
THE CALCIUM-BINDING SYSTEM IN BILE

BY

BARRY W.A. WILLIAMSON

B.Sc., M.B., Ch.B., F.R.C.S.(Ed)

A thesis submitted for the degree
Doctor of Medicine, University of
Edinburgh, 1979.



DECLARATION OF ORIGINALITY

I declare that the work presented herein and

the composition of this thesis is my own.

B.W.A. WILLIAMSON



ACKNOWLEDGEMENTS

It is a pleasure to acknowledge the enthusiastic and expert

advice of Dr I.W. Percy-Robb, Reader, Department of

Clinical Chemistry, Royal Infirmary of Edinburgh, during

the experimental period and the inception of the thesis.

The interest and constructive criticism offered by

Dr R.C. Strange, Lecturer, Department of Clinical Chemistry,

Royal Infirmary of Edinburgh, has been invaluable.

Professor Forrest and Professor Whitby are thanked

for use of their clinical and laboratory facilities in

the Departments of Clinical Surgery and Clinical Chemistry,

respectively, in the Royal Infirmary of Edinburgh, and

also for continued interest in the construction of the

thesis.

I am indebted to the consultant surgical staff of

both the Royal Infirmary and Bangour General Hospital for

permission to remove bile samples from their patients.

Financial support in the form of a graduate research

fellowship from the Faculty of Medicine of the University

of Edinburgh is also gratefully acknowledged.



U M M A



- a -

Gallstones are a common clinical problem associated

with significant morbidity and mortality whether managed

conservatively or by surgery. Since a sizeable proportion

of the resources of the community is spent dealing with the

clinical sequelae of these stones, much interest has been

focused on their pathogenesis. This has been stimulated

over the last ten years by improvements in methodology and,

perhaps more importantly, by new concepts from physical

chemistry.

Gallstones, in the western hemisphere, consist of

crystalline cholesterol or salts of calcium including the

carbonate, phosphate, bilirubinate and palmitate, or a

combination of these. A significant minority (20 - 40%)

contain micro-organisms. The species involved have,

however, changed over the years and, within the recent

past, actinomycetes have been isolated.

Early theories of gallstone pathogenesis are

discussed in relation to the currently accepted ideas on

the importance of the cholesterol-solubilising system in

bile. The cascade of data on this aspect of stone formation

is contrasted with the lack of information on either the

solubilising system for, or solubility properties of, the

calcium salts in bile. The work described here aims to

fill part of this hiatus.

The calcium-binding system in bile was analysed from

two viewpoints. Initial studies showed that a substantial

proportion/
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proportion (60 - 80%) of the calcium in hepatic and

gallbladder bile would not pass through an ultrafiltration

membrane with a molecular weight cut-off = 1,000. It

seemed, therefore, that much of the calcium in bile was

chemically bound to species retained by the filter.

Subsequent studies dealt systematically with the

potential contribution to the calcium-binding system of

each major class of molecule in bile, namely, lipids,

proteins, polysaccharides, and molecules with molecular

weights less than 1,000.

In hepatic bile, micelles of bile salt and lecithin

could account for 78% of the calcium bound. This contrasted

with gallbladder bile in which micelles accounted for only

50% of the detectable calcium binding. However, proteins

and acidic polysaccharides were capable of binding

substantial quantities of calcium in gallbladder bile. The

low molecular weight fraction (less than 1,000 M.W.)

accounted for significant quantities of bound calcium in

both hepatic and gallbladder bile (12 - 18% of the total).

These molecular species all have a role to play in

calcium binding in bile under physiological or pathological

conditions because it was demonstrated firstly, that calcium

binding in bile was reversible and secondly that the

affinity of each of these species for calcium was roughly

similar. This was performed by quantitative binding

studies which also showed that there was a large reserve

of/
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of calcium-binding sites. Interestingly, several of the

species which bound calcium in soluble form, under certain

circumstances also formed insoluble deposits.

The methods and results are discussed in relation to

data in the field. The various weaknesses of the

analytical techniques are highlighted in order to emphasise

the difficulties which still exist in working with bile

despite the recent advances in methodology. The manner

in which the choice of techniques used to study calcium

binding was dictated by the affinity of binding is described.

The broader implications of calcium binding in bile

in terms of movement of bile from hepatic duct to gall¬

bladder, of diurnal variations in the composition of bile,

and of changes in the serum calcium concentration, are

outlined. It is shown that those inorganic salts of

calcium commonly found in gallstones, in all probability,

exist in supersaturated conditions in bile. The calcium-

binding system therefore seems to behave in this respect

not unlike the cholesterol-solubilising system in bile.

Finally, an hypothesis is offered to account for the

distribution of calcium between the various binding species

involved and the ionised form. The potential for

precipitation of many of these components is indicated and

the possible relevance of precipitation of calcium complexes

to gallstone nucleation is discussed.
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1. GALLSTONES: THE SIZE OF THE CLINICAL PROBLEM

Prevalence

There is no single figure which can be used to

express the overall prevalence of gallstones, since

incidence increases with age and varies in different

ethnic groups.

Cholelithiasis is rare in Africa, where it is found in

less than 1% of autopsies (Owar, 1964; Shaper and Patel,

1964). Strikingly, no gallstones at all were found in

a series of 4395 autopsies performed in Ghana from 1923

to 1955 (Edington, 1957).

In contrast, gallstones are much commoner in

"Westernised" communities. The autopsy prevalence in

England averages 9% (Gross, 1929; Horn, 1956; Watkinson,

1967a; Bouchier, 1969), and is similar in France and

Germany (Newman and Northup, 1959; Delavierre, 1971).

The prevalence was found to be 8% of men and women aged

30-62 in the Framingham Study in the U.S.A. (Friedman _et

al, 1966).

In Australia the condition is commoner still - with

a prevalence of 31% in Brisbane (Burnett, 1971). There

are, however, two communities in which the disease is

virtually endemic: the Pima American Indian population

and the Swedes. A cholecystographic survey of 596 Pima

Indians in Arizona revealed gallstones in 73% of women

aged 24-34 (Sampliner et al, 1970). In an autopsy survey

from/
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from Malmo, stones were present in 57% of women in the

same age group, but the prevalence rose to 70% by the

age of 70 (Lindstrom and Wenckert, 1970).

Whether the prevalence of the disease is increasing

is difficult to assess, because of the incompleteness of

older records. There is, however, no doubt that chole¬

cystectomy is a much commoner operation now than in the

past (Holland and Heaton, 1972). On the other hand, the

autopsy survey of Naunyn (1896) reported that stones were

present in 11% of subjects from Strasbourg aged 41-50:

data closely similar to those currently accepted.

While autopsy studies undoubtedly yield valuable

information, they are nevertheless biased by the inevitably

older age groups from which they draw. Such studies do

not provide data on changes of incidence or prevalence in

the younger age groups, since most patients do not die as

the result of the complications of gallstones.

Nevertheless, on a global basis, the disease is very

common and enormous resources are expended in the

treatment of patients with gallstones; more than 330,000

cholecystectomies are performed each year in the U.S.A.

alone (Glen, 1970).

Morbidity

The majority of gallstones do not cause symptoms

until they have been present for some Lime. Comfort ejt

al (1948) followed 112 patients with asymptomatic gallstones

for periods up to 20 years. 50% developed symptoms and

20%/
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20% serious complications. Similarly, Lund (1960)

reported that 40% of 526 patients with silent gallstones

eventually developed symptoms.

In 1966, Wenkert and Robertson reported a compre¬

hensive review of 1501 patients from Malmo. The

patients fell naturally into three groups:

Group A: (128 patients): required immediate

surgery.

Group B: (534 patients): operation undertaken

within one year of stones being found, because of

symptoms.

Group C: (839 patients): 58 were lost to follow-up

but the remaining 781 were reviewed for periods of up

to 11 years. Within this group, 49% remained symptom

free; 33% developed severe symptoms - usually recurrent

biliary colic - and required operation; 18% developed

serious complications requiring operation. In the last

group of 140 patients, 42 had mild to moderate chole¬

cystitis, 39 severe cholecystitis and 59 developed

jaundice with or without pancreatitis. Carcinoma of the

gallbladder was noted in three patients. A total of

seven patients in this group died.

Mortality

Patients with acute cholecystitis due to gallstones

are as safely managed by early surgery as by conservative

measures. For early surgical management the overall

mortality has averaged 4.9% (Stevenson, 1954; Becker e_t

al, /



- 4 -

al, 1957; Lee, 1958; Hinshaw and Carter, 1962;

Kesseler and Reinus, 1962; Essenhigh, 1966; Raine and

Gunn, 1975). The total number of patients involved in

these studies was 1329. This compares with a mortality

of 3.9% for conservative management in 1189 patients.

Many of those initially treated conservatively required

elective surgery, with its attendant mortality of 0.2%

(Raine and Gunn, 1975). In addition, a small proportion

(3%) initially managed conservatively subsequently

required emergency surgery during the same admission, for

empyaema or perforation of the gallbladder. The

mortality in this group was 70% (Essenhigh, 1966).

Associations with other clinical problems

With one or two notable exceptions, many of the

associations discussed below are unreliable either because

initial reports have not been substantiated, or because

differences do not reach statistical significance.

Exceptions to this are carcinoma of the gallbladder,

acute pancreatitis and the use of the drug clofibrate,

where the evidence for an association with gallstones is

strong.

(i) Carcinoma of the gallbladder: gallstones are present

on average in 90% of patients with carcinoma of the

gallbladder (Musser, 1889; Janowski, 1891; Graham,

1931). The incidence of this neoplasm in patients with

symptomatic gallstones varies between 1% and 15%

(Moynihan/
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(Moynihan, 1913; Lentze, 1926; Graham, 1931). In

support of such an association is the evidence that

foreign bodies, including gallstones, placed in the

gallbladders of animals, may produce a carcinoma (Kazoma,

1922; Leitch, 1924; Fortner and Randall, 1961).

(ii) Acute pancreatitis: This has been associated with

cholelithiasis in 30-60% of cases in most reported series

(Egdahl, 1907; Molander and Bell, 1946; Joske, 1955).

Pancreatitis is six times commoner in patients with

gallstones than in the general population (Molander and

Bell, 1946).

(iii) Hyperlipoproteinaemia: The evidence obtained from

large autopsy and epidemiological studies has failed to

substantiate associations between type Ila hyperlipoprotein¬

aemia (hypercholesterolaemia) and gallstones. Newman and

Northup (1959) found no such associations after reviewing

3349 autopsies. The large epidemiological Framingham Study

in the U.S.A., involving 5209 patients followed for 10

years, also failed to find an association (Friedman et_ al,

1966; Friedman, 1968). Evidence in favour of such an

association has come mainly from clinical studies on what

are, by comparison, very small numbers of patients (Babcock,

1909; Clark, 1945; Garret, 1953). Schwartz and Herman

(1931) reported 109 cases of cholecystitis of whom 63% had

heart disease compared to 41% of 109 patients without

cholecystitis in the same age groups.

Coronary artery disease and gallstone disease are

both widespread. The balance of evidence suggests that

any/
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any further association between the two is no more than

fortuitous„

In contrast, the prevalence of gallbladder disease in

type IV hyperlipoproteinaemia (hyperpre-g-lipoproteinaemia

with hypertriglyceridaemia) amounted to 41% in men and 68%

in women (Einarsson et a_l, 1975). This was significantly

above the prevalence found in two autopsy series covering

subjects of the same age: 16% and 30% respectively

(Sternby, 1968; Zahor ed aA_, 1974).

(iv) Hyperparathyroidism: The work of Cope (1969);

Selle _et aH, (1972); Brunner and Rothmund, (1973); Funk

et al, (1974) and Werner e_t aH, (1974) has suggested that

cholelithiasis is a common complication of primary hyper¬

parathyroidism. The prevalence of gallstone disease in

patients subjected to parathyroidectomy was, on average,

28% in these studies - significantly higher than control

data. In one report, however, no association was found

(Christensson and Einarsson, 1977). The method of patient

selection in this study differed from the others, and was

based on hypercalcaemia detected in a health screening

clinic. Previous reports had dealt with the prevalence of

gallstone disease among patients undergoing operation for

primary hyperparathyroidism in whom the disease had been

shown to be more prolonged and more severe.

(v) Drug Lhorapy: Ilypercholestcrolaemia as such does

not appear to be related to gallstones (Piper and Orrild,

1956). However, the use of the drug clofibrate to lower

serum/
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serum cholesterol levels in this disease is associated

with the appearance of biliary calculi. The incidence

is 2-3 fold higher than in comparable untreated control

groups (Cooper et. al, 1975; Coronary Drug Project

Research Group, 1977). Because of the large numbers of

patients involved here (over 3000 in each group), and

their careful matching, these findings are of considerable

significance.

The oral oestrogen drug group is also suspected of

causing gallstones. The Boston Collaborative Drug

Surveillance Program (1973), and the Royal College of

General Practitioners (1974), have both recorded

increased diagnosis rates for gallstones in women

receiving oestrogens either for menopausal symptoms or for

contraception. Assessment of the importance of these

findings is difficult on existing infomation. Women on

the pill and women who attend their doctor with menopausal

symptoms are unrepresentative groups and are perhaps more

likely to have their gallstones diagnosed. The oestrogen

issue is by no means settled.

(vi) Ileal disease or resection: In Crohn's disease

and other inflammatory conditions affecting the terminal

ileum, the incidence of gallstones is increased 4-5 fold

over the general population - particularly if the ileum

has been resected (Heaton and Read, 1969; Cohen et al,

1971; Hill et al, 1975).

(vii)/
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(vii) Vagotomy: Whether or not division of the vagus

nerves results in an increased incidence of gallstones

is still in dispute (Bouchier, 1970; Kaye and Kern, 1971).

Although many studies claim that gallstones are more

common after vagotomy than in the general population

(Nielsen, 1964; Nobles, 1966; Miller, 1968; Clave and

Gaspar, 1969; Sheen, 1971), this is still in doubt. The

principal reason is that no matched control groups have been

included in these studies. Controls have simply been

drawn from the literature - much of which is based on

autopsy material. There is also the separate question

of whether the underlying peptic ulcer, for which the

vagotomy was performed, affects gallstone formation.

Theoretically, selective and highly selective vagotomy

should have little effect on the incidence of gallstones

since the hepatic and coeliac branches of the vagus are

preserved. Conclusive data are as yet lacking. What

evidence there is suggests that gallbladder bile becomes

more saturated with cholesterol after truncal vagotomy and

that gallbladder emptying is less complete (Sheen 1971).

(viii) Cirrhosis of the liver: Here there is a 2-3 fold

increase in the incidence of gallstones (Bouchier, 1969).

(ix) Diabetes mellitus: The prevalence of this disease

in patients with gallstones has been found to be twice the

expected frequency (Watkinson, 1967b). Latent diabetes

may also be more common in patients with cholethiasis than

expected:/
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expected: 15 out ot 18 Swiss patients with gallstones

were found to have latent diabetes (Braunsteiner et_ al,

1966) .

(x) Obesity: Most autopsy and clinical surveys

agree in showing obesity to be commoner amongst gallstone

patients than in the general population (Newman and

Northup, 1959; Burnett, 1971).

Summary

There is little doubt that the clinical problem is

sizeable: in terms of the prevalence of gallstones and

of the morbidity and mortality produced by them. The

majority of gallstones, although initially perhaps

asymptomatic, eventually cause clinical problems. It is

not surprising that, because of the major surgery and the

number of patients involved, gallstone pathogenesis has

been the centre of increasing research activity over the

last two decades.

Modern ideas on pathogenesis owe much to the

introduction of exciting physico-chemical concepts into

this arena, and to the development of new and improved

techniques for the study of the chemistry of bile and of

the stones themselves.
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2. GALLSTONE COMPOSITION

Analysis of gallstone composition is not easy.

Quantitative chemical methods are only applicable once

the stone constituents have been dissolved. This is

difficult with compounds of such differing solubilities

as cholesterol, calcium salts, pigment, and protein.

There is always the risk that the initial solubilising

step may chemically modify the substance under study -

and this is particularly true of bile pigment and protein.

After solubilisation, the physical form of the constituents

is no longer apparent. Coloured compounds such as bile

pigments may interfere with chemical analyses which have

colorimetric endpoints. Many of the older techniques -

for example those of Holt and Tarnoky (1953) - relied on

all-or-none endpoints: the substance in question was

either present or absent in a spot test . The specificity

and reproducibility of such studies is, to say the least,

uncertain. A quantitative microanalytical technique is

now, however, available, based on the preliminary

separation of the gallstone constituents into sub-groups

using solvent partition and silica gel column chromato¬

graphy followed by gas-liquid chromatography (Nakayama,

1968). This scheme does not, however, allow for the

measurement of carbonate - a significant component in

gallstones from the Western Hemisphere (Sutor and Wooley,

1973). No attempt is made to assess the presence or

absence of protein or polysaccharide.

Physical/
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Physical techniques such as X-ray diffraction are,

in general, more specific than chemical techniques since

they identify complete molecules rather than reactive

groups (Haugh et_ al, 1966). However, the different forms

of complex calcium phosphates such as hydroxy- and

carboxy-apatite are poorly resolved by diffraction and are

more easily differentiated chemically (Haugh e_t aJ, 1966).

X-ray diffraction is only applicable to a small portion of

a stone at any one time. A "weighted average" must be

taken of the composition in several different areas of

the stone. While giving valuable information about the

physical form of components, a major disadvantage is that

X-ray diffraction will only detect crystalline compounds.

Amorphous forms, such as proteins will be missed.

Chemical and physical methods are both imperfect,

but their individual deficiencies differ. Their use is

therefore complementary.

Chemical composition

In Western civilisation the major component of

gallstones is cholesterol (McNee, 1913; Rains et al,

1960; Sutor and Wooley, 1971 and 1973). Sutor and Wooley

studied 481 stones from 11 different countries. Cholesterol

accounted on average for 71% of the crystalline material

found in these stones. Calcium salts (carbonate,

palmitate, phosphate and bilirubinate) accounted for 25%

of the remaining weight. 13% of the total number of

stones/
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stones consisted of one or more of the calcium salts,

there being no lipid detectable; a further 27% were

composed of mixtures of cholesterol and calcium salts.

Thus 40% of the total number of stones contained calcium.

Perhaps significantly, the authors point out that in many

of the remaining 288 "pure" cholesterol stones, a small

but nevertheless detectable quantity of calcium (1-5%)

was present.

Glycoproteins have been demonstrated in gallstones

by qualitative techniques (Womack e_t al, 1963). Accurate

measurement is precluded by inability to obtain the protein

in soluble form after extraction of cholesterol and calcium

salts from the stones. It has, however, been shown that

cholesterol and calcium salts together account for 96% of

the stone weight (Sutor and Wooley, 1973), and therefore

by exclusion proteins cannot account for more than 4%.

Physical characteristics

Both cholesterol and calcium salts occur in different

physical forms in gallstones. There are two anhydrous

forms of cholesterol, as well as its monohydrate. Calcium

carbonate occurs in three different crystalline forms:

vaterite, aragonite and calcite, in descending order of

frequency (Sutor and Wooley, 1973). Calcium phosphate has

two identifiable forms: apatite and whitlockite. Calcium

bilirubinate has been found in its acidic and intermediate

forms (Sutor and Wilkie, 1977a).

Stones of homogeneous composition throughout, are

uncommon./
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uncommon. The chemical composition of the nucleus has

been compared with that elsewhere in the stone (Sutor

and Wooley, 1973). In 61% of the stones examined,

mixtures of cholesterol and calcium salts were found in

the nucleus. Pure calcium salts were found in only

10% and pure cholesterol in 28%. For all the stones,

there was significantly more apatite and amorphous

material within the nucleus than in the remainder of

the stone.

Topographical features

Concepts of the structural topography of gallstones

were initially formed by cutting sections and staining the

various components. This technique has been used to

determine the nature of the nucleus of the stone. Results

are conflicting. Bogren (1964) reported a predominantly

pigment nucleus. The studies of Womack e_t Eel, (1963)

suggested, however, that the nucleus consisted of glyco¬

proteins which formed a "spiders web" framework throughout

the stone on which precipitation of cholesterol and calcium

salts was presumed to occur. This is in contrast to

the X-ray diffraction studies of Sutor and Wooley (1971;

1973) showing crystalline cholesterol and calcium salts as

occupying most of the nucleus.

IL is probable that, the contusion in the literature

arises from the variety of techniques used to study

gallstone composition and from their lack of specificity.

Pigment/
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Pigment and glycoprotein are often found in non-crystalline

amorphous form and so will not be detected by X-ray

diffraction. On the other hand, the stains used to identify

these components in histological sections are non-specific

and are affected by the environment of the components in

the stone (Pearse, 1968).

More recent topographical studies have made use of the

scanning electron microscope (Bills and Lewis, 1975) and

the electron probe microanalyser (Been et aJ^, 1977). The

latter gives simultaneous information on structure and

composition, including the type of bonding between the

reactive groups of different molecules aligned against each

other in the calculus. In the few stones examined in this

way, vaterite was found within the nucleus and a different

form of calcium carbonate, calcite, external to this. The

calcite deposits lay in concentric rings and were conical,

their apices alternately pointing to the stone surface and

centre. Calcium phosphate, in the form of hydroxyapatite

was found external to these, in association with sulphur-

containing compounds. Cholesterol lamellae formed the

bulk of the stone, external to these layers (Been et_ al,

1977).

Microbiological content

Coliform organisms and typhoid bacilli have, in the

past, often been found in or grown from gallstones (Welch,

1890; Cushing, 1898). Similarly, streptococci were

reported/
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reported in 25 out of 30 gallstones, each from separate

patients (Rosenow, 1914 and 1916). Perhaps one of the

greatest insights into the significance of infection in

stone formation is Rovsing's work (1924a and 1924b). He

found that 60% of 530 human gallstones were sterile.

These data were, however, obviously subject to the

limitations of bacteriological techniques which existed

at that time. In 1941 Martennson described a bacillus

similar to, but serologically distinct from, B. subtilis.

This anaerobic organism was found in a high proportion of

his cases of gallstones. More recently, the type of

organism isolated has changed yet again. Rains e_t al,

(1960) found actinomycetes in 30 out of 57 gallstones. A

subsequent report by Burnett (1965) confirmed the presence

of the same genus but in only 8 out of 52 gallstones.

Thus no single organism has remained of outstanding

importance throughout the years as an aetiological factor

in gallstone pathogenesis. The "fashionable" organism

has usually been of importance in causing other systemic

disease at the time at which it was implicated in gallstone

formation. Whether this is a real biological finding

is still in doubt. It is equally possible that improve¬

ments in technique have resulted in an increasing yield of

the organisms that were in the past difficult to isolate

and culture.

Geographical variations

Results of studies into the composition of gallstones

must be interpreted with a knowledge of the source of the

stones./
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stones. Sutor and Wooley (1973) have shown marked

variations in the composition of stones from 11 different

countries. English gallstones contained significantly

more calcium carbonate, while those from Kuwait, India and

South Africa contained more calcium palmitate and phosphate.

In Japan there is evidence of a change in gallstone

composition as the country has become "Westernised". The

composition of 20 stones removed in 1927 was compared with

that of 20 removed in 1968. In 10 of the 1927 stones,

bilirubin predominated over cholesterol, whereas this was

true of only 2 of the 1968 stones (Nakayama and Miyake,

1970).

Summary

The quantitative significance of calcium salts in

gallstones has been highlighted by physical techniques

such as X-ray diffraction and electron probe microanalysis.

The semi-quantitative chemical techniques previously used

detected calcium salts rather poorly. These compounds

are now known to be second only to cholesterol itself,

in quantitative terms, in gallstones.

It is on the basis of this known composition of

gallstones that the concepts of their pathogenesis have

arisen.
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3. CONCEPTS OF GALLSTONE PATHOGENESIS

There are two major ways in which gallstone

pathogenesis has been examined. The first is the

analysis of bile and stones: comparing subjects with

gallstones with normal controls. The second is the

production of gallstones in animals by manipulations of

the diet and of the biliary system.

The first approach depends critically on two

assumptions:

a) that conditions in bile reflect those present

when the gallstones first formed.

b) that the normal controls are indeed "normal".

The first assumption is unproved and the second is

confounded by the fact that gallstone disease is so

common that any control group may contain subjects who

will subsequently form gallstones.

The second approach, production of stones in animals,

is open to the major criticisms:

a) that the composition of the gallstones is often

dissimilar to that found in man - qualitatively

and quantitatively.

b) that there are major species differences in the

response to "lithogenic" agents.

It is with these reservations that the following

remarks are made.

Perspective/
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Perspective

The wheel has turned full circle. Among the

earliest notions of gallstone pathogenesis was that of

cholesterol/bile salt imbalance. Thereafter infection

and stasis in bile assumed greater importance. Over

the last 20 years, however, cholesterol solubility has

once again become the dominant theme.

(i) Early theories concerning cholesterol and pigment

in bile: The term "bile acid" was first used by Liebig

(1843), and soon thereafter it was recognised that bile

salts were responsible for maintaining cholesterol in

solution in bile. Lehmann, in his "Physiological

Chemistry" of 1855 was quick to see that gallstones might

result from a lack of bile salts relative to cholesterol

in bile. Between 1890 and 1910 classical theories of

gallstone pathogenesis were published by Naunyn (1892),

Lange (1893), Boysen (1900) and Aschoff and Bacmeister

(1909).

Naunyn's contribution was to suggest that the

cholesterol found in gallstones originated from the break¬

down of exfoliated cells of the mucous membrane of the

gallbladder. Lange's theory, on the other hand was that

cholesterol stones were of infective origin but that

pigment stones were not. This was based on the finding

that pigment stones were generally found in apparently

healthy gallbladders whereas cholesterol stones were

found in inflammed gallbladders. Boysen (1900)

developed/
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developed the impression that gallstones originated as

insoluble particles of pigment within the liver and

that once transferred to the gallbladder, cholesterol

crystallisation occurred around these foci. This

stemmed from histological observation of pigment near

the centre of stones from 200 gallbladders. Aschoff and

Bacmeister (1909) destroyed Naunyn's concept of local

production of cholesterol in the gallbladder by showing

that cholesterol could be induced to precipitate from

bile from which the epithelial cells had been removed.

They proposed an underlying hepatic defect in cholesterol

metabolism causing the initial formation of an aseptic

stone. Further stones might form in the gallbladder

secondary to the infection which followed.

(ii) Infection: The first proponent of infection as

a major aetiological factor in gallstone pathogenesis was

Blachstein in 1891. He showed that gallstones could be

produced in rabbits by the intravenous injection of

"colon" and typhoid bacilli. Gilbert and Dominici (1893)

confirmed this by direct injection of similar organisms

into the gallbladder. In contrast to these successes

were the failures of Miyake (1900) and Badile (1923),

using similar systems.

Typhoid and coliform bacilli were used in animals

with most success in simulating gallstone initiation.

Other genera occasionally employed included vibrios

(Greig,/
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(Greig, 1915) and streptococci (Iiosenow, 1914). In more

recent years, actinomycetes have been isolated from

gallstones (Rains e_t al, 1960; Burnett, 1965).

Enthusiasm for infection as the major aetiological factor

waned after Rovsing's work in 1924 showing that 60% of

530 human gallstones were sterile. This has been

confirmed by more recent work showing that only 20-40% of

gallbladder biles from patients with gallstones give a

positive bacteriological culture (Edlund e_t al, 1959;

Flemma et_ aJ, 1967; Haw and Gunn, 1973). The problem

here of course, is to know the degree to which the

infection is secondary to the presence of the gallstones.

Reservations must also remain about Rovsing's impressive

findings because of limitations of methodology

particularly in relation to the isolation of anaerobic

organisms.

(iii) Stasis: This has often been used to supplement

infection in the experimental production of gallstones.

Cystic or common duct ligation combined with inoculation

of bacteria usually yielded better results than inoculation

along (Miyake, 1900; Agrifoglio, 1924; Copher and

Illingworth, 1928). Cholelithiasis caused by stasis

alone has been reported rarely. A paper by Aoyama (1914)

is such a report. He found biliary debris in 13 out of

19 rabbits and guinea pigs after cystic duct ligation.

Hansen (1927), produced pigment stones by partial

occlusion/
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occlusion of the cystic duct in otherwise normal

rabbits.

Between 1920 and 1940, support for the theory of

aseptic static conditions for stone formation came

from Westphal's reports of an associated dyskinetic state

of the biliary system. Here the gallbladder failed to

fill or empty properly and the regulation of bile flow

into the duodenum was disturbed. This was attributed

to autonomic dysfunction (Newman, 1933a, 1933b and 1933c).

Gaissinsky (1933) also studied the effect of autonomic

imbalance by performing hepatic periarterial sympathectomy.

Small gallstones resulted. Cholelithiasis, induced

consistently by narrowing of the common duct by peri-

ductular fibrosis, was reported by Imamoglu et_ al,

(1957). The yield of stones, however, in the hands of

others, has not been so high (Lindelof and Van der Linden,

1965).

The work of Campbell and Burton (1949) and of Tera

(1960) has clearly demonstrated that layering of bile of

different densities in the gallbladder is physiological.

Such stratification may lead to the local stasis of a

constantly unmixed portion of bile in the most dependent

part of the gallbladder. However, no clear difference

between patients with and without gallstones has been

demonstrated.

(iv) Diet: Manipulation of the diet has taken two forms,

both/



both of which have effects on the solubility of

cholesterol and other components of bile.

a) Quantitative alterations in normal dietary

constituents. Cholesterol feeding in rabbits

was the first dietary manipulation to produce

cholesterol gallstones (Chalatow, 1914; Aoyama,

1914; Hansen, 1927). Its unreliability,

however, soon became apparent (Dewey, 1916;

Iwanaga, 1922; Engel and Cserna, 1925; Stern,

1926), and its popularity faded. Dam and

Christensen in 1952 made the unexpected discovery

that a diet free of fat and containing a large

proportion of refined carbohydrate, produced

cholesterol gallstones in hamsters. Of 18

hamsters maintained on this diet for 87 days, 16

had gallstones composed mainly of cholesterol. This

response is, however, species specific and has not

been reproduced in animals other than hamsters.

b) Dietary supplement of foreign compounds.

Dehydrocholesterol had a reproducible lithogenic

effect in rabbits (Hofmann and Mosbach, 1964).

However, the gallstones formed were composed mainly

of the glycine conjugate of allodeoxycholic acid

and, as such, their relevance to the human situation

is obscure.

Cholestyramine, an anion exchange resin, produced

gallstones containing 50% cholesterol when fed to

guinea/
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guinea pigs (Schoenfield and Sjovall, 1966). This

should, however, be compared with the finding that

cholestyramine prevented or abolished gallstones induced

in hamsters by the high carbohydrate, low fat diet

described above (Bergman and Van der Linden, 1967).

Although the biliary lipid changes in man following

cholestyramine therapy (decreased dihydroxy/trihydroxy bile

salt ratio and increased total bile salt/cholesterol ratio)

resemble those found in the hamster, they do not reach

statistical significance in man (Van der Linden and

Nakayama, 1969). Gallstone dissolution experiments in

man remain equivocal because of their short term nature

(Van der Linden and Nakayama, 1969).

Lithocholic acid, a secondary bile acid found in man,

produced gallstones in rats, when given orally (Palmer,

1965; Carey et al, 1965). This compound is, however,

systemically toxic and can produce a number of effects

not specific to the biliary system such as cardiovascular

and renal damage. In addition, the gallstones were

composed of the calcium salts of lithocholate. The

relevance of these findings to man is uncertain since

calcium lithocholate is only occasionally found in human

gallstones and then only in tiny proportions (Schoenfield

et al, 1966 ) .

Clofibrate and the Oestrogen drug group have both been

implicated in human gallstone pathogenesis. They are

discussed on p. 6 and p. 7 and are included here for

completeness.

It is tempting to ascribe the changes in the incidence

and/
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and composition of gallstones in Japan over the last 40 years

(Nakayama and Miyake, 1970) and also the changes in American

negroes compared with African negroes (Hall, 1963) to

the associated changes in diet. Both these populations

now consume much more refined carbohydrate and both now

produce gallstones containing cholesterol - rather like

the hamster model. Although tempting, this theory has

not been substantiated. There must have been many other

subtle changes - environmental as well as socio-economic -

which have affected these populations in addition to their

change in diet.

(v) Physicochemical aspects: Many of the factors just

considered: infection, stasis and diet, if they have any

relevance to human gallstone pathogenesis, exert their

effects through one final common pathway. They affect

the solubility in bile of the components found in gall¬

stones: predominantly cholesterol and calcium salts. It

is for this reason that the solubilising system - particularly

that for cholesterol - has been the subject of intense

scrutiny over the last 20 years. We are now back to the

situation in which Lehmann found himself 124 years ago.

Cholesterol solubility has held the stage for some time now -

as it did then. The concepts now, however, are perhaps

more refined and certainly more complex.

The cholesterol-solubilising system in bile

The solubility of cholesterol in water is very low:

65 nmol/1 (Higuchi and Saad, 1965). In contrast, its

solubility/
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solubility in bile is 5 mmol/1 (Ilolzbach e_t aJ, 1973):

an increase of over 70,000 times. It is clear therefore

that there must be a mechanism whereby this quantity

of cholesterol is maintained in solution in bile.

(i) Amphipathy: The word "amphipathic" (possessing

both feelings) was proposed by Hartley (1936) to describe

the behaviour of soap systems: one polar part of the

molecule has a sympathy for water and the other non-polar

part, an antipathy for water. This is uniformly found

in molecules with detergent properties. Bile salts

are amphipathic.

(ii) Structure of bile salts: The conventional

formula for the bile salt quantitatively most important

in man - glycocholate - is shown in Fig. la. The formal

steroid nomenclature of the bile salts is presented in

Appendix 7. The nucleus of the molecule is the four-

ringed cyclopentanophenanthrene structure. Neither the

methyl groups nor the hydroxyl or carboxyl groups are

situated sterically in the same plane as the nucleus.

Conventionally, groups directed away from the steroid

nucleus out of the paper towards the reader are said

to be in the B orientation and their bonds are

indicated by a solid line. Those directed into the

paper are in the a orientation and their bonds are

indicated by a dashed line.

The major bile salts of man possess yarying

numbers/
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GLYCOCHOLATE

a) conventional formula

b) conformational formula

f ig. 1
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numbers of hydroxyl groups at the 3, 7 and 12 positions

(Fig. la). These are all oriented in the a-direction.

The carboxylic side chain is also oriented in the same

direction (Small, 1971). The methyl groups at 10 and

13 however, are g-oriented. The bile salt molecule is

therefore naturally divisible into two regions: one

polar, where the hydroxyl and carboxylate ions are

grouped; the other non-polar, containing the steroid

nucleus and the methyl groups. This is graphically

demonstrated in Fig. lb.

