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ABSTRACT - -

; e c Ry
Py v

Tne search for ‘an approprlate aninal nod o1 to scudy

' cholellth a51s is ong01ng The present stud) as designed
. i v - _ o o

to detern*ne whe-her the Rlchardson

‘;Lground sqnirrol

3

.
(SUeerphllus‘rlcnardsonlyg ,ould be a sultablo model in

. , g S %,}f; I -
‘which to study;choiesterol-ppecipitation the‘formatig% ot
.. A v FRRE- ; v

. ¥ s . .
biliary concrements, mucos@l(ohanges occurrlnq prior to,

‘durlno and ﬁfter stone ’ ﬁormatlon,-and compare tho,c o
¢ ;r‘_.
andlngs‘”*th those 1n‘humans and in other mﬂdcl).

L]

-!' .~

. vYTwo hundred and thlrty elght ground squlrrels ot bhoth

se>es mere d1v1ded 1nto cont ‘ol and experimental groupu

Each groeup contaln‘d at least four animalsy

The experis

fental groups wgre fed a~2% cholesterol-enrichyd rat chow

diet for intervals of 6, 3, 5,77 days, 2, B

3, .10, 20 weeks, and 3 ”ee}s on. choles tero] ~oenriche ! it
. - »

followed by 3 weeks on normal rat chow diet.

!

. The results 1nd1cated that in control animal::, the

iy
: .

gallbladder epitheiiumfwag COmposed of thrce.typou o
- . Y . s B .
cells: liqht dark”and edenatous kthe latter being cutruled
o o :
from the eplthellal gheet Normal columnar epithelial oello

"
M}

underwent mltoses.‘The basal lamlna fornod peg nnd\norkbt"

1nterd1g1tatlons mlth the basal pla SMa membranc\and'

o5

desmos omec,werf oecn th%cughout the latcral membsrane:,
A . .




e - : .
. & - .

./ L

Mcradrenergic nerve fibers were seen beneath the lining
cpithelium and between muscle bundles. A hasal level of
s

both sial lated and sulphated mucins was exocytcsed in .
.membrane-bound granulés by mérocrine S?Cf@%i@ﬂ. -
In“experincntal animals,.rucusvhypersgcretion\;;ﬁ\\__N{_ﬂ,w
9 .
pi}e lithogenicity occurred as early as, 18 hoursxanu

~ . . . \ : - ;
¢ontlnued throughout the experimental neriod. Cholesterol
monohydrate crystal precipitation occurred in

nroreiiths wore formed in 2-3 weeks and mulbe

) . : S|

occurred within 10 weeks. The larger stcnes contained 61-

74% cholesterol. Mucosal changes abserwved include increased
% <

cedlular prolifef¢zﬁon in one week, cellular damage and
extfusion, hypertrophy and hyperplasia in 0 weéks, plasnma

cell infiltration and Rokitansky-Aschoff sinuses in 20
P A ] .

weeks. Other mucosal changes obgerved were lipid

1 .

accumulation intercellularly and'intracellulably in 12

hours, deposﬁtion of cholesterol and neutral “lipid

-

supranuclearly and basally by 7 days and in the lanina

‘ } ‘ \
prcepria and 1ts macrophages by 20 weeks.

'

The present:study demonstrated'that the Richardson':

ground squirrel 1s an excellent model to study the

- » v N . .
. B . A .
pathogenesis of cholesterol gallstone disease.

I ~ -
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‘INTRODUCTIOQ?

N

) ;o . t .
Gallstones, although recognised 'for centuriles, have

comnanded speciai attention over the past few decades. This
. . Q .
/

has occurred because gallstone disease now represents a-

major health problem in Canada, affecting some 130,000
A .

adults per year. It is the most common abdominal sufg%pal

problem in Canada with’about 80,000 cholecystectonies per,

. \
)

yvear performed alg a cost of some $280,000,000 (Shaffer,

1980; vayda, 1973).

"\

¢ -~
o

The'preéence of gallstones in the human peopulation :s
s b4 ’ - -
higher because about 90% of the affected people-wiﬁh some
\

‘form of gallbladder disease displayed minor or’no symptors

‘

(sile%t stones) (Bouchler, 1984).
» . : ‘

The formation of gallstones depends on a nunber of

{7y
[

E fabtoKS. The presence of a lithogemic bile in the
gallbfﬁdder is not sufficient to produc cholelithiasis.
In addition ﬁhe gallbladder mucosa (mucus hypersecretion),
muscularis (stasis) and nucleating factor(s) are involved.

’ Tﬁe nucleating factor(g) have not bheen fuily identified but
there 1s lncreasing evidence that mucus is i%volQed t@aﬂcnt

ot @ ., 1984).

‘ : q
Human gallbladder tissue t.ined from



ity
£

choiécystééﬁdmieé'are generaily in the end stage ot thb
diséase procésé'and'as such it is difficglt to
'chronologically evaluate hepatogiliar; physioloay,
galistone fofmafion qr‘othér disease of the gallbladder.
This results in major gaés in our knowledge and the neod
— féf an&;al madels to fill these, gaps. e
A

A& number of animal mcdels have been dovelopoq to
studf gallbladder disease (Malet, 1985; Holzbhach, IQHQ:
Hoffmann, 198@). Freston and Bou;hier (1968) 1istod'eiqh{
features that are optimal for an ideal ﬁodel,(ﬁoo‘ '
literature review). A’number of these modeis such as: o,
rabbit, mousé? hamsf?n and guinea pig failed to fulti]
these criiérLa elther because of the die£ used, type G

stone formed, length of time needed for stone tormation o

pathological changes oecurring in other organs besiden the

gallp}adder. - °
‘ ~ : . )
- The prairie dog model most closely fulfils the
A . o

criteriaTOfrFreston‘and Bouchier (1963). The caloric
dist: ibution of the diet is similar to man, éhe type of.

stone formed, rapid‘devekgpment of stoncs, ahed anadecpiar
L 3
amount of tissue and bile make this model. ideal TO Studly

3
]

gallbladder disease.

.

The scarcity and protected status of the prnjrﬂy oy

N a.



N c

"1n Canada led Daviéon gi»g;; (1952) ané'Fridhandlerlgg al.
e _ : \

(1933) to further developed Patton et al.'s (1961) ground

squi;rel model. The Richardson's ground squirrel, when fed

a 1t cholesterol-enriched rat chow diet, secreted b%le with

an increased lithogenic index close to satd#iration leve?ls

~within fwo weeks and defective gallbladder contractility

O

t al.,

—
0
5]
(o8]

T

before crYstal preciritation (Fridhandler

thorough systematic investigation of this model in the

>

cholelithiasic process however was lagking. This st ¥ was

-

designed to: Y

. () describe the morpholégy‘pf the normal ground
C A o : .
squirrel gallbladder

v

(b). identify the cﬁronology of crystal and stonc '

formation
) : «

(c) descr i« the morphology and method of formaticn
of these biliary concrements -

. .

(d) describe intraepithelial and mucosal changes

———

occurring prior to, during and after*stone |

formation.

D



e _ LITERATURE REVIEW

Ur e of dietarv cholesterol L
- S g ’ K

The source of cholesterol is twofold. As nmuch as 70¢

Q

'is manufactured by-the liver at a rate of 1000mg a day. The
1 R

other source 1is dietary intake. Some foods have a1 hiagh

checlesterol content: beetf kidney (90g)~ 633mg; beet liver

(90g)- 372mc; one égg—\275mg; doughnut(90g)— 1@&@; french

N

fries(90g)—)20mg (Langone, 15841) . - '
, . , - ' R ;\
Cholesterol, which is present in all diets cii-oiy ?
as free alcohbi, 1s hydrolyzed by pancreatic gholesfcrok
esterase before/it 1s absorbed. Bile apd fat are nocooory
+
fof'cholesterol abscrption. Bile, phospholipida,tr a.y-
cerides (fat) and Chplesterol form micelle; which = o tolon
. : &

- 4
. into the- columnar epithelial c¢ells of the small intestine

by passive diffusion and active absorption in the torminal

ileum. 'In the absence of bile and fat, no cholesterol i:
. o '

absorbed. Cholesterol fed in a fat-freec dict may aloo Lo

absorbed because end-rgenous fat, sufficient for nmicelle
formation, 1is always present 1n the intestinal conteontao.

Cholesterol is rapidly absorbed by the intestinil rucona

’

-

reaching a peak 3 hours after a meal in man, and then 1o
) .

slowly released into the lymph with a’beak at 9 hours atter

-the meal (Davenport!, 1971).

-
N



[ 3

‘ . . . . .
Cholesterol in the intestinal epithelial cells conmes

from three sourcesi (1) bile(60%), (2) dietarf(zo%), {(2)
-

cesquamated mucosal ‘cells (20%). These pools of cholestercl
in the mucosal epithelium do not mix. The ‘mechanism of

separation is pnkﬁown (Davenport, 1971; Turley and

Die#schy, 1982). . °

-

Llpid droplets in ghe lumen, enulsified by the action

¢f bile salts, are broken down by pancreatic lipase. This
{ : :

t

process releases free fatty acids and monoqucerideé tht’
diffdse across the apical membrane and accurnulate ir the
aplcal cytoplasn. Short chain fatty acids diffuse‘tﬁfough
the cell and enter the caplllaries. Long chain, fatty acio.

and monoglycerides serve as substrates for
triglyceridé-synthesizing enzymes located in the smooth
- T x ¢ ! TN

endoplasmic reticulum (SER). The resynthesized trigly-

ceride, combined with cholesterol esférs, phospholipid and
v Y

a glycoprotein component (apoprotein) are.synthgsized in
the rough endoplasmic reticulun (RER)“*O form a-chydo-

/
micron. Chylomicrons are transported in vesicles, whose

membrane is derived from the Golgi complex, to the lateral
‘cell surfaces and are discharged by exocytosis into the

intercellular spaces (Davenport, 1971; Turley and Dietschy,

.1982; Davidson  d clickman,,;971d}
o

-Chylomicroné cannot pasc through the Laoment

!



lumen. The endothelial walls of the lacteal arc &hick but

carrying fat droplets acros)

lacteals, the fat droplets

\ | . | | )

’
v > [

membrane and thérefore\dq.not enter capillar:es. Only short

ahd medium size fatty acids (10%) enter the portal syste:
‘ .

and are taken to the liver. On the other hand, chylo-
. N v v’\;/ .
microns can ente¥ iymphatic lacteals through the open
e

channels between the 1nterstitial spaces to the luamphatic

. ‘.

there 1is no enyveicping basement membranc. The droplets posg

+

the endothelial‘BeQifgﬁionsL The cells formihg the walls o
,.r\\' .

lacteals contain nany p%nocytotic vesicles capable of

them. Once withln the

k 4

-

are ifrried centratly by the

-

tidal flow of the lymph causr. by contraction of snooth

muscle fibers of-the villi or the gross. mgovements of +he

v

nucosa. Onee delivered to the blood, chylomicrons dﬁri"’<
recirculate in Shé\lymph. In the capillaries of ndipoan and

nmuscle tissue, the triglyceride bonds are cleaved by the
: . . L%
enzyme lipoprotein. lipase and the fatty acids are renoverd
SR .
«lther to be stored as adipose tissue or used in muscle tor
' LA - \ﬁ
oxidation to supply energy (Diavenportf 1971; Davidoon aned

Glickman, 1971).
The remnant of the chylomicron containing the
cholesteryl esters 1s removed from the circulation by .

receptors at sites present only in the liver (Brown and

Goldsteln, 1984; 1¢

(€9

5) .

«

- ) © .
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and Dietschy, 19

Cholesterol in the liver

The cholesterol pool in the liyer is fairly constant.

It is maintained by either dietary absorpticn and synthesis .-

or excretion Paurgartn d Paumgartner, 1934).

Cholesterol id the liver 1s derived from three ‘i“ferent
. re . N

Ly

sdurces. (1) Dietary cholesterol or cholesterol Synthesizéd
in the intest:nal mucosa that reached the liver. (2)

Cholesterol that is synthesized in e: rahepatic tlssues
3 ' V

(skin, nuscles) ‘that neached the liver wvia high density

lipoprotein (HDL) and véry low density lipo@rOtein ('LDLY . .

(3) Synthesis of cholestgyoh in the liver itself (Turley

w

2). o

-

s e

The loss of cholesterol from the liver pool«is by:i
C : : . .
(1) loss directly from the body pool by\glgugﬁing of oily

secretions and cells from the skin, through desquamation of

)

Cells from the stomach, small intestine and colon. (2)

Cholesterol molecules nay~be metabolized £o éther preduct:
such- as testosterage ahd adrenocorticosteroids which may ir
turn be excreted from thé body through urine or the
qmstrointestinal tract. (3) Sy?thesis of bile acidsifrom

cholesterol into bile. (4) Secretion of cholesterol into

bile (supersaturation) (Turley and Dietschy, 1982).



catlons, neutral Comppunds, heavy.metals and bilirubin
A ! ‘ ‘

a varlable rate by &%&g@%renchxwal cells or the liver into
bile canaliéull *r&iﬁ%hlch it flows to the, hepatlc duct.

. . . . [N . . . ¢
Bile seGretion 1s under nervous, homnonal and chomlgal 4

control. Stimulation of the vagus nerve, injection of

o

secredin and administration of cholerectics increase bibo

N -

. I . - 1 * N
flow (Van der Linden and Bergman,i 1977 Paumgartner and
Sauerbruch, 19839. -

. () ){ 1 ‘

Bije 1s used as an excretory mechanism by the 11w

to rid itself of end.genous and acxogenous products and

maintain homeostasis- by excretlon of crganic ionu and

N

Bile also contains Iga from blood (vesicular transport),
lysosomal enzymes (exocytosis) and Na' with water from

intercellular spaces. Bile ductules and ducts alter the

O |
composition and volume of canalicular bile.by reaboorption
and secretion of water and. elcctrolyto< (bi;a[bondtn).
‘acretlon of ductular bile is Stimulated by secretin and

other gictr01ntc tlnul hormones (Paumgartner and,

Paumgartner, 19%4; Paungartner and Sauerbruch),

a2

Bile is corposed of bile ?cidsz cholic acid,

chenodeoxycholic acid (primary), deoxycholirc and



R P

lithc#holic .acid N§gegondary), phosphplipids (lectthin) and

) > . . -~
cholestegol. The prinary bile aclds are synthesised fron
) P b b :

cho¥ésterol. Thus, cholesterol is a normal constituent of ’

bile-and biliary excpgtion is the only significant

' ?ﬂt L . .

excretoyy -route for th%s lipid. The mechanism of
controlling the secreticn of cholestarod in bile is' not

fully known (Van der L}nden and Bergman, 1977; Turley and

(
Dietschy, 79282). ) . \

. *Biliary cholestercl is derived fr?m cholesterol
\/ ‘

synthesized EENEEENXiver, from -extrahepatic tisgue and fro-

y
~ \

. . L 1 .
dietary absorption. Under normal conditions, the secreticn

of cholesterol into bile is éﬁosel? linked to ﬁhosbholipids
and-bide acid sécr:tion.' This couplingbié brought about kv
the capacity\of bi.e cids to form micelles. These struc-

tures 1ncorporate re,a-ively large Séounts of phospholip‘js

to form mixed micellt , ‘hich normally facilitate ‘the

~

comprgfe solubilizaticr <7 all cholesterol secreted into

exlsted in bile which contributed significantly to the

sclubilization and transport of cholesterol (Hol?bach,

I
1986) . For reasons that are poorly understood, this

couplinq/roaction can become disruptedl so that nore

3
iy

cholesterol enters the bile that can be solubilized by the,
Blle acilds aﬁ%ﬁ%%ogphollpld present. The production of
r R .

such a lithogeni¢ hile is the initiating event in the

\D



) B
pat.. :né€sis of cholesterol gallstone disease. It can
. . -~ s
involve a varilety of secretory defects ranging from

-~

. . P : .
excesslve cholesterol secreticon without any change in bite

2]

acid and phospholipid secretion rates to decreased plrle

acids and bhospholipid"secretion wlthout any change in

put (Goldstein and Brown, 19234; Turley and

cholesterol o

Dietschy, 1982),
; :

Mucus ' : e 9

= x <

- . & ) H
Mucus also called muc.n, nucoprotein, mucopoly- 5

A

saccharide ‘and glycoprotein is the sliny secretion of
epithelial membranes which contains water, salts and

immunodlobulins'(LaMont gg‘gi:, 1984, Frezton »t a1,

1969). The structure amd composition off mucus from variou:
organs and mammalian species appeared to vary enly \

slightly. It is a high molecular weight substance with 79

v

carbohydrate, 20% peptide Coré and thé remainder conuisting
of variable amount of suléhate; bound counter ions and
yater. Only % moh@sacbharidéé occur in mucus: (1) tucose,
(2) galéctose,-(B).sia]ic acid; (+) MN-acetyl qlucoxnminé
and (5) H-acetyl galactosamiho. These are branching oide
chains of 3 to 15 residucs per chain linked to the bcptid#
core“via an O-glycosidic bond to-either serine or threonine
(LaMomwt et al., 1934; Allen, 1951; Smith and Ialtont,

1985a)

. ’ .
)
g .
0 . :
s ] .
.

fa



the basis of their histochemical staining: (a) leutral

[}
=

K

Mucus secretions can be classified into 2 groups on

M

mucins which staln only Qith the PAS technﬁque. (b) Sialic
qcid—contatning mucih. Sialig acid is a ééneric name for
various neuraminic acids which differ from each other 1i-
whether thev are substituted with an acetyl or glvcolly.

residue on their amino acld group and the number of

0]

O-acetyl acubstitutions on the hydroxyl group. (c¢) Ester

sulphate containing mucin, -The acidic mucin stains with
’ o ]
basic dyes like alcian bluc and/or high iron diamine. The

\

‘distingticn between sialic acid and sulphate groups is

\

achieved by-varying the salt concentration or the pH of the

staining solution. The Specificity'of these techniques ig

o .

increaced by the use of enzymes to remove the sugar

moietes; ie. neuraminadase selectiwely removes sialic acid

Reid et al., 85; earse; 963; Spicer, 1965). is
(Re1d et 1 19 P 196 S 196 It

~
therefore pcssible to specifically characterize the various

types of mucins secreted based on their staining

pf&pcrtjes?
L

FuncZicn of mucus in the G.I. tract

.

There are three main fuhctions of mucus secreted by

i

epithelial cells otf the gastrointegtﬁnal tract. ]

(1) Protect the delicate mucosal epithelium of’jthe

G.bo tra@thxom-damaqe by food, fecal contents and vigorous

¢



forces that accompany digestion. .
A(Z) Provide sliny lubrication for too passoags of

solid nmaterial and a d. fusion barrier to noxious

substances. .
- (3) Retaln water and provide a perpetual apueou.

environment for thie nucocal surface (Allen, 17215 omith and
¥

o

LaMont, 1985b).

\

Role of mucus_ in gallstone formation ’

Mucin, a'high molecular weight glycoprotein, i
Sécreted by the gallbladder and biliary duct epithelinm,
It exists as a sol phase of monomers in the lumini
Secrétion and gel phase of polymers adhaorent to the
epithelial surface. A common featurs in all animal model:.

i
of gallstone formation has been mucus hypersecretion and

/or concentration in all chqieé&eﬁgl stones (LaMont ot al,

1984). Mucus increasecs theMiscosity of bile. Gallbladder
¢ P .
21ln shares with other epithelial nucing the ahili;y\tu
bind lipids, bile pigments and calcium (Smith and ILaliont,
1983; Forstner and Forstner, 1975). It is the protein core
of mucin which provideg a hydrophoblc domain that doco thee

actual binding. The lipid binding propertics of pucir may

contribute to the nucleation process by providing a

hydrophobic microenvironment in the nucus qgel which will b

favourabhle to nuclcation of cholestrorol monobiydrate



-

<,

crystals eitier from the micellar phase or’ fzom a mesophase

o
-

o: 1ecithin-cholesterol liquid crystal (LaMont

Irf

1924) . Womack et al. (1263, 1971) demonstrated the presence

AN A .
of mucus at the center cf human gallstones and showed

histrehozlcally thal there was a thin layef/of mucoid
substance” at the surface of the discased gallbladder
epithellium. Previo:s studlies have shown that mucus

hypersecretion actually precedes stone nd crystald

&

tormation and in an an intejral part-of the nucleating
proces:s ‘Toe et al. 1921b; Freston et al., 1969).

. ‘
Mucin may also be involved in the pathogenesis of

pigmented stones. [Hfarkl et al. (1971) reported the presence

)

ct

of sulphated glyceprotein in hunan pigrner. 1 stones. Theuso

%

concrements have a 3-.07 ylyprotein-nucin-bilirubin

‘complex (Smith and Latlort,1%25a).

