. volume and duration of the diet clearly precludes

- distension of theﬁﬁorgan as a.»cause,'in this model. These findings
: b . a ¢

differed fromtmhose reported by Hall et al (92) who found increased
hepatic bile flow and enlargement of the gallbladder in rabbits fed a

':Borgstrom diet (402 casein and 152 olive oil) for 8 12 months. They

postulated that distension of the gallbladder could cause transient

B

:vyischemia of the mucosa,-thereby damaging 1it. The possibility that bi e
acids are the irritants (76) was supported by Lee and Scott (72) who
f:demonstrated in rabbits fed DHC that gallbladder epithelial injury
’coincided with an increased biliary concentration of allodeoxycholate..

They - attributed the observed effeqts to the onic action “of bile acids
G

on cell membranes, organellar*membranes and their‘pnzymes. Histochemical
.'studies with light and electron microscopy would beé necessary tpf

. S - . das ".’ t",'
'demonstrate concurrent changes in lysosomal enzyme activity ‘and ~hence

hy their role in epithelial_cell—injury,in this undel. §¥udies of hur

)
AS K
12

fvgallbladder have implicated lysosomal enzymes. released from damageu
b‘mucosa in the pathogenesis of -acute cholecystitis (108) Phospholipase
A, a lysosomal enzyme in the gallbladaer epitheignm;'converts lecithin
. to lysolecithin, and - the latter causg@ further mcosal injury. In
rabbit gallbladder in vitro, lysolethicin damages epithelial cellsp

.. C e

causing nucosal edema and increased membrane permeability ‘and resulting

.\

in the release of acid phosphatase into -the gallbladder lumen (109)

One of the most distinctive -findings of this study consisted of
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large osmiophilic droplets between the epithelial cells and the basal

lamina as well as in foam cells in the lamina propria. Although the

/ fosa,

nature of | the droplets' is not known' from the present study, their
“‘staining characteristics indicated that their contents wer~ 1lipid. The

mlcroscopic appearance of the gallbladders here, resembles those from

+

dogs fed a.cholesterol—cholic acid diet (110) and is also similar to the
*plcture ‘of Euman gallbladder‘ with cholesterolosis (111,112,113),
however, indthe latter, the'lipid droplets‘are presentlin toam cells:.
only. The pathogenesis of this microscopic finding and its role, Iif
any, in cholelithiasis in thig, mpdel is not known and can only be

speculated at this juncture. The epithelial injury may alter the lipid

A
o e G

metabolism or transport, leading to its accummulation in the/gallbladder

i
’.

wall.

The findings on histochemistry - show that . specimens ' from

L

~experimedtal animals std&§Fd more intensely for mucus than those from

the control group. The epit.hel_iuni was producing more acidic mcw ,
this stage thgﬁé'the'~neutral.- *-Alihough " there was no quantita ive
assessment: of mucus production (eg.. morphometric measurement or

o

‘ C , ‘ t“(?‘.
. determination of: the amount ' of hexose amines) the intensity of the

. §
micus stain and the increased subapical granules on TEM suggest -mucus
. . by
hypersecretion.. Several groups of investigators, studying various
‘ 5 ) .
animal species: have. called attention to the increased production. of,
v ‘ l) |

. mucous glycoprdtein by the gallbladder epithelium during experimental
1ithogenesis 50, 76—78 82). They stressed that this precedes formation

g of gallstones and thus mucus may be a specific nucleation factor (50).

>

Gallstone formation is a complex process, involving more than simple
w ey : 2 r

-~ precipitation of_bilerconstituen;s. It 1s generally accepted that nidus‘

g -
S e . EIN ey . ‘o
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N o
formation, and the retention of particles in the gallbladder and thelr

BN « ' . " . ) ) . . o
‘growth into macyéscopic stones, are also important stages (103). 1In the

N,

rabbit ‘model of.éholelithiaais,jstones are formed by the precipitation
of caléium glyco-allodeoxycholic acid (105). Iﬁ this situation, mucus
‘ﬁéy facilitate gallstone: formation by binding the precipitated bile
salts 1into macrocrystals and iﬁs visco—elastic property would tend to

prevent evacuation of these crystals (82).



) establiahed.

&

CONCLUSIONS

A stndy%of'this type 1s limited in its exf%apolation to cholesterol

gallstone disease 1in humans for reasons'outliﬁgg previously (page 23).
V’ !
Furthermore, it might .be argued that the epithelial changes observed

represented cells in various stages of degeneration as a normgal process

4 .

of aging and not due to effects of the experimental diet. Although this

.- - -~

.possibility cannot“be—ruled odt correlation of the findings in large

~number of - TEM samples with those on SEM and light microscopy makes

normal degenerative change nnlikely. : R

The significance of ti. tresent study lies in its demonstration of '
epithelial cell- injuryé‘.long clqefore gallstones are formed- inr this
model. Osmiophilic lipid droplets were deposited in -the gallbladder
wall before any stggﬁp were formed. However the role of thisg 1lipid

depoaition, if any, in the present model of cholelithiasis remains to be

-

s
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