(iii) Micelle formation: One consequence of an

amphipathic structure is that these molecules are

surface-active: in low concentration in water they are

more densely distributed at the air-water surface than

in the bulk phase. The less polar hydrophobic areas are

orientated out of the aqueous phase. This is apparently

more stable and requires less energy than having the

hydrophobic areas hydrated. After a certain critical

bile salt concentration is reached, the surface activity

reaches a maximum - when the bile salt molecules are

crowded together at the interface. When this limiting

concentration is exceeded, more must enter the bulk

phase or precipitate. The result in practice is a

compromise. The bile salt molecules do not enter the

aqueous bulk phase as such, nor do they precipitate.

Instead, they aggregate to form small clusters of

molecules/
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molecules orientated in a specific way: with the

polar groups exposed to the aqueous bulk phase, and the

hydrophobic areas grouped in the centre of the aggregate

and so screened from the aqueous phase. Such aggregates

of colloidal dimensions (10 nm in diameter) are called

micelles, and the concentration at which they start to

form is the critical micellar concentration. The

unaggregated form is in rapid equilibrium with the

micellar form. As the bile salt concentration is

further increased, the concentration of unaggregated

molecules remains roughly constant. The size of the

micelles increases slightly but their numbers increase

greatly (Hofmann and Small, 1967).

(iv) Evidence for the presence of micelles in bile:

When bile is subjected to ultracentrifugation or to

electrophoresis, its behaviour is consistent with the

presence of a macromolecular complex in which is found

most of the cholesterol, lecithin and bile salts (Verschure

et al, 1956a, 1956b and 1956c; Juniper, 1965; Bouchier

and Cooperband, 1967). On dilution or gel filtration this

complex is destroyed (Norman, 1964a and 1964b). When the

concentration of serially diluted bile is plotted

against its surface tension a curve is obtained which

shows inflections consistent with the formation of

micelles (Tamesue and Juniper, 1967). In addition,

the osmotic activity of bile is less than expected

from its solute concentration, indicating that there are

fewer/



- 29 -

fewer particles than molecules and thus inferring

aggregation (Ravdin et a!L, 1932; Wheeler and Ramos,

1960). In keeping with these findings are those of

Moore and Dietschy (1964) showing that the activity

coefficients of sodium and potassium are reduced in

bile; this was presumed to be due to binding to
/

micelles. Electron microscopy shows aggregates of the

appropriate size in bile: 100 x 10 nm. Synthetic

mixtures of bile salts, lecithin and cholesterol give

a similar appearance (Howell et_ aM, 1970) .

(v) The significance of mixed micelles: Isaksson in

1954 made the first systematic study of the cholesterol -

solubilising properties of bile salt micelles. He and

others (Small et a/L, 1966; Bourges ejt a/L, 1967; Carey

and Small, 1970) have shown that bile salts alone

solubilise cholesterol rather ineffectively: up to

100 bile salt molecules may be required to solubilise one

molecule of cholesterol.

The structure of the phospholipid, lecithin, is shown

in Fig. 2. The glycerol backbone is esterified at

positions a and g with fatty acids, R^ and Rg . A
choline group is attached through an ester phosphate

linkage to the a carbon atom. This molecule therefore

can be divided into a hydrophobic area containing the

glycerol/fatty acid moieties and a hydrophilic area

containing the phosphate and choline groups and thus

lecithin/
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L- oC- PHOSPHATIDYL CHOLINE ( LECITHIN )

H2 COOC R©

R©C OOCH 0
II ®

H2C-0- P-OCH2 CH2 N S (CH 3)3

oe

R©& Rq = fatty acid substituents

fig. 2
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lecithin also has amphipathic properties. Isaksson

showed that when this molecule, more polar than

cholesterol but less polar than bile salt is introduced

into the bile salt micelle, the cholesterol-solubilising

capacity is greatly increased so that now only ten bile

salt molecules are required to solubilise one of

cholesterol: the bile salts are functionally ten times

better in the presence of phospholipid. The optimum '

ratio of bile salts:phospholipid for this effect is 3:1

(Bourges et a.L, 1967). Until recently views on the

mechanism of this effect were largely derived from the

model suggested by Small e_t aJ, (1969) for the mixed

micellar system of bile salts and lecithin. This is

shown in Fig. 3. Small has postulated that lecithin

occupies the interior of the micelle as a bimolecular

leaflet, with the bile salts sleeving the perimeter.

Thus the polar groups of the phospholipid are also

exposed to the aqueous phase at each end of the micelle.

Cholesterol molecules, rather than being hidden away in

the centre, are interdigitated between the hydrophobic

areas of the lecithin. Experimental support for this

model has come from comparison of theoretical data

predicted from the model with experimental data. The

predicted patterns of increase in micellar weight and

of increase in the diameter of the phospholipid core,

at increasing phospholipid:bile salt ratios, agree well

with the measured values. It has become apparent,

however/
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small's model ofthe mixed micelle

bile salt molecule

cholesterol molecule

lecithin molecule

fig.3
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however, from the work of Mazer et al, (1976) that the

situation is more complex. Using quasielastic light-

scattering spectroscopy, this group have suggested that,

at low lecithin/bile salt ratios, simple micelles of

bile salt alone and mixed micelles of bile salt and

lecithin co-exist. At higher ratios (above 0.6),

only mixed micelles are present. Further, the data are

consistent with a disc model in which both lecithin and

bile salt exist within the area of the disc in a fixed

molar ratio, while bile salt alone constitutes the

perimeter of the disc.

(vi) The changes of phase with concentration which

take place during the interaction of lecithin and

cholesterol with bile salts in aqueous systems: Small,

Bourges and Dervichian (1966) have studied i_n vitro

mixtures of lipids, apparently at equilibrium, using light

microscopy and X-ray diffraction. They have been able

to define the different phases present in the four

component system: bile salt - lecithin - cholesterol -

water. Depicting such a system in two dimensions is

difficult since it requires a regular tetrahedron. For

greater clarity the concentration of one of the components

may be held constant and the phase changes in the mixture,

as the concentrations of the other three components are

varied, may then be depicted elegantly within an equilateral

triangle. Usually the constant component is water; its

concentration/



concentration being held constant at 90% w/v - the

mean value in bile (Isaksson, 1954; Bourges et al_, 1967).

Such a triangle is shown in Fig. 4a: for bile salt -

lecithin - cholesterol in 90% water. The molar

concentrations of each of the three lipids are summated

and the concentration of individual components is then

expressed as a percentage of the total molar concentration

of all the components. The advantage of this is that

the composition of any one mixture of the three components

can now be represented by a single point within the

triangle. In Fig. 4a the point illustrated has the

following composition: 75% bile salt; 20% lecithin;

5% cholesterol. It is important to bear in mind that all

three together represent only 10% of the total weight of

the four component system which includes water.

The phases in this four component system are shown

in Fig. 4b (Small e_t aJ, 1966). If the system is to be

maintained as a single micellar phase, the concentrations

of each of the components can be varied only within the

limits shown in the lower left corner of the triangle.

Thus if all of the cholesterol in the system is to be

solubilised, the proportion of bile salt must be high in

relation to those of phospholipid and cholesterol. If

the limiting ratios of bile salt:lecithin:cholesterol are

exceeded, more than one phase forms. When the proportion

of cholesterol is large relative to the others, the second

phase is crystalline cholesterol. Similarly when the

proportion/
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a) principle of the triangular phase diagram

b) phase diagram of bile salt - lecithin - cholesterol
at 90 % water
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proportion of lecithin is high, the other phase is liquid

crystalline. At intermediate points all three phases:

micelles, crystals and liquid crystals, may be found.

Liquid crystals are intermediate forms. They have some

of the physical properties of a liquid - such as its flow

characteristics. Their structure, however, when assessed

by X-ray diffraction, is more characteristic of a solid

than a liquid. This is achieved either by preserving

the orientation of adjacent molecules seen in the

crystalline phase or the periodicity of structure. The

commonest form of liquid crystal seen when lecithin swells

in water has an internal structure consisting of bimolecular

sheets of lipid interdigitating with layers of solvent,

thus preserving periodicity.

(vii) Cholesterol solubility in bile: Admirand and Small

in 1968, measured the concentrations of the biliary lipids:

cholesterol, lecithin and bile salt, in two groups of

patients, one of which had gallstones. After expressing

the results as molar percentages of the total, they

superimposed the data on the phase diagram of Small ejt al,

(1966) referred to in Fig. 4b. A complete separation of the

two groups of patients was achieved on the basis of these

lipid measurements. The patients without gallstones were

all grouped in the soluble micellar zone, whereas those

with stones were either on or above the line defining the

limits of the micellar zone, indicating that the bile

from/



from the patients with gallstones was saturated or

supersaturated with cholesterol, whereas that from the

group without gallstones was undersaturated.

This exciting finding assumed that:

a) the solubility of cholesterol in bile might

be predicted from the study of these three lipids

in iii vitro systems at pH 8.0 - 10.0, and at room

temperature - in contrast to bile at 37°C, with a pH

between 7 and 8, and containing a variety of other

components such as pigment, protein and inorganic

ions, not present in the model systems.

b) the composition of bile, and therefore the

degree of cholesterol supersaturation did not vary

throughout the day.

Other workers, (Dam ejt aM, 1966; Nakayama and

Van der Linden, 1970; Heller and Bouchier et al, 1973),

have not, however, confirmed the findings of Admirand

and Small, that patients with gallstones can be

differentiated from controls by means of their biliary

lipid composition. Subsequent studies have shown the

reasons. Work by Mufson et al_, (1972) and by Holzbach

et al, (1973) has demonstrated that the first premise

is not true; and work by McSherry e_t eLL, (1971); Metzger

et al, (1973); and Northfield and Hofmann (1975) has

shown that there are indeed diurnal variations in

cholesterol saturation in bile and therefore that the

second premise is also incorrect.

The contribution of Mufson (1972) and of Holzbach

(1973) was to show that the Admirand and Small system

was /



was not examined at equilibrium - another critical assumption.

Holzbach studied iui vitro systems but his end-point was

cholesterol concentration in the soluble phase after

ultrafiltration. His micellar zone was considerably

smaller than that of Admirand and Small (1968). He

was able to approach the same line, defining the limits

of micellar solubility, from below and from above:-

by adding cholesterol to undersaturated systems and by

filtering supersaturated systems - strong evidence that

this is the true equilibrium situation. Mufson (1972)

examined cholesterol solubility in a bile salt-lecithin

system for periods up to three weeks and showed that,

depending on its physical form, cholesterol could take

up to two weeks to reach equilibrium in solution. This

is in contrast to the systems of Small e_t a^, (1966) which

were examined after 24-36 hours. Many of Small's systems

therefore were supersaturated and the true equilibrium

solubility of cholesterol was lower than the reported

values.

Holzbach also showed that while the biles of all his

gallstone patients were supersaturated with cholesterol,

so were the biles of 30% of his normal controls. This

phenomenon is then apparently physiological. If these

controls continue to remain free from gallstones (and

this is unproved) the implication is that supersaturation

of bile with cholesterol is a necessary, but not sufficient

condition for gallstone formation.

One /
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One last complexity has been added to the system

by Carey and Small, (1973). They studied the changes

in the phase diagram with time. Instead of one line

defining the limits of micellar solubility, they were

able to draw two, Fig. 5. Above line AB (defined

originally by Admirand and Small in 1968) they found that

cholesterol precipitated rapidly. Below line CD, however,

no precipitation ever occurred. This is the line determined

by Holzbach (1973). Between the two lines a metastable

state exists in which the micelles are supersaturated

with cholesterol and eventually lose it as precipitate,

their composition at equilibrium always falling on line CD.

It is within zone 2 in Fig. 5 that the metastable state

of cholesterol supersaturation occurs and it is within

this zone that the composition of many biles - normal or

abnormal - fall. Carey and Small postulated that stasis

and other secondary factors, such as insoluble calcium

salts and bacteria, on which the cholesterol could seed

would be important in disturbing this metastable state

and in causing cholesterol precipitation within this zone.

Relevant in this respect is the work of Holan et_ al,

(1977) on differences in metastability between normal

and abnormal bile. Only 6 of 13 normal bile samples

remained isotropic during a three week incubation period.

However, all 10 lithogenic bile samples examined showed

precipitate formation, and usually at a much earlier

stage in the incubation (within 5 days).

In/
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METASTABLE SUPERSATURATION OF BILE SALTS AND

LECITHIN WITH CHOLESTEROL

Limits of micellar zone (after Admirand
and Small 1968)

Limits of micellar zone (after Holzbach, e_t al,
1973)

A Zone of metastable supersaturation

fig.5
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In assessing the potential contribution of insoluble

calcium salts to cholesterol metastability in bile, it is

of interest that the crystal lattice parameters of calcium

carbonate and cholesterol are closely similar and readily

allow epitaxial growth of one upon the other (Lonsdale,

1968).

The complexity of this system, and the factors which

are known to disturb it have been discussed. It is

highly significant that, despite the wealth of detail, no

clearly reproducible difference between patients with

and without gallstones exists. This implies that there are

yet other factors in the production of insoluble cholesterol

in patients with gallstones.

Another salient feature is that most current research

is directed towards analysing the nucleation phase of

gallstone development (formation of micro-crystals).

Although the growth phase has been discussed (Evans and

Cussler, 1974) and the fluid mechanics of the gallbladder

analysed (Cussler, 1970), these more difficult areas have

not attracted the same attention as the initial nucleation

phase.

Considerable data are available on the enterohepatic

circulation of bile salts. Although there are differences

in pool size (Vlahcevic £t aJ, 1970a), and in recycling

rate (Northfield and Hofmann, 1975), the overall secretion

of bile salt is no different in the two patient groups,

with and without gallstones (Northfield and Hofmann, 1975).

Similarly, disproportionate decreases in lecithin secretion

at /
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at low bile salt secretion rates (North!ield and Hofmann,

1975) help to explain the occurrence of cholesterol

supersaturation but again these are physiological and so

do not help to highlight the abnormality in the gallstone

group.

Summary

A complex micellar system exists for maintaining

cholesterol in solution in bile. This often functions

at or beyond the limits of its solubilising power.

Secondary factors such as stasis, infection or insoluble

salts such as those of calcium may then become important

in disturbing the metastable solution and thus in causing

cholesterol to crystallise out. How important these

secondary factors are in causing gallstones is not yet

established since there are few data on the frequency

of their occurrence in the normal population.

Bile is normally a solution not at equilibrium with

regard to cholesterol solubility. The formation of

gallstones is associated with a break in this dynamic

situation, allowing equilibrium conditions to be more

closely approximated, and causing the excess insoluble

load to crystallise out of solution as stone nuclei.

While much has been discovered about gallstone patho¬

genesis, the manner in which separate fragments of

data relate to one another in the overall picture is

still conjectural. Many pieces of the matrix are still

missing.
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4. DEFICIENCIES IN EXISTING KNOWLEDGE
OF GALLSTONE PATHOGENESIS

The pathogenesis of calcium-containing stones

As discussed in Section 2 of this Introduction,

more than 40% of gallstones contain calcium. Maki (1966)

has shown that the g-glucuronidase of Esch. coli can

deconjugate bilirubin in bile. This may be associated

with the formation of insoluble calcium bilirubinate.

However, in the Western Hemisphere, this is quantitatively

one of the least important of the calcium salts in

gallstones (Sutor and Wooley, 1973).

In contrast little is known of the factors which

prevent the precipitation of the more important calcium

salts (carbonate, palmitate and phosphate) in normal bile

or which contribute to their presence in stones. Since

the details of any calcium-solubilising system have not

been defined, nothing is known of its properties. It is

not known whether complex effects such as supersaturation,

which are important in cholesterol solubilisation, apply

to the inorganic constituents of stones. In addition,

little is known of the dynamics of calcium and its salts

through the enterohepatic circulation and about the

chemical and physical interaction between calcium

salts and cholesterol in gallstone formation.

The defect in cholesterol metabolism

The liver rather than the gallbladder has been

identified/
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identified as the source of bile supersaturated with

cholesterol (Small and Rapo, 1970; Vlahcevic et al,

1970b). However, this applied to patients with and

without gallstones (Holzbach ejt al_, 1973). Northfield

and Hofmann (1975) have demonstrated that at low bile

salt secretion rates, there was a disproportionately

low secretion of lecithin, allowing bile to become

supersaturated with cholesterol. However, this

phenomenon also operated to the same degree and for

the same duration in normal controls.

There is some evidence for a diminished bile salt

pool size in patients with gallstones compared with

controls (Vlahcevic <et ail, 1970a). A further study

(Northfield and Hofmann, 1975) failed to substantiate

this. The same paper also demonstrated an inverse

relationship between the size and recycling frequency of

the bile salt pool, so that secretion rate and hepatic

return of bile salts remained constant, despite a wide

range of pool sizes.

The enzyme, hydroxymethylglutaryl CoA reductase

(HMGCoA reductase E.C.1.1.1.34) governs the rate limiting

step in the synthesis of cholesterol from acetate

(Siperstein and Fagan, 1966). An increase in its

activity leads to the synthesis of more cholesterol.

The enzyme cholesterol 7 a-hydroxylase (E.C.1.14.13.17)

governs the rate limiting step in the metabolic pathway from

cholesterol/
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cholesterol to bile salt (Myant and Mitropoulos, 1977).

This is the major route by which cholesterol is degraded

in the liver. An increased HMGCoA reductase activity,

associated with a decreased 7 a-hydroxylase activity might

lead to an increase in the ratio of cholesterol:bile salt -

initially in the hepatocyte and subsequently in bile.

Coyne e_t a^l (1976) have found such a difference in enzymic

activities in patients with gallstones relative to controls.

The observed changes were, however, small. In addition

the activities of these enzymes are easily altered by

hormones and dietary factors, and the cholesterol

7 ct-hydroxylase assay is known to be imprecise (Myant

and Mitropoulos, 1977). For these reasons, the role of

the enzymes in a primary defect in hepatic cholesterol

metabolism is far from clear. It is to be anticipated

from the work of Holzbach £t al (1973) that even if such

enzyme changes do occur in gallstone patients, they will

also be present in a significant proportion of controls.

It is clear therefore that, to date, no reliable

difference has been demonstrated in the physicochemical

behaviour of cholesterol in the bile of patients with and

without gallstones (apart from the crucial fact that one

allows cholesterol to crystallise out of solution, and

the other does not). Despite the vast effort that has

gone into defining a primary defect in cholesterol

metabolism which may be responsible for gallstone formation -

none has yet been found.

Gallbladder/
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Gallbladder function

Little is known about the possibility of a primary

defect in the mechanical function of the gallbladder in

patients with gallstones. The vaguely defined syndrome

of biliary dyskinesia (Westphal and Gleichmann, 1931),

in which there is a deterioration in the emptying

capability of the gallbladder, is associated with gallstone

formation. It is not, however, known how common this

or associated abnormalities of the sphincter of Oddi are

in gallstone formation. There are no data on residual

volumes of bile in the gallbladder in patients with or

without gallstones, or on any differences which may exist

in the response of the gallbladder to humoral or neural

stimuli. Despite the emphasis which has been placed on

stasis in stone formation, Northfield and Hofmann (1975)

have made the novel suggestion that increased emptying of

the gallbladder in patients with gallstones could lead to

an increased recycling frequency of bile salts and to a

compensatory decrease in bile salt pool size. This

contention is supported by their finding that a larger

proportion of the total pool is secreted into the duodenum

in the first hour after a meal in patients with gallstones

compared to controls. However, a very small number of

patients were studied and the suggested small pool size

seen by other authors (Vlahcevic e_t aH, 1970a) was not

confirmed in this work.

The importance of non-crystalline material

Maki (1966) has shown how non-crystalline calcium

bilirubinate/
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bilirubinate might form as the result of infection of

bile with Esch. coli. This organism possesses the

enzyme g-glucuronidase which converts soluble conjugated

bilirubin to insoluble unconjugated bilirubin, which then

complexes with calcium as it precipitates. Apart

from this, little is known of the processes that lead to

the inclusion of other non-crystalline material such as

protein into stones.

Stone growth

Little is known of the mechanisms which cause

crystals, once nucleated, to remain within the gallbladder

long enough for growth to occur into what is recognisably

a gallstone.

The presence or absence of crystal growth inhibitors

in bile has been the subject of only two papers (Saad

and Higuchi, 1965; Sutor and Percival, 1976). Although

both implicated bile salts in in. vitro systems, neither

contained information on differences in this property

between normal and abnormal bile.

Because of the obvious difference in effort expended

on the cholesterol field relative to the others, it was

decided to centre the present work on one of the other

fields. The pathogenesis of calcium-containing stones

was thought most appropriate in view of the frequent

occurrence of these stones.
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5. WHAT IS KNOWN ABOUT CALCIUM IN BILE

a) The concentration of calcium in hepatic bile

resembles that in plasma (Fink, 1956; Large

et al, 1960; Thureborn, 1962; Briscoe and

Ragan, 1965).

b) Calcium is concentrated 3-4 fold in the gall¬

bladder (Tera, 1960).

c) There is apparently no difference in the total

calcium concentrations in gallbladder bile in the

two groups of patients with and without gallstones

(Nakayama and Van der Linden, 1970).

d) When assessed as a proportion of the total solids

in bile, there is more calcium in the gallbladder

bile of patients with gallstones than in normals:

0.54% compared to 0.28% (Burnett, 1965).

e) Calcium salts are subject to layering effects

within the gallbladder (Tera 1960).

f) There is a mucopolysaccharide fraction in bile

apparently capable of binding calcium (Clausen,

1962) .

g) Sulphated glycoproteins in both normal and abnormal

bile have a tendency to coagulate suspensions

of calcium carbonate (Nagashima e_t aA, 1974a and

1974b).
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6. OUTSTANDING PROBLEMS RELATED
TO CALCIUM IN BILE

a) Nothing is known of the calcium activity in bile,

in contrast to data on its total concentration.

It is the activity and not the concentration

which will determine its ability to form insoluble

complexes with carbonate, palmitate, phosphate and

bilirubinate.

b) The activity will be determined by the number of

molecular species in bile capable of binding

calcium in soluble form and by their relative

affinities for calcium. Little is known of

potential calcium-binding agents in bile.

c) The ways in which the activity of calcium varies

throughout the day within the enterohepatic

circulation and indeed from patient to patient,

with or without gallstones, are completely

unknown.

The scope of the work presented here is restricted

to a) and b).
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7. OBJECTIVES OF THE WORK

a) To confirm measurements of total calcium

concentration in hepatic and gallbladder bile

from patients with gallstones.

b) To measure "filterable" and "unfilterable"

calcium in bile as an approach to the measurement

of activity.

c) To assess the relative importance of potential

calcium-binding agents in bile:-

i) lipids: bile salts and lecithin

ii) protein

iii) polysaccharide

iv) low molecular weight, non-polymeric

compounds

d) To measure ionised calcium in bile.

e) To demonstrate reversibility of calcium binding

in bile.

f) Finally, to propose a model for the calcium-

binding system in bile.



METHOD
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SECTION I

METHODS USED TO STUDY CALCIUM BINDING

Ultrafiltration: (Single cell method)

(i) Principle: A stirred ultrafiltration cell

(Millipore U.K. Ltd) 13 mm in diameter, containing a

membrane with a molecular weight cut off = 1000 (PSAC

01310) was used. Ultrafiltrate was collected under

nitrogen. By subtracting the filterable calcium from

the total added to the cell, the quantity of unfilterable

calcium was obtained. The system, thermostated at 37°C,
is shown in Fig. 6.

(ii) Procedure: The cell (whose maximum capacity = 3

ml) was filled with 2.7 ml of test solution containing
45

radioactive Calcium (2 yCi). A new membrane was used

for each determination. Nitrogen under a pressure of

170 kPa, was used to drive ultrafiltrate through the

membrane. In order to reduce dead space, the outlet

tube was kept as short as possible (1.5 cm) and was

connected directly to a drop counter (LKB Ultrorac

7000 Fraction Collector). Individual drops were then

collected for scintillation counting (p.233).

(iii) Assessment of the System:

a) Non-specific binding of ligand (calcium) to the

system: The first 30 drops were collected in four

separate experiments in which solutions containing

calcium chloride in concentrations of 0.1, 0.5, 5.0
45

and 9.0 mmol/1 were ultrafiltered. Calcium (2 yCi)

was /
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SINGLE CELL ULTRAFILTRATION SYSTEM

fig. 6
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was included as a tracer. These experiments were

performed in tris/HCl (20 mmol/1), NaCl (150 mmol/1),

pH 8.00. The recovery of radioactive calcium

ranged from 99.1 - 100% in the third and all subsequent

drops of ultrafiltrate.

Similar experiments were performed with sodium

glycocholate (40 mmol/1) in the cell and with the

same range of calcium concentrations. As shown in

Fig. 7, a sigmoidal relationship between the calcium

concentration in the ultrafiltrate and the drop

number was found. It was presumed that the low

concentration found in drops 1 and 2 represented

binding of calcium to the apparatus, including the

filter, and that the higher concentrations in drops

5 and 6 reflected the escape of a proportion of the

calcium bound to bile salt. It was decided

therefore, to use the calcium activities in drops

3 and 4 in each experiment to calculate calcium

concentration in the ultrafiltrate, knowing the

original specific activity of the ligand. The volume

removed from the cell in order to perform the binding

estimation was 85 yl, equal to 3% of the total,

b) The relationship between applied pressure and

bound calcium: Sodium glycocholate (40 mmol/1) with

calcium chloride (3 mmol/1) in tris (20 mmol/1), NaCl

(150 mmol/1), pH 8.00 was ultrafiltered at 37°C under

nitrogen pressures in the range 34 - 180 kPa. The

flow rate was linearly dependent on pressure throughout

the /
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SINGLE CELL ULTRAFILTRATION OF GLYCOCHOLATE

AND CALCIUM : CALCIUM RADIOACTIVITY IN

SEQUENTIAL ULTRAFILTRATE DROPS

55,000*
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In the course of ultrafiltration of glycocholate (40 mmol/1)
and calcium in tris/IlCl (20 mmol/1), NaCl (150 mmol/1), pll 8.00,
at 37°C, the radioactivity from 45ca was measured in sequential
drops of ultrafiltrate. In 4 separate experiments, the calcium
concentrations used were 0.1, 0.5, 5.0 and 9.0 mmol/1. The
results are expressed as the mean of these 4 measurements
together with the range for each drop.

tig.7
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the range tested. Calcium concentrations in the

ultrafiltrate were determined as above. As seen in

Fig. 8, the unfilterable calcium was affected by

pressure variations below 100 kPa.

A similar series of experiments was performed

with the same concentrations of calcium and bile salt

r 14
but with the bile salt labelled with [2. Cjglycine

glycocholate (2 yCi). Radioactive calcium was omitted.

Estimations of bile salt concentration in the

ultrafiltrate were performed by scintillation

counting. It was found that at 35 kPa, the glyco¬

cholate concentration in the ultrafiltrate = 10.0

mmol/1, whereas at 172 kPa, the glycocholate

concentration = 4.3 mmol/1. The higher bile salt

concentration in the ultrafiltrate might help to

explain the apparently lower calcium binding seen at

the lower pressures. All experiments were subsequently

performed at 170 kPa.

c) Retention characteristics of the ultrafiltration

membrane: The membrane used (PSAC 01310) is

manufactured with a nominal molecular weight cut off =
\

1000, indicating that molecules above this weight are

retained and vice versa. This was tested by

filtering radiolabelled compounds of known molecular

weight, dissolved in tris/IICl (20 mmol/1), pH 7.80

1/
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SINGLE CELL ULTRAFILTRATION : RELATIONSHIP OF

ULTRAFILTRATION PRESSURE TO FLOW RATE AND

UNFILTERABLE CALCIUM ( BILE SALT )

0 100 200

ultrafiltration pressure (kPa)

Solutions containing glycocholate (40 mmol/1) and CaCl2
(3 mmol/1) in tris/HCl (20 mmol/1), NaCl (150 mmol/1),
pH 8.00, were ultrafiltered at 37°C using the single
cell. The operating pressure was varied from 0-172 kPa.
At each pressure the flow rate • • was measured, and
the unfilterable calcium o o calculated as the
difference between total calcium and the ultrafilterable
calcium.
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fig.8



40 4 5
I CaC^ + calcium (900 Ci/mol) : 350 ymol/1

r 14 i
II Na glycocholate + [_2. CJ glycine

glycocholate (50 Ci/mol) : 350 ymol/1
5 8

III Cyanocobalamin + [ Co] cyanocobalamin

(1300 Ci/mol) : 370 ymol/1

IV Insulin + [125l] insulin (400 Ci/mol) : 280 ymol/1

Filtration was performed at 37°C, and 170 kPa, in

triplicate - a new membrane being used for each

determination. Radioactive calcium and glycocholate

were measured by scintillation counting (p.233) and

radioactive cyanocobalamin and insulin using a gamma

sample counter (LKB Wallac 80000). Fig. 9 shows the

results of this assessment. The cut-off is not sharp

at a molecular weight of 1000 but nevertheless takes

place within a relatively narrow molecular weight band.

Further experiments with glycocholate indicated that

the membrane retained bile salt micelles. Radiolabelled

glycocholate (40 mmol/1) in tris/IICl (20 mmol/1), NaCl

(150 mmol/1) pH 8.00, 37°C, was ultrafiltered at

170 kPa. The glycocholate concentration in

sequential drops of ultrafiltrate was estimated from

the radioactivity in each drop and the known specific

activity of the bile salt. This concentration did

not exceed 5.0 mmol/1 in the first six drops.

Approximately 90% of the bile salt was retained by the

filter at a concentration of 40 mmol/1 in contrast to

20% at a concentration of 350 ymol/1 (Fig. 9)

inferring/
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SINGLE CELL ULTRAFILTRATION : RETENTION

CHARACTERISTICS OF THE MEMBRANE

molecular weight

The retention characteristics of the membrane were assessed by
ultrafiltering solutions of 45caCl2 (0); glycocholate
monomer ( • ); cyanocobalamin ( A ); and insulin ( □ ). The
experiments were performed in triplicate and results are
expressed as the mean together with the range.

fig.9



- 59 -

inferring retention of glycocholate aggregates.

d) Precision: The coefficient of variation

(Appendix 6) for 5 separate experiments containing

purified bile salt and calcium was 1.1%.

e) Binding studies in bile: CaCl2 (300 nCi)
was evaporated to dryness and dissolved in 3 ml

of bile with vigorous mixing. Total calcium

concentration was measured by atomic absorption

spectrophotometry (p.232). Samples were taken for

scintillation counting (p.233). The bile sample

was ultrafiltered and the calcium concentration in

the ultrafiltrate was determined from its content of

radioactivity. The coefficient of variation (c.v.)

of this technique was 6% (n = 5).

A curve of unfilterable calcium vs. pressure

was constructed for a specimen of hepatic bile whose

total bile salt concentration was 5.0 mmol/1. As

seen from Fig. 10, the pressure effect below 100 kPa

was smaller than in Fig. 8. Again no effect on

binding was seen above this pressure. Routine

experiments were performed at 170 kPa.

f) Binding studies involving purified bile salts:

Stock solutions of bile salt and calcium were ultra-

filtered, before use in the binding experiments,

through a membrane with a pore size 0.22 ym, in

order to remove insoluble material.

Initially, calcium and bile salt were pre-

equilibrated at 37°C for 1, 2 and 4 h before the

binding/
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SINGLE CELL ULTRAFILTRATION : RELATIONSHIP

OF ULTRAFILTRATION PRESSURE TO FLOW RATE

AND UNFILTERABLE CALCIUM (BILE )

100 200

ultrafiltration pressure (kPa)

z: 3000
o
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| 2000
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Portions of a sample of hepatic bile were ultrafiltered at 37°C
using the single cell. The operating pressure was varied
from 0-172 kPa. At each pressure the flow rate • • was
measured, and the unfilterable calcium o o calculated as
the difference between total calcium and the ultrafilterable
calcium. In the bile sample, bile salt concentration = 5.0
mmol/1, calcium concentration = 1.44 mmol/1 and pH = 7.4.

fig, 10
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binding measurement. The result was not dependent

on the length of the incubation period. Routine

experiments were subsequently performed after an

incubation period of 1 h at 37°C.
Ultrafiltration: (Constant-volume method)

After the single cell experiments were underway the

constant-volume apparatus became available. It had the

advantage that a complete binding curve could be generated

in each experiment, with a considerable saving of time

and materials. It contrasted sharply with the single

cell procedure in which only a single point on the

binding curve was generated in each experiment.

(i) Principle: The Millipore 13 mm stirred ultra¬

filtration cell with membrane (molecular weight cut-off =

1000) was used with a 25 mm reservoir sited above it

(Fig. 11). The binding agent was placed in the filtration

cell and the ligand (calcium) in the reservoir. Ultra-

filtrate was collected under nitrogen. The system was so

designed that, as one drop (22 yl) of ultrafiltrate was

collected from the cell, a similar volume of fluid fell

from the reservoir into the cell. In this way, the

volume of fluid within the cell remained constant. The

ligand, calcium, was gradually washed into the cell from

the reservoir. By measuring the calcium concentration

in sequential drops of ultrafiltrate, it was possible to

calculate binding data for each measured point.

The principle of the calculation is:-

Bound/
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THE CONSTANT-VOLUME ULTRAFILTRATION SYSTEM

fl P
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Bound calcium

Total calcium
washed into
eel 1

Total calcium
washed out
of cell

Free calcium
in cell

The cumulative masses of calcium washed into and out of

the cell were calculated. The above equation was then

solved for each sequential point at which the calcium

concentration in the ultrafiltrate had been measured. The

details of the calculation are presented in Appendix 4.

(ii) Procedure:

a) Structural modification: The system as supplied

by the manufacturers was quite unusable for two

reasons. Firstly, fluid from the reservoir tended

to adhere to the cap of the cell and to fall

irregularly into the cell. Thus the flux of ligand

through the cell was not constant, nor was the cell

volume. Secondly, initial mixing of small amounts

of reservoir fluid with the cell contents regularly

occurred during the stage at which the cell was

pressurised. To overcome the first of these

difficulties, the apparatus was modified in a simple

way. A 15 mm length of polyethylene tubing, internal

diameter 1.0 mm (Pharmacia Tubing : 90040) was

attached to the base of the reservoir and allowed to

project into the cell. A similar length of tubing

was used in the outlet of the cell (Fig. 11: a and b).