Previous studies have shown that it is diftficult to

measure muc 1s synthesls and secre ion directly. Indirect

s

measurements were done py estimating nucus gland hyper-
. v ¢
plasia or the viscosity of galll 'adder bile (LaMont etral.,

1984)  Recent studies using organ culture explan 5 fron
prairie dogs with radiolabelled glucosamine and autoradio-
¥ . .

graphy  found that 0% or mo: . »f this precursor was 1ncorp-

orated into synthesized mucus granules. This technique

~appears to provide o convenient and cuontitative meothod to



) -~ 5 .\ . W
reasure the rate of nudds synthesls and socrotion (loo ot .
Y . e
al., 1981b; Lalionte.et al., 1283).
: ™~
3
¢
\ The stimulus for mucus secretion in the precence of
- lithodenic bile is unknowr. However, bile duct ligation ¢
A - i
# appears to prevent hypersecretion 1in the cholecterol-i.1
prairie dog sugges%%ng that the stimnulus 1o present in
. S . Y
' Hepatic bile (lLee gﬁ al., 1981h),. | Interestingly, gall-
bladder muciln releacso incre¢ased with age, an oboery v
which may explain the increase In .gallstone torna*ion with .
age 1in experimental animals and nan (Ladont ot al., 1904,
= L]
Factors reqgulating rucus secretion
’ ) .
Mucusi.ls released by exocytosis of aecretary oranal.
: ®
in the apical portion ¢t the gallbladder npit%;li»l el
(Wahlin et al. 1774; Lee 19300 .
(1) Cholecystokin®  cauces a capld dnoere v of mes
o ' !
relenrse from 1ts neormal basal rate (abvbin et b, 1e
(2) Prostaglandins arc known to stimulate mucin ol
in the stomach and may also be involved in the reolo e ot
gallbladder nmucin (Iallont ot ol 1985,
. N . B , . A
(3) Arachidonlc acid causes O 2 to 5 told ynmeroa
mucin relcase in prairie dog gallbladder while Indopotihoace:n
‘ iy g
and acpirin block such o releass b oinhibabting tdie
synthesis of proastaglandine (Ladont oo ol Ioliy Lo o
-

/
Vs
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al., 1281a). ‘.
: . =

() Hiydrocortisone and related steroid hormones inhibit

- v

gallbladder mucin release by inhibiting phospholipase 2,
. .t e .
and thereby reducing the availability of arachidonate for
.. :
prostaglandin synthesls.
(5) Lysolecithin, a membrane bound ¢ :tter ion, 1s a
.

potent stimulator of gallbladder mucin release and

hypersecretion (Heiderhiser et al., 1983).

ERE Sy -

Cryvstal and stone fqrmationf

s

Cholesterol qallstones are formed from cholesterol .
0 B . -

monohydrate crystals which are found in lithogenic kile

(Small, 1950; Sedaghat and Grundy, 1930). There are tive

’ T
stages in the formation of symptomatic gallstone disease.

(1) There 15 a genetic tralt qr rmetabollic abnormalityvthat

- leads to the production of @ supersaturated bile; (2) a

.‘ . . . A . -
chemilcal stage 1nvolv1nq%§he product- on of a supersaturatad
bile; (3) a physical stage when cholesterol monohydrate

crystals precipitate out from supersaturated bille; (4)

precipitated crystals aggregate to form macroscoplc stones;

h . . . . . .
(M) macroscoeplo stones cause synbtoms by initiating

v

]

cholecystitia or bleck the cystic duct.

lofore cholecterol carystal pracipltation can occur
‘I \

\

nucleation nucst take place. Theretare two types of

ro
8]
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.

nucleation: Homogenous hucleation takes place when o

precip.tate out\TTom a highly Supegﬁathrated bille.

rystal

"Heterogenous nucleation can occur from a leoss supey-

~
.

'

saturated bile and is(?nduced by other substances such o

nucus (Small, 1980;dﬂiiting and Watts, 1024; Llevy et
«
1984). - :

n .

al.,

: 3
Cholestercl monohydrate crystals are described as
Vel

§ o~

tolorless, transparent and thin with paraflo] cdgen, often

naving & notched corner and resembling pileces ™I broken

windowpane (Juniper and Burson, 1957). They have also heon

described as being flat, plate—like‘parallclograuu (Small,

1980), or rhomboidal (Osuga ¢f gl., 197?;'Oqatﬂ aned
| @

Not that many years ago no generally accepted

‘of formation and growth of gholesterol'gali NS e
The major point of disagredément centercd on the pro
growth, whether it cccurrcd frpm the nuclous cuthay
N . .
A

(Naunyn, 1921), or from the periphery inward (Jweet,

"

Moarat .,

theor,

ot

AT

]

Tashy;

Tamura, 1943). Obhservations' made eon human stonen (Ot ar
¥ .

Zurata, 1971)43human stone developnent (Osugin ol ol
Sy .

{ i '

~and development of experinbntadly-indnced ctones in

squirrel monkey (Osuga et al., 1974) have clarified

U

thiao

. . v -
question and confirmed the initial theory put forward by

Haunyn (1921) thaf“grﬁwth\:ccnrrﬂd form the conter

. s

1



outwards.

AN

The morphology of human cholesterocl gallstones was

described in two.studies using light and scanning electron

unlcrescopy (Ogata and Murata, 1971; Osuga et §;77\1975).
The latter study propo;ed,a chronologi?al'model for the
develépment_df macroscopic stones. Rhomboidal cholesterol
monohydrate cfystais férm»platy unit= either by layered
groxth or random agqregatioﬁ. Thesé rlat s units are the
basié building units‘fof macroggopxp UEOD;S which may be
either spberical, muléilobar or mulberr Thé cenfral Brea
of qaéroscopic stones contained crystals in platy unit forn

as well as amorphous subsfance and is connected to ' the
o ! ) .

outer capsu.3 by radially arranged plates.

There has been only one study on an animal model to

N

chronologically follow the development of cholesterol
gallstones. The squirrel monkey when fed a diet of butter

and gholeéterol for nine months developed multilobar and

[

mulberry gallstones. The pattern of stone deve]opmeﬁt

3

included the lamination or random qggregatjon of crystals

into platy units. These platy units werc the basic bullding
&

blocks of microliths or macroscopic stones. An alternative:

route of stone development was the aggregation of wagch

wheel shaped concrements into microliths and macrostones.

- Al

/

~-
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Ed
. ,
. The basic sequence of crystal precipitation and ston.

formation was similar in man and the squirrel monkov.
2 :

However, there were some noticeable differences ouch ao:

(1) fragmented crystals seen frequently In squirrel nonie

-

were only occaslcnally observed in man; (2) a tiny hole
filled with ailr in the center of squirrel monkey': ston.e
was not seen in human cgncrements; (3) finally, the

o

presence of microliths with a wagon wheel design common in

the sqguirrel monkey gallbladder And hepatic Bile wias niet o
L
y feature of human gallstones.- >
-

Mug »= chandges

Even though there is no statistical evibonee to link

gallstones with carcinoma of the gallbladder, o caunal

relationship has been postulated (Di~hl, 1080). The turn-

over rate of normal gallbladder cpithelium 1o very ol ow

¢

. " - N . e : .
(Barémann, 1959; Dvybhan, 1973 a4 Scott, "1972). In o numbor of

-

studies of cholelithiasis utilizing animal nodels, on
B ' . o
increased cell proliferation wis observed betore the

presence of stones (Scott, 1278y Putz and Willems, 1721
Scott, 1976; Marsch-Zeigler and Palne, 193507 Iwc’nnj R Phe

1982). Scott (1978) examined the labelling indicos

»@rabbﬂts fed dihydrecholesterel digt, hice fed o choleotorol

~cholic acid dict, and quinea pigs injected with Jincomy i

showed labelling indices of 15-210 within the tirst woris o
i

. s B4,

s
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the cholelithiasic process. Intreased mitotic and DA
’ b

synthetic activities also were observed 1n human lithiasic

gallbladders (Lamote et al., 1983; Putz and Willens, 1973;.

Kayé et al. (1966) ewxamined cell‘replicatign'iﬂtp
rabbit gallbladder ana described proliferative zones in Th
valleys of nmucosal Loidv lowever, Mueller gﬁ.g;.u(lQTZy 5
demonstrated that valleys ana folds were'frén%ieﬁt

”

structures depending on the fullness of the gallbladdar

when fjxcd'and Scott (1974) found no defgned proli

-

zoneﬁrin the guinea pig gailbladder.

%"
There have been three studies that u,otnﬁaLlca11

investigated the later stages of cqll proliferation? Mern) d o
'} : T, Wt

J

accompanying mucosal changes, correlating them with

formation (Marsch-Zeilgler and Palme, 17 2 Lec. afd cott ff-;}

L >,
. o 4 . . . N ot
1932; Lee ot al.,*1986). In the hous - ﬁo;égteral—chollc Wt
. ? . s s * v .
B . . B a9 ¢
1d model, hyperplasia oceurred within -3, daxu toqnt A
w1th Increased mitotie and fibroblast Iaboxllnq indices ?

]

Marsch-Zelgler and Palme, 1982; Lee and Scott, 1982).

latter authors also demonstrated muscle thickening and

: RIS 5114
glandular metaplasia by 21-28 days and distinct Rokitancohye

‘.

Aschoff sinuses oy 29-56 days. All these muccsal changes
occurred long betore the presence of stones. The

gallbladder epithelium ot rabblts fed a 157 oleilc acid diegt

tor 1-9% weeks shouwed interepithelial cell vacuoles and by



16 weka'Rokitansky-kschoff sinuses were observead.

s N
\:

Scanning electron microscopy of pathological human

gallbladders revealed defelts in the epithelial sheot which

13

were interpreted as empty goblet ceolls or theo rosult of

chroric cholecystitis (Myllarniemi and MNickels, 1“*7}?
£y 4
o

Willianm and Smith, 1978).

= Cheolestercloslis lesicns ocour gquite trecquently in
- .
- ' human gallbkladders (Miecttinen and Tilvis, 10490 there o
. . ] } i)
N,
only one study on the dog cholestercl-cholic model that

-

- ?
exanined the induced lesion (Holzbach et al., 1977). Boti
hunan and tho deg studies used a single campling interoal,

~

»
Previops studles on the guinea pig agallbladder in

situ using radiolabelled olfjc acld, cholecterol andd
%lecithjn, have doﬁonstratO('thnt this organ i capable ot
absorbiné natorials other than water and oloctrolytons
(ieiderniser o% Aal., 1971; =iderhicer ot al., 107 3;

lielderhiser et al., 1976; lopwood ot al.

human gallbladder cholesterolosis have shown thar Dipid

e

, acg¢umnulatlon can occuk either In cpithelial cells, the

]
x lamina opria or both (Fourocumialis et al., 198045 Foo oo
° g al., 19863Kdaa, 1985; Nevalainen and lLaito, 1972; Boyd,
é) : . D . ¥

#th, 192%; iHora and Schulz, 1970; fnoglich. g

3 ’ ’ F @'




1 A

~""Koga (1985) demonstrated a massive accunulation of
lipids ir the epithelial cells and also 1n macrophages
found in the lamina propria of human gallbladders wh%le
/’///’_\/ .. . ) . :' ' ‘ .
llevalainen and Lalto (1972) showed lipld accumulation 1n
1

epithelial cells only. In dogs fed gholesterol-cholic acid

for nine months, 1lipid accumulation’'was seen only in the

*

epithelial cells and not in macrophages (Holzbach et al.,

1977) . :

Previous studies have proppsed that absorbed lipids
reached the lymphatic or venous system via the inter-
v R
cellular spaces and passed to the lamina propr%a where they

were engulfed by macropha i~ which then entered the general

circulation (iliderhiser et al,. 1976; Kourounalis ot

(W)

al.,19284; Koga, 1935; Erqglish and Hopwocd, 1985).

4

Cells may also ric themselves of the absorbed lipid

by heterophagocytosis, which resulted in the fornmation of

residual bodi- (tievalainen and Laito, 1972; Hora and
‘ ’ L
Schultz, 1970), or esterificationwf the absorbed lipid to
: PEa L)

give discrete lipid droplets (Miettinen and Tilvigs, 19855

5]

ot al., 1982).

Pe

. ‘\~\ . B -
Subbiah nng Dicke, 1977; Tilvais
' . /

Characterization of lipid accumulation in the mucosa

wag done histochemically (Engl#ch and Hopwood, 198%; Kogaj

1985; Koga et al., 197%; Williarmson, 1969; Qkroo, 1968)«

21



Frozen sections stained with oil red O demonstrated neutral

lipids while digitonin complexed erxperiments

L 1.4

rovealed treen
cholesterol.

A ‘ . : v

v

Animal model. o2f callstone discase

. It 1s difficult to chronclogically evaluate,

hepatobiliary|physioclogy or.gallstone formaticon in human:
. s . '

Jpecause cholecystectonized gallbladders are goenorally in

the end stage of the diseasc process. There 1o little it

. B . — .
any, normal tissue. ‘ihls results 1n mnajor gaps \n our

%, understanding of the disease process and hence it uoe ot

animy. models tp fulfil this role. '
e
o The scarch for animal models to study galibladler

disease 1is ongoling. There i5~no existing animi!l hodal thoat
perfectly’parallels human gallstone disease hs chololith- %
egasis is multifictorial and involves: (a) bilinry cholie-
%terol supersaturation, (L) abnorrmality of biliary

proteing, (c) relative gallbladder otasis, (4) hypor-

secretion of mucus and (e) other potential defocto.

In all the models, inddytion of chololifhi4x}m

requires manipulation of the exogenous factors e,

cholesterol overload which In turn profoundly alters the
. ¢ o

normal metabolic state resulting in the cuperoatiration of
. B “ .
¢
- '
»
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<

n

bile. it
2

cow e
angd Balchier (1968) listed . number of
'&_‘5%{ AR ’ N )

:asstﬁe ‘Ldeal model of erperimentail
A I SO . L ,
cholollt@1a51s against ‘which all avallable models may be

Frectomn:

characteristics’

X

‘N . - Y, :
compared. The criteria were: (1) simple and reproducible -

method for induction; (2 a diet comparable to a tv

@

human diet if dietary -method of induction is use.:

cail

(
b
’

Q[ [

animals should be easy to procure and reascnably
inexpenslive; (4) reascnably rapid stone formation, for
example within several weeks rather than nonths; (7)

’ \\ L
gallstone com&gglt;on simiMar to that of human, whether
chele sterol or plgment stones are induced; (6) adequate
amounts of tissue, bile, bklood and adequately sized bile
duct to allow-for canulation to sanple hepatic bil~s and

enough stones for complete quantitative = :.lyiis; and (7)

other than ghﬁ”broduction of gallstones, ~her. chould ke nc
other difference between experjmehtBI and contrecl animals.
A numbo% of animal models have Leen seveloped to study both
plgment and Cholosterol'qailstones; cach cne had an

. . \

ldentifiable deficiency (Freston and Bouchicr, 19638; Gurl

ooy, N ]
‘%ﬁitDenBeston, 1978; Hoffmann, 19234; Holzrach, 1984;
i/ 3 . ’

[ ' b

R :
Sé&bonflold, lQTZ:VTOppOrmJn and Welner, 1% 0; Yan Jder

I@ndop and Horq#(&, 1977 Patton ot al., -1961; HMalet,.
1935) . : -

£
P

S - | D
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Pigment stones

Mongrel dodas : . .

1

A 1% cholestérol diet suppleménted with 10 cusein

?

50% sucrose, 26% stapch, and.SE lard induced pigmented

stones in dogs withfin one week and after 12 weeks on the

die£ all animals

consisted of cholesterol, bilirublim an” protcin. somnc

calcium and bile_abids were also contained within the \&
\

concrements. The cost and sice of the animals suagagest tha-

this model is rot ideal igflthe study of cholelithianis-

(Malet, 19854 Van der Linden.and Borgman, 1977).

*

.Hamster

‘Pigment stones consisting of calcium, phosphate, bLile

salts and plgment are dcveloped in females and older

,

hamsters. A number of diets including the addition ot -
. :

N .
ethanol to drinking water, lithogenic dicts supplementeod
with thyrowxine, and a .12 cholesterol-enriched diet indu

plgment stone formatlion. These stones were basicoll

1
1

o

similar to those in rman (Malet, 198%; Van der Linden and

Bergman, 1977).

Guinea pig




Guinea pigs of either sex injected with lincomycin

\

subcutancously for seven days develop pigmented stones. Zhe

composition or these stones included 23% calcium, 23%

‘carbonate, 14% bilirubin and 7.7% .cholesterol. This model
provided more 1nsight into gallbladder mucosal injury than

actual stone formation. The stones formed contained a

higher percentage of cholesterol than plgment stonesg

A ",.' >

(Malet, 1985). e

lice - |

Mice with héreditary ner .yt c anenla developed
; :
. . . . { d v

pigmented stones while ingest ng a v-andard rat chow diet.

The stones formed within 7-10 ~ntho in.77% of females but

by 10-14 nmeonths only 56% of the males had developed stones.
. ,

1 ol N iy i g =
The concrements formed were similar to pilgmefited stones of

wan. This model may be suitable for studying the
. s

pathogenesis of pigment stones associated with anemia

(Malet, 19835)-

+
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Several specied of subhuman primates on long tern,

i



2

high cholesterol diets, are known to be resistant to
choiesterol gallstone formation, noteably the rhesus and
African green monkey. Although chimpanzees and gthbr
speciés:may‘show susceptability to cholesterol stone
formation, cost of accquisition is prohibitive. Squirrel

mbnkeys fed a diet of 25.5% butter and 0.5% choleuterol

added to case " and sucrose developed gallsteones within
nine months n 383% of the "animals (Osuanr et al., 197.19.

~
However,the long ternm feeoding process (2 montho) ano e

to primate, facilitiles often makizs holding large numboers of

animals for study at one time unfeasible (Holubach, 1924,

oo}
8]
-+
3

*

‘The rat, an animal which- lacks a :al!}iadder, t koo
up cholesterol rapidly when fed a high cholentaerol dicot,

G _ ’ :

< .
The increased cholesterol level stimulates the enzyne
cholesterol 7 ¥-hydroxvlase which converts cholestorol to

. . : ‘ o Y i

bile acids. .In thils spccies, the administration of

cholesterol does not induce the formation of suporiaturated
. ¢

bile (Van der Linden and Bergman, 1977).

L

Mouse

In the mouse model, bhoth 1% cholestero]l and 0.9

cholic acid is fed to the animsls and gallstonen are formed

»



i

[4

-~

within twe months. The cholic acld blocks the induction cf
ile acid synthesis and cholesterol increases in the

cholesterol pool, resulting in more cholesterol secrzted

@]

into the bile. The bile acid ingestion is a necessity for

¥
Py

gallstone formgtion and hence 1s a disadvantage for

comparison with human gallstones (Holzbach, 1924; lalet,

1985) .
Guinc . plygs
Guinea.pigs fed 0.5% cholesterol diet devoid of

vitanin C developed cholesterol gallstones within “1ve

weeks. This major dietary defilclency, when compaiod €0

humans, su%yﬁsted this nodel was n~t ugeful in t.  study oo
gallstone 4ormation. However, due to the mechani  invol. e
in stone formation, -' is medel is useful to stuydy the

hepatic 7 Y-hydroxylase enzyme systen (Malet, 19285).

Gorbila . .

A cholesterol-cholic diet sinilar to that used in the

~

neuse nodel also induced gallstone formation in this
- .

species. However, because of the c.et used, the stone

formed 1s not comparable to humans {Van der Linden and

Bergman, 1977) .
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Rabbi

=
’{ - s .' - o '

Gallstones have been induced In rabbits

rt

different. methods. One godel involves t~cding the aninals
cholesterol analog,, dihydroch 2steorol or cholestancel. b
{ ]

other uses a +0% protein pich diet co® e with 2o oleic

o

acid (Van der Linden and Bergman, 1077 . Lee ef al., 1o,
The stones formed were rﬁch«in glvcousoxycholic aocid, o
[ .

major bileg ay
Lo P | |
about ®ne-fourth cr less of\ the dry wWoight of theooe

Cholesterol conntituten oniy

.

)

g v : .. . L. oy . )
concrenents. These stones differed:signi‘i-dntly tron

humans which have® a:high cholesterol content of bLituwoopm
. ) e '
85% (Malet, 1923).
; . :
. 4
Fimsters . ¥

Y ®Two of the most popular modcla utilize rodont

species: the hamster and prairie dog. The hanster sodel hos
. .

been in use for many vears.. Dam ant Chricstenson (104507

[ -

LU 3 . o~ ) " "
demagnstrated that the hamster 1o capalNe ot forming

cholestgrol gallstones when fed a diet of ‘retined svegor

o

no polyunSaturated fatty aclds. However, this Jdiet oo

little similarity te the average human dict. Bile frorn
'I‘. <. ,

. L . - N X . ,

several animals has to bhe pooled for cherNcal analysis '

becauge of the cnall size of the animal, gallbbicdder, They

also developed Adiarrhcen amwi exhibited growsh rot v ion

P
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L4

(éhang et oal., 1273). De;pite these drawpaclks, tke hamster
model has,proved to be popular as acquisition~and
maintenance are relatively inexpensive and they form ston. .
withig 6-7 weeks (Yan der Linden and Bergman, 1977)..The
wory on this model has focussed more on cholesterbl
metabolism, preventioh and/or dissolution'of gallstonés

3.