This produced a 1:1 correspondence between drops from

the reservoir and drops from the cell . Drops from

each /



- 65 -

each compartment were separately collected and weighed

and were shown to have similar mass (22 + 0.5 mg S.D.,

n = 30). Thus the variation in cell volume through¬

out the experiment was +_ 1 drop (22 yl).

b) Pressurising sequence: The system could not

be pressurised upright because this caused reservoir

fluid to flood into the cell until pressure in both

compartments equalised. To circumvent the problem

of initial mixing of the two compartments, the

pressurising sequence was modified (Fig. 12). The

reservoir, without its base, was inverted and 2 ml

of calcium solution added. A low flow of nitrogen,

under a pressure of 6 kPa, ensured that the reservoir

fluid did not track back into the pressure tubing.

A solution of the binding agent was then added to the

cell which was capped and the reservoir base

attached to it. This part of the system was then

inverted and screwed to the inverted gassed reservoir.

The pressure was increased to the operating level.

After bubbling had ceased the cell was gently turned

upright and placed between two stirrers on the drop

counter of a fraction collecter (LKB Ultrorac 7000).

c) Operation: The system was pressurised as

described with 2 ml of reservoir fluid containing
45

CaC^ (5.0 mmol/1 or 37.8 mmol/1) and calcium (2 yCi);
and with 1.0 ml of binding agent in the cell. The

operating pressure was 170 kPa. Individual drops

of/
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PROCEDURE FOR PRESSURISING THE CONSTANT-VOLUME
SYSTEM

fig.12
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of ultrafiltrate were collected into 5 ml

polyethylene vials for scintillation counting.

The calcium concentration in sequential drops

was estimated from the radioactivity and the known

specific activity of the calcium. Twentyfive

single-drop fractions were collected in each

experiment. At the end, the fluid in the cell

was removed and weighed. Experiments were

performed at room temperature 20-24°C, as

measured by a needle thermistor (Ellab Type DU 3).

The total experiment lasted 60 minutes,

(iii) Assessment of the system:

a) The lag phase: Due to the dead space in the

base of the reservoir, fluid from this did not

immediately start to replenish the contents of the

cell, even though ultrafiltrate was being produced.

This resulted in a decrease in the volume of the

cell contents from 1000 y 1 to 800 yl before the first

drop of reservoir fluid fell. After this the cell

volume remained constant +_ 1 drop, because each drop

of ultrafiltrate collected out of the cell was then

matched by one from the reservoir into the cell.

The initial 8-10 fractions therefore served as

blanks for the remainder of the experiment. The

size of the lag effect was dependent on the

operating pressure, as shown in Fig. 13. The

higher the pressure, the larger the number of

initial/
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CONSTANT-VOLUME ULTRAFILTRATION : RELATIONSHIP

OF WORKING CELL VOLUME TO OPERATING PRESSURE

1000-1
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One ml of tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00,
was placed in the ultrafiltration cell and 2 ml in the
reservoir, at 20-24°C. The operating pressure was varied
from 35 kPa to 140 kPa. At the end of each experiment the
buffer remaining in the cell was removed and its volume
calculated by weight and specific gravity (working cell
volume).

fig. 13
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initial blank fractions and the lower the working

cell volume. As shown later, however (p. 71),

this did not materially affect the binding data.

The volume removed from the cell as blank

fractions agreed to within 60 yl of that calculated

by measuring the volume of fluid in the cell at

the end of the experiment and subtracting this

value from the starting cell volume of 1000 yl.

The cell volume at the end was determined by weight

and specific gravity. The 60 yl discrepancy was

assumed to be due to fluid within the ultrafiltration

membrane in agreement with manufacturer's data

(Millipore, 1974).

b) Non-specific binding of calcium and bile protein

to the apparatus: A binding curve was calculated

after the working tris buffer alone had been placed

in the cell and radiolabelled calcium chloride

(5 mmol/1) in the reservoir. Duplicate experiments

gave dissociation constants (Appendix 3) of 11 and

50 ymol/1 for calcium binding to membrane + apparatus.

The latter was saturated with ligand at free calcium

concentrations above 200 ymol/1. The blank curve

for calcium represented 30% of the total binding to

bile salt micelles and was subtracted from the curve

depicting total binding in order to produce the curve

due to binding agent alone.

In experiments in which the binding agent was

protein/
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protein, the protein concentration was measured at

the start and finish. The yield was 97%, 95% and

97% of the starting mass in three such experiments,

showing that neither loss through the membrane nor

binding to it was a problem.

c) Permeability of the membrane to bile salts:

It was known from the experiments with the single-

cell technique that submicellar concentrations of

bile salt leaked through the membrane and that

micelles were retained (p.57 ). After preliminary

experiments it was therefore decided to place radio-

labelled glycocholate (4.0 mmol/1) in the reservoir

in a concentration close to the critical micellar

concentration in order to replace bile salt lost in

the course of the ultrafiltration. Radiolabelled

glycocholate (32 mmol/1) in the same tris buffer was

placed in the cell. Glycocholate concentration in

ultrafiltrate drops was assessed by radioactivity

measurements. Four separate experiments were

performed, 30 drops of ultrafiltrate being collected

each time. The glycocholate concentration in the

ultrafiltrate ranged from 3-5 mmol/1. Allowing for

the decrease in cell volume because of the lag phase,

the recoveries of glycocholate in the cell at the

end of the experiment were 95, 96, 96 and 98%.

Calcium-binding experiments to bile salt micelles

were then possible by placing similar concentrations

of/
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of unlabelled glycocholate in the cell (32 mmol/1)

and reservoir (4.0 mmol/1) and by adding radio-

labelled calcium chloride (5 mmol/1) to the reservoir.

d) Effect of variation in operating pressure on

binding data: Calcium binding to bile protein

(p. 96) was performed using a protein concentration

of 7 g/1 in the cell and a calcium chloride

concentration of 37.8 mmol/1 in the reservoir.

Binding data were collected at pressures from 34.5

to 172.4 kPa. These are shown in Fig. 14. There

is no detectable difference in binding over this

range of pressure. The routine operating pressure

was 170 kPa.

e) Reproducibility: Binding curves were performed

and calculated in triplicate for calcium binding to

bile protein. These are shown in Fig. 15. The

variation is greater than for the single cell procedure

but is still within acceptable limits. It can be

seen that the curves in Figs. 14 and 15 - from

different patients - have different shapes. This

is further exemplified in Fig. 48. The differences

presumably reflect the heterogeneity of calcium-

binding species in the protein fraction.

The calcium ion electrode

(i) Principle: The measurement in millivolts was made

wi tli a Radiometer Calcium Ion Select rode (F 2112), using

the PIIM64 Research pH meter. The electrode measured the

activity/
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CONSTANT-VOLUME ULTRAFILTRATION : RELATIONSHIP

OF BINDING DATA TO ULTRAFILTRATION PRESSURE

free [calcium] mmol /I

Calcium binding to the protein fraction of a sample of
gallbladder bile in tris/HCl (20 mmol/1), NaCl (150 mmol/1),
pH 8.00, was measured at 20-24°C by constant-volume
ultrafiltration at pressures of 34 kPa (-A-A-); 70 kPa
(• • ); and 172 kPa (o o ).

fig.U
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CONSTANT-VOLUME ULTRAFILTRATION :

REPRODUCIBILITY

3 80Ch
0
1

Q.
CD

free [calcium ] mmol / I

Calcium binding to the protein fraction of a sample of
gallbladder bile in tris/HCl (20 mmol/I), NaCl (150 mmol/1),
pll 8.00, was measured in triplicate at 20-24°C by constant-
volume ultrafiltration at a pressure of 170 kPa. Results
are expressed as the mean of the 3 experiments together with the
range for each point.

fig.15
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activity of calcium ions in solution and the concentration

of ionised calcium could be directly calculated. By

subtracting this from the total calcium concentration,

the bound calcium was obtained. The instrument

operated on the principle that calcium ions interacted

with selective material at the outer electrode surface

and released an equivalent number of ions from the inner

surface. The inner and outer concentrations constituted

the two compartments of a classical electrochemical

concentration cell, resulting in a itieasurable difference

in potential. The resultant potential was described by

the Nernst equation (Sternberg e^t a_l, 1976):

R T
E = Eo + . In.a.

n. F 1

Here E = electrode potential of the half-cell

Eo = standard electrode potential for the half

cell (a = 1).

R = gas constant (8.3 joule. °K ^. mole .

T = absolute temperature (°K).
F = Faraday's constant (96487 coulomb.equiv. ).

n = charge number of the ionic species in.
In = natural logarithm

a^ = activity of the ionic species i.
The measurement was made against a reference calomel

electrode. The Nernst equation predicted the logarithmic

behaviour of the electrode. Fig. 16 confirms this.

The equation also predicted that the potential was

temperature /
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THE CALCIUM ELECTRODE = LOGARITHMIC RESPONSE
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Standard CaCl2 solutions (0.1 - 5.2 mmol/1) were prepared
in tris/IICl (20 mmol/1), NaCl (150 mmol/1), pH 8.00, and
the voltage response of the calcium electrode to each
measured at 37°C.

fig.16
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temperature dependent and so all measurements were made

in containers thermostated at 37°C.

Ionic activity (a^) was the variable detected by the
electrode. Concentration (C^) was the variable detected
by the chemical methods (p. 232). The two were related

as follows

a. = y . . C .
1 ' l I

where = activity coefficient or fugacity. The

latter varied with ionic strength according to the

Debye-Huckel equation (Debye und Huckel, 1923; Huckel, 1925)

,
_ A.n2./T

g Yi 1 + B.x./I

Hero, A and B = constants

n = ionic charge

x = specific ion size parameter
2

I r
l

I = ionic strength E (n^ . C^)]

It was mandatory therefore that the activities of standards

and samples took account of ionic strength (conveniently

by arranging that the ionic strength in both was equal),

(ii) Procedure:

a) Calcium-glycocholate titrations: Measurements

were made in a 30 ml plastic cup jacketed at 37°C.
The temperature was checked before each recording

by a needle thermistor (Ellab Type DU3). Calcium

chloride 0.09 - 9.00 mmol/1 in tris/HCl (20 mmol/1),

NaCl (150 mmol/1), pH 8.00, was used to construct the

standard/
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standard curve. The electrode was washed with

double-distilled water between standards. There¬

after titrations of calcium into buffer in the presence

and absence of sodium glycocholate (3 mmol/1) were

performed. 10 ml buffer + glycocholate was placed

in the container. The corresponding medium containing

CaC^ (10 mmol/1) was used as the titrating solution
and was added in 100 U1 volumes with stirring. At

the end of each titration the middle standard was

rechecked.

b) Measurements of ionised calcium concentration

in ultrafiltrates of bile: The total ionic strength

of the ultrafiltrates was first measured (p. 165 ).

For hepatic bile the mean ionic strength was 137

mmol/1. Calcium chloride standards 0.01 - 10.00

mmol/1 were then dissolved in saline to give a total

ionic strength of 137 mmol/1 in each case. The pH

of the standards (6.8) was not adjusted to that of

the ultrafiltrates (8.5) since it was claimed that

the electrode response was independent of pH over the

range 6-10 (Instructions for F2112 Ca Calcium Ion

Selectrode, 1977). This was confirmed on the 10.0

mmol/1 standard for pH 6, 7, 8 and 9 (where values

of 10.2, 10.1, 10.1 and 10.0 were obtained). All

measurements of standards and samples were performed

at 37°C. The entire process was repeated for

ultrafiltrates of the gallbladder bile,

(iii) Assessment:/
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(iii) Assessment

a) Precision and Recovery: Within-batch precision

experiments gave a c.v. = 1.0% (n = 5). Recovery

of calcium in the presence and absence of glyco-

cholate averaged 98%, with a range from 90-102%

(n = 10).

b) Interference: Use of solutions of sodium

glycocholate in a concentration of 40 mmol/1, in tris,

pH 8.00, over 60 min affected the measurement of

subsequent standards and samples. The mV reading

after glycocholate was reduced compared with the

initial value, and took 60 min to recover. For this

reason, the measurements described above were confined

to sub-micellar concentrations of bile salts which

did not affect the performance of the electrode in

this way.

Equilibrium dialysis

(i) Principle: A solution of the binding agent was

placed on one side of a semi-permeable membrane and, on

the other, a solution of ligand. The membrane was chosen

to be impermeable to the binding agent but to allow free

diffusion of ligand (calcium). Ideally, at equilibrium,

the concentration of unbound ligand was equal on both sides

of the membrane. Thus on one side of the membrane there

was bound and unbound ligand and on the other, only

unbound. By difference, therefore the quantity of bound

ligand could be calculated.

(ii) /
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(ii) Procedure: The Dianorm equilibrium dialysis

system consisted of teflon dialysis cells (Fig. 17) which

were separated into two compartments by a semi-permeable

membrane of regenerated cellulose. The membrane used

was Spectrapor (Type 2) which has a molecular weight

cut-off in the range 12,000-14,000. The membrane was

prepared by soaking in distilled water for 30 min, then

in 30% ethanol for 20 min, followed by multiple rinses

with distilled water over 30 min and finally by two

rinses with the buffer in which the experiments were

performed: tris/HCl (20mmol/l), NaCl (150 mmol/1), pH 8.00,

over a further 30 min.

Each half-cell had a total volume of 1.36 ml. The

working volume in all experiments was 1.0 ml per half

cell. The cells were stacked in racks of five with

intervening spacers to allow rapid temperature equilibration.

Four such racks were supported in a holder which rotated

at constant speed (12 r.p.m.) in a 37°C water bath. As

shown in Fig. 18, each half-cell was provided with three

sampling ports. The upper two were used for filling.

The second port of each pair allowed air to be displaced

from the cell during filling. The third, placed

separately in the cell circumference, was used for

sampling after equilibrium had been reached. This was

done by means of a 50 yl S.G.E. glass microsyringe.

During equilibration all ports were stoppered as shown

in/
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THE DIANORM EQUILIBRIUM DIALYSIS SYSTEM

fig.17
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EQUILIBRIUM DIALYSIS ' THE HALF-CELLS WITH

SAMPLING PORTS

fig.18



- 82 -

in Fig. 17.

(iii) Assessment:

a) Determination of equilibration time: Calcium
45

chloride (0.1 mmol/1) with Ca tracer (1 yCi) in the

working tris buffer was placed on one side of the

membrane and buffer alone on the other. Multiple

10 y1 samples were removed from each half-cell over

a 4 h period of dialysis, and used for scintillation

counting. As shown in Fig. 19, equilibrium was

reached at the 90 min stage with the counts in each

half-cell becoming and remaining equal after this

time.

A similar experiment was performed on a bile

sample, previously dialysed for 16 h against the

working tris buffer at 4°C. The endogenous

calcium was undetectable. Bile was placed on one

side of the membrane and CaC^ (0.1 mmol/1) on the
other. Multiple sampling was performed as before.

The results are shown in Fig. 20. Equilibrium,

the point at which no further change was taking place,

was reached after 2 h. The difference in counts

between the two sides of the membrane represented

the calcium bound. In subsequent experiments

samples for analysis were removed after a dialysis

time of 2\ h.

The equilibrium reached in the binding experiments

performed on bile samples subjected to preliminary

periods/
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EQUILIBRIUM DIALYSIS : EQUILIBRATION OF CALCIUM
AGAINST BUFFER

0 60 120 180 240

time ( mins )
4 ^

CaCl„ (0.10 mmol/1) containing CaCl2 (1 mCi/1) in tris/HCl
(20 mmol/1), NaCl (150 mmol/1), pH 8.00, was placed in one
half-cell (o o ); and in the other an equal volume (1 ml)
of tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00 (• • ).
The cell was rotated at 37°C and multiple 10 yl samples removed
from each side of the membrane for scintillation counting.

fig.19
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EQUILIBRIUM DIALYSIS : EQUILIBRATION OF
CALCIUM AGAINST BILE

_80(000-i
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20,000-

CaCl2 (0.10 mmol/1) containing 5CaCl2 (1 raCi/1) in tris/HCl
(20 mmol/1), NaCl (150 mmol/1), pH 8.00, was placed in one
hall-cell (o o ); and in the other an equal volume (1 ml)
of hepatic bile previously dialysed for 16 h against 100
volumes of tris/HCl (20 mmol/1), NaCl (150 mmol/1), pll 8.00,
at 4°C (• • ). The cell was rotated at 37°C and multiple
10 y1 samples removed from each side of the membrane for
scintillation counting.

fig.20
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periods of dialysis (p.123) was metastable and not

absolute. It was subsequently shown that bile salt

micelles were important calcium-binding agents and

that the membrane used here was slowly permeable

to the mixed micelles found in bile. The bile

salt concentration in a sample of hepatic bile

dialysed against an equal volume of buffer in the

dianorm apparatus was found to decrease by 9% after

a 2\ h dialysis period at 37°C. Lecithin and

cholesterol concentrations did not change significantly.

The inaccuracy was accepted with the reservation that

experiments on bile, with micelles present initially

on only one side of the membrane, were used for

comparisons with other data similarly obtained,

rather than for calculation of absolute binding data.

b) Non-specific loss of ligand: An estimation of

recovery of counts still in solution at equilibrium

after 2\ h dialysis was possible for each cell by

addition of the counts from each half-cell and

comparison with the original total value. 6-10%

of the total calcium was lost in each experiment:

presumably due either to binding to membrane or cell,

or to leakage.

c) Precision: The c.v. between samples analysed

over 5 days = 2% (n = 5).

d) Donnan effects: These are important in equili¬

brium dialysis because, if present, they introduce

errors/
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errors into the binding calculation. They involve

the unequal distribution of diffusible ions across

a semi-permeable membrane. This is induced by the

presence of a non-diffusible, charged macromolecule

on one side of the membrane.

Donnan (1911) showed that, at electrochemical

equilibrium, the distribution of anions and cations

across the membrane was as follows:-

[Anion] B Za

[Anion]
[Cation] A

| [Cation] B J
_1_
Zc

= 1 +
x . M
Q (1)

Where A = compartment containing non-diffusible

macromolecule

B = compartment not containing macromolecule

Za + Zc = valencies of anions and cations respectively

x = net change on macromolecule

M = molar concentration of macromolecule

Q = concentration of neutral salt in the

system.

In practice this may be translated as

MB
= MA = fMAI 1

Ma Mb 1 MB
or alternatively

(2)

M A [CI] B
M B [CI] A

(3)

Equations (1) and (3) predict that the concentration

of/
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of unbound calcium will be higher on the macro-

molecular side of the membrane (A), in the presence

of a Donnan effect. This leads to an overestimation

of calcium binding since, in this compartment

containing macromolecules, bound calcium = total -

unbound. The error is introduced because,

experimentally, unbound calcium concentration is

measured on the other side of the membrane and it is

assumed that the unbound concentrations of calcium

are equal on both sides - when in fact they are not.

Equation (3) also predicts that the Donnan

effect on calcium ions may be corrected by measuring

the distribution of chloride on either side of the

membrane. In bile, chloride assay by mercuric

nitrate titration (Schales and Schales, 1941) is

difficult due to the high background colour which

makes the titrimetric endpoint less sharp. More

important is that the procedure (application of equation

(3)) does not compensate for the secondary volume

changes in the two compartments which may occur due

to induced differences in osmotic pressure. Secondary

volume effects will also lead to inaccuracies in the

calculation of binding data.

Correction for Donnan effects induced at high

concentrations of macromolecule is therefore less

satisfactory than avoiding them. Examination of

equation (1) suggests three ways in which this may be

achieved:-/
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achieved:-

I. The experiments may be performed at the

isoelectric point of the macromolecule. Here

x = 0 and no Donnan effect exists. This is

only applicable to purified preparations and

even then is confounded by problems of low

solubility of the macromolecule at its

isoelectric point.

II. The concentration of neutral salt may be

increased relative to that of the macromolecule.

The term X" ^ then -* 0 and again the Donnan
0

effect is minimised. The actual ionic

strength at which the experiments were performed

was to some extent dictated by the desire to

maintain physiological NaCl concentrations.

However, the presence of NaCl (150 mmol/1),

as used here, is known to reduce substantially

Donnan effects caused by protein (Katz and

Klotz, 1953).

III. The solution containing macromolecule may be

diluted in buffer: essentially achieving the

same result as in II but at the expense of

loss of sensitivity since fewer macromolecules

are presen t.

In practice, a combination of II and III were

used. Dialysed bile or its extracts were diluted

to /
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to give a protein concentration of less than 2 g/1

in 150 mmol/1 NaCl. The absence of Donnan effects

was then confirmed by achieving the same binding

curve at 2 different dilutions. As noted above,

any Donnan effect would become progressively less

noticeable the more the binding agent was diluted.

Thus values for one of the binding parameters, the

dissociation constant, KD, (Appendix 3) would, if
a Donnan effect were in operation, apparently change

with dilution of the sample in a medium of constant

ionic strength. To test this, binding curves of

calcium bound against calcium concentration unbound

were constructed for a dialysed bile sample: neat

and diluted 1 in 2 with the working tris buffer.

The binding data on neat bile were then halved in

order to generate a curve which predicted calcium

binding in bile diluted 1 in 2. This predicted

curve is compared with the observed curve on bile

diluted 1 in 2 in Fig. 21. The curves are closely

similar with dissociation constants of 2.29 mmol/1,

and 2.27 mmol/1 respectively. Since these are not

significantly different (p. 273), it was assumed that

under the conditions used here, Donnan effects did

not influence the binding results.

Gel filtration

(i) Principle: Sephadex is a cross-linked dextran gel.

The technique relied on the molecular sieving effect

which occurred when swollen gel particles came into

contact/



- 90 -

EQUILIBRIUM DIALYSIS : THE EFFECT OFSAMPLE

DILUTION ON CALCIUM BINDING

1000-1

Calcium binding in hepatic bile, neat and diluted 1 in 2
with tris/KCl (20 mmol/1), NaCl (150 mmol/1), pll 8.00,
was measured by equilibrium dialysis at 37°C. The data
for neat bile were then halved in order to generate a
predicted curve ( • « ) of calcium binding at a dilution
of 1 in 2. This was compared to the observed curve ( o o )
of calcium binding with bile diluted 1 in 2.

fig.21
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contact with a mixture of molecular species dissolved in

the swelling medium. The solute molecules partitioned

between solvent external to the gel particles and the

solvent within the gel. The major factor on which this

partitioning effect depended was the size of the solute

molecules relative to the pore size of the gel matrix.

Large molecules were excluded from the gel whereas

smaller molecules penetrated the gel. Thus separation

of molecules of different molecular weight was achieved.

(ii) Procedure: A Pharmacia column 13 x 1.0 cm was

packed at 37°C with Sephadex G25 (fine) swollen in tris/HCl

(20 mmol/1), NaCl (150 mmol/1), pH 8.00. The column was

maintained at 37°C in a water bath. Flow was instituted,

by means of an Auto Analyser pump (Technicon Ltd), at a

rate of 8.6 ml/h in a downward direction on the column.

Fractions of 575 yl were collected using an LKB Ultrorac 7000

fraction collector. 500 yl samples were applied by syringe

through a port in the top of the column, after excess

buffer covering the gel had been drawn off. The sample was

allowed to soak into the gel and washed in with a similar

volume of buffer. The dead space was then made up with

more buffer, the pump started, and the sample port closed.

(iii) Assessment: The column was calibrated with blue

45
dextran 2000 (2 g/1) and with calcium (200 nCi) in the

working tris buffer. The void volume was 2.3 ml and the

salt volume 5.3 ml.
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SECTION II

PREPARATIVE

Purification of bile salts

The initial purity of the two major bile salts used

in this study, cholate and glycocholate, varied between

60% and 90%. Cholate was purified in its protonated

form by recrystallisation (x4) from methanol (Hofmann,

1963a). The sodium salt was formed by addition of NaOH

(5 mol/1) until the pH reached 8.00. The solution was

then freeze dried.

Glycocholate sodium salt, was purified by the method

of Hofmann (1963b). The salt was suspended in water and

the pH adjusted to 4.7 with NaOH. Residual undissolved

material was discarded. The solution was extracted (x 10)

with ethyl acetate to remove the major contaminant, cholic

acid, which was essentially unionised at this pH. Glyco¬

cholate in the aqueous phase was then precipitated as the

acid, by addition of IIC1 to pH 2.0. The precipitate was

washed (x 5) with water until the pH of the washings was

approximately 7.0. The sodium salt was then formed by

addition of NaOH (5 mol/1) to the precipitate until the

pH stabilised at 8.00. The solution was then freeze dried.

The final purity of both bile salts, as assessed by

thin layer chromatography (p. 240 ), was greater than 99%.

Details of the scans of glycocholate before and after

purification/
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purification are presented in Appendix 2. Calcium was

undetectable in both bile salts after purification.

The initial purity of the radiolabelled bile salt,

[2.14C]glycine glycocholate was 99% as assessed by the

same chromatographic system. No further purification

was performed. The purity was checked three-monthly

but did not change.

Purification of lecithin

The method of Singleton et. a_l, (1965) was used.

Egg lecithin (90%) was dissolved in chloroform in a

concentration of 50 g/1. It was purified at 4°C on a

glass column, 65 x 6 cm, containing alumina (BDH Brockman,

Grade II) using chloroform as the initial moving phase.

The ratio of alumina:lecithin was maintained at 25:1 (w/w).

The sample was added in 500 ml of chloroform and washed

on to the column with a similar volume of chloroform.

Lecithin was then eluted with chloroform:methanol 9:1

(v/v) at a flow rate of 10 ml/min. 250 ml fractions were

collected and their volumes reduced by heating at 80°C
in a water bath under nitrogen. Purity was assessed on

silica gel thin-layer plates using the solvent system

chloroform:methanol:water 65:25:4 (v/v/v), (Marinetti, 1962).

Iodine vapour (Sims and Larose, 1962) and bromothymol blue

(Wagstaff e_t aN, 1974) were separately used as the

detection reagents. Only column fractions running as a

single spot, with mobility corresponding to that of the

standard lecithin, were subsequently used. These were

combined/
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combined and then evaporated to constant weight under

nitrogen. The final purity was rechecked on overloaded

t.l.c. plates using:

(a) the system above (Marinetti, 1962);

(b) the system:petroleum ether:acetic acid:

diethyl ether 40:1:10 (v/v/v). The plates

for this system had been sprayed with a

chloroform solution containing l,4-di(2-(5-

phenyloxazolyl))-benzene (P.O.P.O.P), and

2,5-diphenyloxazole (P.P.O), in concentrations

of 6 mg/1 and 100 mg/1, respectively. These

fluoresced under ultra-violet light. Lipids

were detectable as "dark" areas in which the

fluorescence was inhibited.

The final purity of the lecithin was greater than

99%. The overall yield was 35%. The lecithin was

subsequently stored in glass under nitrogen at -17°C
in the dark.

Preparation of glycocholale/lecithin systems

A stock solution of sodium glycocholate (120 mmol/1)

in buffer (20 mmol/1 tris, 150 mmol/1 NaCl, pH 8.0), was

used to dissolve purified egg lecithin to make the

composition of the final system: glycocholate 120 mmol/1

and lecithin 35 mmol/1. This was stirred in a closed

vessel under nitrogen at 37°C for three days and then

passed through a Millipore 0.22 ym filter. The system

was stored under nitrogen at 4°C in the dark for a further

two /
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two weeks, refiltered and the composition measured (p.234

and p.242 ). The glycocholate concentration was still

120 mmol/1 but the lecithin concentration had fallen

to 30 mmol/1. At this stage the two components were

checked by t.l.c. Both were still greater than 99%

pure. The composition was checked at intervals through¬

out the study, but did not show any subsequent change.

Proof that the lecithin had been solubilised by the

bile salt micelles was obtained by assessing the

solubility of a non-polar solute in the presence and

absence of glycocholate and lecithin. Azobenzene was

chosen since it is known to be incorporated into micelles,

(Hofmann, 1963b), is non-polar, and is easily detected.

The purity of the azobenzene was first checked by t.l.c.

using silica gel G and a solvent system of n-heptane:

benzene 1:1 (by vol); 200 yg spots were used. Only one

spot was visible, with an R^, of 0.7. The compound was
therefore assumed to be trans-azobenzene and was used

directly.

An excess of azobenzene was added to tubes containing

either buffer alone, 40 mmol/1 glycocholate or 40 mmol/1

glycocholate to which had been added 4, 8 or 12 mmol/1

lecithin. The tubes were then sealed under nitrogen and

shaken at 37°C for 16 hours. Remaining insoluble

azobenzene was then removed by centrifugation at 1000 g

for 15 min and the absorbance of the solution was measured

at 440 nm in a Unicam SP 1800 spectrophotometer. Buffer

containing/
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containing glycocholate (40 mmol/1), and lecithin where

appropriate, was used as the blank. The results

(Fig. 22) show that azobenzene solubility in bile salt

was linearly dependent on the lecithin concentration.

It was assumed from these experiments that a mixed

micellar system of glycocholate and lecithin had been

produced.

Preparation of butanol extracts of bile

The method described by Morton (1962) was adopted.

50 ml of bile was dialysed against distilled water for

48 h in Spectrapor dialysis tubing, at 4°C, with stirring

and four changes, each of 5 1, of water. After dialysis,

8 ml of sample were removed for analysis and the remainder

was freeze-dried and ground to a fine powder which was

homogenised gently with 50 ml n-butanol at -17°C and

centrifuged at 14 000 g for 15 minutes. The precipitate

was resuspended in a further 50 ml butanol and the

procedure repeated. The precipitate was transferred to

Whatman No. 1 Quantitative filter paper on a cooolcd Buchner

funnel and washed with 100 ml acetone at -17°C. The

extract was dried in air for a few minutes and was

redissolved in the working tris buffer with gentle hand

homogenisation. The final solution was obtained after

centrifuging at 40 000 g for 30 minutes.

Preparation/
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AZOBENZENE SOLUBILITY IN GLYCOCHOLATE :

THE EFFECT OF LECITHIN

0
0 4 8

[ lecithin 2 mmol / I

12

An excess of azobenzene was added to solutions of

glycocholate (40 mmol/1) in tris/HCl (20 mmol/1), NaCl
(150 mmol/1), pll 8.00, containing lecithin in concentrations
of 0, 4, 8 and 12 mmol/1. The tubes were shaken for 16 h
at 37°C and the absorbance due to azobenzene at 440 nm

was measured in the supernatant.

fig. 22
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Preparation of the acid mucopolysaccharide/
glycoprotein fraction oi bile

This was performed by modifications of the methods

of Dorfman, (1958) and Nagashima e_t aJ, (1974a). 50 ml

bile was dialysed against 5 1 distilled water for 48 h

at 4°C, with four changes of water. Following dialysis,

25 ml 40% trichloroacetic acid were added. A precipitate

was allowed to develop overnight and removed by centrifug-

ation at 100 000 g for GO ruin. The supernatant was

subsequently dialysed against water for a further 24

hours. The volume of the dialysed supernatant was reduced

to approximately one tenth of the original by covering the

dialysis tubing with flakes of polyethylene glycol (high

molecular weight species). Thereafter four volumes of

absolute ethanol were added. The precipitate which

developed overnight at 4°C was harvested by centrifuging

at 3000 g_ for 30 min, washed with ether, dried in air

and subsequently redissolved in the working tris buffer.

Collection of specimens of human bile

(i) Details of the patients: Bile was collected

from 80 gallbladders removed because of gallstones. In

each case a pre-operative oral cholecystogram had demonstrated

the ability of the gallbladder to concentrate contrast

medium (iopanoic acid). There were 46 females and 34

males in the group. The age range was 28-59 years.

Hepatic/
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Hepatic bile was obtained trom 38 patients one week

after choledochotomy for gallstones. At this stage the

T-tubo was clamped and the enterohepatic circulation was

intact, except for sampling. There were 26 females and

12 males. The age range was 33-67 years.

In both groups of patients liver function tests

(plasma bilirubin, alanine aminotransferase and alkaline

phosphatase, p. 256) were within normal limits. In no

case was the patient receiving any form of drug therapy,

(ii) Details of sampling: All cases were sampled after

an overnight fast. Gallbladder bile was obtained

anaerobically by needle puncture after cholecystectomy.

The gallbladder bile was emptied into a glass syringe.

Air was then expelled and the syringe capped.

Hepatic bile was collected into a collapsible poly¬

ethylene bag. Sampling for ultrafiltration experiments

was again made anaerobically by needle puncture of

the bag and collection of the bile into a capped glass

syringe. For preparative purposes, 50-100 ml of bile

was removed directly from the bag.

Both gallbladder and hepatic bile specimens were

analysed as they were received, without storage.
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SECTION III

ANALYTICAL

Despite many recent advances in methodology,

analyses in bile are still difficult. A detailed

assessment of the application of the methods to bile

was therefore necessary for each assay used. This is

presented in Appendix 1.

Inorganic ions

The inorganic ions calcium, sodium and potassium were

measured by means of their spectra using atomic absorption

spectophotometry and flame photometry respectively.
45

Radioactive calcium was detected by liquid scintillation

counting.

Lipid analyses

Lipid analyses, particularly those of phospholipid

and cholesterol, were made on extracts of bile because

of the lack of specificity of the endpoint. Phospho¬

lipid was measured on a lipid extract (Folch et_ al,

1957) of bile after hydrolysing the lipid wiLh perchloric

acid and measuring the inorganic phosphate with the

amino-naphthol reagent of Fiske and Subbarow, (1925).

Cholesterol was measured, after petroleum ether

extraction, by the Lieberman-Burchardt reagent (Abel

et al, 1952). Total bile salts were assessed enzymatically

by the 3a-hydroxysteroid dehydrogenase assay (Schwartz

et al, 1974). This depended on oxidation of the steroid

3a-hydroxyl/
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3a-hydroxyl group with the production of NADH+ which

was detected fluorimetrically. Individual bile salts

were measured by thin layer chromatography and scanning

densitometry (O'Moore and Percy-Robb, 1973).

Proteins

Protein analysis was performed by the Lowry assay

(Lowry e_t cQ, 1951), with which many compounds interfered,

whereas albumin concentration was measured by the more

specific technique of rocket immunoelectrophoresis.

Acidic polysaccharide

Acidic polysaccharide was measured by the non-specific

aggregation effect on a carbocyanine dye (Edstrom, 1969).

The conditions of the assay were, however, modified to

exclude likely interfering substances.

Miscellaneous

pH was measured with a glass electrode. Ionic

strength was calculated from conductance measurements.

Liver function tests: plasma bilirubin, alanine amino¬

transferase (E.C. 2.6.1.2), and alkaline phosphatase

(E.C. 3.1.3.1) were measured by an automated system described

in detail in Appendix 1.



RESULTS
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SECTION I

FILTERABLE AND UNFILTERABLE CALCIUM IN HUMAN BILE

Bile was collected from 36 gallbladders at

cholecystectomy and from ten T-tubes one week after

choledochotomy (p. 98).

Total and ultrafilterable calcium concentrations and

pH were measured (p. 232, p. 51 and p. 253).

The results (Figs. 23 and 24) show that:

(1) The total calcium concentration in gallbladder bile

was approximately 3-fold higher than in hepatic

bile. This difference was significant at p <_ 0.01

using the Wilcoxon ranking test (p. 273).

(2) The concentration of ultrafilterable calcium was not

significantly different in hepatic and gallbladder

bile (p > 0.1). This fraction is apparently not

concentrated by the gallbladder.

(3) The concentration of calcium in ultrafiltrates of

hepatic and gallbladder bile was significantly less

than the total calcium concentration in these bile

samples (p < 0.01 using the Wilcoxon test for pair

differences, p. 273). The proportion of the total

calcium not filterable averaged 86% in gallbladder bile

and 64% in hepatic bile.

(4) The pi I of gallbladder bile was on average 0.26 pll units

more acidic than that of hepatic bile. These differences

are summarised in Fig. 25.

It is apparent that a large proportion of the calcium

in bile would not pass through a membrane with a molecular

weight/
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TOTAL AND ULTRAFILTERABLE CALCIUM CONCENTRATIONS
AND pH OF GALLBLADDER BILE

Total [Calcium]
mmol/1

Filtered

[Calcium] mmol/1 pH

11.44 0.58 7.49
12 .00 0. 79 7 .00
3.00 0.59 7 .74
6 .80 0.71 7. 37
6 .90 0.63 7.62
6 .90 0.61 7 .29
2.28 1.01 8 .02
4 .40 0.51 7. 76
3 .58 0.43 7.62
7.05 0.88 7.62
10.88 0.75 7 . 17
2 .20 0.63 7 .57
4 .13 0.79 7.83
2 .65 0.58 7.65
3.49 0.71 7 .60
6 .06 0.77 7 .78
2.33 0.95 7 .46
3.08 0.84 7 . 12
5 .75 0.48 7.68
3 .85 0. 48 8 . 10
2.23 0.55 7.46
1 .58 1 .00 7 .25
2 .08 0. 44 7 .09
2.30 0. 30 7 .21
3.9 3 0.40 7 . 25
4 .00 1 . 34 7 . 13
4 . 38 0.46 7 .36
9 . 13 0.46 7 .14
5 .13 0.51 7 .32
2 .81 0.74 7 .41
7 . 38 0.48 6.92
3.63 0.28 7 . 14
8 .50 0.63 6 .98
7.38 0.98 6 .88
3.63 0.75 7 . 22
2.93 1 . 30 8 .43

Mean
5.00 mmol/I

Range
1.58-12.00 mmo1/1

Mean
0.68 mmol/1

Range
0.28-1.34 mmol/1

Mean
7 . 44

Range
6 .88-8.43

fig.23
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TOTAL AND ULTRAFILTERABLE CALCIUM CONCENTRATIONS

AND pH OF HEPATIC BILE

Total [Calcium]
mmol/1

Filtered

[Calcium] mmol/1 pH

1.73 0.81 8.13

2.18 0.61 7 .70

2 . 33 0.54 8.00

1.73 0.60 8.13

1. 70 0. 35 7.54

0.90 0.75 8 .10

1 . 44 0.63 7 . 37

1.34 0.88 7 .75

1 .65 0.81 7 . 16

1 .68 0.13 7 .07

Mean
1.67 mmol/1

Range
0.90-2.33 riimol/1

Mean
0.61 mmol/1

Range
0.13-0.88 mmol/1

Mean
7 . 70

Range
7.07-8.13

fig.
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TOTAL AND ULTRAFILTERABLE CALCIUM CONCENTRATIONS

IN GALLBLADDER AND HEPATIC BILE
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The total calcium concentrations in gallbladder bile from
36 patients (•) and in hepatic bile from 10 patients (A)
was measured by atomic absorption spectrophotometry.
Calcium concentrations in the ultrafiltrates of these
gallbladder (0) and hepatic (A) samples were also measured.

fig.25
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weight cut-off = 1000. This suggested the presence in

bile of molecular species which were retained by the

filter, and which were responsible for binding calcium.

A large part of the work to follow was concerned

with identifying the calcium-binding system in bile.

This was approached systematically by assessing separately

calcium binding to the three major classes of molecules

found in biological systems, namely lipids, proteins

and carbohydrates. The lipid group was examined first

for two reasons:-

(a) bile salt micelles have been shown to bind

univalent cations such as sodium and

potassium (Moore and Dietschy, 1964).

(b) the total concentration of lipids in bile

is higher than that of proteins and carbo¬

hydrates. In the study of Nakayama and

Van der Linden, (1970) lipids accounted for

81% of the total solids in bile.

In the assessment of each of the three molecular

classes, calcium binding to a partly purified representative

fraction was first studied. Subsequently the effects on

calcium binding of removing, replacing and isolating the

fraction in question from bile were studied.
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SECTION II

CALCIUM BINDING TO BILE SALT AND
BILE SALT/LECITHIN SYSTEMS

Calcium binding to glycocholate

Solutions of glycocholate and calcium were prepared

for ultrafiltration. The glycocholate concentration

was maintained constant at 40 mmol/1. The calcium

concentration was varied within the range 0.10 - 10.00
45

mmol/1. Calcium (2 yCi) was included. The systems

were prepared in the working tris buffer (tris/HCl, 20 mmol/1;

NaCl, 150 mmol/1; pH 8.00). After an incubation period

of one hour at 37°C calcium binding was assessed at this

temperature using single cell ultrafiltration (p. 51 ).

Calcium was bound to the glycocholate system (Fig. 26).

The mass of calcium bound rose as the free calcium con¬

centration increased. For two reasons, only the initial

segment of the binding curve was defined:

(a) the remainder of the curve - at free calcium

concentrations greater than 6.0 mmol/1 - had

no physiological relevance to bile.

(b) experiments at calcium concentrations

greater than 25 mmol/1 produced visible

precipitate which distorted the binding

curve.

Estimations of binding parameters (p. 264 ) were

therefore made with the reservation that the binding

curve on which they were based was incomplete. The

dissociation/
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CALCIUM BINDING TO GLYCOCHOLATE

free [calcium ] mmol / I

Calcium binding lo glycocholate (40 mmol/1) in tris/HCl
(20 mmol/1), NaCl (150 mmol/1), pll 8.00, was measured by
single cell ultrafiltration at 37°C.

fig.26
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dissociation constant (Appendix 3) for calcium binding

to glycocholate was estimated as 26 mmol/1, and the

maximum binding capacity: 400 mmol calcium/mol glyco¬

cholate. That is, the maximum number of calcium ions

which could associate with glycocholate was 4 calcium/10

glycocholate - under saturating conditions. The

glycocholate system was, however, far from saturated at

free calcium concentrations within the physiological

range (Figs. 23 and 24).

In view of the finding that bile salts were capable

of binding calcium, binding to the purified system

was compared to binding in whole bile at similar calcium

concentrations. By this means, an initial assessment

of the potential contribution of bile salts to calcium

binding in whole bile was made, assuming that each of

the bile salts present in bile had the same calcium-

binding capacity. At a free calcium concentration of

0.6 mmol/1, in the system containing 40 mmol/1 purified

glycocholate, 35% of the calcium was bound, compared to

64% in hepatic bile and 86% in gallbladder bile (Figs.

23 and 24). Bile salt concentration in hepatic bile

averaged 31 mmol/1 and in gallbladder bile 160 mmol/1.

Bile salt could account for a substantial fraction (55%)

but by no means all, of the calcium binding in hepatic

bile. The difference between the pure bile salt system

and gallbladder bile was even greater in this respect.

It was, however, less easily interpreted in view of

the /
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the difference in the concentration of bile salts in the

two systems. It is clear that, at least in hepatic bile,

molecules other than bile salts are involved in calcium

binding.

In contrast to the purified system above, bile salts

are usually found in bile in combination with the phospho¬

lipid, lecithin, as mixed micelles, (Admirand and Small,

1968). Calcium binding to this more complex system

was therefore assessed.

Calcium binding to glycocholate and lecithin

The equilibrated stock solution of glycocholate and

lecithin (p. 94) was diluted 1 in 3 with the working tris

buffer pH 8.00, to give concentrations of 40 mmol/1

glycocholate and 10 mmol/1 lecithin. Mixtures of

glycocholate-lecithin with calcium were then prepared

for ultrafiltration and after an inclubation period of one

hour at 37°C, calcium binding to mixed micelles was

measured using the single cell technique (p. 51).

The results of these experiments are shown in Fig. 27,

along with the data from the glycocholate study. The

presence of lecithin increased calcium binding to the

glycocholate system by 66% and 43% at free calcium

concentrations of 1.0 and 2.0 mmol/1 respectively. The

statistical significance of this increase is discussed on p. 273.

Comparison with hepatic bile revealed that at a free

calcium concentration of 0.6 mmol/1, 50% of the calcium

was bound in the glycocholate-lecithin system and 64%

in bile which contained somewhat lower mean bile salt

and /
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CALCIUM BINDING TO GLYCOCHOLATE WITH LECITHIN

free [calciumj mmol /I

Calcium binding to glycocholate ( o o
glycocholate-lecithin solutions ( • •
by single cell ultrafiltration at 37°C.
(40 mmol/1) and bile salt (40 mmol/1) -
solutions wore prepared in tris/IICl (20
(150 mmol/1), pll 8.00.

) and to
) was measured
The bile salt

lecithin (10 mmol/1)
mmol/1), NaCl

fig. 27
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and lecithin concentrations (31 mmol/1 and 8 mmol/1

respectively).

The effect of pH on calcium binding to glycocholate

The effect of pH was examined for two reasons:

(a) calcium binding to other molecules such as

albumin is known to be sensitive to variations

in pH (Katz and Klotz, 1953).

(b) the pH of hepatic bile is known to become

more acidic when it enters the gallbladder

(Ravdin et ad, 1932)

Calcium binding to glycocholate (40 mmol/1) was

therefore studied at pH 7.20, and pH 8.00 (Fig. 28). A

fall in pH produced a decrease in calcium binding. At

free calcium concentrations of 1.0 and 2.0 mmol/1, the

calcium bound to glycocholate fell by 40% as the pH was

reduced from 8.00 to 7.20. The statistical significance

of this change is again discussed on p. 273.

The dissociation constant for calcium binding

to glycocholate at pll 7.20 was 95 mmol/1 and the maximum

binding capacity was 150 mmol calcium/mol glycocholate.

A decrease in pH therefore resulted in a decrease in the

affinity with which glycocholate bound calcium. The

total number of sites available for calcium was also

reduced.

Control experiments had confirmed that changes in

pH did not influence the retention of bile salts by the

ultrafiltration membrane.

The/
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CALCIUM BINDING TO GLYCOCHOLATE ATpH 7-20
AND 8-00

a

free [calcium] mmol/ I

Calcium binding to glycocholate (40 mmol/1) in tris/HCl
(20 mmol/1), NaCl (150 mmol/1) was measured at 37°C by
single cell ultrafiltration at pll 7.20 (• -•) and at
pH 8 . 00 ( o o ) .

fig.28
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The effect of changes in the concentration
of NaCl on calcium binding to glycocholate

Moore and Dietschy (1964) have shown that sodium ions

bind to glycocholate micelles. In the present study,

calcium ions have been shown to bind to glycocholate in

the presence of an excess of sodium ions (190 mmol/1

sodium, 3 mmol/1 calcium). This potential competition

for binding between sodium and calcium was further

examined by studying calcium binding to sodium glycocholate

(40 mmol/1) in the working tris buffer in the presence of

concentrations of sodium chloride ranging from 0 - 250

mmol/1. A total calcium concentration of 3.44 mmol/1

was used throughout. As the concentration of NaCl

fell, calcium binding to glycocholate increased (Fig. 29).

This effect was most marked at NaCl concentrations below

150 mmol/1; 70% more calcium was bound in the presence

of 50 mmol/1 NaCl than in the presence of 150 mmol/1

NaCl. Control experiments showed that NaCl did not

influence the retention of bile salts by the ultra¬

filtration membrane.

Calcium binding to cholate compared
with calcium binding to glycocholate

Deconjugation of glycocholate produces the bile

salt, sodium cholate. This may take place in

vivo - particularly in the small intestine - as the

result of bacterial enzymatic action (Tabaqchali et al,

1968). While this process contributes to the

malabsorption/



CALCIUM BINDING TO GLYCOCHOLATE :

THE EFFECT OFNaCl

[Na CI mmol / I

Calcium binding to glycocholate (40 mmol/1) in tris/HCl
(20 mmol/1), pH 8.00 was measured at 37°C by single cell
ultrafiltration in the presence of NaCl (0-250 mmol/1).

fig. 29
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malabsorption seen in the blind loop syndrome, its

significance in bile has not yet been established.

Sodium cholate, lacking the polar glycine group, differs

in many respects such as pKa and solubility from its

conjugated counterpart (Carey and Small, 1972). For

these reasons calcium binding to it was assessed.

A similar series of ultrafiltration experiments with

the same range of calcium concentrations as before was

therefore carried out with a sodium cholate solution (40

mmol/1). The binding data obtained with cholate are

compared with those for glycocholate (Fig. 30). Cholate

also bound calcium. The marked increase in binding at

a free calcium concentration of 5.50 mmol/1 was associated

with the appearance of a white precipitate in the ultra¬

filtration cell. It was postulated that two different

types of calcium binding to cholate were taking place:

(a) to cholate micelles: along the segment of

the curve : 0-A in Fig. 30. The dissociation

constant here was 8.3 mmol/1 and the total

binding capacity was 150 mmol calcium/mol

cholate.

(b) to cholate ions: in the form of an insoluble

precipitate of calcium cholate. It follows

from the solubility product principle, that

once the precipitate started to form (at point

A), the addition of more calcium merely

increased the quantity of precipitate while

the /
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CALCIUM BINDING TO CHOLATE AND GLYCOCHOLATE

free [calcium] mmol/l

Calcium binding to cholate • • and glycoeholate o o
was measured by single cell ultrafiltration. The bile salts
(40 mmol/l) were dissolved in tris/IICl (20 mmol/l), NaCl
(150 mmol/l) pll 8.00, 37°C.

fig.30
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the free calcium concentration remained

constant.

The precipitates from five such experiments were

combined and washed five times with distilled water. While

the washed precipitate did not dissolve at room temperature

or at 60°C in water, methanol, ethanol or chloroform it

was sparingly soluble (500 mg/1) in glycine buffer

(1 mol/1) containing EDTA (5.6 mmol/1), pH 9.4. After

dissolution in this buffer, calcium and total bile salt

assays were performed. These indicated a complex in

which the ratio of cholate:calcium was 5.3:1.

This insoluble complex formed only under certain

circumstances. When solutions containing CaClg and
sodium cholate were simply mixed together at room temperature

at concentrations similar to those used in the binding

experiment, visible precipitates did not form. However,

at 37°C a precipitate did form, but only after stirring

for 30 minutes. Precipitate formation was also noted in

glycocholate systems but only at free calcium concentrations

above 25 mmol/1.

The possibility existed that the "micellar" portion

of the curve (0-A) in fact simply represented precipitate

formation which had not reached visible proportions. Two

observations suggested that this was not the case.

Firstly, flow rates at each of the points on the cholate

curve up to a calcium concentration of 5.5 mmol/1 did not

change. This suggested that the membrane was not becoming

blocked/
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blocked by precipitate. The flow rate, however,

dramatically decreased from 5.2 to 1.5 ml/h after visible

precipitate formation (at A). Secondly, the contents of

the ultrafiltration cell from three experiments with

cholate, in which the final free calcium concentration

was 2.5 mmol/1, were removed and separately ultra-

filtered through a Millipore membrane with a pore size
45

0.22 ym. Ca acitivity in the ultrafiltrate was

measured and 99% of the radioactivity in each cell

was recovered from the ultrafiltrate. It therefore

seemed likely that the calcium and bile salt were in

soluble form and not complexed as a microscopic precipitate.

Cholate and glycocholate micelles were thus able to

bind calcium ions in soluble form. In addition, under

certain circumstances, insoluble complexes of calcium-

bile salt appeared.

Calcium binding to non-micellar
solutions of glycocholate

Above the critical micellar concentration, bile

salt micelles are in dynamic equilibrium with unaggregated

bile salt ions (Hofmann and Small, 1967). There are

therefore two potential calcium-binding species present:

micelles and monomers. In order to demonstrate that

the calcium binding detected by ultrafiltration in

glycocholate systems did in fact take place to micelles,

it was necessary to show that no significant binding to

the monomer took place.

The ultrafiltration method was unsuitable for this

study/
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study since the membrane was permeable to solutions

containing less than 5 mmol/1 glycocholate (p. 57 ).

For this reason measurements were made with a calcium

electrode (p. 71 ).

The critical micellar concentration of glycocholate

is in the range 3-6 mmol/1 (Small, 1971). A glycocholate

concentration of 3 mmol/1 was therefore used here in order

to produce a solution virtually saturated with monomer

but containing very few micelles. Titrations of equal

quantities of CaCl2 in the presence and absence of
glycocholate (3 mmol/1) were performed (p. 76 ). At each

stage, the ionised calcium concentration was measured by

the electrode and the total calcium concentration was

measured at the start and finish by atomic absorption

spectrophotometry (p. 232).

The slope of the line relating ionised calcium

concentration in buffer alone to that in the presence of

glycocholate (3 mmol/1) is 1.0 (Fig. 31). Since equal

quantities of calcium had been added to each system at

each measured point, this result indicates that glycocholate

(3 mmol/1) did not alter the measurable calcium acitivity

(Fig. 31). Thus no binding was demonstrable to the

unaggregated form of the bile salt, in this system.

Summary

(a) Calcium binding in bile has been demonstrated.

(b) Calcium binding to purified bile salts and

lecithin has been demonstrated.

To/
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IONISED CALCIUM CONCENTRATIONS IN THE PRESENCE

AND ABSENCE OF GLYCOCHOLATE

ionised [calcium] A , (mmol/I)

Ionised calcium concentration was measured at 37°C, by the
calcium electrode, in tris/HCl (20 mmol/1), NaCl (150 mmol/1),
pH 8.00, A; and in tris/HCl (20 mmol/1), NaCl (150 mmol/1),
pH 8.00 containing glycocholate (3 mmol/1), B.

fig. 31
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To assess further the significance of lipids to

calcium binding in bile, the effect of their removal

from and replacement to bile was next examined.
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SECTION III

CALCIUM BINDING IN HUMAN BILE: THE EFFECTS OF
REMOVING AND REPLACING BILE SALT AND PHOSPHOLIPID

The effects of dialysis

Three specimens of hepatic bile and three of

gallbladder bile were dialysed in sacks of Spectrapor

membrane for 50 h, at 4°C, against 100 volumes of the

working tris buffer, pH 8.00. Samples were taken from

the dialysis sacks during this period and the concentrations

of bile salt, phospholipid, cholesterol, calcium and

protein, and pH were measured. In this way it was

possible to assess the changes which were taking place

in the composition of the dialysed bile samples. Calcium

binding to each of the specimens at each time of sampling

was also determined, by equilibrium dialysis (p. 78 ).

The changes that occurred during the preliminary

dialysis period are shown in Fig. 32a and 32b. In hepatic

bile the total bile salt concentration decreased to

approximately 4% of the starting value after 50 hours.

Calcium was not detectable at the end of this period.

In contrast the concentrations of phospholipid and

cholesterol changed only slightly, these components being

largely non-diffusible. The protein concentration fell

marginally. The changes in gallbladder bile were of

rather greater magnitude.

To study calcium binding to this system by

equilibrium dialysis, bile samples, diluted to a

protein/



CUMrUbl IIUN OF BILE• THE EFFECT OF PROLONGEDDIALYSIS (a)HepaticBile

SampleNumber

1

2

3

DurationofDialysis(h)
0

13

25

50

0

13

25

50

0

13

25

50

[BileSalt]mmol/1
42.9

20.8

10.6

1.5

49.2

24.8

13.6

3.1

55.0

35.3

12.5

1.7

[Phospholipid]mmol/1
4.8

2.4

4.3

6.7

8.9

8.1

7.6

10.4

14.6

13.4

11.4

11.5

[Cholesterol]mmol/1
2.9

2.3

2.7

2.9

4 .3

4.1

3.9

4.1

8.0

7.0

6.4

6.2

[Calcium]mmol/1

1.7

0

0

0

2.2

0

0

0

1.9

0

0

0

[Protein]g/1

2.5

1.5

1.9

1.8

2.5

2.0

1.9

2.1

2.6

2.2

2.1

2.2

pH

6 .73

8.0

8.0

8.0

6 .85

8.0

8.0

8.0

7 .55

8.0

8.0

8.0

(b)

GallbladderBile

SampleNumber

1

2

3

DurationofDialysis(h)
0

10

24

49

0

10

24

49

0

10

24

49

[BileSalt]mmol/1
51.5

38.6

18.1

3.0

197.5104.0
93.0

35.7

348

214

144.4

50.0

[Phospholipid]mmol/1
5.8

6 .3

5.0

4.5

18.8

20.8

17.0

14.7

43.3

32.1

24.6

15.8

[Cholesterol]mmol/1
3.1

3.1

2.8

2.5

10.4

8.4

7.0

6.1

19.9

14.7

11.8

6 .7

[Calcium]mmol/1

2.4

0

0

0

4.6

0.6

0

0

8.4

2.7

0

0

[Protein]g/1

20.5

20.5

18.5

16.5

9.3

7.3

6.5

5.4

15.6

11.2

8.6

4.9

pH

7.64

8 .0

8.0

8.0

7.58

8.0

8.0

8.0

7 .20

8.0

8.0

8.0

Changesinthecompositionofhepaticbilesamplesfrom3patientsandgallbladderbile samplesfrom3patientsweremeasuredatintervalsduringdialysisagainst100volumes oftris/HCl(20mmol/1),NaCl(150mmol/1),pH8.00,4°C.
fig.32
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protein concentration of 2 g/1, to avoid Donnan effects

(p. 85), were placed on one side of the semi-permeable

membrane and on the other: CaCl2 at a concentration of
45

3.44 mmol/1. Calcium was included as a tracer. A

similar calcium concentration was used for all binding

experiments described in this section.

Binding data for dialysed hepatic and gallbladder

bile samples are presented in Figs. 33 and 34. These

indicate a substantial reduction in calcium binding with

time, which may be explained by assuming the existence of

a diffusible component which bound calcium in both types

of bile. The possibility that a labile binding component

had been denatured after prolonged dialysis, was vitiated

by replacement experiments described below.

It is of interest that, in hepatic bile, the bile

salt concentration fell to sub-micellar levels and that

at this time calcium binding fell to zero. Since bile

salts were thought to be the principle diffusible

component responsible for calcium binding the effect of

replacing them into dialysed bile was next examined.

The effects of replacing bile salt

Glycocholate (40 mmol/1) in the working tris buffer

was added to bile samples after varying lengths of

preliminary dialysis. These solutions were placed on one

side of the equilibrium dialysis membrane, and on the other

CaCl2 (3.44 mmol/1). Calcium binding was stimulated in
all the bile samples to which glycocholate was added.

The/
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CALCIUM BINDING IN HEPATIC BILE • THE EFFECT

OF PROLONGED DIALYSIS

Calcium binding in hepatic bile samples from 3 patients was
measured by equilibrium dialysis at 37°C. This was performed
at intervals during dialysis of bile against 100 volumes of
tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00, 4°C„

fig.33
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CALCIUM BINDING IN GALLBLADDER BILE :

THE EFFECT OF PROLONGED DIALYSIS

4000-1

o 3000
E
3
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o
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10 20 30 40 50

dialysis time ( h ) at 4°C

Calcium binding in gallbladder bile samples from 3 patients
was measured by equilibrium dialysis at 37°C. This was
performed at intervals during dialysis of bile against 100
volumes of tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00,
40C.

fig. 3L
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The calcium-binding ability of dialysed bile alone,

and after the addition of glycocholate to both sides of

the membrane, is shown in Figs. 35 and 36. At every

stage, addition of bile salt caused stimulation of

binding. Since equal concentrations of glycocholate

were placed on each side of the membrane, no net increase

in binding would have been expected if bile salt alone

were responsible. A control experiment was performed

in which glycocholate (40 minol/1) in the working tris

buffer was placed on both sides of the semi-permeable

membrane in the absence of bile. At equilibrium,

calcium concentrations were equal on both sides of the

membrane.

Two conclusions may be drawn from this series of

experiments:

(a) replacing bile salt to dialysed bile restored

its ability to bind calcium.

(b) added bile salt was affecting or being affected

by a second non-diffusible species. Together

they produced a synergistic effect on calcium

binding. This effect was present in both

gallbladder and hepatic bile. In the latter,

there was no calcium binding after 50 h

preliminary dialysis. This was restored

approximately to its original value by

returning the bile salt concentration close to

its/
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CALCIUM BINDING IN HEPATIC BILE : THE EFFECT OF

REPLACEMENT OF BILE SALT

E 4000

§3000-
o
-Q

.§2000-
o

a
u

1000-

Calcium binding in hepatic bile samples from 3 patients was
measured by equilibrium dialysis at 37°C in the absence
(0, A,n ) and presence (•, A, ■ ) of glycocholate (40 mmol/1)
on both sides of the equilibrium dialysis membrane. This
was performed after (a) 13 h, (b) 25 h and (c) 50 h dialysis
against 100 volumes of tris/HCl (20 mmol/1), NaCl (150 mmol/1),
pH 8.00, 4°C.

fig.35
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CALCIUM BINDING IN GALLBLADDER BILE : THE EFFECT

OF REPLACEMENT OFBILE SALT

5000n

-4000-
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Calcium binding in gallbladder bile samples from 3 patients
was measured by equilibrium dialysis at 37°C in the absence
(O, A, □ ) and presence (•, k, ■ ) of glycocholate (40 mmol/1)
on both sides of the equilibrium dialyses.membrane. This
was performed after a) 10 h, b) 24 h and c) 49 h
dialysis against 100 volumes of tris/HCl (20 mmol/1), NaCl
(150 mmol/1) pH 8.00, 4QC.

fig.36
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its original level, indicating that the

second species had little intrinsic calcium-

binding ability in the absence o! bile salt.

The non-diffusible components left in bile after

dialysis included phospholipid, cholesterol and protein.

The next series of experiments was designed to assess

the relative importance of phospholipid and cholesterol

on the one hand, and protein on the other, in the binding

of calcium to bile salts and therefore to explore whether

phospholipid or cholesterol might be the non-diffusible

"second species".

The effects of butanol extraction

Hepatic bile from three patients was dialysed as

before for 48 h. Portions of the same samples, dialysed

for 48 h against distilled water, were extracted with

cold butanol (p. 96). This procedure removed virtually

all the phospholipid and cholesterol, leaving a protein-

containing fraction (Fig. 37).

Calcium binding to the 48 h dialysates and the butanol-

extracted fractions derived from them was then assessed by

equilibrium dialysis. No binding was seen in either the 48 h

dialysates or the butanol-treated fractions. However, when

glycocholate (40 mmol/1) was added to both sides of the

equilibrium dialysis membrane, binding reappeared in the 48 h

dialysatcs but not in the butanol-treated protein fraction

(Fig. 38).

The conclusions possible from this series are that

either:/
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COMPOSITION OF HEPATIC BILE : THE EFFECT OF DIALYSIS
AND BUTANOL EXTRACTION

Variable Measured
48 hour

Dialysate
Butanol
Extract

[Bile Salt] mmol/1

[Phospholipid] mmol/1

[Cholesterol] mmol/1

[Calcium] mmol/1
[Protein] g/1

pH

0.5, 14.0, 0

2.7, 7.1, 3.3

2.1 2.9, 2.8

0 , 0,0

1.4, 1.5, 3.0

8.0, 8.0, 8.0

0,0, 0

0,0, 0

0,0, 0

0,0, 0

1.4, 1.5, 3.0

8.0, 8.0, 8.0

The composition of hepatic bile samples from 3 patients

was measured after dialysis for 48 h against 100 volumes

of tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00, 4°C.
Similar 48 h dialysates prepared against distilled water, were

then extracted with butanol at -17°C, redissolved in the working

tris buffer, and their composition remeasured.

fig. 37
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CALCIUM BINDING IN HEPATIC BILE AFTER DIALYSIS
AND BUTANOL EXTRACTION : THE EFFECT OF
REPLACEMENT OF BILE SALT

50CH

400-

300

E
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u

100-

0

1 200

-a
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2 100-

0- -Zf>E

b)
Calcium binding in hepatic bile samples from 3 patients
was measured by equilibrium dialysis at 37°C in the absence
(O, a,o) and presence (#, A,■ ) of glycocholate (40 mmol/1)
on both sides of the equilibrium dialysis membrane. This
was performed on bile after (a) 48 h dialysis against 100
volumes of tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00,
4°C; and (b) 48 h dialysis and subsequent butanol extraction
at -17°C. The residue was redissolved in tris/HCl (20 mmol/1),
pH 8.00, for the binding study.

x: ~ in
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either:

(a) the lipid fraction extracted by butanol was

the principle non-diffusible component in

bile which interacted with bile salt to

produce increased calcium binding

or

(b) the protein fraction, left after butanol

treatment, had been denatured in the course

of the extraction.

In order to decide which was more likely, the

effect of replacing the lipid components extracted by

butanol was next examined.

The effects of replacing the components
extracted by butanol

Portions of the supernatant butanol fraction from

three hepatic bile samples containing the extracted

phospholipid and cholesterol, were evaporated to

dryness in a hot air oven at 150°C under nitrogen.

Attempts to redissolve the dry extract in the protein-

containing, butanol-extracted fraction failed. However,

the dry extract was soluble in glycocholate (40 mmol/1)

in the working tris buffer. Before use this was

centrifuged at 100 000 g for 90 min, the supernatant

being collected.

The concentrations of some of the components in this

redissolved fraction are shown in Fig. 39. These specimens

were then further diluted with the glycocholate solution

to/
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COMPOSITION OF BUTANOL EXTRACTS OF HEPATIC BILE
DISSOLVED IN GLYCOCHOLATE

Variable
Measured

Concentration
(mmol/1)

Bile Salt 40. o, 40.0, 40. 0

Phospholipid 9 . 5, 31. 3, 22. 5

Cholesterol 4. 2 14. 8, 8. 9

Protein (g/1) 0. 2, 0.1, 0. 05

Calcium 0 , 0 , 0

pH 8. o, 8 . o, 8. 0

Hepatic bile samples from 3 patients were dialysed for 48h

against 100 volumes of distilled water, 4°C, and then

extracted with butanol at -17°C. The butanol extracts

were taken to dryness under nitrogen at 150°C and redissolved

in glycocholate (40 mmol/1), tris/HCl (20 mmol/1), NaCl

(150 mmol/1), pH 8.00. Their composition is shown here.

Before measurement of calcium binding (Fig. 40), these samples

were further diluted in the same solution until their

phospholipid concentrations were similar to those in the

48 h dialysates (shown in Fig. 37).

fig.39
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to return the phospholipid concentrations to those of

the corresponding 48 h dialysates.

Calcium binding was then assessed by equilibrium

dialysis using glycocholate (40 mmol/1) on each side

of the membrane. Results are presented in Fig. 40.

The solubilised components of the butanol extract were

shown to increase the calcium binding capacity of the

glycocholate solution to values similar to those in the

48 h dialysates.

Summary

(1) The purified bile salt/lecithin system has, in

a previous section, been shown to be capable of

binding calcium.

(2) The quantities bound by this synthetic system

are enough to account for 78% of the calcium

binding seen in hepatic bile.

(3) Calcium binding in bile responds quantitatively

to changes in the concentrations of bile salt,

phospholipid and cholesterol.

(4) These changes are seen at physiologically relevant

calcium concentrations.

(5) The protein fraction left after dialysis and

butanol extraction of hepatic bile seems not to

bind calcium. The extent to which this fraction

has been denatured in preparation has not, however,

been established.

All except the initial dialysis experiments in this

section/
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CALCIUM BINDING IN HEPATIC BILE : 48 h DIALYSATES

COMPARED WITH BUTANOL-EXTRACTED LIPIDS

0

Calcium binding in hepatic bile samples from 3 patients was
measured by equilibrium dialysis at 37°C in the presence of
glycocholate (40 mmol/1) on both sides of the equilibrium
dialysis membrane. This was performed on bile after 48 h
dialysis against 100 volumes tris/HCl (20 mmol/1), NaCl
(150 mmol/1), pll 8.00, 4°C (0, A, □ ); and on the lipid
fraction extracted by butanol, redissolved in glycocholate
(40 mmol/1), tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00,
so that the phospholipid concentrations were similar to those
in the 48 h dialysates. (•, A, ■ ).

fig. AO
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section were carried out only with hepatic bile since

large volumes of gallbladder bile could not be obtained.

In the next section experiments to examine, in

other ways, the relevance of biliary lipids to calcium

binding in gallbladder bile are discussed.
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SECTION IV

RELATIONSHIPS BETWEEN CALCIUM BINDING AND
LIPID CONCENTRATIONS IN GALLBLADDER BILE

Calcium binding and bile salt concentration

Nine gallbladder bile samples were analysed after a

preliminary dialysis against 100 volumes of the working tris

buffer, at 4°C for 16 h. Calcium binding was assessed by

equilibrium dialysis, using calcium in an initial concentration

of 3.44 mmol/1, as in the previous section. The relationship

between calcium binding and bile salt concentration was curve

fitted by a linear least squares regression (p. 273). There

was no intercept on either axis (Fig. 41). This emphasises

the direct dependence on bile salt concentration of all

calcium-binding species in gallbladder bile.

Calcium binding and phospholipid concentration

A similar series of specimens were chosen so that after

preliminary dialysis their bile salt concentrations, while not

identical, were nevertheless within a narrow range (20-40 mmol/1)

Calcium binding, assessed as above, was then plotted against

phospholipid content. The relationship, shown in Fig. 42 was

again assumed to be linear. The value of the intercept on

the x-axis (0.55) was more than 4 times its S.E.M. (0.13),

indicating that the linear regression of these data did not

pass through zero (p < 0.001). Thus calcium binding reached

zero before the phospholipid concentration reached zero. This

confirmed that phospholipids were implicated in calcium binding

to bile salt but, themselves, had little intrinsic calcium-

binding ability. This point was further established by

the addition of glycocholate (40 mmol/1) to each side of

the equilibrium dialysis membrane. Binding was stimulated

but /
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THE RELATIONSHIP BETWEEN CALCIUM BINDING

AND BILE SALT CONCENTRATION IN GALLBLADDER
BILE

- 700

15 600
E

3500
H 400
I 300

J 200
a 100
O

0
0

[bile salt] mmol / I

Calcium binding in gallbladder bile samples from 9 patients
was measured by equilibrium dialysis at 37°C, after a
preliminary dialysis for 16 h against 100 volumes tris/HCl
(20 mmol/1), NaCl (150 mmol/1), pH 8.00, 4°C.

fig.z.1
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THE RELATIONSHIP BETWEEN CALCIUM BINDING
AND PHOSPHOLIPID CONCENTRATION IN

GALLBLADDER BILE

[phospholipid ] mmol /I

Calcium binding in gallbladder bile samples from 9 patients
was measured by equilibrium dialysis at 37°C, in the absence
(•—•) and presence ( o—o) of glycocholate (40 mmol/1). This
was performed after a preliminary dialysis for 16 h against
100 volumes tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00,
4°C .

fig.42
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but the line still failed to pass through the origin,

again suggesting that the relationship between phospho¬

lipid and calcium binding was indirect, and emphasising the

dependence on bile salt of the other calcium-binding species.