(€))]

(Pearlnan et al., 1979; Hcffmann, 19

.

The herbivorous prairie dog.is a model of unsurpassed
popularity. Br-onneman et al. (1952) were the first to
realize the true potential of this species. These animalg,

ted 1.25% cholesterol-enriched diet, developed cholesterc!
‘ . ‘ . - .
gallstones within two weeks. The caloricv distribution of

P .
e ) . .. .
the diet 15 dymilar to that of humans and the stones forrmed

contained 75-85% cholesterol by weight. The amount of bile

©

produced by each animal was sufficilent for chemicgl
analysis of cholesterol, phospholipids, and nile acids, and

the animals remdined WriAithy on the lithogenic¢ diet.wMajor
‘ ' . . o
problems as a model are that the animals are difficult to
handle, seasonally unavailable and geneticall® hetero=.
f callyhetere

Tt

AJ

4

genous. Its major advantages are that they aYe

comparatively inexpensive to acquire and maintain and their
‘bile is cemparable to that of humans insofar as it contains
the same four major bile aclds. The two primary acids: (a)

K4



" provide information on a variety, of parameters involved in

‘Y’

-

\'
b3 _ “3 "

cholic acid and (b) chencdecoxycholic acid and two sccondary

]

aclids: (a) deoxycholic acid and (b) 1lithogholic acid (Van

der Linden and Bergman, 1277; Chana ot al., 19735 Malev,

1985). In addition,  the relative composition ot the throo

“

main lipids are roughly comparable to those tfound in  hunan

bile (Van der Linden and Bergman, 1277; LaMert ot al.,
8| i ! e,

1

O
e
.

oy

P8

The prairig dog nodel has heen extensively, usol 7o

‘et

gallstone formation: bile compesition (DenBosten ot Al

v

1974), gallbladder mucus hypersecretion (L ;o ¥
Doty et al., 1933a), prevention of.mucus hypersecration by

o . o ‘
the ddninistration of aspirin (Lee et al., 19°1a), inhil it

o . A -
~ion of bile stasis and stone formaticn with sphincterotomy

S ,
: PR . sl ' . - v
and reversal with atropine (Hufton et al., 1952},
: R 4

arachidonic acid and nmucus secretion .(LaMont ¢t al., 19245,
effects of bille acids and axozoclinis (Cohen ot al., 19745, |

-4

prevention of stone forfmation by hvadecwycholic acifl

(singhal et al., ﬁiggz_}), and the role ot cyclic nucleotides

. B . J( " -
and glycoproteins during stone f.rmat)on (Zak et al., \\\

1984). B o R V\\
o o S s

. v
Ground squirrels

.

The ccarcity and protected status of



Canada led Daviscn et al. (1982) and Fridhandler et 1.

(19é3) *o .further develop Patton et al's (1961) ground

squi}rel_médel for cholelithiasis. The Richardson's éround‘
squirrel, when fed a I% commercially prepared Fholesterol—
enriched rat chow diet, exhibité@ﬁgile %ith an 1ncreased
lithogégic indexyclose to theoretical saturation values
g%tef'two weéks, These adphors did not Bbserve the
precipitatiorf of crystals but described defective
lgallbladder contractility during this time interval.
Prolongecd exposure of animals to the enricheﬁ diet gave A

lithogenic bile and resulted in either cholesterol

microcrystals or macrosccpic stones after six months.

Richagdson's ground squirrels are plentiful 1in -
Alberta and are considered to be a pest p; farmers. The
classification of this species is: |

‘ 1 8
K.ongdome=—=——==-—==~=~ Animal
Ph lum-==--=--=-—---—— Chordata . I
Clasg-—=—==—=~-—-—-—=~--— - Mammalia (vertebrafes which possess
hair and suckle their
eyoundg) .
Order-—=--====-—-==--===--- Rodentia (gnawing animals; enamel
‘J! ” only on front incisors)
Suborder——¥———J:{:———— Sriuromorphs (post orbitél process,

tour cheelk teeth above



\
<
. and below). Sguirrels,
» beavers, gophers,
marmots, kangaroco rat, :
~ chipmunk,prairie dog

. and groundhog.

Genus—=——~—=-=--=-—-—-—- Spermophilus
t;Q" .
Specles~———--—-—-------- richardsonil
£
AN o

Obijectives

-

This model had bheen used previocusly to otuldy bile
lithogenicity and gallbladddr stasis during the oarly
L 4

stages of cholesterol formation (Patton et al., 19015

-

Fridhandler et al., 19383). A thorough systenatic

Pl

investigation of this model in the cholelithiasic prooces:
however was lacking. The current study was designed to
(a) describe the morphology of normal ground cauirral

gallbladder

{b) identify théﬁgpronoloqy of cryctal and ctone tormatiog
Oy -

‘, ' ¢
. and met@t of fornmation
. //:
(c) describe the morvhology of these billary concreront:
(d) describe intra-eplithelial and mucosal changos

.

occurring prior to, during and after stonc fornation.

~



MATERIALS AND METHODS

The bile and gallbladders of 223 Richardscn's grournd

squirrels (Spermophilus richardsonii) of both sexes were
studied. Ground squirrels welghlng between 350-450 gm were
trapped from the wildr around the Edmonton, Alberta area ani

opped cages at the

ct

houted imdividually in plastic wired-
Surgical Medical Research Inctitute (S.M.R.I.) 3Animal
. .

Holding Facility, University of Alberta. They were kaopt on

a 12:12 hour (6 p.m.-% a.n.) light:darkness photoperiod ac

a temperature of 23°C and humidity of 25-:0%. The aninals
. 1

were maintained on a diet of rat chow (Wayne Lab-kloc,
: ] .
Allied !Mills Inc., Chicago, Illinois) and water ad libi-un.

Animals were held for one month during which time they werc

\

checked for parasites, loss of hair, weight and diarrhea.
B [

N ' ~=
)

Animéls considered to '~ healthy were divided 1nto

A

control and ewxperir~ntal groups. Exporimental animals were

fed a 2% cholesterol-enriched rat chow diet (UG.S
Biochcmicnlé, Cleveland, OH) and water ad libitupm. Contro:
animals were maintained on the same commercdial rat_chow
diect and watef ad libitum. Each group consjstgd of four
animals. Sampling intervals of 6, 12, and 18 hours; 1, 3
5, and 7 days; 2, 3, 10, and 20 weeks; 3 weeks on on

cholestédrol diet followed by three week on normal diet wore

.
v



used. Animals in the shorter time intervals, ¢ hc. .
threough 1 day, were fed known gquantities of focd which wore
. . | .
: . ' t . . B
monitored’ before killing to ehsure that they had actualily
ea%ﬁn the cholesterol-enriched diet. Thes2 animals were fHoet
fasted overnight before killing. . /
¢ . s : .ol & 1 e : N
Animals were fasted cvernight arnd hHillod by cervionl
cdislocation betweep.0900 and 1000 hours. The majority, ot
’ ; ¥ .
bile was. wdthdxawn from the gallbliadder by a lcc syrinag:
. h > .
A A -
)

and stored at -20°C for assay ldter

was examingﬁ by polarizing microsccn»y -0

s

presence of crystals or microliths. Bicchemical ass

the bile to detcymine cholesterol, bile acida and -
phospholipids was performed by the Bicchenistr it of

S.M.R.I. From these parameters the lithogenic indes ot bl

i

was calculated (Carey, 1978; Thomas and Hoffmann, 12775 .

e
K
. . N ' .
The same volume of fiwxative, 2.97 gluteratdehyde an
, L}

»

L4
Millonig's buffer pH 7.2 was injected into the qallololbor,
The organ was' then excised and immersad in the sanc
fixative for one hour at room tomporature, split along 1t

vl

longitudinal axis and rinsed of

o lurinal contento,
The luminal rinsings were eXxamined by direct 1iqght
and polarizing microscopy, photographed and stored in 167

. . \ :
neutral buffered formalin. Iuminal rinsings from gall-

/’_‘\ )



\

. s . .
bladders %hat\ did not contain macroscopically visible'

tones were :iltered through a 0.22xm Millew 'GS filter

&)

(Millfbore.Corp., Bedford, MA) which was suhsequently

. ) ™A ) .
alr-dried, mounted cn a stub and sputter-coated with gold.

4 . . . . . '
Luminal rinsings that contalned nacroscopilc stones were

%iltered through a Whatran (England) =4

filter paper and
: 3
left to air-dry. The driec stones wegre transferred onto

stubs caried with electron conducting palnt and sputter ®
coated with gold. Crvstals and stones isclated by either

: ’ S P
technique were examined using a Philips 395 SEM. larger
stones were fractured after surface observations were

recorded, recoated and the internal architecture examined.

Macroscopically visible stones of some animals were washed

"1 distilled water to remcve any bile and dekris and then

dried in a vacuum desiccator until a conasant welght was
achieved. Stones were dissolved in a mixture of
ethanol/ether (3:2 vol/vol) at 40°C for 72 hours in the

dark with vigorous mixing. The mixture was then centrifugod

y
.

At 1900g (Smith and Lalont, 1925a). The colorlegss

supernatant was decanted and stored while the residue was

8

o washed again and recgptrifuged. On average, the ratio of

stone welght to dissolution solvent was 15mg/ml. The
supernatant and washings were combined and assayed for

cholesterol content using the method of Carr and Drekter

. ’ . . . . 2O
(1956) . Analysis wagtdone by the Biochemistry Unit of ’

S.M.R.T.

[0

[RH



. The gallbladder of the ground squirrel is small and

the wvaricus techniques listed below fore not all pertorned

-
'

on each organ. Similar experiments were repeated and t

used as determined by procedure. One longitudinal strip ot
1 .

| o . . ) . . .
the organwas dilced 1nto 1lmm~ plecos for transmission

IS

electron microscopy and immersed in the shme tixative for

o

£wo hours at roorn terperaturi, p&stfixod in 17 osmium

tetroxide for one hour, blocked stalned in saturatedd
' / .
> N N

aqueoils ufanyl acetate for’ one hour, dehvdrated in an
3 ) ‘

. v%;

ascemding” series of ethanol and propylene oxide and

embedded in LX-_12 resin (Appendix I). Three of theoe

(<o
blocks were randomly selectec for electron microscopy.
b P
Ultrathin $ections of 600-900A° were cut on a Reichert - °
\ :
Ultracut microtome, nounted on uncoated 200 mesh copper
grids, stained with saturated &, ous uranyl ‘acetate tor 10

ninutes and lead citrate (Reynol , 1963) for 2 minutcs and

1

examlined with a Philips 410 electran nicroscope at n
accelerating voltage at £0kv. licrographs wera taken on

Kodak Fine Grain Positive 3%mm film.

-
a

For morphemetry of nmucus secretory granules, coct oon

from coded blocks where columnar epithelial dicplayed o
nucleus, basal and apical regions were randomly gGelecter
and photographed at the same magnification of 4400 on 34mn

fine grain positive film and the neqativgy were onlaxeged T

times when printed. Eight to ten cells.wore phbtmgruphrd,

RO g C R
, .

o
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Pad

from each block. From the 24-30 pfints from each animal;
ten wcré randonly selected for planimetry. ForAeach group
of animals (n=4), 40 prints werendggitiied. Morphometr%?
study was:performed using a Mikon Microplan II seni- \
.automagic ﬁﬁd@e analyéer to determine the area éﬁCﬁpied by
the mucus secretory granules and cytoplasm. The ;olume
density'(Vd).of the %ucus granules was expreséed as a
percentage in which the “otal area of granules per cell was

Alvided b? the total cytoplasmic area multipliéd by ;OO.
Dafa was-oxpressed as a percentage of means and stamdafd
error of the mean (SEM). Analysis”oi lata was ﬁérfor:ed(
usin? the one-talled unpaired Stuaent's t test (Wahlin et

b

al., 1976; Pradal et al., 19847 Weibel and ﬁlias, 1967) .
The sectiqn thickness rand compressLdn factorlﬁﬁolmeis
effect) were ignoreq‘bécause‘they did not affeet the,
>Stgtistical treatment of the data (wéhiin et él. 1976; 3
Pradal et al., l98§)ﬂ ,f - | ‘; ' - —'

N s
& . L

| s

. Another lohgitudinal styip of . the gallbladder was .
immersed in th% 2.5% g}utéraldehyde in ﬁillonig‘s buffer pli
7.2 for four’ hours at room {empérature, postfixed in 1%
osm}um tetroxi@@ fé; oné‘ho&%, b}ock-séained in saturated
uranyl acetate for one hour, pipnedﬁon a"cork with no
‘tension and dehydrated in an ascending series of acetone.

The tissue was critical-point dried in liquid carbon

dioxide using a Seevac critical-point-drier and mounted on

v



. 5

N

aluminum stubs using colloidal silver péint.(Appendix 111).

These dried specimens were sputter coated with gold u:siing
2 : .

an Edwards'SlSOB Sputter coater, examined and phato-
graphed yvith a rhilips 505 scanning electron microscope

using Kodak Plus-X Pan 35mm%film.

Another longitudinal, strip of the organ was processe |

\

for light microscopy. The specimen was refixed in 10
buffered formalin for 24 hours, washed overnicght in runningy

water, and dehydrated in an ascending series of cthanol gvj
95%. Each strip of the specimen was further {.vided .

longitudinally int. zwo parts. One part was dehydrated o
100% ethanol, cleared in xylene and embedded iun »arattin
“ . (Luna, 1963); while the:other was processed through to -

embeddihg in glycol methacryLéﬁe (Polysciences Inc. rdata

)

sheet #123,-1982). Paraf%ihhimethacryldke.und histochemical”

slides were exanmitred ‘with a Leitz Orthoplan photomicroscopr

. . \' \.'~ . . .. ) } . ) I
and selected areas photegraphed using Fodak Panat mic-

film (Appendis I1). |

. To esféblish a mitofic index (MI), groups of animnln‘
,(n=851frdm séﬁpling interva;s of i,Z 10 and ZOlwockx were
killeg, the organ éxciéed‘énd procested into methacrylite.
Two micrometer sections were stained with Lee's methylene
blue basic—fﬁschin (Luna,. 1968) . élin . werce cxamined and

the total number of cells :and mitotic figurQSACUHHth.



s

“H%flei which appeared between late prophase and telophase

Jere counted as mitotic figures. The number of nuclei

counteg'per'animal (n=8) ranged‘from 2000 to 3000. % MI

o

pumber of mitotic figures counted multiplied by 100,

‘divided by the total number of  nuclei counted;

For light microscopy autoradiography, animals (ns

fyom sampling intervals of 1, 2, 10 and 20 weeks wer%i

¢

Pyior to killing of animals, they were pulse injectdfl intra

.

N

~peritoneally with 1.0 microcurie:of,tritiatéd thymidine,q

pody welght (specific activity 59ci/mmole ICN Canadua Ltd)

S

at two one-hour intervals, killed and processed as above

for glycol methacrylate. Two micrometer methacrylate

sections were dipped into undiluted Ilford K.5D emulsion.

0

The slides were drained and dried in a vertical position

for one hour at room temperature, placeﬁvin a black box

centaining drierite, tape sealed and stored in the dark at

" 40C for 3 weeks. Slides were developed in Dektol (Eastman

Kodalk, Rochester, NY7) for two minutes, washed in water for

1

water for 15 minutes and counterstained with

B -
-

2

¢osin for two minutes (Budd, 1971) (Appendilx
astablish a labelling index (LI), the amount
labelling  determined the minimum grain count

gcore a cell as labelled. In this study, the

0 seconds, fixed in Kodak fixer for 5 minutes, washed in

either

methylene blue basic-fuschin or Gill's hematoxylin and

V). To
of background
necessary to

background




labelling was moderate and nuclei that had 15 gralns or

’

more overlying the nuclei were considered labelled. © 11
number of labelled cells counted multiplied by 100, divided
by the total number of ‘cells counted. Analysis of mitotic .

and labelling indices was performed using the one-tailed

unpaired Student's t test.

Eight micrometer thick paraffin sections of control
(n=4) and one week treated animals (n=1) werc depara-
ffinized and stained with high iron diamine/alcian Hlue pii

2.5 (Spicér 1965), and potassium hydroxide/ alcian blue pH

1.0/ FAPS (Reid et al., 1985). The results of these gtaing

are:

1igh iron dlamine/AB pH 2¢§
- Sulphomucins: grey4purple—black_

- Sialic acids: blue (aqua)

M -

’

KOH/AB1.0/PAPS:

- Sialic acids with side chailn substitutions: read

-

- tissue vicinal diols: red

- O-sulphate esters: blue (Appendix VI)

/

For lipid nistochemistry, control -(n=4) and onec wcck
. .

experiméhtal.(n:4) animals were killed and gallifladder

’ tissue was fixed in Baker's formol solution for 24 hours,
i - . - .

#
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frozen. in isopentane immersed in liguid nitrogen, sectioned

in a crybstat and stained with oil red O YLuna, 19638).

For localization of cholesterol at the edectron
microscopic level, digitonin-complexing experiments were

conducted using control (n=4) and one week experimental

~(n=8) animals. TiSsue was fixed in 2.5% gluteraldehyde for

one hour at room teméerature. The gallbladder was then
spiit ;iong its longitudinal axi;, rinsed of it; lUﬁina%
contents gndwplaced in fresh fixative for an additional 2
hiours. The tissue was then wasbed w1tﬁ phosphate buffer forl
one hour, changlng the solutlo& ever 13 mlnutes and

placed in a 2% di gltonln SOlkﬁéLﬂ dis Solved in 0.1M

Milloniqg's phosphate buffer for 4 hours at reoom temperature

(Okros, {1967; Williamson, 1968; Koga &t al., 1975). The"
. . oo . : 3 .

specimen was post*fixed in 1% osmlum tetroxide and then

‘o
4

processed rdutlnelv‘,or olectron microscopy (Appendix IV).

-y Lo .
i~ j/
<y S .

For elegtron microscopﬁc mucin autoradiography
. ¢ g . - ~ )
control (n=4)\land one week experimental (n=4) animals were
o ~
matched by weight, 1njected with HJgalaLtose 1.0

A

|

N

s
e

2,; . . ‘ . :v‘;) :

microcurié/g bggvat. (specific act1V1tv 5 ”UCl/mmole IcH
Canada Ltda;xintraperltoneaLiy- and }111ed bv cervical
dlslocatlon at 25 'and 40 mlnutes)lnterval thereafter. The
gallbladder Qas removed and procesééd as above for electronfﬂ

“+

microscopy. Ultrathin sections of 600-900A° were cut on a
[od . .



A3

“

Reichert Ultracut microtome and mounted on Z00 mesh copper

grids attached to glass slides by 0.5% parjodion. &lides

o

were dipped in Ilford L1 emulsion diluted l:6 in wateor,

~ ' <
allowed t dry-for oneihour,,placed in a black boi,-fnﬁww i '
sealed,b d stored at 49C for 4 weeks. Slides were o !

O

developed 1in Kodak D-1 for 3 minuted, fixed in 25 sodiun -

thiosulphate for 6 minutes, washed in distilled water tor o
p i ; 4

minutes and stalned in uran _ .cetate .fc Cminutes ant ¥ :
lead citrate for 5 minu;es “voendiy TV, Qrid; were then ')
. . - . . . . - \-‘ };‘ )
examined with a Philips 4. ~.2ctron nicroscope at an . ‘
. A . ' ' ‘- ) ‘ (‘ - ~
accelearating voltage of 80 Micrographs #ere taken on ’
_ ‘ o . o ’ A .
" hodal. fine grain positive m film. : : : "
r
» , ; /"\ .

1o
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RESULTS ‘ S

Control. O

Electgpn microscaegic examirfation of the gallbladder.
wall of the Richardson's ground squirrel revealed that 1t

was composed of three layers: nucosa, ‘muscularis and
adventitia or éerosa.WThe mudosa.rwas composed of a layver ot
simple columnar épithelial cells apd lanina propria. The

lamina p%opria:ﬁas a well defined layer under the basal

¥
. ~ - . Led
laming. It was composed ofrcollagenous. fibrils,
. N . .

capillaries, arterioles, venules and fibroblasts.