Calcium binding to samples of gallbladder bile
and to synthetic glycocholate/lecithin systems

of similar composition

The stock glycocholate/lecithin solution (p.94) was

diluted to concentrations similar to those measured in

six samples of dialysed gallbladder bile. The degree of

correspondence between synthetic solutions and the bile

samples is shown in Fig. 43.

Calcium binding to each of these was measured by

equilibrium dialysis. Data on the synthetic solution were

plotted against data on bile again using a linear least

squares regression (Fig. 44). If bile salt and lecithin

accounted for all the calcium binding in gallbladder bile,

the slope should have been 1.0. The measured slope of 0.5

indicated that the two components glycocholate and lecithin

might account for only 50% of the calcium binding in dialysed

gallbladder bile - in contrast to the findings in hepatic

bile (p. 110) where this system could account for at least

78% of the binding.

Summary

(1) Calcium binding in gallbladder bile is directly

dependent on the bile salt concentration, and

indirectly on phospholipid concentration.

(2) The glycocholate-lecithin micellar system accounts

for much less of the total calcium binding

in gallbladder bile than in hepatic

bile/
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BILE SALT AND PHOSPHOLIPID CONCENTRATIONS OF

SYNTHETIC GLYCOCHOLATE - LECITHIN SYSTEMS AND

GALLBLADDER BILE SAMPLES

Glycocholate/Lecithin Systems Gallbladder Bile Samples

No [Bile Salt]
mmol/I

[Phospholipid]]
mmo1/1

[Bile Salt]
mmol/1

[Phospholipid]
mmo1/1

1 2 . 29 0.44 2 .00 0.56

2 26 .67 5 .10 26 .00 5 . 21

3 30.77 4 .62 30.60 4 .58

4 10. 10 3.67 8 .90 3.67

5 7 . 20 2.27 7 .14 2.26

6 22.86 4 . 37 23 .30 4 .25

fig.43
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CALCIUM BINDING TO SYNTHETIC GLYCOCHOLATE-
LECITH IN SYSTEMS AND COMPARABLE GALLBLADDER
BILE SAMPLES

calcium bound , B (^umol/ I )

Calcium binding to glycocholate-lecithin systems in tris/HCl
(20 mmol/1), NaCl (150 mmol/1), pH 8.00, A, and to gallbladder
bile samples with similar bile salt and phospholipid concentrations
after dialysis for 16 h against tris/HCl (20 mmol/1), NaCl
(150 mmol/1), pll 8.00, 4°C, B, was measured by equilibrium
dialysis at 37°C.

fig. LL
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bile, (50% and 78% respectively). It is

therefore likely that molecules other than lipids

become important in binding calcium as bile passes

from the hepatic duct to the gallbladder. The

calcium-binding ability of the non-lipid

molecules may still however be dependent on bile

salts.

The next two sections therefore examine the

relevance to calcium binding in gallbladder bile of

the two other major types of molecules: proteins and

polysaccharides.
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SECTION V

CALCIUM BINDING TO PROTEIN

Albumin concentrations in bile

The albumin concentration in ten hepatic and five

gallbladder bile samples was measured by rocket Immuno¬

electrophoresis . Total protein was also measured

(Fig. 45). In hepatic bile the albumin concentration

ranged from 0.10 - 1.80 g/1 with a mean of 0.55 g/1,

whereas in gallbladder bile the range was 1.60 - 12.80

g/1 with a mean of 5.50 g/1.

Since albumin is present in bile and is known to

bind calcium (Carr, 1953a), its possible relevance, in

this regard, to bile was examined.

Calcium binding to purified human albumin

Binding to albumin was assessed using the constant-

volume ultrafiltration technique (p. 61 ) because

equilibrium dialysis was not sufficiently sensitive,

due to the need to dilute the sample to avoid Donnan

effects.

Purified human albumin (40 g/1) was dissolved in the

working tris buffer, pH 8.00, and used in the cell. A

calcium chloride solution (37.84 mmol/1) in buffer, with
4 5

Ca, (2 yCi), was prepared for the reservoir. Fig. 46

represents the albumin binding curve. A maximum of

3 mol calcium were bound per mol albumin when the system

was saturated. This occurred at free calcium concentrations

in/
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ALBUMIN AND TOTAL PROTEIN CONCENTRATIONS
IN BILE

(a) Hepatic Bile

[Albumin] g/1 [Total Protein] g/1

0.86 4 .13

1 .80 8 .40

0.57 2.75

0. 27 3.89

0. 75 5 .11

0.35 2.03

0.10 3 .23

0.28 2.12

0.20 4 . 74

0. 30 3.43

Mean = 0.55 g/1 Mean = 3.98 g/1

(b) Gallbladder Bile

[Albumin] g/1 [Total Protein] g/1

12 .80 20.55

1 .60 9 .25

2 .90 15 .63

4 .50 14 .92

5 .70 8 .67

Mean = 5.5 g/1 Mean = 13.80 g/1

fig.45



- 148 -

CALCIUM BINDING TO PURIFIED HUMAN ALBUMIN

E

=9 401
d

free ^calcium]mmol / 1

Calcium binding to human albumin (40 g/1) in tris/HCl
(20 mmol/1), NaCl (150 mmol/1), pll 8.00 was measured by
constant-volume ultrafiltration at 20-24°C.

fig. z.6
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in excess of 15 mmol/1. The dissociation constant was

5 mmol/1.

Calcium binding to the albumin-containing
fraction of gallbladder bile

Extracting dialysed bile with butanol resulted in a

protein fraction with undetectable quantities of bile

salt, phospholipid and cholesterol (Fig. 47). This

fraction included biliary albumin in a yield of 67%,

69% and 72% in the three specimens analysed.

Binding of calcium to these specimens was assessed

in the constant-volume ultrafiltration cell, under the

same conditions as before. Each of the curves (Fig. 48)

contains a binding component with a dissociation constant

below 5 mmol/1. The maximum binding capacity ranged

from 300 to 800 ymol calcium/g total protein. Two

of the curves consist of both a saturable and a non¬

saturable component. Albumin could account for no more

than 5% of the calcium binding detected.

The total protein concentration was used, together

with the binding data in Fig. 48, to calculate the

potential binding capacity of the protein-rich fraction

in gallbladder bile. Assuming the binding capacity to

average 500 ymol calcium/g protein, and the protein

concentration to approach 14 g/1 (Fig. 45), the protein-

containing fraction of gallbladder bile is potentially

capable of binding 7 mmol/1, when saturated. However,

since the total protein estimation is likely to

be /
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COMPOSITION OF GALLBLADDER BILE: THE EFFECTS OF

BUTANOL EXTRACTION

Variable Measured Original Bile
Butanol Extracted

Fraction

[Bile Salt] mmol/1 106 , 53 , 208 0 0 , 0

[Phospholipid] mmol/1 38 , 11 , 25 0 0 , 0

[Cholesterol] mmol/1 12 , 6 , 17 0 0 , 0

[Total Protein] g/1 12.3 , 25.2 , 8.4 23.3 , 58.1 , 15 .9

[Albumin] g/1 2.1 , 5.4 , 1.8 7 .0 , 18.6 , 6.5

[Sodium] mmol/1 149 , 183 , 208 153 , 151 , 152

[Potassium] mmol/1 7.1 , 9.7 , 11 . 1 0 0 , 0

[Calcium] mmol/1 3.1 , 5.3 , 6.8 0 0 , 0

pH 7.12, 7 .65 , 6 .82 8.00 , 8.00, 8 .00

The composition of gallbladder bile samples from 3 patients was

measured. These samples were then subjected to 48 h dialysis

against distilled water and butanol extraction at -17°C. The

residue was redissolved in tris/HCl (20 mmol/1), NaCl (150 mmol/1),

pH 8.00, and the composition remeasured.

fig. 47



CALCIUM BINDING IN GALLBLADDER BILE

AFTER BUTANOL EXTRACTION
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Gallbladder bile samples from 3 patients were extracted
with butanol at -17°C and redissolved in tris/HCl (20 mmol/1)
NaCl (150 mmol/1), pH 8.00. Calcium binding to these
protein-rich fractions was then measured by constant-volume
ultrafiltration at 20-24°C.

fig. £8
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be too high - being affected by the lecithin in bile

(Appendix 1) - this estimate of maximum binding capacity

must also be high. It is to be emphasised that the

maximum binding capacity cannot be achieved at the free

calcium concentrations found in bile, where approximately

3 mmol/1 calcium may be bound. This complements previous

data (p. 142 and p. 103) indicating that the concentration

of bound calcium unaccounted for by bile salts and lecithin,

is around 2 mmol/1 in gallbladder bile. However, since

the dissociation constants for calcium binding to micelles

and to the protein fraction are roughly similar (in the

millimolar range), it is probable that these fractions

compete for available calcium.

Summary

(1) Albumin has been detected in both hepatic and

gallbladder bile.

(2) Calcium binding to purified albumin has been

demonstrated.

(3) Biliary albumin can account for no more than 5%

of the calcium binding to the protein-rich

fraction of gallbladder bile.

(4) This fraction is capable of binding 60% of the

calcium in gallbladder bile.

(5) Calcium binding to micelles and to protein in

gallbladder bile is of similar affinity and so it

is likely that these compete for available calcium

ions .

Since/
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Since albumin accounted for such a small proportion

of the calcium binding to this fraction, in the next

section, an attempt was made to isolate and assess

calcium binding to a non-lipid subfraction containing

glycoprotein and acidic polysaccharide but, no albumin,

bile salt, phospholipid or cholesterol. It has been

shown that the acidic polysaccharide group of compounds

is capable of binding calcium (Dorfman, 1958).
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SECTION IV

CALCIUM BINDING TO POLYSACCHARIDE

Concentrations of acidic polysaccharide in bile

These were measured in seven samples of hepatic

and three samples of gallbladder bile (Fig. 49). The

average acidic polysaccharide concentration was 436 mg/1

in hepatic bile and 1925 mg/1 in gallbladder bile. The

significance of this group of compounds to the calcium-

binding system in bile was next examined.

Calcium binding to a representative
acidic polysaccharide

Sodium heparin was chosen as an example of an acidic

polysaccharide which is known to be produced by the liver

(White et_ aJ, 1964). Heparin consists of a family of

linear polysaccharides of varying lengths, with molecular

weights ranging from 6,000 to 20,000 (Barlow et al, 1961).

The heparin was first dialysed overnight in

Spectrapor membrane at 4°C against the working tris buffer,

in order to remove the low molecular weight components.

The concentration of the working stock solution of

heparin was 3.8 g/1. Assay of bile salt, phospholipid,

cholesterol, albumin, total protein and calcium were

performed on this stock. No contamination of heparin by

these compounds was detected.

Calcium binding to heparin was then assessed by

constant/
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ACIDIC POLYSACCHARIDE CONCENTRATIONS IN

HEPATIC AND GALLBLADDER BILE

[Acidic Polysaccharide] mg/1

Hepatic Bile Gallbladder Bile

305 4050

300 1125

450 600

300

225

570

900

Mean = 436 mg/1 Mean = 1925 mg/1

fig. 49



- 156 -

constant-volume ultrafiltration. Results are presented

in Fig. 50. These gave a dissociation constant of

5.0 mmol/1 and a maximum binding capacity of 900 ymol

calcium/g heparin. Saturation was reached at free

calcium concentrations above 30 mmol/1.

Calcium binding to the acidic polysaccharide/
glycoprotein fraction of gallbladder bile

This fraction was isolated from two samples of

gallbladder bile (p. 98). The concentrations of

components in the fractions are shown in Fig. 51. The

overall yield of polysaccharide was 56% and 52% of the original

mass in bile. Neither albumin nor the lipids: bile salt,

phospholipid, cholesterol, were detected in this fraction.

Calcium binding to these preparations was studied using

both equilibrium dialysis and constant-volume ultrafiltration.

a) Constant-volume ultrafiltration: This was

performed with the polysaccharide fraction in the

cell and CaCl2 (37.84 mmol/1) in the working tris
buffer in the reservoir.

Binding data are shown in Fig. 52. These gave a

dissociation constant of 2.4 mmol/1, which was similar

to that obtained in the experiments with purified heparin.

The maximum binding capacity (250 mmol/g) was however,

much higher than that of purified heparin (900 ymol/g).

Thus either the type and size of acidic polysaccharide in

bile is different from heparin or there are other compounds

in this fraction which bind calcium - e.g. glycoprotein.

Using/
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CALCIUM BINDINGTO HEPARIN

Calcium binding to heparin (3.8 g/1) in tris/HCl (20 mmol/1),
NaCl (150 mmol/1), pH 8.00, was measured by constant-volume
ultrafiltration at 20-24°C.

fig.50
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COMPOSITION OF GALLBLADDER BILE AND ITS ACIDIC

POLYSACCHARIDE FRACTION

Variable Measured Original Bile
Acidic Polysaccharide

Traction

[Acidic Polysaccharide] mg/1 600 , 1125 1680 , 2925

[Total Protein] g/1 16.2 , 9.2 0.4 , 0.12

[Albumin] g/1 5.4 , 1.8 0 , 0

[Bile Salt] mmol/1 53 , 208 0 , 0

[Phospholipid] mmol/1 11.8 , 25.0 0 , 0

[Cholesterol] mmol/1 6.0, 17.1 0
, 0

[Sodium] mmol/1 183 , 197 151 , 152

[Potassium] mmol/1 5.4 , 4.9 0 , 0

[Calcium] mmol/1 3.8 , 4.6 0
, 0

pH 7.65, 6.82 8.00, 8.00

The composition of gallbladder bile samples from 2 patients was

measured. The acidic polysaccharide fraction was then prepared

by dialysis of these samples against distilled water, trichloro¬

acetic acid precipitation, further dialysis and final

precipitation with ethanol. The fraction was redissolved in

tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00, and the

composition remeasured.

fig. 51



CALCIUM BINDING TOTHE ACIDIC POLYSACCHARIDE

FRACTION OF GALLBLADDER BILE

TJ

a

free Ccalcium] mmol /1

Calcium binding to the acidic polysaccharide fractions
of 2 samples of gallbladder bile in tris/HCl (20 mmol/1),
NaCl (150 mmol/1), pH 8.00, was measured by constant-
volume ultrafiltration at 20-24°C.

fig.52



- 1.60 -

Using the polysaccharide concentrations from

Fig. 49, and the maximum binding capacity of 250 mmol/g

from Fig. 52, the maximum binding capacity of this fraction

in gallbladder bile can be calculated to approach

500 mmol/1 - far greater than the bound calcium concentrations

found in bile. This may well be an overestimate because

the polysaccharide assay implicitly assumes that poly¬

saccharide in bile produces the same quantity of colour

as the heparin standard. This assumption is unproved.

It must also be stressed that the maximum binding capacity

cannot be achieved at the free calcium concentrations

normally found in bile.

However, since the dissociation constant for binding

to this fraction is similar to those of the other calcium-

binding fractions in bile, namely micelles and albumin,

they will all compete effectively for a share of the

available calcium ions.

At free calcium concentrations above 2.50 mmol/1,

visible precipitation was seen in the polysaccharide -

calcium system, perhaps explaining why the curves in

Fig. 52 do not saturate. This phenomenon was not seen

at free calcium concentrations found in bile (0.6 mmol/1).

b) Equilibrium dialysis: Calcium concentrations of

70 nmol/1 were used. Prior to the addition of

bile salt, calcium binding was detectable in only

one of the specimens examined, but after the

addition of glycocholate (40 mmol/1) to both sides

of/
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of the equilibrium dialysis membrane, binding

was stimulated and was clearly demonstrable in

both specimens (Fig 53). This indicates an

interaction between acidic polysaccharide and

bile salt micelles.

Summary

(1) Acidic polysaccharide was detected in both hepatic

and gallbladder bile.

(2) Calcium binding to heparin, a representative acidic

polysaccharide excreted by the liver, was

demonstrated.

(3) Calcium binding to a non-lipid subfraction of

gallbladder bile containing protein and acidic

polysaccharide but no albumin or bile salt,

phospholipid or cholesterol, was demonstrated.

Since concentrations of acidic polysaccharide

were higher in the gallbladder than in hepatic

bile, calcium binding to this species is likely

to be of greater significance in the former site.

(4) Although the polysaccharide fraction had a large

capacity, its affinity for calcium ions was similar

to other calcium binding agents in bile such as

micelles and albumin. It is therefore likely

that they will compete approximately equally for

a share of the available calcium ions.

(5) The interaction of calcium with acidic polysaccharide

may, /
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CALCIUM BINDING TO THE ACIDIC POLYSACCHARIDE

FRACTION OF GALLBLADDER BILE : THE EFFECT OF

BILE SALT

-O

The acidic polysaccharide fractions of gallbladder bile
samples from 2 patients were prepared and dissolved in
tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00.
Calcium binding to these fractions was then measured by
equilibrium dialysis at 37°C in the absence (0, A) and
presence (•, A) of glycocholate (40 mmol/1) on both sides
of the equilibrium dialysis membrane.

fig.53
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may, under certain circumstances, lead to the

formation of insoluble material.

(6) Bile salts and acidic polysaccharide perhaps do

not compete separately for calcium. The three

species may be physically associated.
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SECTION VII

CALCIUM BINDING TO COMPOUNDS IN HUMAN BILE
WITH MOLECULAR WEIGHT LESS THAN 1000

The principle on which the ultrafiltration and

equilibrium dialysis binding techniques is based is

separation, by means of a semi-permeable membrane, of

macromolecule with attached ligand from free ligand.

While this is extremely useful in assessing binding

to molecules restricted by the membrane, it will not

detect binding to smaller molecules which can pass

through the membrane and thus are distributed equally on

both sides of the membrane. Ligand "free" in an

ultrafiltration experiment is not necessarily ligand

"ionised". Low molecular weight binding has therefore

not been assessed in any of the previous results sections.

Because binding of calcium to compounds of low

molecular weight, such as citrate and phosphate, is

known to occur in plasma (Walser, 1961), an attempt was

made to assess its possible significance to the calcium-

binding system in bile. This was performed by measuring

the ionised calcium, with an electrode, in ultrafiltrates

of bile.

Preparation and composition of ultrafiltrates

Five specimens of hepatic bile and three of gallbladder

bile were ultrafi1tered at 37°C through a Millipore cell

fitted with a membrane with a molecular weight cut-off =

1000/
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1000 (p. 51 ). 10% of the volume of each specimen was

collected as ultrafiltrate. A comparison of the

composition of the original specimens and their ultra-

filtrates is presented in Fig. 54a and 54b. Only sub-

micellar concentrations of bile salts were present in the

ultrafiltrates of hepatic bile whereas the mean

concentration in ultrafiltrates of gallbladder bile was

18 mmol/1. All of the phospholipid and cholesterol

were retained by the ultrafiltration membrane. An average

of 46% of the calcium was filterable in hepatic bile and

22% in gallbladder bile. All of the sodium and potassium

in hepatic bile were filtered but 20% of the sodium was

retained by the membrane in gallbladder bile. The pH

of the ultrafiltrate was slightly more alkaline than

the original bile.

Calcium electrode studies on ultrafiltrates of bile

The ionic strengths of the ultrafiltrates of hepatic

and gallbladder bile were calculated after conductance

measurements (p. 256). The mean ionic strength of the

hepatic samples was 137 + 3 (S.E.M.) mmol/1, and of the

gallbladder samples 116 + 6 (S.E .M.) mmol/1. Two

complete groups of CaC^ standards in the range 0.10 -

10.00 mmol/1 were made up in NaCl to give a total ionic

strength in each group of 137 mmol/1 and 116 mmol/1

respectively (Appendix 5).

The ionised calcium concentrations in the ultra-

filtrates of bile were then measured at 37°C, using the

calcium/
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COMPOSITION OF BILE SAMPLES AND THEIR ULTRAFILTRATES

(a) Hepatic Bile

Variable Measured Original Bile Ultrafiltrate

[Bile Salt] mmol/1 5.0 (2.3 -10.6 ) 3.8 (2.5 -5.7 )

[Phospholipid] mmol/1 1.3 (0 - 2.7 ) 0

[Cholesterol] mmol/1 1.4 (0.3 - 2.5 ) 0

[Calcium] mmol/1 1.40 (0.90- 1.68) 0.64 (0.13-0.88)

[Sodium] mmol/1 148 ( 143 - 152 ) 146 ( 139 - 151 )

[Potassium] mmol/1 4.6 (3.7 - 5.2 ) 4.6 (4.2 -5.4 )

[Protein] g/1 3.9 (1.2-4.8) 0

pH 7.49 (7.07- 8.10) 7.54 (7.09-8.21)

(b) Gallbladder Bile

Variable Measured Original Bile Ultrafiltrate

[Bile Salt] mmol/1 88 ( 20 - 198 ) 18 ( 6 - 41 )

[Phospholipid] mmol/1 22.5 (5.6 -44.3 ) 0

[Cholesterol] mmol/1 9.3 (2.8 -17.5 ) 0

[Calcium] mmol/1 4.65 (2.93- 7.38), 1.01 (0.75-1.30)

[Sodium] mmol/1 177 ( 148 - 213 ) 140 ( 135 - 145 )

[Potassium] mmol/1 9.5 (7.0 -13.7 ) 8.2 (6.6 -10.8)

[Protein] mmol/1 13.8 (8.7 -20.5 ) 0

pH 7.51 (6.88- 8.43) 7.68 (7.02-8.57)

Results are given as Mean (Range); n = 5 and 3 respectively.

fig. 54
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calcium electrode (p. 71). Total calcium concentrations

in the original bile samples and in the ultrafiltrates

were also measured (p. 232). This enabled calculation

of the calcium concentration bound to molecules of molecular

weight above and below 1,000.

Results are shown in Fig. 55a and 55b. The ionised

calcium concentrations in ultrafiltrates of hepatic and

gallbladder bile were significantly less than the total

calcium concentrations in these ultrafiltrates (p £ 0.02

using the Wilcoxon ranking test for pair differences, p. 273).

The difference, assumed to be due to binding of calcium

to molecules with molecular weight less than 1,000, accounted

on average for 0.17 mmol/1 in hepatic and 0.52 mmol/1 in

gallbladder bile. This contrasted with binding to molecules

with molecular weight greater than 1,000, which accounted

for 0.76 mmol/1 in hepatic and 3.64 mmol/1 in gallbladder

bile .

The low bile salt concentrations - particularly in

hepatic bile ultrafiltrates, where their levels were below

the critical micellar concentration, suggests that low

molecular weight compounds other than bile salt bind

calcium. This form of binding accounted on average for

18% of the total calcium binding in hepatic bile and 12%

in gallbladder bile.
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DISTRIBUTION OF CALCIUM IN BILE

(a) Hepatic Bile

Total Ionised
Total
Bound

Bound

(Mol.Wt. >1,000)
Bound

(Mol.Wt. <1,000)

0.90 0.43 0.47 0.15 0.32

i—i 0.58 0.86 0.81 0.05

COrH 0.57 0.79 0.46 0.33

1 .65 0.64 1 .01 0.84 0.17

1.68 0.13 1 .55 1 .55 0.00

(b) Gallbladder Bile

Total Ionised
Total
Bound

Bound

(Mol.Wt. >1,000)
Bound

(Mol.Wt. <1,000)

7.38 0. 38 7 .00 6 .40 0.60

3.63 0. 56 3.07 2.88 0.19

2.93 0.53 2 .40 1.63 0. 77

Results are given as calcium concentrations (mmol/1).

Total : Measured by atomic absorption spectrophotometry

: Measured by calcium electrode on ultrafiltrate

: Total - Ionised

: Total - Ultrafiltrate

: Ultrafiltrate - Ionised

Ionised

Total Bound

Bound (>1,000)

Bound (<1,000)

fig. 55
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SECTION VIII

REVERSIBILITY OF CALCIUM BINDING IN BILE

There were two reasons for the need to demonstrate

that calcium binding in bile was reversible:

(a) stoichiometric: the law of mass action, on

which the calculation of dissociation constants

and binding sites depended, implicitly assumed

that the equilibrium under review was reversible.

(b) biological: in the construction of an hypothesis

for the behaviour of calcium in bile, it was

vital to know whether the equilibria were

reversible, in order to predict circumstances

under which the ionised fraction would be

increased and therefore more likely to

precipitate.

The total and filterable calcium concentrations of

three hepatic bile samples were measured. The proportion

of the total calcium retained by the filter, and therefore

presumed to be bound to components in bile with a molecular

weight greater than 1000, was 46%, 33% and 67%. Reversibility

of this binding was assessed by gel filtration and by

constant-volume ultrafiltration.

Gel filtration studios

A column of Sephadex G25 (fine) was calibrated
45

with blue dextran and calcium in the working tris buffer,
o 4 5

pH 8.00, at 37 C (p. 89 ). calcium (250 nCi) was added

as a tracer to the three bile samples and each in turn was

applied/
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applied to the column at 37°C. Portions of each fraction

collected from the column were used for scintillation

counting and for total protein assay.

The results together with the elution patterns of blue
45

dextran and free calcium are shown in Fig. 56. The

biliary protein was eluted close to the column void volume.

In contrast, most of the calcium was found at the salt

volume. Therefore, the calcium which was initially

protein-bound had been stripped from the protein during

passage down the column. This would be expected with -a

reversible equilibrium in a system with a millimolar

dissociation constant, using a non-equilibrium technique

such as gel filtration.

Since bile salt micelles are known to be broken down

on Sephadex columns (Norman, 1964b) and since work

presented in previous sections here indicates that they

form an important component of the calcium-binding system

in bile, reversibility of calcium binding to micelles was

assessed using the constant-volume ultrafiltration

technique.

Constant-volume ultrafiltration studies

In an initial series of experiments, glycocholate

(32 mmol/1) in the working tris buffer pH 8.00, was placed
45

in the cell. A CaClg solution (4.59 mmol/1), with Ca
as a tracer, was prepared for the reservoir. To keep the

bile salt concentration in the cell constant, sodium

glycocholaLc/
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REVERSIBILITY OF CALCIUM BINDING IN HEPATIC BILE

r16000

Absolution containing blue dextran 2000 (2 g/1) ( A A ) and
4^CaCl2 (200 nCi) (A A ) was used to calibrate a column of
sephadex G25 at 37°C. 45caCl2 (250 nCi) was added to 3 hepatic
bile samples which were then applied to the column at 37°C.
Portions of each fraction collected from the column were taken
for scintillation counting (o——-o) and protein assay (• • ).
Results are expressed as the mean of the 3 experiments together
with the range.

12000
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fig. 56
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glycocholate (4.0 mmol/1) was added to the reservoir

fluid to compensate for losses in the ultrafiltrate

(p. 70 ). The binding curve of calcium at room

temperature is shown in Fig. 57a, and is similar to

previous experiments performed at 37°C by the single

cell ultrafiltration method (Fig. 26).

In a second series of experiments, the same

45
concentration of CaC^ with Ca was added to sodium
glycocholate (32 mmol/1) in the working tris buffer.

The solution was allowed one hour at room temperature to

equilibrate (p. 59 ), then placed in the cell. Sodium

glycocholate (4.0 mmol/1) in buffer was placed in the

reservoir. Again the experiments were performed at

room temperature. The results of this "reverse" binding

curve are presented in Fig. 57b. Comparison with Fig. 57a

shows that calcium binding to glycocholate micelles was

completely reversible.
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REVERSIBILITY OF CALCIUM BINDING TO

GLYCOCHOLATE MICELLES

OJ

Calcium binding to
NaCl (150 mmol/1),
ultrafiltration at
to the bile salt;
bile salt.

2 0 3 0 3-0 2-0

free [[calcium] mmol/l
glycocholate (10 mmol/1) in tris/HCl (20 mmol/1)
pH 8.00 was measured by constant-volume
20-24°C, (a) during addition of calcium
and (b) during elution of calcium from the

fig.57
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SUMMARY OF THE RESULTS

(1) 64% of the total calcium in hepatic bile and 86%

of the total in gallbladder bile was bound to molecules

with a molecular weight greater than 1000.

(2) Calcium binding in hepatic bile responded,

quantitatively to changes in the bile salt and

lecithin concentrations.

(3) Lecithin alone did not bind calcium but the phospho¬

lipid did increase calcium binding to bile salt

micelles in both synthetic systems and bile samples.

(4) Bile salt micelles were shown to be capable of

binding calcium. Under certain circumstances,

the interaction led to the formation of insoluble

material. This was more pronounced with the un¬

conjugated bile salt sodium cholate, than with

its conjugated counterpart, sodium glycocholate.

(5) Calcium binding to the bile salt/lecithin system

could account for 78% of the binding seen in

hepatic bile, but for only 50% of the binding seen

in gallbladder bile. This implied that other

components were responsible for binding calcium -

particularly in gallbladder bile.

(6) All calcium-binding species in gallbladder bile

were dependent on bile salts since the relationship

between calcium binding and bile salt concentration

was linear with no intercept on either axis.

(7)/
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(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)/
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Albumin was detected in hepatic and gallbladder

bile.

Calcium binding to purified human albumin was

demonstrated.

The protein-rich fraction in gallbladder bile was

capable of binding 60% of the calcium found in bile,

but because the affinity of binding was similar to

other components (micelles and polysaccharides),

it is likely that these all compete for free calcium.

Albumin could account for no more than 5% of the -

calcium binding to the protein-rich fraction in

gallbladder bile.

Acidic polysaccharide was detected in both hepatic

and gallbladder bile.

Calcium binding to heparin, a representative acidic

polysaccharide, was demonstrated.

Calcium binding to a non-lipid subfraction of

gallbladder bile containing protein and acidic

polysaccharide but not albumin, bile salt, phospho¬

lipid or cholesterol, was demonstrated.

The interaction of calcium with acidic polysaccharide,

under certain circumstances, led to the formation

of insoluble material.

Although the polysaccharide had a large capacity

for binding calcium, its affinity for calcium ions

was similar to the other binding agents in bile:

micelles and albumin.
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(16) It was probable that the three major calcium-

binding components in bile (lipids, proteins

and polysaccharides) competed approximately

equally for a share of the available calcium

ions .

(17) Micelles and acidic polysaccharide may not

compete separately for calcium. Evidence that

the polysaccharide influenced the ability of the

bile salts to bind calcium was presented.

(18) Compounds, excluding bile salt, lecithin and

cholesterol, with a molecular weight less than

1000, were capable of binding calcium in bile.

This accounted for an average of 18% of the total

calcium binding in hepatic bile and 12% in

gallbladder bile.

(19) Calcium binding to the protein fraction in

bile and to bile salt micelles was shown to be

freely reversible.
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DISCUSSION OF METHODS

The choice of methods used
to study calcium binding

Methods available to study the interaction of one

molecule with another can be divided into two major

groups:

(i) Equilibrium techniques: where the assumption is

made that the equilibrium between ligand and macro-

molecule is not significantly displaced in the process

of measuring the extent of binding. These techniques

include equilibrium dialysis and ultrafiltration.

Similar data may be deduced from ion-specific electrodes

and from spectroscopy although, strictly speaking, these

are methods of measuring endpoints rather than of separating

ligand bound from ligand free.

(ii) Non-equilibrium techniques: where the equilibrium

between ligand and macromolecule is deliberately displaced

in order to assess whether binding can still be detected.

Such techniques include gel filtration, density gradient

centrifugation and electrophoresis.

The two types of techniques yield different

information. The equilibrium techniques measure ligand

bound and free under equilibrium conditions, making it

possible to quantitate the binding by applying the law of

mass action and the principle of Guldberg and Waage

(Moore, 1966). This allows calculation of:

(a)/
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(a) the dissociation constant (KD), which is
a measure of the affinity of ligand for

macromolecule: the lower K^, the higher the
affinity (Appendix 3).

(b) the maximum mass of ligand bound to macro-

molecule when all its binding sites are

saturated (n). When the molecular weights

of both ligand and macromolecule are known,

the maximum number of binding sites on each

macromolecule may be calculated (Appendix 3). •

By using non-equilibrium techniques, different classes

of binding sites may be detected. Specifically, a small
— 8

amount of high affinity binding (KD < 10 mol/1) may be
detected in the presence of a large amount of lower affinity

binding. This is more difficult with the equilibrium

techniques. It is, however, possible to miss low affinity
-4

binding (K^ > 10 mol/1) using a non-equilibrium technique.
The essence of such a procedure is to produce movement,

of different degrees, of the complex and the free ligand

through a density or electrical gradient or through a

molecular sieve. The complex continually moves into

regions where the free ligand concentration is lower than

before - inducing gradual dissociation. With low affinity

binding, all the ligand may strip off under these

circumstances.

In/
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In this study of calcium binding to molecules

found in bile, both types of technique have been used. The

non-equilibrium technique, gel filtration, has been used

to assess the possible presence of high affinity calcium

complexes in bile, and also to demonstrate reversibility
of calcium binding in bile - a necessary prelude to the

application of the law of mass action to data obtained from

the equilibrium methods.

Equilibrium techniques such as ultrafiltration,
equilibrium dialysis and the calcium ion electrode, have
been used to assess quantitatively the extent of binding
to different fractions in bile. They are all the more

appropriate to bile in view of the failure of the gel

filtration experiments to demonstrate high affinity sites.

Although spectroscopy can be used to study binding under

equilibrium conditions, it was not employed in the present

study since spectroscopic changes in compounds in bile due

to calcium binding have not been described.

After failure of gel filtration to demonstrate

high affinity binding the other non-equilibrium techniques,
density gradient centrifugation and electrophoresis, were

not used.

Assessment of the methods used
to study calcium binding

(i) Ultrafiltration and equilibrium dialysis: In

both methods free ligand concentration is measured after

its/
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its separation from the complexed fraction across a

semi-permeable membrane. In equilibrium dialysis,

simple diffusion down a concentration gradient is

involved whereas ultrafiltration involves diffusion

under gas pressure. Bound ligand may be calculated

by subtracting the concentration of the free form

from that of the total.

a) Apparatus for the two techniques: Ultra¬

filtration was performed with Millipore apparatus

and membranes. No published data have been found"

on the performance of the constant-volume apparatus

from Millipore. Grice and Hayes, (1972) and

Grice et ad, (1973) have used a similar apparatus

from Amicon (Model 12 Ultrafiltration Cell) but

this has not been fully assessed. These authors did,

however, report that less binding of ligand occurred

to Millipore membranes compared with the Amicon

counterparts, thus making the blank measurement,

in the absence of binding agent, smaller. For this

reason the Millipore membrane and apparatus was

chosen here. Improvements in the construction of

the cell-reservoir system (p. 64 ) and in the

pressurising sequence (p. 65 ) were necessary before

reproducible data were produced by the microscale

method.

Details of a single cell ultrafiltration system

used/
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used to study calcium binding in bile have recently

been reported by Wilkie e_t aT, (1976). No attempt

was, however, made by these authors to assess the

performance of their system in terms of precision,

sensitivity, accuracy and membrane characteristics.

A further report from the same group (Sutor and

Wilkie, 1977b) indicated that each experiment took

two hours and that bile was ultrafiltered in such

a way that only a small fraction of the sample was

allowed contact with the filter at any one time, and

further that the system was unstirred. It is

probable, therefore, that the initial conditions in

bile were distorted in the course of the experiment

and that re-equilibration between free and bound

calcium occurred. For these reasons this system

was not adopted. In the present study, the 13 mm

Millipore cell was assessed and used successfully for

ultrafiltration of neat bile samples. It was shown

to have few of the above drawbacks.

Equilibrium dialysis was performed with the

Dianorm apparatus. The construction of the teflon

compartments in which the dialysis was performed
2

provided a high surface area/volume ratio (4.5 cm /ml),

and also allowed rapid temperature equilibration.

Both of these factors reduced the time for attainment

of/
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of equilibrium at 37°C to 2 h, confirming the

findings of Strange et_ al, (1976). This is much

shorter than the conventional "bag" technique

which may take 16-20 h (Katz and Klotz, 1953). The

short equilibration period reduces the liklihood

of denaturation of the binding species during the

experiment.

b) The equilibrium criterion: Equilibrium

techniques assume that the binding interaction is

not displaced from its equilibrium position in the •

course of the measurement. This is usually true

of equilibrium dialysis in which diffusion is allowed

to continue until no further change in concentration

of ligand on either side of the membrane takes place

(p. 82). A theoretical metastable equilibrium

which subsequently changes, over several days, to a

true equilibrium could, however, be missed. This is

relevant to the experiments performed on bile samples

subjected to prolonged preliminary periods of dialysis

(p. 123). It was shown that bile salt micelles

were important calcium-binding agents and that the

membrane used for equilibrium dialysis was slowly

permeable to the mixed micelles found in bile. This

intrinsic methodological defect was minimised by using

the results only for comparisons with others similarly

obtained, rather than for calculation of absolute

binding data.

The/
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The constant-volume ultrafiltration method

assumes equilibrium conditions. This is

substantiated by experiments showing that the

binding curves are insensitive to changes in pressure

and therefore to changes in flow rate. The

single cell method must displace the reaction in

order to collect ultrafiltrate since the volume of

the cell contents becomes smaller, with concentration

of the non-diffusible species. In practice, only

3% of the volume of the cell contents was removed,.

thus reducing the effects of changes in volume to

a minimum.

c) Accuracy: It is tempting to use the terms

"bound" and "free" to designate the fractions

separated by equilibrium dialysis and ultrafiltration.

In practice it is rarely possible to be certain about

the exact calculation of these fractions. In one

technique there is a dialysable fraction and, in the

other, an ultrafilterable fraction. In neither

is ion activity measured and so in neither is it

possible to know how much of this movable component

is in fact ionised. Low molecular weight compounds

which complex calcium may diffuse across both types

of membrane. In theory, therefore, only the terms

dialysable, undialysable, ultrafilterable, non-

ultrafiIterable,/
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ultrafilterable, are appropriate. In practice "free"

and "bound" will be used since they are less unwieldy,

but they are used with these reservations in mind.

In this regard, ultrafiltration is likely to be more

accurate than equilibrium dialysis since the cut-off

of the membrane used in the ultrafiltration

experiments is lower than that used in the equilibrium

dialysis experiments (1,000 and 12,000 respectively).

d) Sensitivity and precision: The principal

drawback of equilibrium dialysis was lack of

sensitivity, attributed to the need to dilute the

sample in order to avoid Donnan effects. Ultra¬

filtration was more sensitive, particularly when

used in the constant-volume mode.

Using the Dianorm apparatus for equilibrium

dialysis, the reproducibility was 2% (c.v.). This

compares favourably with a c.v. of 20% for the "bag"

method (Katz and Klotz, 1953). The precision of

ultrafiltration with the single cell was 1% when

used on purified preparations. It was somewhat

less precise (c.v. = 6%) when used on unfractionated

bile. The constant-volume procedure was rather

less precise than the single cell method but had the

great advantage over the other techniques of economy

of time and materials. This may be of relevance when

dealing with small quantities of labile binding agents.

e)/
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e) Donnan effects: These involve the unequal

distribution of diffusible ions across a semi¬

permeable membrane. This is induced by the presence

of a non-diffusible charged macromolecule on one side

of the membrane. An account of the theory behind

Donnan effects is given on p. 85 . They are important

because they introduce errors into binding calculations-

based on equilibrium dialysis data.

A combination of dilution of the sample to a

protein concentration of less than 2 g/1; and

inclusion of NaCl in the buffer to increase the

ionic strength, was used in the equilibrium dialysis

experiments to avoid Donnan effects. Further

dilution of the sample did not alter binding data

[dissociation constant (K^) or number of binding sites,
(n)]. As indicated on p. 88 , changes in these

parameters with dilution are to be expected if

Donnan effects are present.

No quantitative work describing Donnan effects

in ultrafiltration systems has been found, although

Walser, (1961) does allude to "the restraining effect

of the non-diffusible anions". The agreement

between the calcium-albumin binding curve constructed

from ultrafiltration data (Fig. 46), and the

equilibrium dialysis data of Katz and Klotz, (1953)

suggests that Donnan effects are insignificant in

the /
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the ultrafiltration system under the conditions used

here. They were ignored in the calculation of

results.

f) Non-specific binding to membrane and apparatus:

This represented a smaller proportion of the total

binding in equilibrium dialysis experiments (10%),

than in ultrafiltration experiments (30%). In

addition, binding should occur equally to both sides

of the equilibrium dialysis membrane, since each

compartment is structurally similar, and so should*

not seriously interfere with the binding calculation.

In ultrafiltration experiments, non-specific

binding may occur to one side more than the other

because the different sides of the membrane itself

are not identical, nor is the structure of the

apparatus. For this reason the blank does not cancel

out as in equilibrium dialysis, and must be subtracted

from the total binding detected.

g) Retention characteristics of the membranes: The

ultrafiltration membrane was tested with four compounds

of known molecular weight. Although the cut-off

was not absolute at a molecular weight of 1000, it

nevertheless took place over a relatively narrow

molecular weight range. In contrast, the equilibrium

dialysis membrane had a cut-off reported to be in the

range 12,000 - 14,000 (Spectrum Lab Products Catalog,

1977). This allowed free diffusion of unaggregated

bile /
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bile salt and of purified micellar glycocholate

systems (40 mmol/1). The diffusion of mixed micelles of

bile salt, lecithin and cholesterol, found in bile,

was however much slower (p. 85 ). The less polar

lipids, cholesterol and lecithin, with molecular

weights of 387 and 780 respectively were virtually

undialysable, indicating their presence in insoluble

form after the bile salts had been removed.

(ii) The calcium ion electrode:

a) The equilibrium criterion: Measurements were

made with a highly sensitive voltmeter (p. 71 )

with a high impedance circuit (2 megohms) which

drew so little current that the equilibrium

relationships were presumed to be undisturbed.

b) Specificity: The electrode was not totally

specific for calcium. Other ions did produce

interference. However, in practice it was claimed

that at physiological sodium and potassium

concentrations, no interference would be detected.

Among divalent ions, zinc caused the most serious

interference (Instructions for F2112 Ca Calcium Ion

Selectrode, 1977). The concentration of this ion

in bile is unknown. The effects, on electrode

performance, of adsorption of macromolecules such

as protein to the electrode surface were unknown,

but were avoided by performing activity measurements

only on ultrafiltrates. It was noted (p. 78 ) that

exposure/
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exposure of the electrode to long periods (60 min)

of high concentrations (40 mmol/1) of bile salt,

resulted in a falsely low response which, although

eventually reversible, lasted a further 1-2 hours.

For this reason the electrode was usually used on

solutions with concentrations of bile salt below the

critical micellar concentration, and in addition

the measurement was made rapidly (1-2 min).

c) Sensitivity and precision: The Nernst equation

(p. 74), showed that the electrode voltage response

was less for a divalent than for a univalent ion.

However a log-linear response was practical over

the range 0.10 - 10.00 mmol/1 calcium. The range

of calcium concentrations in bile was thus within

the electrode's normal operating range. The

reproducibility, with a coefficient of variation of

1%, made the electrode the most precise of the binding

methods studied here.

d) Comparison with ultrafiltration and equilibrium

dialysis: Ion electrode measurements are simpler to

perform than the other equilibrium techniques. The

electrode attempts to measure the important variable

ion activity and therefore permits accurate calculation

of "free" and "bound" ligand. The electrode

is, however, influenced to a variable extent by

many other ionic species, and by alterations in

temperature and ionic strength (p. 74 and p. 76). Operating

conditions/



- 189 -

conditions must therefore be much more rigorously

controlled than in the other techniques.

(iii) Gel filtration: The use of this non-equilibirum

technique has already been discussed (p. 177). G25 Sephadex

was used because it is potentially capable of fractionating

molecules in the 1000 - 5000 molecular weight range.

Therefore binding, even to low molecular weight components,

would not easily have been missed, if of high affinity.

(iv) The working tris buffer: Tris (hydroxymethyl-

methylamine)/HC1 (20 mmol/1), NaCl (150 mmol/1) was used .

as the working buffer for all the binding experiments.

The pH was 8.00 except in the experiments assessing the

effects of changes in pH on calcium binding. Tris was

chosen because it has no detectable tendency to complex

calcium ions (Good et eQ, 1966). Such interaction might

influence calcium binding results, and is commonly seen

with buffers such as phosphate and acetate. The pKa

of tris at 20° is 8.3, making it suitable for work on

bile. However, the degree of protonation varies with

temperature. Thus the pKa at 37°C is 7.80. Account

of this must be taken when preparing buffer at room

temperature for use at 37°C.
The tris molecule is not found in biological systems

and the extent to which it interacts with and inhibits

chemical transitions in bile Is unknown. It does not

however, significantly interfere with sensitive biological

processes such as protein synthesis and mitochondrial

oxida tions/
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oxidations (Good et al, 1966).

NaCl was included in the buffer to approximate to

the ionic strength and osmotic activity normally found

in bile (Moore and Dietschy, 1964).

The preparative procedures

The purification of bile salts and lecithin and the

preparation of the protein-rich and acidic polysaccharide

fractions of bile were performed by techniques already

established for other biological fluids.

The purification procedures are however only as good

as the methods used to assess purity. The thin layer

chromatographic systems (p. 240) have been used

extensively and many of their limitations have been

defined (Hamilton and Muldrey, 1961; Kelly and Doisy,

1964). To an extent, however, they still suffer from two

intrinsic defects:-

(a) identical mobility of compounds with similar

but not identical, chemical structures. The

use of more than one solvent system reduces

the possibility of this occurrence (p. 242).

(b) detection reagents rarely interact with all

types of compounds. More than one reagent

also reduces this possibility.

The preparation of glycocholate-lecithin systems

involved an equilibration period of more than two weeks.

It is known that equilibration of bile salts and phospho¬

lipids with cholesterol in aqueous systems may take up to

two /
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two weeks (Mufson e_t evL, 1972; Holzbach £t aJ, 1973).

Since few data are available on the equilibration times

of similar systems without cholesterol, the system used

in the present study was given the same period in which

to equilibrate. Its composition did not subsequently

change with storage (p. 95). Azobenzene was used to

demonstrate that the ability of bile salt and lecithin

to solublise a non-polar lipid was greater than bile salt

alone. The presumption that a mixed micellar system

containing bile salt and lecithin had been produced

therefore seemed reasonable. It must, however, be

admitted that in the azobenzene experiments only one

measurement of solubility was made (at 16 h) and it is

therefore not known whether these data are equilibrium

data. This concession does not alter the conclusion

above.

The fractionation techniques were no more than initial

attempts at isolation of the protein and polysaccharide

groups. It was thought unnecessary to purify either

group because the object of the project was to define in

broad outline the relative importance of each major group

of molecules: lipids, proteins and polysaccharides, to

the calcium-binding system in bile. The extent to which

either group was denatured during fractionation has not

been determined here, but it has been shown that many

of these procedures did not significantly upset other

biochemical extractions such as that of microsomal

alkaline/
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alkaline phosphatase (Morton, 1950), or sulphated

biliary glycoprotein (Nagashima et_ al, 1974b).

Human bile specimens were sampled under controlled

conditions and used without storage. They were all from

patients with gallstones. Obtaining a normal control

group was not considered to be feasible. This problem

represents one of the most difficult obstacles to

research which seeks to pinpoint the biochemical features

characteristic of disease processes. Several workers

have used control groups who did not have gallstones

but who were, nevertheless, not normal. Many had

duodenal ulcers or gastric carcinoma (Nakayama and Van

der Linden, 1970; Nagashima e_t aT, 1974b). Whether these

represent reasonable control groups in whom the solubility

of calcium salts and cholesterol is unaltered by their

disease processes is quite unknown. Even with apparently

normal controls there is the concern that a proportion

may have subclinical features of disease and there is no

certainty that these patients will not go on to develop

gallstones. Prolonged follow-up is the only answer to

these criticisms.

Despite this impediment it has been possible to

construct a working hypothesis for the complex behaviour

of calcium in bile. The details of how this relates to

gallstone pathogenesis must at this stage remain

speculative.
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DISCUSSION OF RESULTS

Calcium concentrations in bile

The concentration of calcium in gallbladder bile

was shown to be three-fold higher than that in hepatic

bile (5.00 and 1.67 mmol/1 respectively, on average).

This confirms the findings of Ravdin e_t a_l (1932) and of

Reinhold and Wilson (1934) where a four to five-fold

difference in calcium concentration between the two

types of bile was found in normal dogs without

gallstones. It is perhaps, not surprising that only a

three-fold increase in concentration was found here,

since the presence of stones within the gallbladder will

inevitably affect its function (Grundy, 1972). Also,

in only three patients was it possible to collect bile

from both the gallbladder and bile duct. The remainder

were two separate but comparable populations (p. 98 ).

It was considered justifiable to draw conclusions about the

behaviour of calcium in the two sites by comparing the

two groups directly, appreciating that this might

well distort the absolute differences found.

Concentration of calcium within the gallbladder has

usually been attributed to reabsorption of water (Diamond,

1962; Onstad, 1967), without corresponding reabsorption of

calcium. In diseased states, however, the situation is

probably more complex. Andrews (1936) claimed that calcium

was absorbed through the wall of the acutely obstructed

human/
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human gallbladder. In contrast, in gallbladders

chronically obstructed and infected, the net flux

of calcium was said to be reversed, with increased

passage through the mucosa into bile. Tera (1961)
45

studied the passage of radioactive calcium through

the gallbladder wall of the rabbit and showed that

calcium entered the gallbladder even after ligation

of the cystic duct and cystic artery. This was

attributed to diffusion from peritoneum. The activity of

calcium in the gallbladder was three-fold higher than

the acitvity in blood 3 h after intravenous injection

of the isotope. It was concluded that the concentration

of calcium in gallbladder bile was dependent on active

cellular secretion and diffusion, as well as on the

reabsorption of water.

In contrast to the substantial difference found in

total calcium concentration, the ultrafilterable calcium

concentration was the same in the hepatic and gallbladder

bile samples (0.61 and 0.68 mmol/1 respectively, on

average). The recent findings of Sutor and Wilkie (1977b),

where ultrafilterable calcium concentrations of 1.3 and

1.6 mmol/1 were found in hepatic and gallbladder bile

samples, agree on the similarity of this fraction in the

two types of bile. The actual concentrations of ultra-

filterable calcium wore, however, substantially higher

than in the present study. In addition to criticisms

of the method which they used (p. 181), this difference

may be partly explained by the greater membrane

permeability/
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permeability in their study (10,000 molecular weight cut¬

off compared to 1,000 in the present study).

It is thus of interest that although the total mass

of calcium is concentrated by the gallbladder, the fraction

ultrafilterable does not change. The filtration data

indicate that 86% of the total calcium is bound in

gallbladder bile and 64% in hepatic bile. Whether this

is simply due to concentration within the gallbladder of

compounds in hepatic bile which bind calcium, or whether

this process is supplemented by secretion of calcium-

binding components by the gallbladder, is discussed

later.

The more acidic pH in the gallbladder compared with

hepatic bile, confirms the findings of Okada (1915),

Neilson and Meyer (1921), Drury et aT, (1924) and Ravdin

et al (1932). This is probably due to the active

reabsorption of bicarbonate by the gallbladder

(Chenderovitch, 1973).

This initial study thus confirms previous findings

on the behaviour of the total calcium fraction and pH

in bile, and is in broad agreement with the very recent

ultrafiltration results of Sutor and Wilkie (1977b). It

implies that the majority of calcium in bile is not in a

freely ionised state but is bound to molecules in bile.

Since it is the activity of calcium in the freely

ionised form, and not its total concentration, which

governs its ability to form insoluble salts, the calcium-

binding/
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binding system in bile can be considered as a mechanism

which provides protection against potential precipitation

of insoluble salts.

In investigating the calcium-binding system in

bile, it was decided to assess separately the three

major types of compounds found in biological systems:

lipids, proteins and carbohydrates. Lipids were given

priority in this assessment for two reasons

(a) they are quantitatively the most important

fraction in bile, comprising 80% of its dry

weight (Nakayama and Van der Linden, 1970)

(b) bile salt micelles are known to bind univalent

cations such as sodium and potassium (Moore

and Dietschy, 1964), and it therefore seemed

probatile that they would also bind calcium.

Calcium binding to purified preparations, representative

of those found in bile, was first studied. Subsequently

the effects of altering the composition of these fractions

in bile was assessed.

Calcium binding to biliary lipids

Large quantities of calcium (35 - 50% of the total)

were bound by micellar systems of purified glycocholate

(p. 109 ). This is quantitatively the most significant

bile salt found in human bile (Hofmann and Small, 1967).

The proposal that the binding of calcium was to the

micellar component of the bile salt system was confirmed

by failure to detect changes in calcium activity in the

presence/
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presence of sub-micellar concentrations of glycocholate

(p. 121). Since experiments were performed under

equilbirium conditions, a binding curve of calcium

bound to micelles against calcium free was constructed

(Fig. 26), and from this, the binding parameters

(dissociation constant) and n (maximum number of binding

sites) were calculated as 24 mmol/1 and 400 mmol calcium/

mol glycocholate respectively.

A criticism of these calculations is that the binding

curve was not defined in toto. The calculations normally

depend on a knowledge of the concentration of ligand at

which binding saturates. They are therefore estimates

based on the assumption that the curve takes the form

of a rectangular hyperbola: the equation for a single set

of non-cooperative binding sites. It is not possible from

the experimental data to tell whether this is in fact the

case. The reason for the experimental deficiency is

that calcium and glycocholate formed an insoluble complex

at calcium concentrations above 25 mmol/1, converting

the curve into a multicomponent form.

The assumption, that only one set of binding sites

is available, is reasonable in view of the known

homogeneity of micellar structure at the bile salt

concentration used here (Small, 1971), and the

demonstration that unaggregated bile salt did not bind

calcium. After this assumption is allowed, the

calculation of binding data from an isolated portion of

the /
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the curve can be performed by the method of Wilkinson (1961).

The goodness of fit of the data to a rectangular hyperbola

indicates that there is no evidence that the assumption

of a single set of non-cooperative sites in the binding

interaction, is incorrect. It must be emphasised that

the values for and n are only estimates because

of the theoretical assumptions and experimental errors.

They are, however, useful in assessing the order of

magnitude of the binding affinity and number of sites.

Small changes in either cannot be interpreted with confidence.

It can be seen therefore that calcium binding to

micelles is relatively loose - with a dissociation constant

in the millimolar range. Since the glycocholate micelle

contains an average of five bile salt molecules (Small,

1968) and the estimate of n = 400 mmol calcium bound/mol

glycocholate, it seems that a maximum number of two

calcium ions are bound per micelle. However, this is not

achieved until the free calcium concentration reaches

50 mmol/1 which is well outside the physiological range.

Thus it would appear that in bile the micelles are normally

unsaturated with calcium.

Factors found to affect calcium binding to glycocholate

micelles included lecithin, pH and NaCl.

The effect of the phospholipid, lecithin, was

examined/
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examined because it is naturally present with glyco-

cholate as mixed micelles in bile (Admirand and Small,

1968), and because calcium binding to micelles of

glycocholate alone did not account for all of the binding

detected in bile (p. 109 ). More calcium was bound to

the mixed micellar system containing glycocholate and

lecithin than to micelles of glycocholate alone (Fig. 27).

At a free calcium concentration of 0.6 mmol/1 - an average

value for bile - 75% more calcium was bound in the

presence of lecithin. The ability of lecithin to

increase calcium binding to micelles was of great interest

for two reasons

(a) the proportion of the total calcium bound

rose to 50% - more closely comparable to the

64% bound in hepatic bile.

(b) this effect was contrary to the findings in

soap micelles in which the incorporation of

polar lipid in the form of aliphatic alcohol

into the micelle diminished counter-ion

binding (Ekwall et_ al, 1952; Biswas and

Mukherji, 1960; Pearson and Lawrence, 1967).

Bile salt and soap micelles are already known

to differ in many other respects such as size,

shape and critical micellar concentration

(Ilofmann and Small, 1967). In addition,

although lecithin is comparable to linear

aliphatic alcohols as an amphiphile, it is

structurally/
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structurally very different. It posseses

two highly polar groups of opposite charge,

namely phosphate and quaternary nitrogen.

The phosphate group has been shown to bind

calcium ions strongly in the structurally

related molecule: phosphatidyl serine,

(Abramson et_ aJ, 1964), and by analogy,

this may explain the lecithin effect seen in

the present study.

The effect of pH was examined because of the decrease

in pH which was demonstrated when hepatic and gallbladder

bile samples were compared. At a free calcium concentration

of 0.6 mmol/1, 40% less calcium was bound at pH 7.20 than

at pH 8.00 (Fig. 28). This relationship was maintained

throughout the portion of the binding curve studied. Since

the pKa of glycocholic acid is 4.0 (Carey and Small, 1972) it

will be effectively fully ionised at pH 7.00 and above.

The reduction in calcium binding as the pH is reduced from

8.00 to 7.20 is therefore not explicable by a simple

protonation effect. One possible explanation is that

calcium binding induces steric changes within or between

micelles which result in an increase in the pKa of

glycocholic acid. Relevant in this respect is the

observation that the pKa of this acid increases by approx¬

imately one unit from 4.0 to 5.0 after incorporation into

micelles: it becomes a weaker acid. This is presumed to

be due to steric restriction within the micelle (Hofmann

and Small, 1967). To explain the change in calcium

binding/
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binding with pH, the pKa of glycocholic acid would have

to rise to values in the 6.0 - 7.0 range.

In the binding experiments, calcium binding to

glycocholate was demonstrated in the presence of a large

excess of sodium ions (3 mmol/1 and 190 mmol/1 respectively).

Since Moore and Dietschy (1964) have demonstrated binding

of sodium ions to glycocholate micelles it is probable

that calcium competes with sodium for sites on the micelle.

This was demonstrated by the increase in calcium binding

that took place as the sodium concentration was reduced-

(Fig. 29). The binding of sodium ions presumably takes

place with lower affinity than calcium in view of the

difference in valency. It may be, however, that part of

the sodium chloride effect is simply a non-specific result

of altering the ionic strength. Carey and Small (1969)

have shown that reduction in NaCl concentration reduces

the size of the micelles and the average number of bile salt

molecules they contain. The number of micelles is

correspondingly increased. Such a non-specific effect

might be expected to increase the number of cation sites by

increasing the overall surface area of the micelle population.

Calcium binding to cholate was studied because of the

considerable physicochemical differences known to exist

between the conjugated and unconjugated forms of the bile

salts (Carey and Small, 1972). Thus, cholate is known to

have a higher critical micellar concentration, higher pKa,

and lower solubility in water than glycocholate. The

major/
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major difference in the cholate binding curve compared

with that of glycocholate (Fig. 30), was the steep rise

in calcium binding to cholate which occurred when a free

calcium concentration of 5.5 mmol/1 was reached. This

was associated with the sudden appearance of a white

precipitate. The initial part of the binding curve

(0-A in Fig. 30) represented calcium binding to cholate

micelles and in this respect was broadly similar to calcium

binding to glycocholate micelles. That this was not

simply microscopic precipitate formation, which had

not yet reached visible proportions, was demonstrated by

the high recovery of calcium in "soluble" form within

the initial portion of the curve (p. 119), and by the

dramatic change in flow rate which had been constant until

the stage at which visible precipitate formed. It is

necessary then to postulate that a second, insoluble,

type of complex between calcium and cholate occurs.

It was found that both heat at 37°C and stirring were

necessary for the formation of the insoluble complex.

This suggested that a potential energy barrier exists to

its formation. Analysis of the precipitate showed that

it contained both calcium and cholate in a ratio of 1/5.3.

The combination of calcium and cholate in this ratio

eliminates a simple salt linkage in this complex. The

calcium ion is unable to form coordinate covalent bonds

because of its stable outer orbitals containing eight

electrons. It therefore seems likely that a co-precipitate

of /
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of calcium and cholate has formed.

The contribution of mixed micelles to calcium binding

in bile, suggested by these experiments with purified

systems, was further assessed by examining hepatic and

gallbladder bile samples. Bile salts, phospholipid and

cholesterol were removed from and replaced to hepatic

bile specimens and the effects on calcium binding

noted. Calcium binding was separately studied in

gallbladder bile samples and related to their content

of bile salt and phospholipid.

The removal by dialysis of bile salts from hepatic

bile was associated with a fall in calcium binding

(Fig. 33). The possibility that the bile salts might

therefore be•the only calcium binding agents is open to

the criticism that other important molecules might also

have been removed under the experimental conditions used.

However, this criticism was not tenable at least in the

case of lecithin, cholesterol and protein, since the

concentrations of these components of hepa.tic bile were

not reduced by dialysis. Replacing bile salts to

dialysed specimens returned calcium binding close to its

original levels. This effect is all the more impressive

when it is realised that equal concentrations of bile

salts were added to both sides of the equilibrium dialysis

membrane. Thus, added bile salt was affecting or being

affected by a second non-diffusible species with which it

was producing a synergistic effect on calcium binding.

Since, in several of the specimens of dialysed hepatic

bile/
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bile, calcium binding was not demonstrable before replacement

of bile salt, the second species had little intrinsic

calcium-binding ability.

Against the perspective of the contribution of lecithin

to micellar binding of calcium, defined in the purified

systems, the effects of its removal from and replacement

to hepatic bile were examined. The protein-rich fraction

remaining after removal of lecithin and cholesterol from

hepatic bile did not bind calcium even after the addition

of equal concentrations of bile salts to both sides of

the equilibrium dialysis membrane (Fig. 38). Thus, it

seemed likely that the lipid fraction constituted the

"second species" referred to above. The alternative

explanation, that the protein remaining after removal of

lipid had been denatured, was not excluded but seemed

unlikely after the demonstration that calcium binding was

restored by the return of extracted lipids, lecithin and

cholesterol (Fig. 40).

A separate assessment of the contribution of mixed

micelles to calcium binding was necessary for gallbladder

bile because of the possibility that the gallbladder might

secrete calcium-binding components, in addition to

concentrating the micellar system already present in

hepatic bile. Calcium binding was found to be directly

proportional to bile salt concentration in gallbladder

bile (Fig. 41), and less directly dependent on phospho¬

lipid concentration (Fig. 42). When, however, calcium

binding/
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binding in dialysed gallbladder bile was compared to

synthetic systems containing similar bile salt and lecithin

concentrations, the slope of the calculated line was only

0.5 (Fig. 44), indicating that the mixed micellar system

containing only these two components could account for

50% of the calcium binding in gallbladder bile. Since the

bile salt concentrations of the original bile samples were

higher than those of the dialysates used in the binding

measurement, the proportion of calcium binding attributable

to mixed micelles in vivo will be higher than demonstrated

here. Clearly, however, other calcium binding components

are produced by the gallbladder. These components may

still be dependent on bile salt for their calcium-binding

ability, because of the direct dependence of calcium binding

in gallbladder bile on bile salt concentration (Fig. 41).

The glycoprotein fraction which is present in

gallbladder bile (Schrager e_t a^l, 1972) and which has been

shown to affect the solubility of calcium carbonate

(Nagashima et_ al, 1974a and 1974b) may be one such

possibility. Therefore, the protein and polysaccharide

concentrations in bile were measured and appropriate

fractions prepared from gallbladder bile, rich in these two

groups of compounds, in order that calcium binding to them

could be studied and their overall contribution to the

calcium-binding system in bile assessed.

Calcium binding to the protein and acidic
polysaccharide fractions in gallbladder bile

The protein and acidic polysaccharide concentrations in

hepatic and gallbladder bile were assayed. Calcium binding

to albumin and heparin, representative of each group, was

examined/
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examined in order to form a point of reference to which

the results in bile could be compared. The protein-rich

and acidic polysaccharide fractions were then prepared

from gallbladder bile and calcium binding to them studied.

The average albumin content of hepatic and gallbladder

bile was estimated to be 0.55 g/1 and 5.50 g/1 respectively.

The corresponding values for total protein were 4.00 and

13.80 g/1 but these are less reliable since the total

protein assay was less specific than the albumin assay

(Appendix 1 (a)). The values for both albumin and total

protein are higher than those reported by Clausen et_ al ,

(1965) who found a mean albumin concentration in "lithogenic"

gallbladder bile of 240 mg/1 and a mean total protein

concentration of 470 mg/1. Similarly, the results of

Polonovski and Bourrillon (1952) indicate a lower total

protein concentration in cannine gallbladder bile than

found here in human bile. These differences may be

explained partly by storage of bile by these workers,

prior to analysis since Clausen et aJ, (1965) found

that protein spontaneously precipitated from stored bile.

In contrast, the bile used here was analysed as received,

without storage. Hardwicke et_ elI, (1964), found a lower

total protein concentration in hepatic bile (1.0 g/1)

than in the present study. This may be explained by their

bile sampling procedure only 3-4 days post-operatively

at a time when the volume of bile and its solid content

are /
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are known to be reduced. In contrast, the data in the

present study were obtained on the seventh post-operative

day at a time when the post-operative output is known

to have stabilised, with the enterohepatic circulation

virtually intact (Rundle et al_, 1955, Mollowitz, 1959).

The extent to which the presence of a foreign body, in

the form of a T-tube, stimulates or alters the secretion

of protein or other species into bile is unknown.

The calcium-binding studies to purified human

albumin indicated a maximum of three moles of calcium

bound/mole albumin. The system saturated at a free

calcium concentration of 15 mmol/1. The dissociation

constant was 5.00 mmol/1. These results agree well

with the equilibrium dialysis data of Martin and Perkins

(1950), and of Katz and Klotz (1953) and also with the

calcium electrode data of Carr (1953a), although the

maximum binding capacity was greater than that found here

(up to 6 mol calcium bound/mol albumin).

The studies on the protein-rich fractions of

gallbladder bile indicate their heterogeneity with respect

to calcium-binding components (Fig. 48). Within each

curve a binding component with a less than 5 mmol/1

is present. A variable quantity of less specific,

non-saturable binding also exists. When the binding

data were plotted in terms of albumin concentration alone,

values much higher than those obtained with purified

albumin/
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albumin were obtained. It was, therefore, clear that

although albumin is present and presumably capable of

binding calcium, the total calcium-binding capacity of

these preparations could not be explained on the basis

of albumin alone: other components in the butanol-

treated fraction are implicated. In terms of the

potential significance of calcium binding to protein in

gallbladder bile, it may be calculated that the protein-rich

fraction is capable of binding 7 mmol/1 calcium under

saturating conditions. This represents more than the total

bound calcium found in bile. However, this fraction is

capable of binding only 2-3 mmol/1 at the free calcium con¬

centrations normally found in bile . The data on which

these statements are based suffer from the criticism of

lack of sample numbers. This was due to the difficulty

in obtaining gallbladder samples of sufficient volume to

satisfy the experimental design. It is recognised that this

in itself may be an unrepresentative selection. Because of

the possibility of loss of calcium-binding activity in the

butanol extract in the course of preparation, the potential

significance of proteins to the calcium-binding system in

bile may be greater than calculated here.

When this process was repeated, on different samples,

for acidic polysaccharide, average concentrations of 436

mg/1 in hepatic and 1925 mg/1 in gallbladder bile were

obtained. Heparin was chosen as an example of the acidic

polysaccharide/
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polysaccharide group of compounds. Heparin is not a

single molecule but consists of a family of linear

polysaccharides of varying lengths, with an underlying

disaccharide repeating unit consisting of sulphated

glucuronic acid linked to glucosamine-N-sulphate (White

et al, 1964). The molecular weight estimates have

ranged from 6,000 to 20,000 (Barlow et_ al, 1961; Liberti

and Stivala, 1967). Since the heparin used here was

dialysed before the calcium binding experiment, the data

refer only to the higher molecular weight fractions

(> 12,000). The binding curve of calcium to heparin

was a rectangular hyperbola indicating a single set of

binding sites. Binding of calcium by heparin is most

likely due to its strongly ionised sulphate groups.

This effect was first noted by Moore (1970), but was not

quantitated. Lages and Stivala (1973) produced a binding

curve for heparin, using a calcium electrode. This was

performed in acetate buffer. The curve consists of

several components among which there is an obvious

first component which corresponds to the binding curve

constructed in the present study. The remaining non¬

saturable binding found by Lages and Stivala is probably

due to interaction of calcium with the acetate buffer and

not to calcium binding by heparin. In addition, Klassen

and Davidova (1974) have subsequently shown that benzyl

alcohol, commonly used as a preservative with heparin,

causes a decrease in calcium activity measured by

the /
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the calcium electrode. This artifact would produce

an apparent increase in calcium binding. It is not

stated in the paper by Lages and Stivala (1973) whether

a preservative was present with the heparin.

While the acidic polysaccharide fraction of gallbladder

bile contains polysaccharide and protein, it contrasts

with the butanol extracts in containing much less protein

and no albumin (Fig. 51)

The equilibrium dialysis experiments showed that

addition of bile salt to both compartments, stimulated-

calcium binding (Fig. 53). Thus, the acidic polysaccharide

and bile salt interact in the binding system and presumably

this also occurs in bile. Since micelles and acidic

polysaccharides both have net negative charges over the

physiological range of pH, the interaction will not be a

simple adsorption effect similar to counterion binding

to micelles. It seems possible that the acidic poly¬

saccharide is actually incorporated into the micelles.