L]
-

Capillarias wgr@-observed in close proyirity to the

A

; o . L .
lining ep}theli&ﬁ dspecially in mucosal folds (fig. 1). The

- endothelium was feneétrated, each fénestration closed hy 2

” diapHraqm (fig&y2).;§inocytotic'vesicles were observed 1in

¢

" Ythe endotheliun. A contiruous basal lamina surrounded the

Y Y. R Fg . . .
eﬁdoé@ellum which was  distinct from that of the overlylng‘f

epithelium. "

“

A
K Fi
& [

.2

Beneath the lamina propria the muscularis was
' , Ky : : : wp’
composed of smooth muscle bundles arranged in thin sheets
r o o
of varylng extent.-The spaces between layers were occuple
b¥ characteris%ic connective tissue fibers and ce}ls .
5 R v ”
well as blood vessels. In the lamina propria, unmyelirated

nerve fikers‘were observed in close proximity to larger

43
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blood vessels (fig. 3). Piriform swelllings, or varicositiles

of postganqlibnic neurons were seen intranuscularly and in

1

the lamina propria beneath the basal lamina (figs. 4, o).
Membrane specialization of these varicosities was not

a

~,
observegd. They contained granules of various electren
{

densitd, each of which exhibited a prominent surrounding
4 . 4 I
2

\
. )
membrane, a peripheral electron lucent halo and a dentie

Lo R R
central core sinilar to t#hose observed '1n non-diroect
A

adrenergic nerves. External to the muscularis the
adventitia, or serosa, oon%}sted of lobules ot tat,

collagenous and elastic fibers, blood vessels, fibroblanto

Py

and lymphoid cells. o <>

- AR
Three tvpes of cells werc observed in the lining
.

epithelium: light, dark or pencil and edematous . Cell

classification was based on the shape of the cell and

nucleus as well as density of the cytoplasmic matris.

]
. &

-

) ¥ W
Light cells ‘ e R

The majority of the cellular population in the
lining epithelium were light cells (fig. 1). The

cytoplasmic deﬁsityeof these cells varied depending on the

functional activity .and the organelles present. Non-active,

or resting cells, contained few organclies and hence the

cytoplasm appeared less dense than active cells. potie

-
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cells had a heterochromatic, serrated nucleus that

Ay
. \ :
contained a prominent nucleclus. These cells ranged fron

19 to 21 micrometers in height and 4.5 to 5.5 microme;efs

in diameter. A distinct apical zone devoid of cellular
.

N

o:yanelles, 0.8 to 1.5 micrameters in depth, was present in

the cell. The shape of this zone varied from a slight
~

convexity to an inverted U, both exhibiting intact %
< [ A

v

microvilli {figs. 1, 6).

. .
Electron dense mitochondria with transverse cristae

gere seen 1in the basal and subapical region of the ceil,
. B . i

more numerous in' the-lattex, ., Qther organellep in the

r . Siga Y € . .l‘ 3
Qubaplcal cytoplasm 'ere ‘rough enJoplasnlc retlcgaum RS- i
Mg " “5‘5’-\ ¥ @‘3@6 o

l”CObomeQ,‘reJJdual bodlodiana Centrlolecfxflgs 1[*6J 7)

LI
B

i

The residual bodies were membrane-bound, of dlfferent 51#g°

and contained a variable amount of lipid. A few_lipid .

r

droplets were occasionally observed in the basal region of

i

-gy the cell (fig. 8). No lipid droplets were seen 1n the N {g

. . o .
I N
P

lamina propria. Microfilaments were scattered throughout Aﬁ*%;

5
P r

the cytoplasm of the cell but pore congentrated near the
3 ‘
centrioles (fig. 7). The Golgiéébpard{is was a'prgminent

Supranhclear feature in most cells. It generally consisted

of 3 %o 5 layered saccules with vesicles of'various silzes

B}

seen near the maturing face (fig. 9). o

[
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Mucus secretion

Light microscopic higtochemistry revealed that the

L

gallbladder epithelium of control dnimals secreted both

sialflated and sulphdted mucin at a basal leovel (tigs. 1o,

"11) . The scanning electron microscope ?rovided evidonee ot

. ¢ . . I . . e . .
mucus secretlion as thin viscoild strands 1ssulng ftron the

\

luminal ‘aspects of these cells (fig. 12). Secretory

“

activity was not simultaneous through wide areoas ot the
epithelial sheet but appeared restricted to groups ot collen

scattered over the luminal surface.

Autoradioqraphic studies at the ultracstructural
£

levél of control and seven day expeoriaental animnls, using

a labelled glycoprotein .precursor H3qa1actose, Armonstr ot

-

the nucin granules to be membrane hound. These granulas :ﬁ%

. contained a flocculent material of moderate electron
density (fig. 12). Twenty five minutes atfter
intraperitongal injection of the precursor, those mucun

granules which contained the label were found predominantiy

o .,
&

in the supranuclear and subapical reqgiont of the crll (tig.-

11). Forty minutes after injection, labolled nmucus oo 4

commonly observed in the lumen of the agallbladdor (fiqg.

o .

15). -

.

Examination of ecpithelial cells of control
. @ -

»
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1
gallbladder at the ultrastructural level showed nucus-

containing granules of varying dlameter 1n the supranuclear '
region of ceflls that contained prominent Golgl complexes.

These granules were a characteristic feature®of the

, 4

. Y B
subapical zone where they appeared to coalesce into larger

granules prior to extrusi~n of their contegts into the

gallbladder lumen (iigs. 16, 17).

¢ ' ot

The apical plasma membrane exhibited preominent

microvilli that ranged in length from 0.3-1.64 micromaters
with a dlameter of 0.15 micrometers. The terminal web w.s
poorly developed below the microvillf. In a few instances,

O
cytoplasmic hullae were observed to arise between

microvilli and contained particulate material but were

devoid of cellular organelles (fig. 13).
- » "'94

F ™,

-+ ~
Mitotic activity was rarely obgerved ingthe
, B . g e 'S .
: : o 8 »
epithelial sheet but figure 19 shows:a cell 1&%@ : & ' °.

‘ ) Q. . I @‘f .
prometaphase stage. !Mitochondria in the basgal a%ﬁ Ap Ieas L9y
@ ’ i e T s

reglons, microvilli, mucus granulés in ¥he apical zone, = = 4 X
PN

-

, : o K
desmosomes between adjacentr cells, a centriole andii,
Y \ ;

microfilaments were obhserved in the dividang cell. Cells

undorqo%nq mitoses were larger than those adjacent, the.u.
chromosomes were at the same or higher level than the :
\ - ‘.

i

interphase nuclei. o



Dark cells

»
%

The gark rod-shaped, or pencil cells, had a hiqhgf

electro. JensitYﬁ;han the principal light dolls (fig. ).

. 0
’d

They ranged 1n heilght from 19 to 21 micropeters but h&d a
narrower diameter of 3 to 3.5 micrometers at, the nuclear,

’ €

level that became wider at the apical surtace. The Qgrk
cells made contact with the basal lamina®and lumen of the
gallbladder (fidé. 20, 21). The apical surface was
pépulatéd with microvilli of normgl density and dimohgion.
There was a distinct apical zone devoid of cellular
organeﬁles but containing granules (fig. 20). Residual
bodies and numerous mitochondria with transverse cristae
were observed 1in the subapikal and bhasal region ot fhe
cellsibut a Golgl apparatus was not scen. Dark cells N
éppeargd to occur singly, their lateral'interdigitating
prbcesSes standing out strongly against the le;s cloctron

dense cytoplasm of the light cells. Desmosomes remaincd

intact between light and dark cells (figs. 20, 21).

A
Edematous cells - . \ . : \

o,
Light barrel-shapedsedenatous cells wore
fhfreq&ently observed in the lining epithelium (figs. 22,

23). These cells were wider than the surrounding 1iqght

cells and displaved a pYvknotic or karyvolvytic nucleus. Ghe
I d J Py

('
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. 3 . < .
apical membrane was generally ruptured with cytoplasmic -

organelles extruded into the lumen (fig. 22). Numerous ‘
& : .
hydrated and vacuolated mitochondria with disrupted and

_distorted cristae and a lower electron density than normal

were observed, Veicular-profiles of degenerated rough
endoplasmic reticulum and lysosomes were also observed in

; 5o .
the edemdtous cells (fig. 23). MNo other cellular organelle”’

.

was observed.

g&.

A prominent basal lamina lay under all three cell

tyipes. It was continuous and followed the contour of the

3

hasal plasma membranes; The attachment of the plasma
membrane to thevbasal lamina was by numerous peqg and socket
interdigitations rathef than hemi-desmosomes (fig. 24).
These Lnte:digitdtions were more promninent inﬂorgans not
actively involved in water resorption at the time of

fixation. &

y

b

v»'&‘ .
. - . . . Q v
interdigitations, or macrofolds, between adjacent cells. In

i The lateral cell membranes showed finger-like

the apigco-lateral region the plasma membranes formed a
LS

promthent junctional complex.between néighbouring cells.

Extending down the later:! nembrane to the basal plasma

? .

membrane, prominent desmosomes were observed. The lateral

3

membranes. between cells often exhibited various degrees of
. O . : .
separation with dilation of the intercellular space. The

.
L7 e



ap;cal regions were held closely apposed by the junctional
g: OQ b J

widely
'25) . The desmoéomes in these regilon:
;reméinédlihtact:anchbring the finger-like projections )
¢ -, :
?Aacross‘%hg~dilated'interCellular space (fiq.lQG). The

. $ .
basal plasma mempbrane remained apposed to the basal lamina

although:the peg and socket interdigitapions common to thi

region were no longer ohserved (fig. 27).

'*«‘ 5 * ( . . 9
“Small rouwd 1nflltrat1ng lOUCOC‘tO(f{)rO obsoryad

»

migrating throuch the basal lamina into the interce.lular
spaces j;1g.~28{. Leucocytes were generally obderved near
lthe basal Lémiéa and occasionally at mlqhgr levels

appfoximatipg‘the.junbtional complex (fig. 29). The most

freaq - 'y encountered cell type was the lymphocyte.

’

:4111/ .

b T "
Thqgscann%ng electron microscope demonstrated
y

’ _ » : €
mucosal fokds ar rugae, on the lumlnal'%urfaco ot the

)

4

gallbladder 3he»number and height of those folds was
dependent on ~lative volume of fluid in the oraan at.

: £ , o ' o
time &% fixat. rigs. 20, 31). Semi-filled organs
-~ l .
L L .
exhibated pothket-like depressions between nucosa AT S

These pockets disappeared-when the gallbladder was full of

fluid, the surfacehshowing only widely spaced, rclatively
small bumps. Sections through these projoctions fallad to
, _ f , .
4 3
VAN
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demonstrate any underlying structure %eéponsible for‘tgeir
formation.

¢ .

Higher resolution scanning miérosgopy revealed the
cobble-stone appearance of the epithelial;sheet.‘The ép;CaIA
surface of these cells were dee;Lize and pfbtfuded ?o ;ﬂ
variable degrees into the 1w en (fig. 12). Examination of -
fracggfed ;dqe revealed‘the extensive lateral membrané
interdigitations (fig. BQX'_A deeper;fr ‘' ire showed the
large éval nuclel located near the base of the cells (fig.
33) . Surface . morphology-of the basal lamina showed
projections that may interdig:tate in a peg and socket
arrangement with the overlying epitheiial cell. Small

defects in the basal lamina were also noted and nay be the

result of the thixotropic nature of:fhié,layer (fig. 34).
(

Experimental animals

Mucus secretion

8

The 2% cholesterol-enriched diét stinmulated an

- ‘ : . | ,
increase in mucus secretlion by the ‘gallbladder epitheliun
J

t (3

as garly as 18 hours following ingestion, clearly

demonstrated by scanning electron -microscopy (fig. 35).
-~

This hypersynthesis and secretion of mucus was confirmed

qudnpitatjvoly by morphometry on the ultrastructural level



g

(table I, page 64). Mucus hypersecretion occurred when the

lithogenic index was 0.742 (table II, page 65), LFi-

cantly higher than control animals. In one and :... day

treated animals, SEM studies revealed a thick sludqge-like

layer covering the epithelial surface (figs. 36

C37,.08) .
A\

TEM studiés showed numerous‘mucus‘granulés in the gpic&H
and subapgcal regions of the epi%helial cells. The
secreto;y granules 'maintained their aiscrete Ehapo but the-
luminél‘surface of the-cgll chaAQed from a'éijght convesi
to an inverted U (fig. 39). Scanning EM studies continu.
to demonstrate a thick sludge-like layer dufing the one and
two week intervals which was dbserved throughout * ¢
experimental period.(figé; 41, 42). The continued
hypérsecretion of epithelial glycoprotein, coupl~? with
other hkile consﬁituents such as bilirubin, formed- the
sludge .ayer. The extent of this léyer, both 1in thicknes:u
and area incfeised throughout the expe%imentul pof{od\ This
intraluminal enzironment appeared to be suitable for the
coﬁ%iﬁued growth of these crystals into platy Units,
microliths and stones. |
#

In experimental animals and occasionally in control:s,
cytoplasmic bullae were observed oh(?he luninal surta .o of
épithelial cells. These bullée were devéid of microvilli

(figs. 40, 43). Goblet cells were not observed either in

-

L)
control or experimental animals. X



- secretion returned to control values (fig. 44).

W
(@)

Morphometric studies confirmed nucus hypersecretion
. : ) to
throughout- the experimental peripd'(tablé I, page 61),
although at a lower level in the 10 and 20 week treated

animals. Animals fed a iithogenic diet for 3 weeks and then

control diet for 3 weeks, indicate% that the rate of mucus
¢

k)

&

Crystal precipitétion and stone formation

Scanﬁing electrén and polarizing m..r -copy failed tof
demonstratehthe presence of cholestefol monohydrate
cryﬁtals’on the.luminal surfaéé or in the bile of control
animals. Biochemical aﬁalysis of the bile components from
coqtrol gallbladders indicated théﬂlithoqenic)index (L;}.)

dveraged 0.356 while that of animals on the experimental

. . ) ‘ . L
diet, with evidence of ingestion, for 6 hours was 0.337,

thus exhibiting no significant increase (table II, page
65). By 12 hours‘however, the lithogenic index “had risen
significantly to 0.568. Neither group.exhibft@d alteratidns

in“bpitheiial morﬁhology_or physiological acﬁivity’v'

‘detectable by SEM. The first evidence of altered mucosal

physiology occurred in animals after 18 hours on the

flithog@nic diet.

One day after ingestion of the diet the lithogenic

index of the bile had risen to 0-.974. Scanning electron
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microécopic.examihétion of'the mucosakl surfgéé ghowed lavae
‘ numbers of rH§mboidal cholesterol ﬁonoﬁydrate cryvatals
precipitating from the bile, many of w@ich bad the notched
appearance noted in hﬁmans b; Juniper and Bu;sqn (1957 .
: . 4 T .
The cfystals were observed stugk between the microvilli on
the luminal‘surféce af the epitheiial cells (fig. d%).
Appéarance othhé precipitafed cvstals w@i indicative ot
, o _ ,
cholééterol éaturatio* . the bille, a physiolodib'fonturn
supported by biochemiﬁal wng%ysis. Animals on the diet tor
3 days hédAa lithogenic index of 1.133 and continued to
(‘K]

exhibit cholesterolvmdnohydrate crystal precipitation. |

‘Ahﬁmals on the diet for 5\days,)with a lithogeric index of

a

"0.989, continued to demonstrate crystal precip.fation by

SEM. The occurrence aof platy units was observed mn ~he
luninal surface ih these animals (Fig. 38).
Table II showed the variation in lithogenic indices
of bile during the'remainder of the experimonta]‘poriod.
It indicated the significant increase of the lithogoni&

index during the“éarly experimental period which lovoﬁﬁod

ct

offf df;eri e first seven days to a value in:the O.GB%—
2 range thfough the.first 10 weeks. The lithogeniﬁ
in X by 26 weeké averaged5£§61§, still aignificantiy
higher than cOntfols.‘ Ahiﬁals in the 20 wéek g;oup that
had thei?‘cyétic ducts filied with stones had lowér
lithogenic indices than-those Whosewducts were not.

v



N

S
R
. a Y
- (7\4 .
W, T

- &ignificant at this.point.

e
s - fv ’:';:74;
occluded. The differenc: in va&ues horever,?Was not

’ 9

|

,Jiv_l, ]

.,\‘.‘ h
One*WeeL,anlmjls contlnued to Uemonstrate cholesterol

R

oL

’monomydrate'try tal pretlpltatlon observable’ by SEM (flg.

o

o

~,Exam;nat‘lonvéf lumlnal contgntr by dlrﬁ
P

L 'Q"

Q

'*G)-oAfter t/o ,epks on the diety ~the, number of aggr&gated

. N

"

cryatjlﬁ <eew on the muqosal curface SQitdlmlnlshed.

light microscopy

né"ealnd thc ﬁrecence ot @ontrementc i@winal rinsings
J

)

o= 9

3}f11terod and o\amlnea\by @EM demonstrated contlnued aggreq

~ ."q.

e

\f;‘atlon,and growth of crysteds through parallel lamination

‘ lPtO larger platy units (figs. 47, 48). Atter three weeks,

Iuminal ryn51ngs contained refractive microliths, pure

white in &olor and observable by light microscopy. The SEIN
- . . ?*: 4 R . .
showed “these concrements to be clusters of platyfband units

.6'-

ngig,”QQy: These platy bands are regarded as the basic unit

*tgqu%réd gor the formation of gallstones in this model.

washings were ﬁacrqscopically visible and appeared

7’4:‘ ETS

\

b :$ﬂ5%¢_3a@eek;microliths g§§ an irregular external surface
~formed predominantly by a random subparallel aggregation ot

“the sﬁaller platy subunits. This éonfiguration gave the

appearance of being arranged radially:

At ten weeks, concrements removed from the }gQgtal

be of

varying size (ﬁigs. 50, 51). This array of varying

’

configuration was illustrative of the aggregative, growint

T
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v process of stone formation. The largest stones obseorved at

(s

Vs

K

‘

10 weeks exhibited a yvellowish color and measured roudghly -

-

lmm. in diameter by direct light microscopy. Examination ot
3y

A L4
these stones. by SEM show¢a”them to be composed of . an
- ’ ! :

aggregation of a number of cholesterol microliths. Thoe

surface was not smooth and the aggregate-like appearancoe

.

gave thése stones a typical mulberry. shape (tig. 2).

'

Higher resolution scans revealed that often those cluspers
were ‘free of any matrix-like material in the grooven#

between them, adhering to one another through f

e

interdigitation of the crystals and platy units near ooach

surface (fig. 53). In other areas of the stone however,

component subunits were observed embedded in a thick layer

. \ ',.
of sludge on the surface of the stone (fig. 94).

Visual examination- of .the cystic duct and

N

%
gallbladders of 20 week animals .reyealed many of the cystic

ducts to be severely congested with a yellowish mg&fqﬁ:d
K . ELN

¢ »

while the bile was watery and turbid.‘The 1u?§§ ot many
organs was filled with these concrements. Liéht micr@xcopiw
examination of the material rinsed -from the organs and
ducts demonstrated concrements that ranged f4rom a finc

sand& material to macroscopically visible ctones. The
largést of these.stones was approximately 2mm. in diamctor

hose over lmm. were generally brownish-yellow in.
© i !

and

J
1 , :
r . . : . -
color. Examination of these stones with the SEM chowed o

|
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smootger sﬁrfacéAwith occasional areas étill exhibiting the
pafallel %rrqy of crystals and platy units ccmprising each
\ lobe of the mulberry shaped stoné (ﬁqu. 55, 56). Fracture
of the stones reveéaled the formation of a much smoother,

" homogenéous, capsule~like éuter layer/whichvat Higher
resolution was obcervéd to be composed of chole%terol

- plates that extended down kyto the central region of the
stone in a radlal fashion (flg. 57) . These stones were not
solid‘enough to allow a smooth fracture and the existence
of 5‘central‘cavity was not'observed. The c~ntral region of
the stone was composed of aggfegatioh of leaf-like chole-

sterol cr?stals'(fig. 58) .

- Biochemical anaylsls oft the concrement aggregations
(/
revealed them to ﬁgve a cholesterol: content ranglng from 61
to 74%, the ambuﬂt,increasing with prolonged exposure to

the diet. ' )

Mugosal changes

Cell proliferation and damage

Mitoses and labelled cells wgte
the epithelial sheet of control:andvéréo experimental,
animals ‘and did not show any preference for either the

valleys or crests of the mﬁcosal folds'(figs. 59, 60).

w
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Light, electron microscopic and autoradiographic studies

revealed a low mitotic activity with a mean mitotic index
A

(MI) of 0.027% and a labelling index» (LI) of 0.109%0 (table

I1I, page 66).

In animals’ exposed to tha lithogenic diot tor one

t

week, the. MI and LI were significantly higher than control

values with a mean MI of 0.250% (p=<0.0%) and LT of 0.39.4.

' ’ [
(p<0.0l)&(table‘III, page 66). The highest frequendy Jt

mitoses and labelled cells occurred in the two week-troate

. . . . e
group which exhibited a mean MI of 0.38.1% (p-0.01) and 1]
of 1.312% (p%0.001j. Transmission EM ~vimination of tisue

from the latter group revealed'promincnt mitoses on the
. L

crests of mucosal folds (fig. 59). Light microscone
autbradiography demonstrated'lgbelled cells on both the

o

sides and Valleys of the folds (fig. 60). Crystal and

microlith formation was observed during these early stagoes

i

of the eyperimeptal period but no macroscopic stoncs were
) 4 , ,

seen.