Alternatively bile salts, by their detergent properties,

may affect the configuration of the polysaccharide in solution

in such a way as to uncover calcium-binding sites normally

screened from the solvent. Sample numbers were again small

because of the large volume of bile required.

The binding curves for both extracts of bile were

closely similar (Fig. 52), having a dissociation constant

of 2.4 mmol/1. There was, however, a much larger number

of/
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of binding sites in the polysaccharide extracted from

bile than in heparin. Either the type and size of the

acidic polysaccharide in bile is different from heparin

or there are other compounds in this fraction, such as

glycoprotein, which bind calcium. There may be a

methodological explanation for these differences. The

polysaccharide assay implicitly assumes that the poly¬

saccharide in bile produces the same quantity of colour

as the heparin standard. This assumption is unproved.

Calcium binding to an acidic mucopolysaccharide

fraction in bile has been reported by Clausen (1962).

Using non-equilibrium agar gel electrophoresis, combined

with autoradiography, calcium binding to two fractions,

MP I and MP II, was demonstrated. Clausen (1962) used

infra-red spectroscopy to demonstrate a similarity between

the spectrum of the MP I fraction after tryptic digestion

and that of the acidic mucopolysaccharide, hyaluronic

acid. This is surprising in view of the tendency of

this compound to precipitate under acid conditions

(White £t aJ, 1964). It is therefore to be expected that

a proportion of the hyaluronic acid will be precipitated

from bile during the initial precipitation step of the

MP I extraction, using trichloracetic acid. No attempt

was made at that time to quantitate the binding using

equilibrium techniques. The acidic polysaccharide fraction

used in the present study was obtained by a method similar

to/
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to that used by Clausen (1962), with the exception that

tryptic digestion was not used. Carr (1953b) has shown

that the enzyme trypsin has a large number of calcium

binding sites. Clausen (1962) therefore relied on the

initial precipitation step of the fractionation, using

trichloracetic acid, to remove all the trypsin - without

in fact ensuring that this actually happened.

The maximum calcium-binding capacity of the acidic

polysaccharide fraction in gallbladder bile was approx¬

imately 500 mmol/1 which is far greater than the bound

calcium concentrations found in bile. This is not, however,

achieved at the calcium concentrations found in bile.

Since the dissociation constant is similar to the other

calcium-binding fractions in bile, namely micelles and

albumin and other biliary proteins, they will all compete

effectively for a share of the available calcium ions.

Each of these major calcium-binding species has a large

reservoir capacity and is not saturated at physiological

calcium concentrations.

Two features complicate this interpretation:-

(a) evidence has been presented (p. 160) that

the bile salts and polysaccharides interact

in bile. Thus they may not compete at all for

calcium ions which will then be bound to the total

mixed micellar complex. This helps to

explain the much larger calcium-binding

capacity/
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capacity seen in gallbladder bile compared

with glycocholate - lecithin systems of

similar composition (Fig. 44), since the

gallbladder is known to produce its own

polysaccharide-glycoprotein fraction

(Bouchier et al, 1965).

(b) not all the binding that occurs in the

acidic polysaccharide fraction is in solution.

Above a free calcium concentration of 2.5 mmol/1,

precipitation was seen in this system. This

is of great interest in relation to gallstone

pathogenesis. Although a free calcium

concentration of 2.5 mmol/1 is above the range

seen in bile in the present study, these

findings may eventually help to explain the

presence of glycoprotein and polysaccharide in

gallstones as part of the nucleus and supporting

framework (Womack e_t ad, 1963).

The effects of bile salts or other binding species

on the calcium concentration at which precipitation

occurs are unknown. The appearance of the insoluble

complex also made estimation of the soluble binding

capacity of this group of compounds inaccurately

high.

Calcium/
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Calcium binding Lo compounds in bile
ol low molecular weight

Low-molecular weight binding would not have been

detected by either the ultrafiltration or equilibrium

dialysis techniques, since compounds with molecular

weights less than 1,000 would diffuse across both types

of membrane and so would be present in the "free" fraction

on both sides. A separate assessment was therefore

performed by comparing the ionised calcium concentration

with the total calcium concentration in ultrafiltrates

of bile. The ultrafiltrates contained no phospholipid,

cholesterol and, at least in hepatic bile, only submicellar

concentrations of bile salt to which calcium binding had

previously been shown to be undetectable. Because of the

molecular weight exclusion limit of the membrane, no

protein or polysaccharide was present.

In seven out of eight ultrafiltrates of hepatic

and gallbladder bile examined, the ionised fraction was

smaller than the total concentration of calcium. It

would seem therefore that in addition to the calcium-

binding components already described, compounds with

molecular weights less than 1,000 are responsible for

binding calcium in bile. The identity of these is unknown

but inorganic orfhophosphate and carbonate are probably

involved since both are present in bile (Twiss and

Oppenheim, 1955; Thureborn, 1962), and both interact with

calcium (Walser, 1961).

In/
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In hepatic bile it was calculated that calcium

binding to compounds with molecular weight less than

1,000 accounted on average for 18% of the total binding,

or 0.17 mmol/1. This may be an overestimate since the

samples on which it is based were dilute and contained

proportionally less of the calcium-binding components

(lipids and proteins) already discussed. In gallbladder

bile, the estimations were 12% or 0.52 mmol/1. However,

in those samples bile salts were also present at

concentrations greater than critical micellar concentrations

and therefore these values clearly overestimate the true

binding of calcium to components other than bile salt

with molecular weight less than 1,000.
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THE BIOLOGICAL SIGNIFICANCE OF CALCIUM
BINDING IN BILE

The dynamics of the calcium-binding
system in bile

While the preceding discussion has presented the

calcium-binding system as a rather static concept it is

likely that, in practice, this will be far from the case.

There are three specific situations in which changes in

the system are to be expected.

(i) The effects of hepatic bile entering the gallbladder:

The concentration of ultrafilterable calcium is the same

in hepatic and gallbladder bile. The mechanisms by which

these concentrations of free calcium remain equal despite

large changes in the total calcium concentrations are

complex. Components such as bile salt micelles and

proteins are not significantly reabsorbed by the gallbladder

(Ostrow, 1969). Their concentration will therefore

increase as water is reabsorbed. The free calcium

concentration will also initially increase since it is not

reabsorbed by the gallbladder (Tera, 1961). This will

cause more binding to both soluble and potentially

insoluble complexes. The situation is also affected

by the decrease in pH which occurs when hepatic bile

is subjected to the action of the gallbladder (Ravdin

e t al, 1932). Calcium binding to both micelles and

albumin decrease under these circumstances. The fact that

more net binding actually takes place, thereby maintaining

the /
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the free calcium concentration at its value in hepatic

bile, inters that the gallbladder may secrete its own

calcium-binding components.

Of the inorganic salts, calcium carbonate is more

soluble at the lower pH of the gallbladder compared with

that of hepatic bile.

(ii) Diurnal variations in bile: McSherry et eQ, (1971)

and Metzger et, aT, (1973) have demonstrated that bile

salts are concentrated in the gallbladder overnight with

the result that their concentration in hepatic bile aftfer

an overnight fast is extremely low. Since bile salt

micelles have been shown to be an important component of

the calcium-binding system, it is to be expected that

the concentration of free calcium in bile will vary

throughout the day. The extent to which the other calcium-

binding components vary, and compensate for the alterations

produced by the bile salt changes, is unknown. It is of

considerable interest in this respect that Drury et al,

(1924) have shown that large increases in total calcium

concentration in hepatic bile take place after prolonged

fasting in dogs with chronic biliary fistulae and an

interrupted enterohepatic circulation.

(iii) The effects of increases in the serum calcium

concentration: The calcium concentration in bile may

be increased in primary hyperparathyroidism since the

serum calcium concentrations are raised and it has been

shown/
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shown that radiolabelled serum calcium enters the bile

ducts (Briscoe and Ragan, 1965). Although these biliary

calcium concentrations have not been measured in patients

with hyperparathyroidism, there are several papers in

the literature showing an increased prevalence of gallstones

in this condition (Cope, 1960; Selle ejt 1972;

Brunner and Rothmund, 1973; Funk et cFL, 1974; and Werner

et al, 1974). In one report, however, no association

was found (Christensson and Einarsson, 1977), but the

hyperparathyroidism had been of shorter duration than

in the papers reporting a positive association with gallstones.

Funk et ad^ (1974) showed that the level of serum

calcium was the same in patients with primary hyper¬

parathyroidism whether or not they had gallstones. This

may mean that the calcium level in serum is not the

critical variable in the formation of calcium-containing

gallstones in this condition.

Saturation and supersaturation of bile with
calcium carbonate and calcium phosphate

Since the values of the pKa of carbonic and phosphoric

acid are known, application of the Henderson-Hasselbalch equation

allows calculation of the ratio of the different ionic forms

of these acids at the pH values found in bile. The limited

data on total concentrations of phosphate and CC>2 in bile then
permit calculation of the concentrations of CO^ ~ and HPO^
in bile. These may be used together with values for the

concentration of Ca++ in bile, obtained in the present study,

to/
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to calculate the ion products:

[Ca++] x [COg ] and [Ca++] x [HPO^ ]
Data are available on the maximum limits of these products

compatible with complete solution at equilibrium

(solubility products).

If the ratio ion product
solubility product

(a) < 1, then the system is unsaturated

(b) = 1, then the system is saturated

(c) > 1, then the system is supersaturated

In the calculation of ion and solubility products the

appropriate thermodynamic variables are not ion concentrations

but ion activities. Ion activity can be calculated from the

product of concentration and the activity coefficient. The

latter varies with ionic strength according to the Debye-

Huckel equation (p. 76).

(i) CaCOg: Carbonic acid has the values pKa^ = 6.33 and
pKa2 = 10.22 (Hastings and Sendroy, 1925). Applying the
Henderson-Hasselbalch equation with these values, it may be

calculated that, at pH 8.00:

activity (HCO^ ) 1
activity (H^O^) 0.0214

And so

[iICO ] x

[II2C03] x Yl 0.0214
where [h2C03] and [HC03~] are the concentrations of carbonic
acid and bicarbonate and and y2 are the activity coefficients
of/
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of carbonic acid and bicarbonate. At an ionic strength

equivalent to that in hepatic bile (y = 0.137), Y-^ = 1.00
and Yg = 0.66 (Hastings e_t al, 1926). When these are

substituted into the above equation,

[HC0£] = !
[H2C03] 0.014

Similarly, at pH 8.00, using the activity coefficient of

CO3 , y3 = 0.26 at y = 0.137 (Hastings et aH, 1926):

[co — ]
= 0.015.

[HC0o ]

From these ratios, assuming a total C02 concentration of
30 mmol/1 (Thureborn, 1962), it may be calculated that:

(a) at pH 8.00, [CO3 ] = 0.45 x 10-^ mol/1
(b) at pH 7.00, [CO""] = 0.39 x 10~4 mol/1

It follows then that:

(a) at pH 8.00, activity (C03 ) = [C0g ] x y3 = 1.17 x 10 4
(b) at pH 7.00, activity (C03 ) = [C03 ] x y3 = 1.01 x 10 S

The activity coefficient of calcium, at y = 0.137,

derived from the Debye-Huckel equation (p. 76 ), is 0.36 (Pak,

1969). The concentration of ionised calcium in hepatic bile
-4

has been shown in the present study to be 4.7 x 10 mol/1.

The activity of calcium in hepatic bile is therefore

[ca++] x YQa = 1.69 x 10 4.
And so the ion product : activity (Ca ) x activity (C03 ),
(a) at pll 8.00 = 1.98 x 10 ^
(b) at pH 7.00 = 1.71 x 10~9

The/
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The solubility product of CaCO^ at 38°C = 2.63 x 10~^
(Hastings et_ £VL, 1926). It seems therefore that the

CaCO^ system in hepatic bile is virtually saturated at
pH 7.00 and is supersaturated at pH 8.00.

These estimates of the concentration of CO^-- in bile
depend on the assumptions:

(a) that the pKa values of carbonic acid in bile resemble

those in water. This is unproved.

(b) that the solubility coefficient of C0£ in bile (aq Bile)
is similar to that in water (cigl^O). Since the solubility
coefficient of CO^ in lipids is usually higher than that in
water (Van Slyke et aH, 1928) and since lipids account for

81% of the dry weight of bile (Nakayama and Van der Linden,

1970), this assumption is probably inaccurate. An increase

in COg solubility, over that in water, has the effect of
reducing the activity coefficient of I^CO^ since:

an HrjO
y, = (Hastings e_t aT, 1926).

a0 Bile
A decrease in y^ leads to an increased proportion of total
CO2 in the form of H2CO2. However, in water, H2CO2 accounts
for less than 2% of the total COg at pH 8.00, but 12% of the
total at pH 7.00. And so any error in the estimation of

CO^ concentration from total CO2 and the Henderson-Hasselbalch
equation, induced by increased solubility of COg in the biliary
lipids, will be small at pH 8.00 but more significant at lower

pH values.

(ii)/
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(ii) CallPO^ : Phosphoric acid has the values pKa^ = 2.15,

pKa2 = 7.19, pKa^ = 12.38, (Dawson et_ aJ, 1969). Accurate
data on ionised orthophosphate concentrations in bile are

not available. In this study the average phospholipid

concentration in 3 hepatic bile samples was 9.43 mmol/1

(Fig.32a). Polonovski and Bourrillon (1952) have shown

that 90% of the total phosphorus in bile is present as

phospholipid and Nakayama and Blomstrand (1961) have shown

that this phospholipid is almost all lecithin, containing

1 mol phosphate/mol lipid. It may then be calculated that

the concentration of non-lipid phosphorus in these samples

was approximately 1.05 mmol/1. With the assumptions that

the majority of the non-lipid phosphorus is present as free

orthophosphate, and that the concentrations of H^PO^ and

PO^ are negligible at pH 7 - 8, the Henderson-Hasselbalch
equation now yields:

[HPO—] x Y
pH = 7.19 + log 2__ -

I^-pPOq 1 x 12

The activity coefficients y^ and y2 have values of 0.26
and 0.65 respectively at the ionic strength of hepatic bile,

(y = 0.137) (Pak, 1969). From this,

(a) at pH 8.00, [hP04~~] = 0.99 x 10-3 mol/1
o

(b) at pll 7.00, [lIPO^ ] = 0.65 x 10 mol/1
The activity coefficient of calcium at p = 0.137 is 0.36 (Pak,

1969) and, as before, its ionised concentration = 4.7 x 10 ^ mol/1
-f -f

And so the ion product : activity (Ca ) x activity (HPO^ ),
(a) at pH 8.00 = 4.35 x 10-8
(b) at pH 7.00 = 2.86 x 10-8

The/
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The solubility product of CaHPO^ at 37°C is not available.
At 25°C, Kgp = 2.7 x 10~7 (Strates et al, 1957). It
appears, therefore, that the CaHPO^ system is unsaturated
in hepatic bile. Because of the concentrating action of

— 7the gallbladder, the ion product = 1.23 x 10 in gallbladder

bile, much closer to the solubility product. The CaHPO^
system is therefore much nearer saturation in gallbladder

bile. Significantly, CaHPO^ (brushite) has not been
described in gallstones. Strates e_t aJ, (1957) have

shown, however, that although brushite is the major form

in which calcium phosphate precipitates within the physio¬

logical pH range, it is unstable above pH 6.9 and rapidly

converts to the more basic form, hydroxyapatite

^Ca^QCPO^ )g(0II)2J . This is, in fact, the form in which
calcium phosphate is most commonly detectable in gallstones,

(Sutor and Wooley, 1971).

(iii) Conclusion: The more frequent occurrence of calcium

carbonate rather than calcium phosphate in gallstones (Sutor

and Wooley, 1971) is perhaps explained by the greater degree

of saturation or supersaturation reached by the carbonate

system.

Soluble and insoluble calcium complexes in bile

The formation of insoluble complexes of calcium with

bile salt, with acidic polysaccharide and with carbonate

and phosphate is potentially exciting since it could have

relevance to the important problem of nucleation of gall¬

stones. However, within the range of ionised calcium found

here /
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here in bile the complexes of calcium with conjugated

bile salt micelles and with acidic polysaccharide are

soluble (they become insoluble at calcium concentrations

of 25 mmol/1 and 2.5 mmol/1 respectively). The calcium

concentration at which insoluble complexes with un¬

conjugated bile salt form is much lower than for the

conjugated forms (5.5 mmol/1 for cholate).

The binding of calcium to these molecules has,

however, of necessity been studied with each component in

relative isolation from the others. The extent to which

interactions between these systems in bile affect the

solubility of the individual components is unknown. In

the absence of a group of normal control patients, it

is not possible to be certain about the individual

significance of any one component.

The soluble complexes of calcium with micelles, with

protein and with acidic polysaccharide, have a large

reserve capacity and in all probability act as calcium

buffers, taking up excess calcium ions, and reducing the

likelihood of precipitation of complexes of calcium,

such as calcium carbonate and phosphate, which are nearer

to their limits of solubility.
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AN HYPOTHESIS FOR THE CALCIUM-BINDING SYSTEMS
IN HEPATIC AND GALLBLADDER BILE

The interactions to which calcium is subject in

hepatic and gallbladder bile are depicted in Figs. 58 and

59. These are based largely on the work contributed by

the present study. On the one hand, binding capacities

and affinities have been calculated for each of the major

binding components, and on the other, the fractions bound,

filterable and ionised in bile have been measured.

The hypothesis described here, depends implicitly

on the assumptions:-

(a) that conditions in bile at the time of sampling

and experimentation reflect those present when

the gallstones formed and grew

(b) that the behaviour of the various calcium-

binding components studied in isolation provides

a fair reflection of the situation in bile,

when they are all found together.

These are necessary assumptions for the interpretation of

the physicochemical behaviour of bile in terms of gall¬

stone pathogenesis, but they are quite unproved.

In hepatic bile it has been shown that the total calcium

concentration approximates to 1.7 mmol/1 and of this, 0.5

mmol/1 is ionised, (Figs. 24 and 55a). Furthermore, the

low molecular weight fraction, represented by carbonate and

phosphate, was shown to bind 0.2 mmol/1 calcium, on average

(Fig. 55a). The remainder (1.0 mmol/1) is bound to molecules

of molecular weight greater than 1,000. From the study

of/
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of calcium binding to purified bile salt and lecithin,

it was estimated that these mixed micelles could account

for 78% of the calcium binding to molecules, or molecular

aggregates, of molecular weight greater than 1,000 (p. 110).

Thus mixed micelles in hepatic bile are considered to account

for calcium binding of 0.8 mmol/1. The remaining fraction

(0.2 mmol/1) is assumed to be bound to other macromolecules

such as protein and polysaccharide. However, it was not

possible to demonstrate calcium binding to the protein

fraction of hepatic bile after butanol extraction. Since

equilibrium dialysis was used to assess binding, this

negative result may be due to lack of sensitivity, especially

in view of the demonstration of albumin in hepatic bile

(Fig. 45).

These results are summarised in Fig. 58, in which the

reversibility of binding, demonstrated in results section VIII,

is also depicted. The respective affinities for calcium are

given in terms of the dissociation constants (K^) of the
various complexes. Micelles were shown to bind calcium with

a lower affinity than albumin. (K^ = 24 mmol/1 and
5 mmol/1 respectively). The dissociation constants of the

CO^ and HPO^ complexes, taken from the literature
and relevant to 25°C rather than 37°C, are 1 mmol/1 and

2 mmol/1 respectively, (Greenwald, 1941; Walser, 1961).

The situation in gallbladder bile is more complex,

(Fig. 59). Of a total calcium concentration of 5 mmol/1,

only 0.5 mmol/1 is ionised, (Fig. 23 and 55b). A further

0.5 mmo1/1/
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THE CALCIUM-BINDING SYSTEM IN HEPATIC BILE

fig.58
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THE CALCIUM- BINDING SYSTEM IN GALLBLADDER BILE
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0.5 mmol/1 is bound to molecules of molecular weight less

than 1,000, but this is an overestimate due to the

presence of bile salts in micellar concentrations in the

ultrafiltrates in which the measurements were made, (Fig. 54b).

This leaves 4.0 mmol/1 of calcium, bound to molecules of

molecular weight greater than 1,000. Mixed micelles of

bile salts and lecithin were shown to account for at least

50% of this binding (Fig. 44). The remaining 2.0 mmol/1 of

bound calcium is assumed to be shared equally between protein

and acidic polysaccharide in gallbladder bile since th,eir

dissociation constants and therefore binding affinities

were shown to be closely similar: = 5.0 and 2.4 mmol/1

respectively.

Two features further complicate the system. It was

deduced from the direct relationship between calcium binding

and bile salt concentration (Fig. 41) that even the non¬

lipid calcium-binding components such as protein and

polysaccharide were dependent on bile salts for their calcium-

binding ability. Further evidence of interaction between

calcium-binding species in gallbladder bile was provided by

the ability of bile salts to stimulate calcium binding to

the acidic polysaccharide fraction (Fig. 53). Such inter¬

actions are therefore indicated in Fig. 59.

In addition, a number of insoluble complexes form in

gallbladder bile as the result of interaction with calcium.

Thus calcium-bile salt and calcium-polysaccharide complexes

were both shown to yield insoluble deposits as the free

calcium/
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calcium concentration increased. The inorganic complexes

CaCOg and CaHPO^ were shown to be close to if not actually
above their equilibrium solubility limits in bile.

One compound capable of binding calcium is significantly

missing from this scheme: the bile pigment, bilirubin.

Maki (1966) has shown that the unconjugated form of this

pigment readily combines with calcium to form an insoluble

salt. However, bilirubin normally occurs in soluble

conjugated form in bile, esterified to glucuronic acid

(Billing et ajL, 1957). Maki (1969) found no evidence'
of interaction of conjugated bilirubin with calcium.

Complex formation took place only after deconjugation

of bilirubin by bacterial enzymes such as the g-glucuronidase

of Esch. coli.

In the extracts prepared from bile in the present

study, estimations of pigment concentration were not

made since the pigment structure rapidly alters, even

with exposure to oxygen or light (White et, aJL, 1964),

and the effects of these derivatives on the assay of

bilirubin are unknown. In any case, in westernised

communities calcium bilirubinate is only a minor component

of gallstones (Sutor and Wooley, 1973). Its presence in

the system is indicated in Fig. 59.

It is now clear that the behaviour of.' calcium in bile

is complex. The free calcium concentrations in hepatic and

gallbladder/
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gallbladder bile are closely similar despite large

changes in the total concentration and in pH. The

calcium-binding system may therefore act as a damping

mechanism, reducing any tendency to change the free

calcium concentration in bile by altering the quantity

bound.

Since micelles, proteins and polysaccharides

sequester calcium ions in a chemical sense, they act as

a device which is actually protective against precipitation

of the inorganic calcium salts which are much closer to

their limits of solubility in bile and indeed are the

common calcium salts found in gallstones.

It is suggested that the degree or duration of

protection afforded by this system governs whether or

not insoluble calcium deposits form in bile. This is

therefore relevant to both the nucleation and growth

phases of gallstone pathogenesis. However, the differences

in the properties of this complex system between normal

people and patients with gallstones remain to be established.



APPENDICES



- 232 -

APPENDIX 1

THE ANALYTICAL PROCEDURES

Measurement of calcium concentration

(i) Principle: This was performed on a twin-channel

double beam IL353 atomic absorption spectrophotometer.

The principle of the method was that ground state calcium

ions absorbed light of a characteristic wavelength

(422.7 nm) generated by a lamp with a hollow calcium

cathode. The sample was nebulised in a flame of

acetylene and air, through which the light beam passed.'

Samples and standards were diluted with a solution

containing lanthanum to suppress interference from

phosphate, and also strontium, which acted as an internal

standard, compensating for variation in flame width,

luminosity and aspiration rate.

(ii) Procedure: Samples and standards were diluted

1 in 50 with the working diluent containing lanthanum

chloride (7 mmol/1), strontium chloride (100 ymol/1),

HC1 (100 mmol/1) and polyoxyethylene lauryl ether (Brij),

30% (500 y 1/1).

Calcium chloride standards, from 0.5 to 3.0 mmol/1,

were prepared in a solution containing NaCl (140 mmol/1),

KC1 (4 mmol/1), KI^PO^ (0.97 mmol/1), MgClg (0.5 mmol/1).
The absorbance due to calcium was noted from a

digital display after the solution had been aspirated.

(iii ) /
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(iii) Assessment: Within-batch variation was

estimated by analysing 20 portions of a bile sample.

The coefficient of variation (c.v.) was 0.5%. Between-

batch variation, determined on one bile sample analysed

in each of a series of five consecutive batches, was

2% (c.v.). Experiments in which calcium chloride was

added to a bile sample in concentrations of 0.5, 1.0,

1.5 and 2.0 mmol/1, gave recoveries of 92, 97, 101 and

99% respectively.
45

Measurement of calcium activity
45

(i) Principle: Radioactive calcium decayed to
45

non-radioactive scandium with a half-life of 165 days,

emitting g-particles with an average energy rating of

0.252 MeV. This was detected by liquid scintillation

counting using a Packard Tri-Carb, liquid scintillation

spectrometer (Model 574).
4 5

(ii) Prodedure: CaClg (900 Ci/mol) in water, was
obtained from The Radiochemical Centre, Amersham, and used

without further purification. This was diluted with

NaCl (150 mmol/1) to a working stock solution containing

10 yCi/ml.

The composition of the scintillant used was:

2-ethoxyethanol, 300 ml; toluene, 700 ml; naphthalene

150 g/1; 2,5-diphenyloxazole (P.P.O), 7 g/1;

1,4-di(2-(5-phenyloxazolyl))-benzene (P.O.P.O.P), 600 mg/1.

5 ml of scintillant were mixed with up to 50 yl aqueous

sample/
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sample in polyethylene vials.

(iii) Assessment:

a) Optimisation of the spectrometer: Using 50 yl
45

of the 10 yCi/ml working CaCl2 stock, the count
rate was optimised by altering the window and gain

settings on the spectrometer in stepwise fashion.

The optimum channel width was from 50-1,000 units

and the optimum gain setting was 7%.

b) Precision: The c.v. for a sample analysed

through five different batches was 0.5%.

c) Counting efficiency: Counting known amounts of

recently delivered isotope showed that the counting

efficiency was 85%.

d) Quenching: Bile samples were regularly

checked for quenching by the addition of an internal
45

standard containing CaClg. No quenching was
found.

Measurement of total bile salt concentration

(i) Principle: A modification of the method of

Schwartz et al^ (1974) was used. The enzyme 3a-hydroxy-

steroid dehydrogenase (STD HMP, Worthington Biochemical

Corporation, E.C.1.1.1.50), harvested from a mutant strain

of Pseudomonas testosteroni, catalysed the conversion

shown in Fig. 60. The ketone derivative was complexed

by hydrazine sulphate added to the reaction mixture, making

the reaction essentially irreversible. In the course of

the reaction, NAD was quantitatively reduced. The NADH+
produced/
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THE 3 oC-HYDROXYSTEROID DEHYDROGENASE
REACTION : OXIDATION OF BILE SALT BY NAD

OH

NADH^ 1

fig .60



- 236 -

produced was detected fluorimetrically.

(ii) Procedure: Standards of sodium glycocholate

(200 - 1,000 ymol/1) were prepared in the working tris

buffer (tris 20 mmol/1, NaCl 150 mmol/1, pH 8.00).

Samples were diluted 1 in 200 with tris buffer. The

assay itself was performed in glycine buffer (1 mol/1),

pH 9.40, containing hydrazine sulphate (400 mmol/1) and

EDTA (5.57 mmol/1). Solutions of NAD (5.4 mmol/1) and

of enzyme (1 mg/ml) were freshly prepared in glycine buffer

for each assay. They were used within one hour.

The incubation mixture consisted of glycine buffer

(1.2 ml), sample or standard (20 yl), and NAD solution

(100 yl). The reaction was started by addition of

enzyme solution (100 yl) and the reaction mixture was

incubated at 26°C for 40 minutes. Preliminary experiments

had shown that the reaction reached equilibrium at 20 min

and remained stable until at least 60 minutes. The

concentration of NADH+ was measured in an Aminco SPF

125 fluorimeter, using 350 nm as the exciting wavelength

and 460 nm as the detection wavelength.

(iii) Assessment:

a) Calibration of the fluorimeter: The activation

and emission wavelengths of the fluorimeter were

checked with a solution of quinine sulphate (1 mg/1)

in H2S04 (0.05 mol/1). This has a known activation
wavelength of 350 nm and emission wavelength of 460 nm

(Schwartz et aJ, 1974). First the emission wave¬

length /



length was kept constant and the activation wavelength

varied and then the procedure was reversed. It was

confirmed that the maxima were at 350 and 460 nm.

b) Time course of the reaction: The assay was

performed on standard glycocholate (600 ymol/1) in

tris buffer, pH 8.00, in a quartz cuvette at 26°C.

Readings of fluorescence intensity were taken at

frequent intervals over one hour following the

addition of stock enzyme solution to start the

reaction. Results are shown in Fig. 61. 40 min

was adopted as the incubation period in all

subsequent experiments.

c) Precision and recovery: Five portions of a

specimen of gallbladder bile were analysed.

Within-batch precision was 1.7% (c.v.). The

procedure was repeated on five consecutive batches

for which the c.v. was 3%. Recovery of sodium

glycocholate added to three gallbladder bile samples

was 101, 104 and 102%.

d) Reactivity of different bile salts: Samples of

the sodium salts of glycocholic, taurocholic, cholic,

and chenodeoxycholic acids, which were greater than

99% pure on thin layer chromatography (p. 240), were

dried in a hot-air oven at 100°C for 24 h and allowed to

cool in a desiccator. Solutions of each (500 ymol/1)

were prepared in the working tris buffer, and assayed in

triplicate. Figure 62 shows that the absorbances

due /
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THE 3oC - HYDROXYSTEROID DEHYDROGENASE ASSAY
: TIME COURSE

incubation time ( mins )

The reduction of NAD to NADH by the 3a-hydroxysteroid
dehydrogenase enzyme was measured as fluorescence intensity
at 26°C using a glycocholate concentration of 600 ymol/1.

fig.61
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THE 3 <*- HYDROXYSTEROID DEHYDROGENASE ASSAY:

REACTIVITY OF DIFFERENT BILE SALTS

Bile Salt Species
Concentration

(% of Glycocholate Value)

Sodium glycocholate

Sodium taurocholate

Sodium cholate

Sodium chenodeoxycholate

100, 101, 102

102, 101, 103

103, 102, 104

102, 101, 102

Solutions of sodium glycocholate, sodium taurocholate,

sodium cholate and sodium chenodeoxycholate (500 ymol/1)

in tris/HCl (20 mmol/1), NaCl (150 mmol/1), pH 8.00 were

assayed in triplicate by the 3a-hydroxysteroid dehydrogenase

enzyme. Results are expressed as a percentage of the

initial value for glycocholate.

fig.62
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due to formation of NADH+ by oxidation of each of

the bile salts examined were closely similar.

e) Dependence of fluorescence intensity on NAD

concentration: A sample of glycocholate (1 mmol/1) was

assayed in the presence of concentrations of NAD ranging

from 0 - 10.80 mmol/1. Results are shown in Fig. 63.

The fluorescence is near maximum with an NAD concentration

of 1 mmol/1 and therefore at a 1 : 1 relationship

between steroid and NAD. The presence of excess NAD

did not influence the endpoint. In accordance with the

method of Schwartz et_ al (1974), an NAD concentration

of 5.4 mmol/1 was used routinely.

f) Blanks: An NAD-blank containing NAD and buffer

but no enzyme was used to zero the fluorimeter.

Thereafter a reagent blank containing NAD, enzyme and

buffer, but no sample was read. The fluorescence

of standards and samples was then measured. The reagent

blank value was subtracted from these results. Sample

blanks containing sample or standard with NAD and

buffer but no enzyme, produced no fluorescence and were

not thereafter used.

Detection of individual bile salts

(i) Principle: These were assessed by the method of

0'Moore and Pcrcy-Robb (1973), using thin layer

chromatography (TLC) on silica gel G and quantitation by

scanning densitometry.

(if)/
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THE 3C(-HYDR0XYSTER0ID DEHYDROGENASE ASSAY:

DEPENDENCE OF FLUORESCENCE INTENSITY ON NAD

CONCENTRATION
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The fluorescence intensity of NADH produced by the
oxidation of glycocholate (1000 ymol/1) at 26°C in
the steroid dehydrogenase reaction was measured at
NAD concentrations of 0-10.8 mmol/I.

fig.63
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(ii) Procedure: Samples and standards were diluted in

methanol and applied to the plate with a micro-syringe,

keeping the spot diameter less than 5 mm. The mass of

standard applied varied between 4 and 20 nmol/spot.

Two developing systems were used: trimethylpentane:di-

isopropyl ether:acetic acid; 2:1:1 by vol (Hamilton and

Muldrey, 1961) and chloroform:methanol:acetic acid:water;

90:33:10:10 by vol (Kelly and Doisy, 1964).

The resolution of the different bile salts in

these systems is shown in Fig. 64.

Bile salts were detected using a spray containing:

anisaldehyde:HgSO^:acetic acid; 1:2:100 by vol
(Kritchevsky et_ al, 1963) .

The mass of individual bile salts present was

measured by a Vitatron TLD 100 scanning densitometer,

with a 580 nm filter. The areas under the peaks were

estimated as: peak height x peak width at \ peak height

(Dallas, 1968).

For assessment of bile salt purity the plate was

overloaded, approximately 200 nmol/spot being applied.

(iii) Assessment: Five portions of a bile sample

analysed within-batch gave a c.v. = 5%. Recovery of

sodium glycocholate added to a bile sample in two portions

was 86% and 93%.

Measurement: of phospholipid concentration

(i) Principle: A lipid extract of the sample was

made with chloroform and methanol (Folch et al, 1957).

A /
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RESOLUTION OF INDIVIDUAL BILE SALTS ON 2 TLC SYSTEMS

a) Trimethylpentane / di isopropyl ether / acetic acid
• 2/1/1 ( by vol )

solvent A B C D
front

•

•

origin — « 9

A = TAUROCHOLATE (Rf = 0)

B = GLYCOCHOLATE (Rf = 0)

C = CHOLATE (Rf = 0.09)

D = CHENODEOXYCHOLATE (Rf = 0.37)

b) Chloroform / methanol /acetic acid / water
: 90/33/10/10 ( by vol )

solvent
front

origin

A = TAUROCHOLATE (Rf = 0.14)

B = GLYCOCHOLATE (Rf = 0.34)

C = CHOLATE (Rf = 0.86)

D = CHENODEOXYCHOLATE (Rf = 0.98)

fig .64
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A portion of this was evaporated and the phospholipid

hydrolysed using perchloric acid (King, 1932). The

phosphate was then estimated using the l-amino-2-naphthol-

4-sulphonic acid reagent developed by Fiske and Subbarow

(1925), under the conditions described by Bartlett (1959).