Groups of light, barrel-shaped edematous c¢=:1ls with
pyknotic or karyolytic nuclei were frequently observed in

the 10 and 20 week experiﬂental animals by TEM ({ig. 62).
“'5,‘

'Thé*apical membranes of these cells were often ruptured

- :
with cytoplasmic organelles. extruded irto the lumep. OFHM
PR '

observations revealed gapéxin the epithelial sheet (fig.

W
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61) while TEM demongtrated that adjacent epithelial cells
k] B . @ !

s1id under the degpnerateﬁ eells to’ﬁ?otect'thefbaéél

lamina (fig. 62). During these later stages of the

rd

. . . 4 . . {
experimental period macroscopically visible stonks were

commonly observed.
.

LY

In 20 week cholesterol—ﬁed animals areas of the

L

‘épithelial sheet revealed hyperplasia and hypertrophic

cells on the cregts of mucosal folds examined by light and

scanning electron microscopy (figs. 63, 64). The,norpal
hexagonal configuration of the epithelial cells was lost

and thelr boundaries were indistinct. Frominent mitoses

were often observed near hyperplastic lasions (fig. 64).

>

w
Y

The nucleil of the columnar cells were no longer basal, tho‘»

)

cells‘%pemselveé exhibited a variety of shapes. This

/ ' ‘ . L
arrangement, gave the appearance of being pscudostratified.

The muscle layer of the gallbladder in 20 week
animals appearéd thicﬁer; especially where prominen?
diverticula configugationally siﬁilar to‘Rbkitansky—
Aschoff sinuses were seen extending dowg to the adventitia

-

(fig. 65). Electron microscopic studies revealed the

presence of plasma cells and other lcukcrytes in the lanmina

‘pfopria and between the basal lamina and epithelial cells

of these animals (figs. 66, 67).
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Examination of sections from 10 week cholesterol-tod

i

Aper of miteses (p<0.005) with a mean HI of 0.32¢
v . . - '

while in the 20 week group, animals exhibited a mean MI of

Nel

<

0.2389% (p<0.003). Table III indicated thaﬁ the Il values
for both groups féllowed tﬁis general trend. The inuidnnv
of mitoses and labz=lled cells at this point were lower than
the peak vglues of the two week group but reémained
significantly higher than in control animals. Lwhul]?d
fibroblasts Qerefrepeatedly‘observod in the Jnﬁina prapria
and advéntitia as early és two weeks in:animdﬁs fod tﬁo
lithogenic diet, but were infreqﬁent in the control: ISR

.

68, 69).

Cholesterolosis-like lesion

In the twelve hour treated animals, the intercellular
I

spaces were distended and contained eclectron lucent

material with dense particulate material and osmiophilic

“bands among them (fig. 70). Similar material was a' so

@bserVed_intracellularly, especially in the apical and .

Supranucléaf reglons of the cells. The apico-lateral

4

“membranes remained firmly intact.,

&
. One, three, five and.seven day treated animalg

exhibited numerous residual bodies within the epithelial

8
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cells (fig. 71). The.cells continued to accumulate lipid in

~

massive amounts in the supranuclear region while basal

regions.contalned discrete lipid droplets of varying

W

electron density (figs. 72, 73, 76).

r

Frozén sections of control animals stained with o1l

red O failed to demonstrate lipid matewial in epithelial
, _ /

cells while-in a five day-treated animal showed nej7ral

1lipid in the 3supranuclear region. (fligs. 74, 75).

Electron microscoplic observations on these tissues

revealed that the supranuclear accumplations were non-

v

osmiophilic and predominantly electron lucent exhibiting

some flocculent material. At higher magnification discrete

lipid masses were observed around-the periphery of the

accumulations. Centrally however, these droplets impinged

3

upon one another, coalesced and kecame an ill-defined mass

Scattered among the lipid masses were lysosomes which

G

appeared to be ingesting portions of the lipid mass to forn

residual bodies. Endoplasmic reticulum, mitochondria and
Golgli of nofmal appearance were seen around tﬁe,periphery

of these accumulations (fig. 73).

651

Tissue from seven day treated animals, complexed with

digitonin, revealed that the supranuclear accumulations

contrined free cholesterol. incorporated into the overall



e

observed iIn

\géss (fig. 77). Discrete lipoid massec were
dilated smboth endoplasmic reticulum appeared to Lbo>
ﬁembrane bound. Numerous{ribosomes and a few lysosones
were often observed néar these lipid accunulation:.
~Examination of the residual bodies at hiqhorlmaqnitiuntion
reveéled digitonin precipitation indicating the presence ol
free cholesterol (fig. 78). Diglitonin-complesxed cholostwr&l
crystals were also oiserved®or the luminal surface of the
-epithelial cells (fig. 79). The density and staining
preoperty of this precipitation was similar to that nsecen in

the supranyclear accunulations and residual bodiecs.

!

«

One, two and three weel trgatedvanimals aloo fokul@w
suprangélea; accumulations énd dL;t&gﬁ?.]ipjd drop;otﬁ In
the basal regions of eplthelial ceilé%fuTheso droplets had
distinct osmiophilic rinqs and.centfalﬁgggions of wvaryineg

LNE

electron density (fig. 76). Digitonin?7““plexed tiasue
i ’ AN

{ o
LR,

failed to demonstrate the prescnce of a%y,-

in the basal area of these cells.

The epithelial cells of ten and twent&{J&ok troated
animals continued to demoﬁstrate accdunulation of lipi & in
the supranuclear and basal rcgions,\but now also in the
lamina propria. The electron density of the lipid 1n the

lamina propria ranged from electron lucent to highly

N
osmiophilic. Many of thes;/lipid droplets had a myclineid

"



ipy ocaronee (fialo 0).

20miorh

" _iC boiles v

Toam Cco

icrophages exhibiting dense

2 also observed 'in the lamina propria

however, were not observed.

N
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TABLE®I: Morphometric &%élysis of mucis
' - in the'qayﬁbladdcr Opithpliumﬂm*
X E
Intervals - “Mean o+ SEM
cq_g‘n—‘ol 1.395 + 0.180
ax Y\@' : : ) \
6 hours R N B
12 hours . 1.759 + 0.281
.18 heurs 2.367 £ 0.260
.24 hours 3.680 ¢+ 0360
3 davs 3.486 +» 0,150
5, davs 4,090 + 0.310
RE:
)
7 davs 4.569 + 0.913
2 weeks ? 1.357 + 0.6710
: g 3 weeks 3,949 40,500
‘ 10 weeks' 2.495 + 0.420
20 weeks 2.335 £ 0330
3 3R* o 1.593 » 0,349
#
1

all values were compared to controls and unless
indicated by '#' were statistically 8ignificant to
p<0.05 as assessed by the unpaired Student's t test.

* .animals on the cholesterol-enriched dict for 2 weckhs
followed by 3 weeks on the Tontrol diet.
H]
. SEM refers to standard error of tho mean
I

A

e
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TABLE-RLI: Mitotic and labelling index values (0/00)
! /) during the various experimental intervals.
Experimental values are compared to control
and the level of significance is in paren-
theses below each.* ‘

1

Condition . Mitotic Index(MT) Labelling Index (L1}

Control

0.037 + .013 o 0.160 + 0%
1 week-treated T 0.250 &+ .097 0.394 + 084
(p<0.0%) (p<0.05)

2 week-treated |

10 week-treated

“

TO312 L 000
(p<0.001)

D.5t6 + 0O
(p<0.05%)

0.289 + .083 : 0.3

20 week-treated 17+ 020
4 ' (p<0.05) (p<0.0%)
. ’ W
v ; _
* values represent mean ¢ standard error
n =4 to 8 animals per interval
A
i
=R
! .‘

v
[ Xad
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Sammary of morpholozical changes
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k , ' : -

Control animals

|

. The gallbladder of the Richardson's ground Qquiffoi

|

was thrown.inte numerous mucosal folds or rugae, the height

\ .

of whiich reflected the fullness of the organ at the time of
|

fixation. Mueller et al. (1972) examined guinea pig

gallbladder in empty and filled states and found that the

folds or rugae disappeared when the gallbladder was tisod

'n the filled state. These authors suggested that the

P
.

mnstimulated filled gallbladder should be considerad as the

wormal_resting state of the organ. In addition they tound
~hat the residual elevations in a completely tilled .
yallbladder were caused bg large underlyiﬁg Qoxuwlu. The
quund squirrel gallbladder exhibited tﬁcse small mucosal
humps'when'filled as well but further examinatilon tailel to

5

reveal any, .underlying structures.

Fenestrated capillaries with diaphragms were

observed 1in qlose proximity to the epithelium and were
present in thesé‘folds. Hayward:- (1963) described
fenestrated capillaries}in the ldmina prOpﬁiu In cato, V@}w
et al. (1966) Shoﬁed féngStrdted capillaries in the
galibladder;of rabbitsrwith,différent degree§ of distention
cdepending on the funcﬁional activity of the lining

»

70 .



71

.eplthelium. The capillaries below non-transporting cells

-were collaﬁsed while those of active cells were distended.

1
Y

Unmyelinated nerves were seen between muscle layers

and in the lamina propria in‘close proxzimity to blood

vessels. Cai and Gabella (1983¢ 19284) described

© .

ganglionated nerve plexugses in the serosa, near the cystic

)

artery and its branches and in the laﬁina propria of the
gulnea pig gallbladder. NeurohistochegiéalﬁobServafions by
these authors (1982) revealed both acetylcholine—positiye
and catecholamine—Conta}nLngﬁfibers'in the_géllbladder of
the ;gulnea pi@. In the present study, electron microscopic
observatiOES'rGWOalea prominent adrenergic varicosdties
intramuscularly ~ond bene{th the basaI lamina. Céi and
Gabella (1983) and Baumg&rte}'and:Langg (1559) did not
observe any adrenergic varicoéities intgamuscularly in the
giinea p%g,.rhedza monkey or cat, buthsaw‘a rich supply in

. _ , & . ' ) -~
~the rosa and lamina propria where they form part of the

mucosal Ele#us.‘Kyosola and Penttila (1977) observed

~

ddrercrgiﬁ f.bers in the human gallbladder, especia{ly in
the fibromuscular layer, and a few axons beneath the basal
lamina. Bjorck 2t al. (1%82) have showr 'het adrenergic

nerves enhance the concentrating function of the feline

gallbladder by stimulating water absorpticn from the lumen.

In this study, the adrenergic varicosities reflected a

" .
non-direct system of nerves to the musculature and

Y



" epithelium of the ground squirrel gallbladdér. Howey ~r,
neurohistochemical studies are required to identify the

distribution of f;bér types. &

The iateyal cell membranes exhibited microfolds that
appeared tc interc jitate with one anothe; in TEM. scction:s,
Similér obse:rvations were made by Mueller et él. (1@75)'in
the guinea pig and MacPherson et al. (1983) in the dag.
They may also be similar to the microvilliform project o
described by Hayward (1968),‘fingér-1ikﬁ'oVaginationE ot
,Tormey and Diamond (1967), ans eiaboratu digital procecao:s
of Wheeler (1971), all seén ié Cross SéCtiOﬂ in a numbgr«ﬁ
species with the transmission electron microscope. The
microfolds of adjacent cells separated from.oauh_othor nﬁd
allowveXtensive distenticn of tée intercellular space
during active transport of soiutes to the lamina propri.a.
épring (1983) postulated that some sodium was amti;ﬁ]y?ﬂ
kﬁgbumped into the lateral intercecllular space while the rict
, : ,
was exocytosed through basa%;plasﬁa mcmbranc by the ta-F

pump . The ATP for these pumps was cupplicd by mitochondria

* which”#were found concentrated in the bhasal region of the

cellm.Torhey.and\Diam 1 if:9§7) calculated that the baoal

LI .

region of the cells cdi
' . . B ’ ‘l 5o - v ' I
“mitochondria prescnt® in e, subapical region. Rouqgh

L Lo ., ;:.: ®

Do -
abhout 60-50% .0f the : ~

-

estimates indicated a Sdmii@r’fatib in the light celld of

3
' R
e . M

‘the grouﬁa squifrcl gélJbIgdﬂcr.g A .1
I ! ’ \ - ? .

-



Prominent desnosomes were seen scattered along the

lateral cell membranes of adjacent cells as far down as the
. . g X

AbaEal plasma membrane. In a number of studies,, (Kaye et al.

i

1966; Tormey and Diamond, 1967; Dietschy, 1966), desmosomes

~were not described between apposing cell membranes except

2

in the apical zone. Kaye et al. (1966)% consldered desmo- -
somes a rare occurrence in rabbit gallbladder. Mueller et

al. (1972) have shown prominent desmosomes in tHe guinea

plg galla]adder and postulated that the absence of
desmo omes in the a;ove studies may-be the result of

artifactual dlcruptlon due to manipulation and interruption
1

of blood supply to the organ while the tissue was being

>btained. The random distribution of desmosomes appeared to
ensure a-labyrinth ofginterconnecting thannels between

B

N

adjacentncells for the movement of solutes as postulated by
Diamond and Bossert (1967) for the standing-gradient
osmotic flow-model. In:the present study, basoclateral
desmosoﬁevaere,not disru%ﬁed even Mhen\the lntereellular
space'was oxtensively disﬁended.

, :

Dark, or pencil; cells were seen singly among‘the
light cells. The dark cells exhiblted the samé f;atures as
the ]ight_cells only the cytoplasm was more electron dense
and ghg organelles closely packed together. - Dark cells

were described in humans (EGett et al. 1964), and rabbits

(} ayuard ot al. 1968) . Togari and Okada" (1953) regarded



these cells as being effete while Yamada (1962) showed an

increase in eﬁf;me activity. Hopwood et al. (1980) o

suggested loss of cytosol might explain'this ;éﬁreasc'ih

. . / :
AenZYme actiVity; prevented the free movement ot organeclles
and impaired-normal function oflthese cells. In the
géllbladder éf man, B?der-(l965) proposed ghét'tho'dnrk
cell was aﬁ ;ntefﬁediate cell type in the course of
development‘gnd differentation from‘the undiffe;entiatcd
basai cell to nopmal.epithelial cell. -The presence of
mitosis in the lining epithelium éhowéd that”roplacbment‘

.00 i

epithelial célls are not derived from basal cells. StudjOu
on the gallbladégr epithelium>of éheep (Hayward, 1065} and

the dog (johnson et _;: 1962). suggested a declining

functional éctivity for these cells. The dark cells

observed_in the present Stddy were normal and lend shhport

to the suggestion of Hopwcod et

1. (1980) that losgs of
cytosol impaired organelle movement and function. The
functional significance of the dark cells needs further o

spudy.

A:liqht edem@thS'Barrél;shéped coil Jan oheoryod  C
infrequently in the lining epjtheliummvThe,u]trastructur»l_
features of tﬁese’cells Suggested that they were aged and
degenerativé with a high degree of hydratioq. They appcared
to be 1in the .process of being extrﬁded from the lin.ng

epithelium into the gallbladder luﬁ%n during normal



<3

(@2

epithelial turnover. These cells exhibited the classical

b3

‘features’of cell death as described by Trump and Arstila

\ - .
(1976) . Apoptotic bodies were not observed 1n the
£ .
gallbladder. lumen or in nelighbouring cells. ‘Several authors
- V l . .
(Kerr et al., 1972; Wyllie et al. 1980; Harmon et a., 1984)

described apoptotic bodies as Specific for cell death in
which membrane bound organelles are extruded in the lumen
. of an organ or the degenérated cell is phagocytosed by

neighbouring cells. Yamada (1968) observed light barrel-
shaped cells with degenerated organelles in the mouse

gallbladder and suggested that they were aged cells with
declining activity. Dyban :((¥973) has shown that the normal
turnover rate of the gallblaader epithelium of guinea pigs

was 32 days. In the present study, the marked infrequency

i

cf mitotic figures and edematous cells, may also suggest a

slow turn over rate for the ground squirrel gallbladder.

-
o

L2

Leucocytes were seen migrating through the pasal
lamina and were found between epithelial cells near the =
basal lamina and occasionally in intercellula? spaces at

the level between the nucleus and junctional comple:.
) * . - ' : 3
Leucocytes were first described by Virchow (1857) and havey
: : %,
been subsequently described in the literature as cask‘cell§§4
' r

~(Togari and OKada, 1953), and ‘basal cells (Ferner, 1949). g%

Kilburn et al. (1973) have shown -random migration of

leucocytes between epithelial cells in the trachea of




hamsters and guinea plgs exposed to toxic substances. In
the present .study a random transepithelial migration ot
leucocytes was observed but the functional implication

remains to be elucidated.
Mucus

The gallbiédder epithelium of control ground -
squirrels exgibited a basal level of both sialylated and
sulphated glycoprotein sécretion, a phcnomeﬁonwdimilqr to
that describéd in.the gallbladders of other[modelﬁ
(Hayward,_1968; Lee, 1980£ Lee and Scott, 1982; Yamada,
1962b; Lee, 1981; Wahlin, 1979; Esterly-and Spicer,196%;

*

Smitl. and LaMont, 1985b).

- 4
In&aébell&lar mucln granules have had their

ultrastructural characteristics defined as membranovgound PO
electron lucent granules with a dense core (HaywnrdA'lﬂuﬂ\;
Lee, 1980; Koga, 1973) which’led to contradictions. Umrn it
and Schultz (1970) described lipid“drqplets in the
supranuclear tegions of epithéiiél céll: ot. hunan
gallplaader while Koga (1973) Sugéestcd.these dropYets wire
mucin graﬁileé. Light microscopy autoradiography failed to
conclusiVEly identify mucus granules but verified the

incorporatibn of tritiated glycoprotein precursors as well

as the pathway ¢ nmucus secretion (Wahlin, 1977;. Flbyoeet o

3



~J
~J

., 1971). In the present study, autoradiography at the
electron microscope legel demonstrated the occurrence of
silver halide over these#cellular inclusions followilng
administration of radiolabelled ‘galactose, a mucin

p ~2cursor. This positive idéntifigation'of mucin grinules;
rather than sole reliance on morphology, was integral to
the interpretation and verification of observations made 1in

this study.

w - Mucus, because of 1its visco—elasti;/Properties, is

extruded from the epithelial cells ipto e lumen in the

")

form of strands. Scannihg EM confirmed the transmission

observations that not every cell was in a similar stage o:
3

the secretory cycle. Active secretion was observed to occur

in groups of cells. Transmission EM showed these cells

contained prdminent rough endoplasmic reticulum, a Golgi

complex, and microtubules, all features indicative of

t

secretory potential anﬁ/or.activity.

The mechanism of fucus release is still a matter of
controversy."Hayward et al. (1968) proposed a holocrine
mode for rabbit,fothcvs 'Koga, 1973;;Lee, 1980; Yamada,
1962b) described a merourine secretion in the ﬁouse and
guinea pig,jwhilé Laito and Nevalainen (1972) advocated

apocrine secretion in the human gallbladder. In the present

study, mucin granules were observed ‘. close proximity to



the apical surface, in some instances fusing with the
plasma membrane and discharging their contents into the
lumen of the gallbladder. This process was similar to that

S

demonstrated electron microscopically in the rabbit (lLee,
1980), mouse (Wahlin et al. 1974, 1976; Wahlin, 1977), and
.gulnea pig (Wahlin and Schieber, 1975), ihdicating a .

merocrine secretory mode. ' -

The stimulus for and mechanism of mucus release and
expansion 1s not fully understood. Lee et al. (1981h)
demonstrated that ligation of the cystic duct before

feeding prairie dogs a lithogenic dietzkreventcd mucus

hypersecret dn@aﬁﬁjconcluded the stimulus for
DRI o S 4
O

hypersecreﬁioﬂ'ﬁaszin the lithogenic bile.

.
mechanism of mucin granule release is subjocted

»

The .

:‘ i,
.jﬁﬂ;,a

to S?@Qﬁ;@tlon. S.P. Lee proposed that there is 2 change in

—_——

. .

the ionic content of the granule which resulted in wnter
absorption and an ekplosixe extrusion of the granule
content over the epithéliai surface. This allowed the mucin
to spread over non-secreting cells and formed a continucis

¢
<

layer (Personal communication).