(ii) Procedure: 300 yl of a bile sample were extracted

with 5.7 ml chloroform-methanol; 2 : 1 (v/v) in a stoppered

centrifuge tube. The precipitate was removed by

centrifugation at 1,000 g for 5 min and the supernatant

decanted into a second stoppered tube. 1.2 ml distilled

water was added with vigorous mixing. The phases were

separated by centrigugation at 1,000 g for 5 min, the

upper being discarded. The lower phase was transferred

quantitatively to a 5 ml volumetric flask and the volume

made up with methanol. 200 yl of the lipid extract

was evaporated to dryness and samples stored, if necessary,

in glass at -17°C at this stage. 500 yl, 72% perchloric

acid was added to the residue and the mixture incubated

for 2.5 h at 150°C in a heating block, using a glass "tear

drop" to cover the tube and minimise evaporation. The

sample was cooled and 4.1 ml water added. Finally, 200 yl,

5% ammonium molybdate and 200 yl, 0.25% Fiske and Subbarow

reagent (BDH stock) were added, the tubes boiled for 7 min and

the absorbance at 830 nm read in a Unicam SP 600 spectro¬

photometer. A tube containing only perchloric acid, without

the lipid extract, was used as a blank. Standards of

NagHPO^ were prepared in water in the range 30-150 nmol/tube.
500 yl
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500 M1 perchloric acid were added and the volume adjusted

to 4.6 ml with water. 200 yl molybdate and Fiske and

Subbarow reagent were added as before, the tubes boiled,

and the absorbance at 830 nm measured.

(iii) Assessment:

a) pH optimisation: This was performed on an

NagHPO^ standard : 150 nmol/tube. Increasing volumes
of perchloric acid were used and the volume made up

to 4.6 ml with water before addition of ammonium

molybdate and the Fiske and Subbarow reagent. The

tubes were boiled in the usual way and the absorbance

read at 830 nm. The results are shown in Fig. 65.

500 yl was chosen as the working volume of perchloric

acid in subsequent assays for both standards and samples.

b) Hydrolysis time: Six 200 pi portions of the lipid

extract from a gallbladder bile sample were evaporated

and incubated with 500 Ml perchloric acid at 150°C.
The samples cleared in 2.25 hours. After clearing,

one tube was removed every 15 min for a further 1.5 hours.

Phosphate assays were performed. The results are

shown in Fig. 66. It was assumed from these data

that the hydrolysis was complete immediately after

clearing occurred. 2.5 h was used as the hydrolysis

time in subsequent experiments.

c) Precision and recovery: Bile samples analysed

within-batch give a c.v. = 2.5% and between-batch, a

c.v. = 5.4% (n = 5). Recovery of added lecithin

was /



THE PHOSPHATE ASSAY : RELATION BETWEEN
ABSORBANCE AT 830 nm AND VOLUME OF

PERCHLORIC ACID USED

Volume Perchloric Acid Used (ul) Absorbance 830 nm

200 > 2.0

300 0.860

400 0.850

500 0.850

600 0.840

700 0.810

800 0.790

900 0. 548

1000 0.342

1500 0.033

fig 65
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THE PHOSPHATE ASSAY : RELATIONSHIP BETWEEN

ABSORBANCE AT 830 nm AND HYDROLYSIS TIME OF

BILE AFTER CLEARING

Time after Clearing (min) Absorbance 830 nm

15 0.730

30 0. 730

45 0.680

60 0.730

75 0.800

90 0. 720

fig.66
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was 87% and 95% in two separate experiments.

Measurement of cholesterol concentration

(i) Principle: This was performed on a petroleum

ether extract, using the Liebermann-Burchardt reaction,

as described by Abel e_t aH, (1952).

(ii) Procedure:

a) Stock solutions: Alcoholic KOH was prepared

by diluting 600 y1 of 33% KOH (w/v) to 10 ml with

ethanol and was used within 30 minutes. Acetic

anhydride reagent was prepared by adding 1 vol

H2S04 (cone) to 20 vol acetic anhydride cooled to
4°c. After shaking the mixture in ice for 10 min,

10 vols glacial acetic acid were added and mixed.

The reagent was brought to room temperature and used

within 30 minutes.

b) Samples: 200 yl samples of hepatic bile and

50 yl samples of gallbladder bile were used. 1 ml

of alcoholic KOH was added to these in stoppered

centrifuge tubes. 2 ml of petroleum ether (60-80°C

fraction) and 1 ml water were then added with

vigorous mixing at each stage. The phases were

then separated by centrifugation at 1,000 g for 5

min and the upper petroleum ether layer removed for

analysis. 1 ml of this was evaporated to dryness,

1.2 ml acetic anhydride reagent was added and the

absorbance at 620 nm measured in semi-micro cells

after exactly 30 min, in a Unicam SP 180 spectro¬

photometer .

c)/
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c) Standards: The same procedure was not possible

for standards since they had to be dissolved in

ethanol. Recrystallised cholesterol was dissolved

in ethanol to a final concentration of 2.58 mmol/1.

800 y1 of this solution were diluted to 2 ml with

ethanol. 120 yl, 33% KOH were then added, followed

by 4 ml petroleum ether and 2 ml water, with mixing

at each stage. The phases were separated by

centrifugation at 1,000 g for 5 min and the upper

petroleum ether layer removed for analysis. A

range of 200 - 1,000 yl were evaporated to give a

standard curve corresponding to 103 - 515 nmol

cholesterol. 1.2 ml acetic anhydride reagent were

then added and the absorbance determined as before,

(iii) Assessment:

a) Hydrolysis time: The original method (Abel

et al, 1952) was designed to measure total serum

cholesterol and included a 1 h period of hydrolysis

in alcoholic KOH. The effect of the hydrolysis

step on bile samples was examined. Six portions of

a sample of hepatic bile were assayed, three with no

incubation period and three with a 1 h incubation

period at 37°C. The cholesterol values in the

samples without incubation were 4.76, 4.79 and 4.86

mmol/1 and in the samples with incubation 4.81, 4.50

and/
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and 4.51 mmol/1. Allowing for the within-batch

precision of 3% (c.v.), these two groups of results

are not significantly different. The hydrolysis

step was therefore omitted in subsequent assays.

b) Reactivity of bile salt with the Liebermann-

Burchardt reagent: Sodium cholate (100 mmol/1) in

tris produced a red colour with an absorbance maximum

at 580 nm in the cholesterol assay. There was,

however, significant absorbance at 620 nm - the wave¬

length at which absorbance of cholesterol was

measured.

c) Extraction efficiency of the petroleum ether/
r 14 i

water step with respect to bile salt: [2. CJ glycine

glycocholate (50 nCi) were added to 200 pi hepatic

bile and the usual extraction with petroleum ether

and water performed. 50 y1 fractions were taken from

the petroleum ether and aqueous phases for scintillation

counting. Less than 1% of the added radioactive

bile salt was found in the phase in which cholesterol

was assayed.

d) Precision and recovery: Within-batch precision

was 3% (c.v.), whereas between-batch precision was

6% (n = 5). Recovery of cholesterol added to bile

was 102 and 114% in two separate experiments.

Measurement/
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Measurement of total protein concentration

(i) Principle: This was performed using the phospho-

tungstic-phosphomolybdic acid reagent of Folin and

Ciocalteu (1927) under the conditions developed by

Lowry <et al, (1951) and by Herbert et_ al, (1971).

This reagent was reduced by phenolic groups in proteins

to "molybdenum blue".

(ii) Procedure: The extent to which the phenol reagent

had to be diluted to make it IN was first determined by

titration with IN NaOH to an endpoint of pH 7.00. The

following reagents were also made up:-

(a) 5% Na2C03 (w/v)
(b) 0.5% CuSO^.5H20 in 1% K.Na tartrate (w/v)
(c) 1 ml of reagent (b) was added to 25 ml of

reagent (a) shortly before use.

Protein standards of crystalline bovine serum albumin,

80-400 mg/1, were prepared in the working tris buffer.

Samples were diluted in the same buffer.

To 500 yl sample or standard were added 500 yl IN NaOH.

2.5 ml reagent (c) were added and the solution allowed to

stand for 10 min before the addition of 500 yl of the IN

Folin reagent, with vigorous mixing; 30 min at room

temperature were allowed for colour development. The

absorbance at 750 nm was read on a Unicam SP 600

spectrophotometer. A sample blank consisting of 500 yl

sample, 500 yl IN NaOH and 3 ml water, was included. A

reagent/
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reagent blank was also used. It contained 500 pi tris

buffer, 500 pi NaOH, 2.5 ml reagent (c) and 500 pi phenol

reagent.

(iii) Assessment:

a) Precision and recovery: Within-batch precision

experiments gave c.v. = 2% (n = 5). Between-batch

c.v. was 3.4% (n = 5). Recovery of added bovine

albumin was 102 and 104% in two separate experiments.

b) Agents interfering with the assay:

Tris buffer. Reagent blanks in tris (20 mmol/1),

NaCl (150 mmol/1), pH 8.00, produced an absorbance

of 0.2 against water, compared to 0.0 with NaCl in

the reagent blank.

Sodium glycocholate (120 mmol/1) produced no

interference.

Sodium glycocholate (120 mmol/1) + Lecithin

(30 mmol/1) produced colour equivalent to 1.0 g/1

of protein.

Acid mucopolysaccharide. Sodium heparin (3 g/1)

produced no interference.

Measurement of albumin concentration

(i) Principle: This was performed by rocket Immuno¬

electrophoresis (Laurell, 1966). Samples were applied to

an agarose gel containing rabbit anti-albumin. An

electrophoretic field induced migration of antigen (albumin)

which reacted with the antibody to form precipitation zones

with /
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with the shape,of ascending rockets (Fig. 67).

(ii) Procedure: The gel consisted of 1% agarose and

0.1% agar in barbital buffer (diethyl barbituric acid/

sodium diethyl barbiturate, 70 mmol/1), pH 8.6. A 1 in

50 dilution of the stock antibody was incorporated into

the gel at 56°C and the gel was then quickly poured on to

a glass plate. After cooling, 2 mm holes were punched

in the gel to take 3 yl sample or standard. Standards

of human albumin (60 - 300 mg/1) were dissolved in the

barbital buffer. Electrophoresis was performed at 4°C
under 100 volts for 16 h, in the barbital buffer. Thereafter

the gel was dried in filter paper, then in a hot air oven

at 50°C for 5 min and stained with 0.5% amido-black in 7%

acetic acid, differentiating with methanol:acetic acid:

water 9:2:9 (by vol). Peak heights were measured on

graph paper to the nearest 1 mm.

(iii) Assessment: Between-batch experiments gave a

c.v. = 10% (n = 5). Recovery of added human albumin = 101

and 103%.

Measurement of sodium and potassium concentration

These were measured on an IL 343 flame photometer.

Between-batch precision = 2% (n = 10).

Measurement of pH

This was performed on a Radiometer PHM 64 Research

pll meter with a combined pll electrode. Between-batch

precision = 0.9% (n = 5).

Measurement/
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MEASUREMENT OF ALBUMIN CONCENTRATION

BY ROCKET IMMUNOELECTROPHORESIS

Rocket Immunoelectrophoresis in agarose gel containing
anti-albumin was performed in barbital buffer (70 mmol/1),
pH 8.60 at 4°C. A-E represent albumin standards: 60,
120, 180, 240 and 300 mg/1; and F-J are hepatic bile
samples diluted in barbital buffer.

fig. 67



Measurment of acid mucopolysaccharide concentration

(i) Principle: Kay et aJ (1964) demonstrated a

spectral shift in the carbocyanine dye l-ethyl-2(3-(1-

ethyl-naphthol (l,2d) thiazolin-2-ylidene-2-methylpropenyl-

naphthol (l,2d) thiazolium bromide, which is brought about

by small quantities of anionic polymers. Edstrom (1969)

used this by adjusting the reaction pH to 3.8. Here,

most biological polymers, except acid mucopolysaccharides

and glycoproteins, do not occur as anions and are therefore

not assayed. The spectral shift in dye is thought

to be caused by aggregation, with the acidic anions

acting as bridges.

(ii) Procedure:

a) Standards and samples: Standards of sodium

heparin (10 - 80 mg/1) were dissolved in water.

Samples were diluted in water so that the ionic

strength was reduced to 1 mmol/1.

b) Preparation of dye: 5.6 mg of dye were

dissolved in 10 ml dioxane:water; 1:1 (by vol).

This was then diluted with 85 ml water and 100 yl

acetic acid (1 mol/1). Finally, 5 ml ascorbic acid

(10 mmol/1) were added. The dye solution was kept

in a polyethylene container in the dark and used

within 1 hour.

c) Assay: 3.6 ml dye solution were added to 400 yl

sample or standard. Absorbance at 608 nm was

measured/
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measured within 1 h against a blank containing

water and dye but no sample.

(iii) Assessment: Within-batch experiments gave a

precision of 1.2% (n = 5). Recovery of sodium heparin =

103% and 107%.

Measurement of ionic strength

This was performed by measurement of conductance

using an LKB Conductolyzer (Type 5300B). Plots of

conductance against ionic strength were linear over the

range 30 - 200 mmol/1 for NaCl standards and serially

diluted bile samples. Measurements were performed at

37°C. Within-batch precision = 0.4% (n = 5).

Measurement of liver function tests

Measurements of the concentrations of plasma bilirubin,

alanine aminotransferase (E .0.2.6.1.2.) and alkaline

phosphatase (E.C.3.1.3.1.) were performed on a Technicon

Sequential Multiple Analyzer with Computer System

(Technicon Instruments Company, Basingstoke, U.K.).

Bilirubin was measured by a modification of the method of

Gambino and Schreiber (1964); alanine aminotransferase by

the method of Kessler et al (1975); and alkaline phosphatase

by the method of Morgenstern et_ ad_ (1965).
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APPENDIX 1(a)

DISCUSSION OF THE ANALYTICAL PROCEDURES

Analyses of the concentrations of specific

components in a complex coloured medium such as bile

are difficult. They are also complicated by the com¬

positional changes which take place with time,

because of spontaneous precipitation of cholesterol

(Admirand and Small, 1968); calcium (Sutor and Wooley,

1973); and protein (Womack e^t aH, 1963). Because of

these potential difficulties the performances of

established methods for measuring inorganic ions, lipids,

proteins and sugars were all critically assessed.

The inorganic ions calcium, sodium and potassium,

were measured by means of their absorption or emission

spectra and not by colorimetric techniques with which the

bilirubin in bile substantially interferes. It was,

however, necessary to use lanthanum in the calcium assay

in order to suppress absorption due to phosphate. Radio-
45

labelled calcium was used as a tracer in many of the

binding experiments. The absence of an isotopic effect

was checked by comparing measurements of calcium

concentrations in ultrafiltrates in bile by atomic

absorption spectrophotometry with the method using the
45

specific acitivity of calcium (p. 59 ). No significant

difference was found between these methods in eight

samples.

The /
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The measurement of the lipids bile salt, lecithin

and cholesterol, in bile, is not completely satisfactory,

since many of the methods are non-specific and some have

unstable endpoints. The enzymatic bile salt assay

(p. 234 ) used the enzyme derived from a mutant strain of

Ps . testosteroni. This has activity only on 3a-hydroxyl

groups. The conventional wild type "3a" hydroxysteroid

dehydrogenase also contains 33- and 173-hydroxyl activity

and is thus much less specific (Bolt and Boyer, 1977).

However, the criticism remains that the method here will

still detect non-bile salt 3a-hydroxylated steroids in

bile, such as Cortisol derivatives. Unpublished data

from several laboratories, in which the enzyme assay and

gas-liquid chromatography have been compared, indicate

this inaccuracy is likely to be small. It has, however, to

be admitted that the specificity of the mutant enzyme,

claimed by the manufacturers, was not deliberately assessed

in this study. Techniques such as gas-liquid and thin

layer chromatography are more specific but are tedious to

perform and therefore less precise (Sandberg et_ _al, 1965).

The endpoint of the lecithin estimation was also

non-specific. This was improved by measuring phosphate

in a lipid extract of bile (p. 244). The assay conditions

used were those described by Bartlett (1959), who

recognised that the final colour could be stabilised within

the /



- 259 -

the acid concentration range 0.6 - 1.8 mol/1. The

assay assumes that one mole of phosphate is liberated

from 1 mole of lecithin and indeed that lecithin is the

principal phospholipid in bile. This has been established

by Nakayama and Blomstrand (1961). Orthophosphate was

routinely used as a standard, in preference to purified

lecithin itself because:-

(a) lecithin standards spontaneously autoxidise

to lysolecithin (Singleton et _al, 1965), which

enters the aqueous phase of the chloroform-

methanol extraction and is lost from the assay

(Northfield and Hofmann, 1975).

(b) lecithin of the standard almost certainly contains

alkyl substituents different from those of the

lecithin in bile and therefore their molecular

weights will be different and exact standard¬

isation impossible. Lecithin is not a single

compound but a family of similar compounds whose

alkyl substituents differ slightly.

The cholesterol determination is less than ideal.

The Liebermann-Burchardt reagent must be prepared with care

to avoid the risk of explosion (Abel ert ail, 1952). The

reagent is not specific for cholesterol but reacts with

other species including bile salts. However, the

petroleum ether extraction process adequately excludes

bile salts from the assay (p. 250). The extent to

which/
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which other interfering substances are excluded is

undetermined. The reagent produces a colour with poor

endpoint stability and the absorbance must be read with

exact timing. These features make attainment of high

accuracy and precision difficult.

Despite the considerable problems in the analysis

of lipids, the reaction conditions were optimised for bile.

The recovery of added lipids and the overall precision of

the assays were both within acceptable limits.

There is no available method of total protein analysis

in bile which does not suffer from the criticism of

inaccuracy. The Lowry assay used here (p.251 ) depends

mainly on the number of phenol groups within a given

protein. Albumin standards are therefore unlikely to

match unknown proteins in this respect. A large variety

of non-protein compounds such as glucose, aromatic

amines, urea and unsaturated aliphatic compounds are

known to interfere with the assay (Herbert et al, 1971).

Rej and Richards (1974) showed that tris buffer also

interfered and this has been substantiated in the present

study and overcome by dissolving the protein standards in

tris and including a tris blank. Eichberg and Mokrasch

(1960) have shown that oxidised lecithin and other lipids

produce interference, increasing the yield of colour.

This was again confirmed in the present study (p. 252).

This is likely to introduce a systematic error into all

protein/
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protein assays performed on neat bile - an error which

will increase with storage due to autoxidation of lecithin

(Singleton e^ aJ, 1965). There is, however, no satisfactory

alternative method for the relatively low concentrations

of protein found in hepatic bile (2 g/1). The biuret

reaction, although seemingly more precise was insufficiently

sensitive (Doumas, 1965). The standard Kjeldahl method

(Kjeldahl, 1883), which measures total nitrogen content,

was too complex for routine use and also depends on methods

of measuring non-protein nitrogen in bile, which were

unsatisfactory.

The measurement of albumin in bile by rocket immuno-

electrophoresis was, in contrast, highly specific. No

interfering compounds were found. It was highly

sensitive and would detect 180 ng of protein. The principal

drawback was the relatively poor precision (c.v. = 10%)

which arose mainly from the small height of the rockets

and the inability to record their heights to an accuracy

better than 0.5 mm. Rockets of larger size demand more

elaborate gel preparation in order to ensure uniform

thickness and homogeneity.

The measurement of acidic polysaccharide depended

on the non-specific aggregation of dye, induced by an

anionic polymer. Edstrom (1969) modified the reaction

conditions to make the assay more specific for acidic

polysaccharides (p. 255). In this respect the Edstrom

assay/
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assay resembles the hexosamine assay, often used to

detect the same group of compounds. The aldehyde

reagent is non-specific and ion exchange chromatography

after hydrolysis is used to improve specificity. Because

of the larger number of steps, it is less precise than

the Edstrom assay (Bouchier et a^, 1965 and p. 256).

Summary

(a) Many of the chemical reactions on which

the analytical procedures depended were

non-specific.

(b) The assay conditions, used here, improved

the specificity.

(c) In practice, the overall assessment in terms

of precision and recovery data, was generally

satisfactory.
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APPENDIX 2

SCANS OF GLYCOCHOLATE BEFORE AND AFTER PURIFICATION

C B A

A = GLYCOCHOLATE : 66% OF TOTAL

0 = CHOLATE : 31%

C = DI-HYDROXY BILE ACIDS : 3%

B A

A = GLYCOCHOLATE : 99.6%

B = CHOLATE : 0.4%
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APPENDIX 3

EVALUATION OF THE DISSOCIATION CONSTANT (Kp) AND THE
MAXIMUM NUMBER OF BINDING SITES (n)

If each site on the binding species is uninfluenced

by its neighbours and if each has the same intrinsic

affinity for the metal ion, the general equation of the

law of mass action reduces to:

r = ——

KD
1 + u
FT

(Hughes and Klotz, 1956; Dixon and Webb, 1965)

Here r - number of moles of ligand (calcium) bound/

mole of binding species.

n = maximum number of binding sites/mole of

binding species

= dissociation constant

[Ca] = unbound calcium concentration

This is the equation of a rectangular hyperbola. It

follows from this equation that:

(a) if the binding isotherm of bound against free

ligand takes the form of a rectangular

hyperbola, then the binding species has only

one type of binding site.

(b) n = r at very high [Ca]: where the binding
sites are saturated by calcium ions. Thus n

may be found from the saturation value of r.

(c)/



- 265 -

(c) at r = § > kd = tCa] • Thus Kd may be
directly obtained from a graph of bound against

free calcium by taking the value as the calcium

concentration at half-maximal saturation.

These points are summarised in Fig. 68.

Experimentally, binding data were fitted by a Hewlett-

Packard Programmable Calculator (Model 9821 A), by the

method of Wilkinson (1961). Values for and n

were obtained.
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THE LAW OF MASS ACTION APPLIED TOA SINGLE
SET OF BINDING SITES

r = moles calcium/mole binding species,

n = maximum number of sites/mole binding species.

= dissociation constant.

[Ca] = unbound calcium concentration.

fig.68
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APPENDIX 4

QUANTITATIVE ASPECTS OF THE CONSTANT-VOLUME
ULTRAFILTRATION TECHNIQUE

Calculation of results

The aim is to construct a plot of bound calcium

against free calcium in order to calculate the maximum number

of binding sites, n, and the dissociation constant ,

of the complex, as in Appendix 3.

The principle of the calculation of bound calcium

using this technique is as follows:

Bound calcium =

Total calcium Total calcium Free calcium
washed into - washed out of - in cell
cell cell

Term (1) Term (2) Term (3)

A value is calculated for Terms (1), (2) and (3) for

each of the ultrafiltration fractions 1 ->- n. The free

calcium concentration is measured in each fraction.

Term (1) Calculated as:-

[Calcium] in reservoir x fraction volume x n.

Here n = the number of the fraction. The first

two variables are known at the start of the

experiment and assumed to be constant. The

third term, n, is always known.

Term (2) Calculated as:-

n r ~i

Z([CalciumJ in each ultrafiltrate fraction x
1

fraction volume) up to a total of n fractions.

Again constancy of fraction volume is assumed.

This/
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This has been measured and confirmed. The

coefficient of variation = 1% (n = 30).

The free calcium concentration is measured.

Term (3) Calculated as:-

Volume of fluid in cell x [calcium] in each

ultrafiltrate fraction 1 + n.

The volume of fluid in the cell is calculated

by weight and specific gravity at the end. It

is assumed constant throughout. The free

calcium concentration in the cell is assumed

to be accurately represented by the concentration

measured in the ultrafiltrate.

Analysis of the throughput of the system

In Fig. 69, the Terms (1), (2) and (3) used in the

calculation of binding data are separately plotted against

the number of the fraction to which they apply.

(a) Term (1). The mass of calcium washed into

the cell linearly increases with time.

(b) Term (2). The mass of calcium eluted from

the cell increases at first non-linearly.

After the binding species is saturated, the

gradient becomes linear and the flux of

calcium leaving the cell becomes constant.

(c) Term (3). The mass of free calcium in the cell

slowly increases with time. Although not shown

in/
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CONSTANT-VOLUME ULTRAFILTRATION '•

THROUGHPUT OF THE CELL

30-i

fraction number

o——o Term 1 : CALCIUM MASS INTO CELL

•——« Term 2 : CALCIUM MASS OUT OF CELL

A——A Term 3 : CALCIUM MASS FREE IN CELL

fig. 69
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in Fig. 69, this eventually reaches a plateau

level at which the free concentration in the

cell equals that in the reservoir.

(d) Bound calcium (l)-(2)-(3): represents a

continuously decreasing proportion of the

throughput of the system ((1) + (2) + (3)),

the greater the number of fractions collected.

Thus bound calcium represents 70% of the

throughput in fraction 1 but only 6% of the

throughput in fraction 16.

Minimising cumulative errors in the system

(a) Since the binding data depend on the calculation

of terms (1), (2) and (3) at successive

points in time, the analytical errors increase

progressively, the longer the experiment

continues. These errors are minimised by

choosing a reservoir calcium concentration which

adequately delineates the binding curve in a

minimum number of points (10-15).

(b) Binding data for the system studied were

unaffected by changes in pressure over the

range 34.5 - 172.4 kPa. It is important to

stay within this range.

(c) Binding to membrane and apparatus must be

measured and subtracted from the original binding

data. If possible, the ligand concentration

should/
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should be chosen to saturate the membrane

and apparatus early in the experiment, so

that the "blank" represents as small a

proportion as possible of the total binding

detected. It is also important to ensure

that the proportion of the binding agent bound

to apparatus is as small as possible.
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APPENDIX 5

CALCULATION OF IONIC STRENGTH

This is given by the following equation:

I = 4E (n 2.C )
i

Here I = ionic strength

n^ = ionic charge on ion, i

C^ = concentration of ion, i
2

The term n^ . C^ is evaluated for all anions and cations
present. These terms are then summated. The ionic

strength represents one half of the result. This

calculation is only possible in purified solutions in

which the concentrations of all the constituents are

known. In solutions of unknown composition, ionic

strength was deduced from conductance measurements as

on p. 256.
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APPENDIX 6

STATISTICAL METHODS USED

/£ (x — x)— — where
n

x = individual result, x = mean result and
n = number of results . It is a measure of scatter
of the population around the mean value.

b) Standard error of the mean : S . E . M . = ' . This

is a measure of reliability of the mean.

S D
c) Coefficient of variation: c.v. = —- x 100. ThisMean

is a measure of precision or reproducibility.

d) The Wilcoxon test: This is a non-parametric ranking
test of the significance of the difference between two
samples from continuous distributions. Individual values
within the two samples are given rank numbers from 1 -> n,
according to magnitude. The rank numbers of the smaller
sample are then summed and the level of significance
of the difference between the samples, corresponding to
the value of the summed rank number, is obtained from
tables. In the Wilcoxon test for pair differences, either
the positive or negative pair differences are ranked and the
level of significance of the summed rank number is obtained
from tables. Neither of these tests depends on the shape
of the distribution from which the samples come and so
neither depends on the assumption that the data are normally
distributed.

e) Statistical differences between binding isotherms: When
dealing with linear regressions, statistical differences
between curves can be established either by comparing curve
parameters together with their standard errors or by
comparing confidence limits around the curves. Non-linear
regressions, typified by binding isotherms, are more
complex. Nimmo and Atkins (1976) have deduced that the
statistical methods used to compare linear regressions are
inappropriate to non-linear regressions because the methods
depend on the error about the curve being normally
distributed and because they have shown that this is not
true of such non-linear equations. For these reasons,
standard errors of and n for different isotherms
have not been compared. The reality of the differences
between such isotherms may be deduced intuitively by
noting that the analytical precision of the binding
techniques is 1-2% (c.v.) and therefore that the experimental
errors of equivalent points about different curves do not
overlap.
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APPENDIX 7

TRIVIAL AND FORMAL NAMES OF LIPIDS IN BILE

Trivial Name Formal Name

1. Sodium cholate

2. Sodium deoxycholate

3. Sodium chenodeoxycholate

4. Sodium lithocholate

5. Sodium glycocholate

6. Sodium taurocholate

7. Cholesterol

8. Lecithin

3a, 7a, 12a-Trihydroxy-5B-
cholan-24-oic acid. Sodium salt.

3a, 12a-Dihydroxy-5g-cholan-
24-oic acid. Sodium salt.

3a, 7a-Dihydroxy-5g-cholan-
24-oic acid. Sodium salt.

3a-Hydroxy-5 3-cholan-24-oic acid,
Sodium salt.

3a, 7a, 12a-Trihydroxy-5B-cholan-
24-oic acid. N(carboxymethyl)
amide. Sodium salt.

3a, 7a, 12a-Trihydroxy-5B-cholan-
24-oic acid. N-(2-sulphoethyl)
amide. Sodium salt.

5-Cholesten-3B-ol.

L-a-Phosphatidyl Choline
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APPENDIX 8

REAGENTS AND APPARATUS USED

(a) Reagents

All chemicals of "Analar" grade were from BDH

Chemicals Ltd., Poole, Dorset, U.K.

Acetic acid

Acetic anhydride

Acetone

Agar

Agarose

Albumin

Alumina

Amido Black

Ammonium molybdate

Anisaldehyde

Anti-albumin

Ascorbic acid

Azobenzene

Barbituric acid

Benzene

Bile salts

Analar

Analar

Analar

Difco Laboratories, Detroit,
Michigan, U.S.A.

BDH Chemicals Ltd.

(a) Crystalline Bovine Serum
Albumin Standard:
Armour Pharmaceutical Co. Ltd.,
Chicago, Illinois, U.S.A.

(b) Crystalline Human Serum
Albumin Standard:
Kabi Chemicals Ltd.,
Stockholm, Sweden.

Brockmann, Grade 11,
BDH Chemicals Ltd.

Gurr and Co., London, U.K.

Analar

Koch-Light Laboratories Ltd.,
Colnbrook, Buckinghamshire, U.K.

Behringwerke, Marburg, Germany

BDH Chemicals Ltd.

BDH Chemicals Ltd.

Analar

Analar

Weddel Pharmaceuticals Ltd.,
London, U.K.

Blue /
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Blue dextran

Brij 30%

Bromothymol blue

Butanol (n)

[2.44C] Glycine
glycocholate

Calcium chloride

45CaCl2
Carbocyanine dye

Chloroform

Cholesterol

58
[ Co] Cyanocobalamin
Copper sulphate

Cyanocobalamin

Diethyl ether

Di-isopropyl ether

Dioxane

Ethanol

Ethoxyethanol

Ethyl acetate

Ethylene-diamine-
tetraacetic acid

Fiske/

Pharmacia Fine Chemicals AB.,
Uppsala, Sweden

Polyoxyethylene lauryl ether
BDH Chemicals Ltd.

BDH Chemicals Ltd.

Analar

The Radiochemical Centre,
Amersham, Buckinghamshire, U.K.

Analar

The Radiochemical Centre

l-ethyl-2(3-(1-ethyl-naphthol
(l,2d) thiazolin-2-ylidene-2-
me thylpropenyl-naphthoic 1,2d)
thiazolium bromide

Eastman Organic Chemicals Ltd.,
Rochester, New York, U.S.A.

Analar

BDH Chemicals Ltd.

The Radiochemical Centre

Analar

Glaxo Laboratories Ltd.,
Greenford, Middlesex, U.K.

Analar

Analar

Analar

Analar

Analar

Analar

Analar
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Fiske and Subbarow's
reagent

Folin and Ciocalteu's

phenol reagent

Glycine

Heparin (sodium salt)

Heptane (n)

Hydrazine sulphate

Hydrochloric acid
r125 Ti TI IJ Insulin

Insulin (porcine)

Iodine

Lanthanum chloride

Lecithin

Magnesium chloride

Methanol

Naphthalene

Nicotinamide adenine
dinucleotide

Nitrogen

Perchloric acid

Petroleum ether

Polyethylene glycol

Potassium/

l-amino-2-naphthol-4-sulphonic
acid

BDH Chemicals Ltd.

BDH Chemicals Ltd.

Analar

Weddel Pharmaceuticals Ltd.

Analar

Analar

Analar

A generous gift from the
Regional Hormone Laboratory,
12 Bristo Place, Edinburgh, U.K.

Glaxo Laboratories Ltd.

BDII Chemicals Ltd.

BDH Chemicals Ltd.

90% egg lecithin
BDH Chemicals Ltd.

Analar

Analar

Koch-Light Laboratories

Technicon Instruments Co. Ltd.,
Basingstoke, Hampshire, U.K.

British Oxygen Co. Ltd., Harlow,
Essex, U.K.

May and Baker Ltd., Dagenham,
Essex, U.K.

Analar

25,000 M.W. Fraction:
Union Carbide, Southampton,
Hampshire, U.K.
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Potassium chloride

Potassium dihydrogen
phosphate

Potassium hydroxide

Potassium sodium
tartrate

P.P.O.

P.O.P.O.P.

Quinine sulphate

Sephadex

Sodium carbonate

Sodium chloride

Sodium di-ethyl
barbiturate

Sodium hydrogen
phosphate

Sodium hydroxide

3a-0H-Steroid
dehydrogenase

Strontium chloride

Sulphuric acid

Trichloracetic acid

Trimethylpentane

Tris (hydroxymethy1-
methylamine)

Toluene

(b)/

Analar

kii2po4
Analar

Analar

Analar

2,5 diphenyloxazole
Koch-Light Laboratories.

l,4-di(2-(5-phenyl-oxazolyl))-
benzene

Koch-Light Laboratories.

BDH Chemicals Ltd.

G25 (fine)
Pharmacia Fine Chemicals AB.

Analar

Analar

Analar

Na9HP04
Analar

Analar

Worthington Biochemical Corporation:
Through Cambrian Chemicals Ltd.,
Croydon, Surrey, U.K.

BDH Chemicals Ltd.

Analar

Analar

Analar

Analar

Koch-Light Laboratories.
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(b) Apparatus

Calcium electrode

Dianorm equilibrium
dialyser

Spectrapor dialysis
membrane

Ultrafiltration apparatus

Type F2112 Ca
Radiometer, Copenhagen,
Denmark.

Diachema AG, Zurich,
Switzerland.

Spectrum Medical Industries,
Los Angeles, California, U.S.A.

13 mm cell
25 mm reservoir
Membranes PSAC01310

0.22 ym

Millipore (U.K.) Ltd., London,
U.K.
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