.
s,
- . !
s

L . .
The increased freguency in gdbscrvation of apical
cytoplasmic bullae by scanning el@atron microscopy in, >
Y % _
: - ; ,
esverimental grouPs, suggested-an apocrine secraotory

.4

Fo.
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A

process simfiar to that observed. in humans. Correlative
transmission electron microscopy however, did not support
this® hypothesis. Séetions through thése.épical bullae
revealed that they contained few, if any, mucus granules.
Apicél reglons of cells exhibiting various deg;ees of
convexity.contained'masées 5f mucus se;retory granules but
the plasma membrahe retained‘their microvilli, a feature
not consistent wiﬁh that of true apical bullae. Gobleﬁ
cells were not observed in the mucosa of the ground
squirrel. Apical bul'ae of similar mﬁEpHOIQQy_were’observed
in the gallkladder epithelium of newbornfrabbité‘(Hayward,
.1968) aﬁd dogs (Maépherson et al., 1983). None_of thesé'

authors was able to attributes any definite function to

O
o

bullae. Hopwood et al. (1980) claimed that the términal e

might be responsible for keeping orgéﬁéiles ffom eﬁterinq

. o [
the bullae. In the ground $quirrel, the -tbrminal web was
poorly developed and as such would be unarle to etfectively
ensure the absence of organelles in buliae; A poorly
developed terminal web was dlso dcscribcd in the nouse ar.d
rabbit (Yamada, 1955;‘Hﬁyward, 14463) . Trump and Arstila
(1976)~hcwevor, con:idered these :tructgﬁés_to represent
parﬁ of the cellular roa;ti;n to injury Qsjéhcy Were. commen
features 1n 1schemic bowel syndromeu;'The absence bf
cellular organelles .in the bullae and their function

requires elucidation. oy
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Experimental aninals

Mucus secretion
5 wan observed in
carly

epithelial mucins
Soan

. Hypversecr<tion of
gallbladder epithelium of experimental aninal
b

18 hours after the ingestion of the cholesterasl-cnrdched
from the lithogenic bile was not observed until 2.0 hours i
have encnatr. o od
1 oand
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-t

i
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treated animals. Previous studies
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ystal precipitation
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t 108505
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9347 Whiting and Wattce

(LaMont et al., 1
al., 1968; Lee and Scott, 1979; Ilg¢e and Scot

nypersecretion occurred prior to c
5b). In the presert study, tl.» ground

and LaMont, 1983
squirrel-cholesterol model confirmed this pattern and hao
¥

allowed quantitation of the phenomenon prior to and durir

choleldthiasis
s have suggested that
bile (Iadont

.
l1es5.

Preéviocus stud
’ . ¢
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v

,,vég%onsible in wpole or inipartf for the stimulation

: 4

s hyﬁersecretion~.Florey (1970}'gostu1atod'that
r ! . . P .

' T . o . - . . .
mucous menbranes in response to a noxious sfimuli will

increase mucus secretion and-cell proliferation as a

L

protective mechanism. Increased cellular proliferation wau

also observed in ground squirrels. fed a lishogenic diet.
. A

. Al
7 .
, Quant:tation of epithelic: nucins demonstrated their

continued increase in synthesis and seccretion throurghout

v
.

the 20 week experimental peried. These values peaked ot the

one-two week interval,an ideal time for the nucus to act

-

. N " .

a nidus 1n the aggregation of crystals into platy uniig, . ,
' . B

microliths and stones. Continued hyvpersccrotion facilitarsd ‘

the progressive growth of these smaller ‘concrermentys into

,macroscopic stones.

\
) Y

- ;

Crystal precipitation and stons, formation '
4

a”

Cholesterol.gallstonc formation was not merelw o
matter of p}oducing stersaturated bile and was tar mor
complex than the-situation initially sucgocted by Adairand
and Small (196%). Supersaturation of the hile with

A cholesterol was essential for stone formation but not

everyone with supersaturated bile formc stones. The

\

difference between stocne forming and non-stonc f{ormincg

subjects appeared to be their ability to torn cholegtorol -



P

(5D}
(3]

3

v v

crygtals (Whiting.and Watts,'1984). This was thought to be
. ) . ro- - g

related to the presence cf-nucleation factors, thelr
i
ence, or the presence of inhibiltors in the bile.

-

Precipitation of cholesterol crystals from mildly
\‘ ) . N : ‘C.\
supersiturated bile reguired the addition of particulate

material, a process referred to ‘as heterogenous nucleation

v

(Bouchier, 1984). Whiting and Watts (1985) concluded the
- ‘ . °
~difference between stone and non-stome fornlng bile lay in
the nucleation stage of crystal formation rather than in

4

the presence of inhibitors. Initially many factors were
. f . AN

. . .
thought to be able to initiate mucleation including

»

bacteria, desquanated cells, épithelial_glycoprotein nucins:

znmlqycus. Particular attenti 1as focused on the role of

~

epithelial glycoproteins in their many forms as nucins,

I

mudﬁs, and sludge (LaMont et al., 1984; Smith and LaMont, =~

1985b) .
Most gallstones ethikited a core of mucus and

‘these qlgcoprotegns contributed to the lattice structure of
e Y { ..

the stone (Lécﬂgg.g;.ﬂ 1979). Mucin can act aé an area of

epistatic contact in crystal growth (Bouchier, 19é3), bound .
bilirubin (Smith-and Iaﬁgnt,"1;é3;,'and enhanced in vitro «
nucleation of cholesterol crystals ZLevy et al..

- = I

Strong indicators of the role of mucin in nucleation have

been provided by in vitro studies (Levy et al., 1984) but
. R . - .
particularly by in vivo animal models of cholelithiasis

where ¢xcessive mucus secretion was the underlying common

\

~
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Prostaglandin regulation of mucin release from the

»
- 14

“
- s +

., 1983a; Freston et al., T969; loe,

o
rr .
—

observation {Doty a
‘ . . : 3 -
1981; Lee et al., 1981b). Hypersecretlon of mucus has been

noted to either agcompany or precede stone formatign in
N . - \
these models. Lee and Nicholls (1986) found a striking e

increase in the amount of mucus glycoprotein inaqalﬁbladﬁnr
bile of pa%}ents with biliary sludge, even greatoer than
those.with gallstones. Thisﬁhigh molecular weith
glycoproFSin isnnow-considered a pfonucleatiné agent ;n
experiﬁental andééuman géli;;;ne disease'(LaHont QE.QI.!

1984) . -

e
. .
~ v

The ground squirrel® model has demonstrated, throudgh

SEM observations, that e cholesterol crystal

precipitation was preceded by irfcrease? mucus secoretory

activity. An increase in bg&p the amount, and numbcr of

actively secreting cells was observed as early as 12 hour:
. . R

on the diet. The lithogenic indices revealed that the
morphological documentation of increased mucus activity
occurred just before, or in concert with, the

supersaturating qf the bile with'cholestero]f Holan et al.

(1979) -was the firstf%o demonstrate that ac -elerated

*- - ~rystals was oA

nucleation of cholesterol mon:! -
distinguishing feature of lithogenic bille. Lalont ot Al
(19843 considered the stimulus for gallmMadder mucus hypcg--

secretion to be a cémponent.of tbé lithoqénic bile.

’

-
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//f gallbladder has been demonstrated intthe-prairie dog using
’ aspirin to block this protess and thareby inhibited

@allstone formation (Lee et 2al., 198la). R -

- . A

E The lithogenic index‘of_the grohnd sqg}rrel kile-rose

[N

'quickly to exceeﬁ 1.0.but then fell as low as *0.615 at 20

- weeks. Gallstone formation Rowever, continued during this
. - . . N } \ ) . ’
period and analysis of biochemical components required to

calculate the lithogenic index indicatea the bile was not

desaturated and containad a nigh proportion of chelesterol.

Biochemical analysis of the bile showed that the

phospholipid level i@créased rapidly during the first 18

N\ .hours and dropped to normdl level at 24 hours at which tire

cholesterol crystal precipitation occurred. Holzbach (1985)

’ : i : .
proposed that_phospholipid vesicles maintained cholestercl
Ac. — /. :

. ‘
~in solution in the ?etastable zone and above-this
N . . ‘

saturation Lév~l, cholesterol crystallized out ef solution.

-

. . W . o
During the same experimental period, bile acids level
dropped below normal whil- cholesterol level increaséa
thereby facilitating t' : saturation of bile. The'increased

lithogenic index m~, be due to decrease secretlion of bile,

dilutidn of s€croted bile or rai.ure of the gallbladder to .

//»\/J/ absorb water adequately.

- 8 . . . . »
‘ ‘ =

%

Scanning cleiﬁron microscopic orservations on the

L
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. mucosal surface of the ground

o

the pathogene51s of cholelith
of a thlck sludge like’ layer

the 1n1t1al stages of cholest

N

squlrrg&’geglbladder during
iasis, revealed accumulatlor

This becanme evident fOlleLuw

-~ r
»

erol monohydrdte crystal

precipltatlon and contlﬁuedvthroughqpt thefe\pcrlmental

.pgriod. ‘Gallbladder sludge,

observed by sonography in

4 ' .
humans; has been defined as-thick bile that ray glither

v

granules, mucin, calcium bili

\

. : . N
. contain, or consist of, a fine suspenslo of pigment
[’ ‘ .

s ™
rubinate, cholesterol crystal:

and small. stones of” less than 3mm. diameter (Allen efanl.,

1981; Smith and iaMont, 1985a) . |, Juniper and -Burson (1957)

described the presence of cholesterol crystals in a

microscopic éxamination4of'gallblédder sedimen‘t:E CThe

crystals appeared colorles

paralle; edges often thLng a

rieces of broken window glass.

ﬁicroscopy of the cholesterol

transparont and thin, with j
hotch@d corner r@kcnbllng
Scanning electron

[4

monohydrate Crys als

precipitated from. ground sgulrrel “bile confirmed the.

Sludge cocurxed in gall

evident and often disappeared

.8

. earlier observations. This indicated-a similarity in
A & v D s
configuration between these and human crystals. | -
. [ 4

bladders whore _stasls wao

ks

after return of normal

contractility. Doty et gl (1983b) concluded that.

7/

<+

gallbladde} stasis was an important link hetween hopatic

secretion . of cholesterol satu

rated bile afl listed A number

. b
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ofufactors that niéht inpair gélibladder émptying1_5everal

workers have shown that sludée islén integral part of hoth

choldsterol and gigmeht stone formaticn (Allen et g;.j
. Nt he s

1921; Been et al., 1979; 3ernhoft et al., 1983; Soloway et

'al.

== t

1477). The thick Sludge—likellayer observed 1in the

ground Squirrei'byMSEM occurred ét.an ideal time-to become

involved as an accesscry nucleaticn agent and aiding .in the -

aggregation of small olaty band subunits @ntq larger
concrements. Lee ind Nicholls (1986) determined qpis sludge .
. ' : 4 : ,

to be- a sediment ccnposed of cholesterol mon hydrate

»

crystals and bilirubin granules embedded in a matrix Qf
: -
mucus gel. - a L 4
¥ . )

Smith and LaMont (1935a) -identified the chemical

nature of a brown-black material that.composed the-matrix

«

of human cholesterol'gallétdnes. ‘This material was a
non-1lipid component ideﬁtified as- & mucin-bilirubin cbmplex
and had a gomposjition éimilar-to that of biliary sludge.

- ' ~ 3
Ground sqguirrels on the lithogenic diet for 10, weeks

exhibited stongs where the sl&dge—like matepiél was
embedding cholesterol crystals into its growing surface.
After 20 wéeks the larger cholestérol gallstones began to

. . -
take on a brdwnish-yellow coloration when examilned

* »

//A\ macroscopically. The SEM showed this matrix-like material

_/j on the surface of these stones.. It helpeg to fill in the

(4
-

. . . . y .
crevices betwéen larger subunits in the stone, smocth out

/ . ~.

kX -



_the*?urface and écntinued to‘ehbedﬂﬂuﬂesterol

. ‘
Vlth observatlons made on lumlnal contontf of- huwxn

~ and squirrel monkeyST(Osuga et al. 975) .

4

2
VS

al

Mormhological observations on thié“modei leave little donbt

-

" that mucus hypersecretlon played a pole in the‘initial

.

stadés of nucleatlon followed b» the forﬁatlon of biliary

¢ -

,sludge Ahlch “hen alded in the agqregatlon of Smallﬁr

subunlts 1nto concrements of 1hcr€aslngly arqeu.pm:ﬁ.
} . o .

-

: P S SIS
Osuga ana hig colieaques (1974) used the scanning
: ) ‘) h‘\,‘
electron mlcroscope toklnvesthato e\porlmontnlly—lnww\ni

gallstone development\in the squ1rrel monkey. and comparc it

\

!

gallbladders resected for tholecystltls ( suga et al.

1975). Summarlalng thelr.flpdlngs they claimed™that

&L

.

althéugh: the sequence .of stone format! was similar, thor

, , ,
wére sighificant differkhces between the’congrements of Man
: ‘ 5

({r

[y

When the pattern:of,étone development observald in thr

3

ground s@uirrel gallbﬁgddériare compared to Ehp schenatic!
diagranms provided by Oéégél§§ gl. for monkey (1974 and
ﬁdméﬂ 1975) tge observatlons made in this ééudy most
closely fit those fOr the‘humdn._ Nelthnr thn_”waqon whiee [
concrementu nor tne centrdl cavxty in ulmplé stonecy of the
monkey weme»common to 91thér the ground gqulrrnl or human.

mllar conflduratlon of gtblnd querel microliths to

fhose of human and the ﬁnd ]1Pﬁ,°tonca of "the ronkry,

\"‘ “i‘ ‘ s . . ) B
o : R e
N . - [

» X i ¢ el ) .'_,y..
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4

indicated an underlying common gt ~ern }|in the.early

(SR et ey
. t

phases of stone formation. The larger nulberry shaped
stones, and the initiation of condensation,in the outer
) H
layers of -tones from 20 week ground sguirrels, when the ¥
o . * i " oy
organs were fillel with concrenents, irdicated z pattern
“hat will altimately form mature stones with a -

. . S e T
configuration similar to those &f the human.

\ , A
. » . \ . .
The sinilar-.ty in the patterr of stcne formation and’

~
1

:ﬁOrphology of the'resultan; concremeﬁts to humap/stones is
egcouraqinq: when this is coupled y;th the simjlarity of

bile chéTistty, the reproducibilit? and frequéncy of |
incidence, the ﬁonFtoxicity of the diet, and the relatively .
short time factor -.volved from introdudt;On'of the diet to

gross stone formation, the ground squir¥el ‘1s an excellent

. ! . . o 0 ; . . .
animal model for . .induction of. experimental cholellithiasis.

Mucosal changes

Cell proliferation and damage

The data from this study demonstrated an increase in @

the-rate of cell proliferation and progressive mucosal

damage, both ff which were intimately related to time on

the diet and the presence of macroscopic ntones. Some of
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the changes obser~~4"were similar to those noted in

pyev?ous studies "“\TC, '978;-Put; and Willens, 1981;
Scott, 127/ ¢t ~_orrgler *n@ Palmé, 1982% Lee and Scott,
1982; Fay c R, 19;2f. A number of thospe
obsert 7 g el A N wwrrnology,;wefejqunificantly

diffekent. i occuarre, o2 of n toses throughout the

epithe ial _h7>7 0~ L

without any pr @ o=

Willems, 1979) ..

o 4 ewperimental aninal:s,

but dissimilar to the rabbit (Kaye et al., 196¢). The

_r w lleys or crests, was simllar
to studies i= tha Muaa o oz oand Willems, 1972; Putz and
. 7

'.ea,piq (Scott, 1974, Jacobyf 1anay,

'

i

latter author suggested that proliferative compartments

existed in the gallbladder of rabbits, the valleys nore

active in mitoses. Mueller et al. (1972) however, have

shown that valleys and crests of nucosal folds were

transient Struétures dependent upon the state of the

gallbladdey when fixed. The present study supported this

finding.

N

Mitotlic figures observed in the epithelial shect of

control -animals were relatively rare. Pregvious studies in

human (~utz and Willems, 1978; Putz and Willems, 1979,

guinea‘pig (Sgg??>;1978; Jacoby, 1958; I

(Scott, 19)8; Lee and Scott, 1%982) and rc

N

1l

. 1973),

(Scott,

HUCIO T

1978;

Kaye.et al., 1966) gallbladder have,dsménstrqtod that the

. N . o
normal =—ell turnover ra¥e 1n thls organ wa

—~
>

very sloz.

&
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Bargmann (1939) faileg to observe ngosis,%h the human
gallbladder and suggested this tissue was amitotic.- 4
A signific%nt différence between,this and previous studies A
(Putz and giilems, 1978+ Evett et al., 1964) centered on .
which cell was actqally,gndergoing'mgpgsis. électron.’ 5,

-1 v,

miéroscop@c observations in the ground squirrél Shoved tha}
columnar epithelial cells, and not the basa?vcells seen

near .the bhasal lamina,”were involved in mitosis. Light’ ‘l'

microscopic -studies of human gallblaaderihad earlier

suggested ‘the basal cells as the progenitors for this orgaﬁ

(Putz and Willems, 1978; Evett-et al., 1964). The findings'

N

og this studyvCIeanly do .not support Ehis,hypothesié. _

~

In thegone and two week experimental groups, the

-~ g
mitotic and labelling indices were signifycantly highexe

~

than those of control animals. Th@ee indices were 8

considerablf/lower than those of other experimental mode?s( f\

(Scott, 1978) but closer tb,the valuég obtained in hunman

gallbladder epithelium (Putz and Willems, 1978; 1979).

This increase in pro’ orative activity was observeZ/before

the occurrence of macroccopic stoneé, but durinyg the period
. 3

of crystal and microlith formation. Studies-en the, mouse

(Scott, 1978, Rut™
! -

Palme, 1982; Lee'l

Willems 198%; Marsch-Zeigler ani

tt, 1982) and other models (Scott,
o hqﬁna his rapid increase in tlie number of
mitotic and labellsd cells long before the presence of



~ : N '
i - s .

a

A ) . 'Q
<¥ones. These authors suggested that abnormal bi
~ B - S
have been ﬁesponS}ble-for this increased proliferaty
i . ' .
factiwity and’th?t mechanical irritagion to the micédsa was

y)

. \ . . -2 .
. .secondary. Putz”and Wil)¥éens (1R78) examined human

Y

’ . . '. N
lithiasic gallbladder qu‘suggeEEffJ}hak chrbnic mechanical ..

r .~q
irrftation by gallstones might cause increased cell -
v ' ’ L
. proliferation. This phenomenon was thought t& e one torm
.« Of respénse'to 1rritation -or injury (Floréy, 1970). Celtl
. > » o
proliferation may hélp’inérease the surfake area to
) compensate for supersaturatéd bile (Marsch-Zeigler and
1 4 :

. : . : : ; hd
q\Palme, 198g&¢}lé§E}é present study,Jcholesteroggfed ground

séuirreis demongtrated modified gallbladaer bile as early
. ©Ls ; | : : |
as eighteen hours, crystal preé@pitation within 24 hours,
v | . .

, w=and microliths at 2 weeks. t f P
s % '
!

(4

) RN S v : .- .
Preylous studies’ in quigea pig (Scott, 1974; Jacoby,

e

1958), mouse (Putz and willems. 1981), and man (Putz and

. R S L & t
Willemg, '1979) have shown that distended gallbhladders also
'exHibitéd ah increase 1in proiiférative.activity: The e
pn%séncé of stones in humah (Putz énd w'llems,-1578) aﬁd
ﬂﬁou*e (Lee~ané Scott, 1982) gailﬁladder oh tﬁe other hand;
4did ot cause distention and therefore did not s;imulntn
thes increase p;oliferative activity. The crystals and
microliths present eafly in the chole%éerol—fed ground "
équirrel did %ot block the cystic>duct,’n®r_were»the organs

\ P
distended. The increase in ﬁE{ptic activity in this model

' | ) . ! ' ‘\\

L




- the lamina‘propria,_thiékening bf-@he muécular layer'end

3
was also clearly not related‘to'distentionl The

B

gallbladders of ani-~.s from the early experimental period
also féiledi?g show any inflammatory response, another

- 3 ﬂ .
mitotic stimulant. : y

/

. N M'- .
. ‘ - ‘
In the 10 and 20 week“experimental groups, Cellylar//&’\\\\

damage and extgusion, nypertrophy, hyperplasfa,, Rokitansky—

Aschoff sinuseS’ inflammatory cglls ana\bont nued presence

of signit 1Fantly hlgher mitotig and labelllng ndlces weres

‘ ! %.“x
phenomena .similar those observed, 1n the mouse (Marieh~, >

<l

ZelglirggmlPalme 1982 ;" Lee and Scﬁtt 1982) and guinea

pig (Scott, 1976). The presence of inflanggtory cells in

‘occurrence of Rokitansky~-Asthoff sinuses were standard

R *
criteria used for micﬂgecopic'diagnosis of chronic

cholecystitis (Halperﬁ,tl96l; Edlund‘and Olsson,, 1961).
These(earl'er studies in the cholesterol-cholic acld mcase
Y2

model showed ceé@ﬁlar damagerand extrusion as early as t fe]

sd%¥sAon\the diet, Rypertrophy and hyperplasia by the sigth "

day,vthe changes occurriné long before the presence.qf
macroscopically visible stones (Marsch—Zeigler“and Paineq
1982; Lee end Scott, 19&82). ﬁn the ground squirrei however,
a signifiﬁantLy d :terent ti. o frame Qas invelved, the |

changes were only »bservcl " i~the presonce of stones. This

suggested that the inc:.ase in cellular damage~might be due

“to either the continued toxicity of sup.rsaturated bile or

~

‘ Y } | o
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>

a direct mechanical effect. Thls d#%qyﬁoancx bet ;een model

- [y ¢

nay be e;iher spec1es or diet- related The gallbladder of

. the ground squlrrel appeared to have reactec :loner t8 the

) . 4

cholesterolfenriched diet and may reflect more accurately
the changee dbchrxihg in the humap gallbladder.
_ - . .
- j \‘

A prev1ous stud} u51ng the mouse model ugqestod thﬂt

dividing eplthellal cells were extraded fré&m the epidhel inl
.)/

\Sheet (Marsch- 7elgler and PaxTe 932 l.\In thofqrounl

squlrrel electron mlcroseoplc observatlons revealed fhat ‘

eplthellal cells in preparatlon for lelalOﬂ on the creste

r - A N )
of mugosal folds were larger than adjacent célls. They wern

-

Vq%stihctly different in mdrpholoqy however, from the

[y

edematious cells thht wéfe"écgyally,extruded. Epithelia]
. R . )

cell debris has

.

een ,implicated as a’nucleating factor for

‘-

(small, 1989; Sedaghat and Grundy, 1980;

L4

" stone formation

Lee and Scot , 1982). The extrusion of_edematous_ce]ls

during normal ithelial turnover in the ground squirrel

@

may also act as a nucleatng factor 1in the presence of s

saturated bile. Recent stujlies have implicated mucus
' . . s

vy

hypersecretion as an ‘impor¥ant phenomenon contributing to

stone formatien (Lee et al., 1981p; Ladont et al.,-1924).
& » ~

9 -
' . Y . AP ,
Transmlssion EM rebealed that nd actual defiect 1n the
5 ' 1 .
eplthelial fheet exis ted when one, or aven two, collsgwere

extruded. Corrclative scanning and transnicsion EM showed

)

;

) \\> .

o \
N ) '



that neighbouring epithelial‘cellsrslid under those being

. ® . '
cxtruded to protect the underlylng layers. This may not ke -

possible however, when large areas’of the epithelium are

denuded-as in acute -nd chronic cholecystitis of human

3

gallbladders (William and mith, 1978). Other studles cn
human gallbladder (Hopwood et al-, 19807 Myllarniemie and

tickels, 1977) also Shdwed that damaged cells occuried

singly or in groups. Scanning EM revealed actual defects in

the epithelial sheet and the authors suggested that the

v

h&lés represented empty qoblet cells (Myllarniemle and

lickels, 1977). In the ground squirrel, goblet cells were

not secen in either control or experimental animails.

e

cellular damage may also be attributed to ischaemia (Trump & .

and Arstila, 1976), but no any evidence of thrombl 1in

mucosal blood vessels was observed 1n this study. .

The battery of changes seen in the ground squirrel
closely followed the Chronoloqical,pattefn described for

prenal lgnant lcsions of the human gallbladder (Ojeda gﬁ

// e

gl.h 1985;: Albores-Saavendra, 1986). The present study

)

indicated that the Richardson's ground squirrel nodel 1is
well sulted to study the chronology of chélepystitis and

malignant lesions.
) . .



The present st%dy demonstrated a rapid increaso in
lipid accumulation in the mucosa of the ground sguirrel
gallbladder throughout the experimenﬁal period. I . lous

studies have shown the gallbladder epithelium to ‘e capabl.

of absorbing cholesterol and phospho!ipids trom the bile

ks
~1
—

;19

~J
[o9]

(Neiderhiser et al.. 1 ;41974 Hopwood ot al., 190

7

>

ad

Kouroumalis et al., 1984; Ress et al., 1986). Lipid

accumulation in ground squirrel gallbladdor epithel um woas
obs~ved 1ntracellularly and intefcel%ulafly an oearty sl
he ... after ingestion of the lithoqon;; diét.”Conplwd with
Fhis was avsiqnificant increase in bile chplesntorel levels.

Meiderhiser et al. (1976) demonstrated a rapld increase of
. . _
cholesterol absorption in the gallblad&er of the qguinca

pig, the rate of absorption dependent on the abosolute and

relative cholesterol content of the bile. ~ .

Previous studies have proposed one way far theoe
cells to rid themsdlves of the absorbed lipids Quu throurg
release into the intercellular space. The lipilids
subsequently moved to the lamina propria and finally inté

eitherwgbe venous or lymphatic system (Jeidorhiser ot ool
1976; Kournumalis et al., 192847 Koga, 19857 £ora andd
Schulz, 1970; English and Hopwood, 1985). This mechanior

[} . . . -
appeared to facilitate transport of excess lipid 1n the

gallbladder of the groun¢ - irrel.
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'\Fhe accumulation of lipid in ghe supraﬁuclear and:

basal regi - N ‘thelial cells, as“well as in dilated
cisternae =1 = . = .al bodies was observed in one, two,® and
three week < - animals. A similar accumulation of

lipids in _the supranuclear and basal regions of the celilsg,
i ° L

as well as in tubular or vesicular reticula, has been

deccribed previously in human gallbladders with

-~

. . ( _
chelesterolosis (Koga, 1985; English and Hopwood, 1¢85;
]
Miettinen and Tilwvis, 193%5). Several studies suggested that

+he frec cholesterol absorbed frca the bile was esterified
in the srooth endoplasmic reticulum to form lipid droplets

which were -then released into the in%ercellular'space and
on into the lamina propria  roga 1985; Nevalginegn and

: !
laito, 1972 Tilvis et al. 1.82; Subbiah and Dicke, 1%77;
Hora and Schulz, 1970). Support for this hypothesis was
obtained in the present study by the localization of
digitonin complexed frqé cholesterol in-goth dilatqd
endoplasmic reticuium and lipid droplets in the i/]
supranuclea: ‘gqions of the epithe%ial ~ells. Libid’
"droplets in the basal regions of these cells did not

cgmplcx with the digitonin.

Al
§.« .
',
b
}

Residual bodies were-fouqd in the subapical and
supranuclear region while lipid droplets appeared only in

the basal aspect of the cells. Neiderhiser and Colleagues

~

(1971, 1973; 1976) have shown that uptake of lipids ‘from
. , _

P

? ‘ | . ’ < )
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bile by the gallbladder epithellum was a normal phenomenon.

These authors have demonstfated;uptake of clt-labelled

. «
oleic aéfd, cholesté;ol, lecithin and lyolectthin by the
normal guilnea gallbiadder. The lipid droplgt Was cithof
iﬁcorporated intq residgal bodies or thnspofted into
capillaries in the lamina propria. Lipid droplets obseorved
in ﬁhe ground squirrel may be-on‘t;eir way to capillgrioﬁ
in thé lamina propria. The pre%encelof residual bodios‘
subapically, -and lipia droplets basally, in these aninals
suégested_that the lining epithelium of the gallbladder war

\
capable of absorbing lipids fron the bile 3nd cither

incorporating them into residual bodies or transporting

them to capi¥aries in the lamina propria.

»

. .
-

>

.~ Another mechanism available to the cnll to rid itaclt
{

og\gholesterol was through heterophagocytosis,fa process
which results in the formation of res: .ial bodic:.
Epithelial cells from ground saiirrels on the ]ithoqwni;
diet exhibited numerous residual bodies in the supranuclooan
. \ N -
region gfhthe cells, a situation similar to that described
in human gailplédders with cholesterolnsis (Hevalainen and
Laito,‘l972; Hora and Schulz, 1970). ngiton?n—comyloxnd
experiments revealéd frée cholesterol 1in tgone oraganed boo.,

The residual bpdies may then be released into the

intercellular space.



v : 0
All changes observed 1in the present study occurred %

~hen the Lilélwas lithogenic and cholesterol crystal

precipitationh or microlith formation were observed either
LT .
. . Q :
on the epithelial surface or in bile washings.

-

L 4

In'lO and 20 week treated animals, there was
. [ 3

continued presence/of-lipid in residual pddies,
supranuciearoand bas§1 céll‘regioné. In addition, den;e
3osmiophilic droplets was'observed in the lagina propria.
Lipid appgarance ang'density varied depending upon the
degree of unsaturation of fatty acids present to form a
complex wilth osmium tetroxide (Ghadially, 1984} .’ In the
pres;nﬁ study, chronolagical examination of the ground
squirrel gallbladdef has shown that mécroscopic stones,
lithogehic bile énd eariy)morphologfcal féatures éf chronic

cholecystitis also occurred duringxthis time frame. This

]
suggested that epithelial cells of the ground squirrel

5,

- q&llbladdef continued to absorb lipid from the bile and
B excreted it into the lamina propria. Xhese lipids were then
engulfed by macrophaggs and removed gy venous or lymphatic
drainage 1n a pattern similar to that suggested>for human
gallbladder. Fallure of these macrophagésrto'entér the
cpClrculation resulted iﬁ cholesterolosis (Koqa,°l955:

Mevalainen and Laito, 1972; English and Hopwood, 1985, .Hora

\ and Schulz, 1970). In the present study, accumulation of

b

foam cells in the lamina propr’ “was not observed and the
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¥rlesion was different fr;7/tha§ commohly described in '
"~ .cholesterglosis of huma gallb}adder (Koga, 198%; Miettinen

and Tilvis, 1985). The altgratiofs in gallbladder mucosa ot

ground squirrels fed a lithogenic diet were basically

Similaé\to those dedcribed in the cholesterol-cholic acid
' N [ - ! : . -

fed dog model (Holzbach et al., 1977). ’

\

The early presence of, lipid intracellularly, at the

¢

“time when galgbladder bile 7as. mildly saturated, "may bhe an
'adaptive-méchanism of the gallbladdcr‘to prevént‘
cholesterol prgcipitation. It was hot debendent upon, or
related to, the presence gf gallstones (Holzbach Qp'ﬁl.,

7
1977; Salmenkivi;.l964) or ~cholecystitis (Qomaék'and
Haffner, 1944),‘and occurréd ruch earlier than either of .

[

these phases of the cholelithlasiz process.
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SUMMARY AND CONCLUS I0NS
¢

Two hundred and thirty eight conditioned Richardson's

ground squirrels (Spermnophilius richa;dsondi )y of both

’
1]

‘sexés wieghing 250-450 grans were divided into contrecl and

experimental groups. Each group contaiged 4 animals.
i L [

Control animals were maintained on a diet of rat chow and
\l 4

water ad libitum while experimental ahimals were fed a 2%
Cholesternl-enriched diet and water ad libitum. Animals

were kKilled at intervals of Gf 12, 18, 24 ﬁours,J”ES, 7
. - ) ~ «~ .
days, 2, 3, 10, 20 weeks and 3 weekKs on cholesperol—

: . )

-

enriched diet followed by 3> weeks on normal diet.

g ’ S5 ’ I3

) N\

aninal were killed, bile withdrawn and examingé by

?

polarizing light microscopy and assaved for phospholipids,

bile ac1dq and hholesterol to es*abllsh a llthogEnlc {\éex.

N

Gallbladders v ¢ .njected with the same volume of \\\—/’//

fixative, 2.5 gluteraldehyde in Miloning's buffer pH 7.2.

TlSSUG was proccssed a for transm1551on and scani}ni\\\

v

electron microscopy, electron microscopic aubOEAdlographg
4

electron microscor digitonin experliment, electron

microscopy guantitutive study and li@ht microscopic: lipid

. . - N, . . o .
histochemistry, paraffiln mucin histochemistry, and

nethacrylate autoradiography.

>

The results indicated that in'control‘animals, folds

100



or rugae were transient structur s dependent upon on the

7
/

A : . L L .
volume; '0f bile present when fixed. The lining epitheliun o

oL \ &
- the gallbladder ifs corposed of thre€ ty

.

p2s of cells,”

s:ight, dark and edematous cells. The edemaﬁgus Jelle weore
‘-?3egenera:ing cells that were extruded from the epithel ial

]

-

sheet. The dark cells were narrower .than the light cells
but had a similaf-mprphology. Transmission electron .
microscopy revealed that normal columnar epithelial celfls

were undergolng mitoses thate was different from bacal
. A Y

cellsf The basal lamina formed péq and sccketiﬂ v

s

interdggitations with the basal ‘plasna ménbrane and §
desmosomes were seen throughout the lateral plasma menbran.

in actively transpcrting cells. Nor-adrenergic noi .o tihers

-

4

were seen beneath the basal lamina .and in betwecon nunclas
bundles. A basal level of both sialylated and sulrii.t. 1

muc¢ips were storeds in membrane-bound granules a !

exocytosed by merocrine secretion.

In'experiment§1 animals,, mucus hyperseccretion was
observed .as early as 18 hours before the precipitﬁtiOn of
cholesterol mecnohydrate crystal. This hypersecretion

'

continued throughru* the experimental poriod and formed o
thick sludge-like rayer over the epithelial surface. Mucus
'secretion peaked in the 1-2 week sampling interval, an

ideal time to- act as a nidus for.the aggregation of
1 4 . .

crystals Jinto p ity units, microliths and stonc:.

-
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.Biochemical assay of bile showed bile lithogenicity began’

’

to rice at 18 hours'while cholesterol erystal precipitation

» .

occurred at 24 hoursd Platy units and microliths grew by

appdsitionél growth by two~-three weeks and aggregated into
- . ) ° . o &
mulberry stornes in .10 weeks. By 20 weeks, many stongs were

. Lk .
approximately 2mn in diameter and occompgnled by large

°

numbers cf variou$ concrements. The larger stones had a

chgolesterol conten éof 61-74%.

Morpholoqicél observations of the gallbladder

fxnthelium revealed increased cellular proliferaticn in one

Ty

week treated gnimals betfore the occurrence of macroscopic

stones but 1n the presence of cholestercl crystals and
microliths. Electron microscepic observation of 10 and 20
- week t;eéted'ahimals demonstrated damaged eplithelial cel.S

occurred singly or in groups and that there was no.defect
. . 4

in thé,epithelia% sheet. Neighboqring(epitheligl cells slid
under th§ basal aspects of cells being extruded to protect
the basal lamina._Hyperplasia, hyéérkrophyﬁ %okitansky-
Aschoff sinuses, muscular thickening, plasﬁa cells in the
lamina propria wére observed about the same time svhen |

stopes were visible. ' -

~

Other mucosal changes observed were the presence of

lipid accumulation intercellularly and intrédellularly in

[} -

12 hours trc . »d animals. Qigitonin‘experiments revealed
. Ly . ~ N
4
.
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, . ’ - .
free cholesterol in dilated endoplasmic reticulum and in

N

residual bodies. Neutral lipid was démonstrated by lighe

microscopy histcchemistry in the supranuc =2ar and bagal
. . v : ) :
regions of cells. In the 10 and 20 week treated animals,
- ; . ) . ) - .
dense osmiophilic lipid droplets were seen 1n macrophagesn
R e
and in the lamina propria. . .

—~

”Tﬁe present study denonstrated that the Richardson's
ground-squirrel fullfilled the criterla set out by Yrgutan\\

and Bouchier (1968) *for a model® to study cholelithianis.
Potential progﬁems in dirsctly applying results obtained
37 .

from experimental studic tb the hunan copditiagp will -

-

always exist. However, fconstant comparisen-of data fron

’

; > ¢ - ) )
both animal and human sou es wi1ll help avold p)tiilln Ot

/—/ N . .
extrapolat.on and contribute to'solving the problems of
' \ - +

human paékbiogy in cholesterol cholelithiasis

.

g \
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Figure 1:

I

Figuré‘B:

. LEGENDS

A micrograph showing light and dark (white arrow)

cells. A capillary (C) is seen in the lamina

propria. Scale r = 10um.

[y {;
: "

-

A fenestrated capillary with diaphragm coVéring

the fenestration (arrowhead). L- lumen. Scale bar A\

. o ] . . N
= 0.1lym. ' A \\ . _ ,

> \_/ , B ; N
L
Uanelinéted‘nefves (N) in close proximity to a

blood vessél (BV) of the lamina propria. Scale

bar = 5um. “

~ ' . .y






Figure 4: An adren;}gét‘nerye (Ad) 1is seep“between.muscle

3

)} . bundles (Mu). Scale bar = 5ynm.
' T k
Figure 5: An adranerqic'%@rve (Ad) beneath the epithelial

sheet-(Eb). Scale bar'% 5um.

Figure 6: Junctional complex (Jc) between epitheliai cells.
Residual bodies (R) are seen inTthensupranuclear

-

region. N- nucleus. Scale bar = lum.

S







Figure 7:

!

Figure 8:

Figure 9:

~

A micrograph showing microfilaments (Mf) in clcse
proximity to a centriole (Ce). Scale bar =

0.5pm.

A libid droplet (Li) in an epithelial cell near
its basal plasma membrane, BL- bacsal lamina.

v

Scale bar = O.SHm. 

Q

An active Golgi complex'(Gcf with secretory
grarules (Sg) near the maturing face. Note a

microtubule (Mt)_ near the secretory granules. /B

Scale bar = 0.5Hm.



q g
iRt a’h&"s’ﬁ £

4
¥




Figure 10z

.
A light micrograph showing bothf;ialylatedv

(blue-agua) and sulphated (brown-black) mucins on

“ the surface of epithelial cells. High iron

N\ : .
\tﬁlgure 11:

diamine-alcian blue pH 2.5wstain. Scale barn =

204m.

A light micrograph of the gallbladder epitheliuﬁ
showing the supranuclear areas of a group of
cells secreting sialomucin with side chain
substitution (red). PotassiumAhydrox&de/alcian

blue pH 1.0/phény;hydraziné—Schiff stain. Scale

bar = 20umn.

3
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Figure 12. A scanning micrograph showing individual, and

groups of cells,'releasing strands of mucus into

/.,

the lumen of the gallbladder . rrows). Scale bar

= 5um.

IS
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Figure 13: An electron.microstopic aﬁforadiograph of a
control animal géllbladderv25 minutes after
intraperitoneal H3galactose injection shdwiqg

" deweloped §ilyer halide grains over 3 mucus

granule:s MV- microvilli. Scale bar = 0.2un.

~

Figure 14: An electron microscopic éutoradibgraph showlng

labelled material ove?rmgvg s ranules and "~

.

endoplasmic reticulum in the supranuclear. regions
Gf cells. Seven day treated animal, 25 minutes
. : ;

after intraperitoneal H3galactose injection.”
, b ,

Scale bar = 1um.

Figure 15: An electron microscopic autoradiograph shbwing

labelled mucus on the luminal surface and

[}

subapical regions of epithelial cells. M-
mitochondrion, Lu- lume?, MV—,micro&i}li;
arrowhead- labelled mucus granule. Control animal -

40 minutes after intraperitoneal H2galactose

-
«“

injegtionf Scale bar = 0.5um.
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Figure 16: Mucus secretory granules. (59) in the subapical
region of the cell. Note the absence of cellular
organelles in the regibn. M- mitochondria, Jc-

junctional complex.Scale bar = 1ﬁm.

“

. -~

Figure 17: A micrograph éhoWing a secretory granule (Sg)

with an irregular profile. Note the Eonﬁents of
v
» one granule being extruded into the lumen

(arrow) . Scale bar = 1lum.

Figure 18: An apical bulla (B) containing

I3

matter. Scale bar = lym. -,

. ) )
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Figure 19: A micrograph showing mitot:ic activity within the -
epithelial sheet; M- mitochondria, Ce~ centriole,

.

N- nucleus. Scale bar = 1lum.

& .

'Figure 20: An underdeveloged micrograph of a dark cell to
demonstrate the presence of mitochondria (M) and
residual body_ (R) in the apical region. Note th;
prominent junctional complex (J&)_an?'desmosome
(D)Jbetween light and dark cells. Scale bar =

1am. . _ ' a

Figure 21: An underdeveloped micfograph of a dark cell
showing the presence of mitochondria (M) in the

basal region. Scale bar.= 1lum.

/

~
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Flgure 22: An adematqgs cell with a pyknotlc nucleus (N)

k. .
~.and cellulék*contents being extruded into the
{(%
lumen (L) JSC e bar = 5ym.
O

4

Figure 23: An edematous cell with a karyolytic nch'w§\(N),
lysosomes (Ly) and vacuolated mitochondria (M).

R Scale bar = Sém.

P

Figure 24: A migfograph showing & prominent basal lgmina
(BL) forming peg and socket interdigitations-
w1th the basal: plasma membrane of the oVerlying

)
eplthellal cells Scale\ bar = 1pm.

-

) o . . . \\\\/
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Figure 25: A micrograph showing various degrees of
distention of the basal intercellular spaces
(Is). Scale bar = 10pm.

4 N
1

Figure 26: A pyxdhinent desmqume (D) still. intact despite
| the diétention ;f.£pe intercellular,spéce (Is).
Scale b;} = 1nm.
Figure 27: The bqsél lamina (3L, under Sctively
transpo}£ing eoithe! um demonstrates a reduction
in the degrée of pey and socket ihterdigitations

with the overlying cells; D- desmosome. Scale bar

= lpm. e






Figure 28:

Figure 29:

Figure 30:

A" leucocyte (Lu) migrating through the basal
lamina (BL). Note a pseudopod - (arrow) in the

intercellular space. Scale bar = lpm.

A leucocyte (Lu) in the intercellular space near
the juhctional complex (Jc). L- lumen, arrows-

lateral plasma membraies. Scale bar = 1luym.

A scanning micrograph showing the deg.ze of
mucosal folding in an organ containing little or

no bile. Scale bar = 0.lmm.






Figure 31: A scanning micrograph demonstrating the
reductron in helght and number of the mucosal

folds when the organ is fllled with blle - Scale

bar = O.lmm.



&




Figufe 32:

Ed

#° 'Figure 33:

-

Figure 34:

~ .
A fractuféd'édge of the epithelium showing the
plate-like nature of the laterél plasmé membrane
interdiéitations (arro@). Scale bar = 5um.
“ .
%

A deeper fracture showin@ ovoid nuclei (N)

within epithelial cells. Scale bar = 2um.

A scanning micrograph showing the basél lamina
of an area close to a fracture where epithelial’
cells have been released. Aijows indicate small
projections that were once part of the peg and «
socket arrangement betweenfﬁhe basal lamina and
overlying basal plasma membrane. Scalé bar =

A
Ium.
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Figdre 35: Increased mucus secretion at 18 hoursJ Scale bar

-
14

= 10um.

. Figure 36: Increased mucus secretion at one day, Scale bar

= 10um. ' ,
2 , b

Figure 37: Sludge-like material coalescing into a thick

layer covering large areas of the epithelial

surface at 3 days. Scale bar = lOuﬂ.

L
Ie

4 t
Figure 38: Accumulation of mucus and initial lamination of
Py
/ cholesterol crystals (arrow) at day 5. Scale bar

= 1lum.
\

, -






Figure,39:
v

-

Figure 40:

An electron micrograph éhowing numerous mucus
secretory granules (Sg) in the apical region of ag
7 day-treated animal. Note the presence of . J
microviili on the apical convexity. Jc-
junctionél complex,wM- mitochondria, Scale bar 7

lym. = - B

L
An apical bulla devoid ofﬁbicrovilli and
> .
} . T A .
contained cytoplasmic materifl. Scale bBar = 10um.
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Figﬁfe 41: A thick sludge-like layer covering_ the

epithelial surface of a two week-treated animal.

~

A

Scale bar = 10uym.

¢

Figure 42: Continued mucus hypersecretion in later sampling
‘ TR ) _ ) -
?intervai as demcnstrated 1in a 20 weeh@treated
'7 .

animal. Scale bar = 1o0pm. "‘ e,

L]
Figure 43: Surface morphology of a five day-treated animal

showing prominent cytoplasmic bullag_protruding
into the gallbladder lume: . Note the presence of

. mucus and absence of microvilli on the surface ,°

of bullae. Scale bar = 10nm.

Figure 44: Epithelial cells of an animal fed a lithogenic
v diet for 3 weeks followed by normal diet for 3

weeks showing patchiness of mucus secretion
o P4 i
similar to controls. Scale bar = 10um.

L
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Figure 45:

e
¢

Figure 46:

Figure %7:

Figure 48:

©lpm.

Cholesterol monohydrate crystais (arrows) stuck

between microvilli at one day. Note the

hypefsecretioﬁ of mucus (arrowhead). Scale bar = %

Continued precipitation of rhemboidal

cholesterol monohydrate crystal at day, @& Note

that some appear notched (arrow\;)/Scale bar =

Inm.

crystal growth into platy sybunits by parallel

4

/}gmination common at 2 weeks. Scale bar = 0.1lmm.

material. Scale bar = 0.1mm.

Ssurface of a platy subunit covered with biliary
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Figure 49: A 3 week microlith composea of a number of platy
subunits arranged in an initial radial

‘configuration. Scale bar = 0.1mm?

[3

Figufe 50: A npmbér of concrements from a 10 week animal

exhibiting various stages of growth. Scale bar =

“

lmm. . ‘ : . . ’ & "

"7

Figure 51: A concrei&nt,of intérmediate size from a tkn

week animal. Note ®arly evidence of lobular

subunit aggregation. Scale bar.= O.lhmu

’

\
¥

N .
et _
Figure'Sz;'bnéfo‘ghe largest stones from a }0 week .animal
“ -".’. - “ ’ ' :
exhibiting a myltilobular shape.Jdécale bar =
’ *Xlmm. A
. }' t

A\
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Figure 53: Higher resolution of a portion of figure 15 .

showing the :gomponent lobules. Scale bar = 0.lmm.
' i ) 4 )

-

‘o ’ .

-

. |- ” .
Figure 54: Another :region df figure 15 showing biliary

TN :

a

"sludge eﬁ%édding laminated_qholesterol plates

- intb thé sgrface of the stone.Q’Scale bar = 10uﬁ'
v .
3 "
. . | .
Figure: 55: A%large mulperry shaped stone from a 20 week 7
. animal. Note the relative smoothness of its
. -
' ) surﬁéhé& Scale bar = 1lmm.
¢ % .
ez 4

;""Figure 56: Higher resolution of figure 20 showing polished
v o

]

/ ﬁ*é | l‘ R | ) . ‘

reé@bns“wﬁere crystals are oriented parallel to

the surface: Scale bar = 0.lmm.
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Figufe 57: Fractured edge of a 20 week stone showing

P

condensation of'peripheral crystals into a

<

capsule-like arrangement. The arrow indicates a

septum radiating into the center of the stone.

Scale bar = 0.1lmm.

L)
A

Figure 58: Central region of a fractured 20 week stone

. o . . s .
“showing the aggregation of large numbers of
laminated crystals. Scale bar = 0.lmm.__
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Figure 59: A two week-treated gnimal‘shdwing columnar
epithelial cells undergoing mitosis (Mc) on the

grgst of a mucosal fold. Scale bar = 5um.

A’ ¥
k| E !‘., :
Figure 60: Autoradiogra: 1 of a two week-treated animal

*

showing labelled cells in the valley and sides of

mucosal folds. Scale bar = 20pm.

v






Figure 61:

\

Figure 62:

»

A scanning electron smicrograph of a ten week-
treated animal revealing defects in the

epithelial sheet (arrows). Scale bar = 10pm.

a

'A transmission electron micrograph of a ten
week-treated animal showing two edematous cells
with ruptured apical membranes and karyolytic

nuclei (N). Note the adjacent cells sliding under

o

the basal aspect of the extruding cells. Scale

bar = Zum..






Figure 63: A ~canning electron micrograph -of a ten week-
treatbd animal showing hypertrophic cells
(arrowheads). Note normal epithelial cells in

adjacent areas (curved arrow). Scale bar = 10pm.

.

Figure 64: Light micrograph of a Zo-qgek—tréated animal

)

o® showing a hyperplastic lesion (arrow). Note two
5

epithelial cells (arrowheads) close by in the t//’

process of mitosis. Scale bar = 20um.

Figure 65: A 20 week-treated animal {showing Rokitansky-
Aschoff sinuses in the hypertrophied muscle

layer., Scale par = 40pm.






A Figure 66: A transmission electron micrograph of a 20)5

| week-treated animal showing inflamgatorY"cells in
the lamina propria. Epithelial cell (Ep), plasma
cell (P), fibroblastv(F). $cale bar = 3um.

- : B /

[

hd . .
'l

Figure 67: Ap electron micrograph of a 20 weekétreated
agimal,showing inflémmatory cells (IC) between
the basal laminé.ahd‘epithelialncells ‘'Ep) and 1in
the iémina propria. C—{capillary. Scale-bar =

5um.
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Figure 68 ‘ A llght mlcrograﬁh autoradloqrd%h of a two-

f,;f . weeh treated animal show1ng humerous labelled
N ' ,-: P 51,

“',L _'J flbroblasts 1n the lamina“ propria. Scale Qar =

Cee e .
[P ' . . . .

. *‘ ) :)‘ “‘ N 20“‘1“ ‘ - ‘ ) \

N ”?1dure 69 A/llght mlcrograph of a two. week-treated anlmal
) :
T e ) ShOWlng numero@ﬁ lahelled fibroblasts in the
SR e
v ;VV, adventitia. qtﬁle bar = 20um.
S e e
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Figure 70:

Figure 71:

Dipid accumulation both intercellularly and

intracellularly in 12 hour treated animals. N-

nucleus, Lu- lumen. Scale bar = 3pun.

}

Numerous resiq&alAbodies in the epithelial
cells of one day treated animals. Scale bar =

2um."'

—
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Figure 72: Lipid accumulation in the supranﬁglgaf region
w N . X

and lipid droplets'(L) in the basal region of

'ig’ . epithelial cells of seven day treated animals.

Scale bar = 2um. )

.

Figure 73: Lipid accumulations (L) in the suprahucleér
region of .an epithelial cell frém a sevén day
treated animal. R- residual bodies, G- Golgi
éppagatus, rough eﬁdoplasmic réticuium (arrbw),

lysosome (arrowhead). Scale bar = 1lpm.
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Figure 74: A frozen section of a control gallbladder

-

Figure

75

stained with oil red O. Note the absence of any

colored precipitate. Scale bar = 20ym.

A frozen section from a five day-treated animai
stained with oil red 0. Neutral lipid is

dgmonstyatéd in the supranuclear regions of

cells. Scale bar = 20pm.

——
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Fi ur— 76: An elactro- microqraph of a two week-treated
anial sk~ 1ng lipid droplets in the basal -
regions epithelial cells. Arrow- basal lamina,'

- us. Scale bar = 1pum.

Figure 77: Tissue from the gallbladder of a seVeﬁ,d%y
treated animal complexed with digitonin to
[2 .
" demonstrate free cholesterol (arrows) in dilated

cisternae. Scale bar =‘O.5um.
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Figure 78: ‘Digitonin cqmpleylng with freehchoiesterol to
demonssrate 1tsv2eb051tlon within a re51dual body
(argaws) of a seven day treated an;mali Mfﬁ
.mitechondriee;'L- lipid. Scale bar.: 0.2ym"
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Figure 79: Tlssue from a seven day treated ‘animal e

complexed w1th dlgltonln demonstratlng .
cholesterol crystals on the surface of eplthellal

‘éells. Scale bar = 1pm.

Figure 80: Dense osmiophilic droplets in the lamina
propria of a 20 week treated animal. Note the
presence of a few electron lucent llpld droplets

i

(arrows). Ep- eplthellal cells Scale bar =~1Rm.

Figure 81: A macrophage in the lamina propfia with
numerous dense inclusions. Ep- epithelial' cells,

Pl- plasma cell, C- capillary. Scale bar = 2um.
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> 3 Appendjx'l

0.2M Buffer soldtioq
Solution A: 27.6 g sodium phosphate Monobasic/1l liter/DH,0

~ Solution B: 28.4ué sédium phosphate Dibasic/1 liter/DH,0

0.1M Buffer solution pH 7.4

F 4
. ¥ X
Solution A: 190 ml/1000 ml Q'
Solution B: 810 ml/1000 ml - _\\) -

Dilute in 1000 ml DH,O , .
, - SR
Adjust pH with 1%o%§3cium chlor#e solution |
, 0

100 ml of 2.5% gluteraldehyde in 0.1M phosphaté bﬁffep"

solution

{

5 (ml of 50% aqueous gluteraldehyde

5 ml of 0.1M,phos§hate buffer

yo -
1% osmium tetroxide in 0/1M phosphate buffer

-~

1 g Osmium tetroxide ’ -

100 ml O.IM phosphate buffer

183
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V.quecenyl'succinic:aﬁhydrideA.”

.Bpon 812 resin- . .

n
Voot

Nadic methyl ahhydride . -7 :
4 DMP 30 o T © ‘ <

N

1% Toluidine blue

'w

w

S

- 'Y: ."'\':— - ' ‘."
v . A . -
)\ . R
. f L N U
] .ol "

QVI g toluidiqe»ﬁLué/lOQjmlﬁDHQO “
0.1 g sbd&um\bofatewin &bove ‘solution
' -~ . L. : :

'
N Gr

Lead citrate

aturatédiutanyl acetate.’

uranyl acetate dissolved in DH2O

A ]
®»
AAT
.

b

\ -

Lead nitrate

o

Sodium citrate fﬁ::‘" .,
Dissolved in 50 mL,pfSﬁHéd ;3 

2 pellets of’sodium ﬁjﬁrokide;‘

P N L AT S
. . ' e R .

= . . , RN
v v ] ' s oo
- T . Lot

A+

Lee's?methylehg'b;ué;?basiclfﬁéhsin (MBBF) .

-

N Ve

~{ R IE ~

. D ’ g ‘
Methylene blue stock solutdon - :
A \\’l"”v - ’

1.33

1.76

g

g
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Methylene blue.............. ..., N +-0.5 g
. 7 r N s
Distilled water......veevurunnnnn fe e o . 400 ml
’ ¥
Basic fuchsgin stock solution
Basic fuchsin................ e feeees 0.5 g . «
Distilled'Water......................,' ........... 400 ml
' . N % i
i N .Q
Stock buffer
, ' -
Z-7ution/ A: Sodium phosphqte monobasic......... (27.% g
Disgilled water..................... e 1000 ml.
‘Solution B: Sodiun phosphate dibasic...... " ..... .71.5 g
 Distilled Water.........oovuiuuunnnnnnnn.. . .v....1000 ml°

Stock buffer pH\should be'632—7.2. Higherszllevels produae

4 (S »

deep blue results. Lower pH valués give évpink tinge to
5
sections. '
Y
WOrkinépsolutio;j
Metﬁylene blue. . A e e e e e 12 ml
Basic fuchsin solution...... '......:..7.,.....:;..;.. 12 ml 4
Solutioﬁ:A_(stock SOlUtion) ...ttt ',’ 7<ml
Solutiban (stock buffer)...:......;‘ ........ f: ...... 18 ml
*95% ethyl alcoholn...... e e vees ............. 19 ml
“Filter solution . ‘
. y
‘ '.. v .
: .
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- : /-pendix ITI ’
Methacryl ite ‘ixat . 1nd proce. sing
: b
10% neufrai nn;.dred-forW’LLn...,...........Ji....f....24 h
70% @lcChiol. . . e e e 1h
85% alcobnl..... . . L. oL i 1 h
95% alcoho. (2 qranges, .. .. e e ..30 mins. each
" Catalysed sol. & :5% éico“Jl (1:1)..... e et i e e #...1 h
Solution o - ‘ - . '
B e i e i et e e i e, overnight
Embed tissue' in mcld with S0l. A+B..eenerennnnnn... e
Leave to harden at room temperature........ e e
Catalysed solution A v . -
501\. A (JB 4) ..ovunun... e e e e e " 100 ml
Catal /St v ie et ien i innnnnnnn. e R . 0.9 ml
Mixed thoroughly for uniform solution.
Embedding mixtur@\\\\‘
Catalysed SOIULION A.uvvivinnrrnnnnnen.. e 25 parts

. v '
Solution B.v.vvvewennnnn. N e 1 parts

Stir rapidly and thorbughly to avoid hardening

KJ
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Appendix III

Procedure for transmission and scanning electron microscopy

[}

Fix tissue in 2.5% gluteraldehyde fdr_ﬁghours k

Wash 3 x 15 minuteg in Milloning's buffér - N i‘
" Place tissue in 1% osmium for 1 h;ur . o gﬁ’ LT

Wash 3 x 10 minutes in distilleé water o Co

Piace tissue in saturated Sﬁueous uran§l,aéetate

Pin SEM tissue on cork.wifh ﬁo tension .

3b%,‘56%, ;b%@90% ethanol for 15 minutes in each solution

TEMggissue

100% ethanol for 1 hour

1:1 ethanol/prgpylene oxide for 20-minutes -,

1:3 ethanol/ propylene oxide for 30 minutés’} o .

100% bf@pylene oxide for 1 houp * ¢
3:1 pfopyiene ;xide/ epon migture for 20 minutes - *]
1:1 pf?pylene-ogide/ epon mixture for 3b minutes

1:3 propylene oxide/ .epon mixtuge for 1 hour

160% epon ﬁixture - ov; N lght "’ - r(/
Ehbed in moulds in fresh epon | -h!

Heat in oven for 48 hours at 55°cC

SEMbtissue,
| 100% ethanol 3x ;Lo_:
Absolute acet ne—r
Critical-point dry

Coat with colloidal gold in sputter-coater
' L 4

187 ,

\ o



+

-~

. w
s > j
- TEM au%orgggagraphy

a ! . . N 9
b 4 . : N
= g T, & : >
2 @ -
- ’ A MRS . :
S ‘ . Appendix IV o
. ! - ! h ’ » : \ ' N <
o L —~ -2, -
- &JEM Digitonin Experiment B 4
. e ¢ . . . /* v
Tissde fixed in 2.5%.g1utkraldehy + 4 hours . ~ 9

AY

Pldce tissue ip 2% digitonin solution dissolved in buffer °
[

for 4 hours

.
Rinse in buffer S v - 4
c ‘:.. * ’ 2
Post-fixed in 1% osmium tetroxide and pragess as above for
¥

] NS . ‘ ’

<

Dipping method 3 - »
S ’ : o
Grids coated with '0.5% parlodion &%

-

in amyl acetate

‘Attached'tolsliQe~by‘gquodiop ‘_‘ _ -

. } ’
Silver segtfons picked in loop ﬁlaqed on grids

Slides dipped in Ilfoég L-4 emmulsion difuted With water

Al

1:6.. . K T
ripped dried, stored in light proof ?ox for 3-4 weeks at

. 49C and fhen'developed: \ ' ‘ 0

" Kodak D 19 for 3 minutes

*
Dipped in distilled water for 30 seconds

I\iixed in(25% sodium thiosulphate for 6 minutes o L X
. : .
Washed . in distilled water for 6 minutes '

Stained~in»uranyl acetate anrd 1Q€S’c1trate for 10 minutes

]

" ‘each.
. N
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e ‘Appendix v

N
&\\ [" LN

» ’ N . - ) 1

\

-

Light microscopy autoradiography

- 3 ' -

Two miqrometer thick methacrylate sections were cut

'Siides were'dipped i; undiluted Ilford XK.5 D e@uigion
Dripped dried for 1 hdﬁr' ’\\~

Stored 1n llght proof black box sealed w1th bI;;} taéé

\\_» .

at 4°C for 3-4 weeks'
Developedi,D.foliows: .. s 'y
Dektol %iiuted 1:1 with water ﬁoriz minuﬁégi
Washed in water for 2 minutes’ - i NG
Fixed in Kodak fiier for S minutes

t N

| ashed in water for lS{Finutes -

A

Td

QB



"Appendix VI

Hidh Iron Diamine'- Aician blue pH 2.5 . v

Paraffln sectlons cleared if:
Xylene for.5 minutes ' _ !
Xylene for 5 minutes A ' ;Y
100% ethanol for 3 mlnutes .

95 4 " u 3 al ] " ‘ 4
g 5% " " 3 1 ‘.' , ) ) ‘\ b e p’;/

§0% " " 3 T \ 3
‘Dlstllled water for 3 mlnute$

.Staln for 24 hours in a fresh solution of:
! -
N,N- dimethyl—m-phenyleﬁediaminE.ai HCL............ .1.68 g
\ : -
N,N—dimethyl—p—phenylenediamine HCL......iviivennnn. 0.28 g

Dih&olve these two i)

/ Immédiately add 19.6 ml of {0% ferric chloride to activate

.................

Adjust the pH to 2.5 and firter solution. Add a few 'crystal

of thymol

~—

‘Rinse quickly in distilled water—"—
70%, 85%, 95%, 100% ethano; fcr 3 minutes each

Xylene. (twice) for 5 mlnutes 5
Mount in permount RN ? | ;
) ) . D‘. '__‘ v 2] . s R
-Results _ B ‘ C
Sulphomucins -  grey- purple anck
- Sialic acid - Blue (aqua)
o« -
19N



Appendix VII o "

Potassium hvdroxide/alcian blue pH 1.0/ periodic acid-

phenylhydrazine- Schiff »
b
Cleared paraffin sections as above a

Saponify in 0.5%.KOH in 70% ethanol for 15 minutes
Wash slowly in running tap wat;; for 5 minutes
Stain in 1% alcian blue in 0.1N HCL (pH 1.0)
Oxidize in 1% aqueous periodic acid for 2 hours
Wash slowly in tap water for 10 minutes
Treat.with 0.5% ;queous phen%;hydrazinevhydrochloride for 2
hours / |
Wash in running water for 5 minutes
Stain with freshly prepared Basic Fuchsin-Schiff for 4 hours .

-

Bring to water as above

.
Results.
Sialic acidé‘with‘side chain substitutions...".... Red
Tissue vicinal—aiols....; ........................ uﬁed'
Q~sulphatémesters; ......... e Blue
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