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Xiii
ABSTRACT
1. Transport of D-glucose, D galactose and D-fructose across the
liver cell menbrane was studied using an in situ rat isolated |iver
per f usi on t echni que.
2. A bench-top liver perfusion apparatus which naintains the |iver
tenperature constant for several hours of perfusion is described. This
apparatus has the advantages that it is sinple, cheap, and effective.
3. The perfusion medi umused was Krebs bi carbonate buffer to which
wer e added washed bovi ne erythrocytes and bovine al bunin. This nedi um
was found to neet the requirenments for a viable liver perfusion.
4, Stringent viability criteria were adopted and |ivers which failed
these criteria were rejected. H ectron nicroscopi c studies of perfused
and unperfused livers were undertaken as adjunct to viability assess-
ment of these |ivers.
5. The suitability of radioactively |abelled sucrose as an extra-
cellular reference material in a doubl e indicator dilution technique
inthe perfused rat liver was investigated.
6. The hepat ocel | ul ar transport of each of D glucose, D gal actose
and D-fructose was saturabl e.
Al the three hexoses showed nmutual conpetition.
The singl e pass extraction val ues for the hexoses were consistently
different such that D gl ucose>>D gal act ose»D-fruct ose»»L- gl ucose.
7. D gl ucose transport is by far greater than L-glucose transport
suggesting stereospecificity of glucose transport nechani sm con-
firmng the finding of the only previous study (WLLIAVE et al, 1968).
8. Bot h phl orizin and phloretin inhibited uptake of these hexoses.
C these two phloretin was by far the better inhibitor, a finding

suggesting that the hepatic uptake of these sugars is anal ogous to
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known passive (e.g. human erythrocyte) rather than active (e.g.

e.nterocyte) types of hexose transport.

9. Sone dissaccharides were found to inhibit the uptake of these
hexoses. Lactose inhibited the uptake of all three hexoses. Maltose
i nhi bited uptake on D-glucose and D-fructose only (it had no effect
on D-gal act ose uptake). Sucrose had no effect on any of the three

hexoses.

10. Gl actose transport was found to be tenperature dependent. Cn an
Arrheni us plot there was a discontinuity of this tenperature depen-
dence suggesting a transition tenperature of about 31 C Arelatively
hi gh activation energy (67 Kj mole at 37°C) was cal culated fromthese
findi ngs.

11. It was concluded, on the basis of the findings of saturability,
conpetition, stereospecificity and greater chenical inhibition of
hexose transport by phloretin than phlorizin, that these hexoses are
transported across the liver cell nenbrane by a facilitated diffusion
(carrier mediated) transport mechanismsinilar to that existing in
hurman erythrocytes. On the basis of dissacharide effects, it was
inferred that the D gal actose carrier mechanismis distinct at the
external surface of the nenbrane fromthe D gl ucose/fructose carrier
nmechanism This inplies an asymretry between the external and interna
carrier sites, the latter probably being coomon to all three hexoses
whereas the forner is distinct. An architecture for these carrier

sites in the liver cell nenbrane is proposed.
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~ CHAPTER _ONE

1. THE CELL MEMBRANE

1.1 Introduction and definition

"Just as chemistry could not have developed without test tubes to
hold reacting substnaces, so organisms could not have evolved without
relatively impermeable membranes teo surround the cell constituents. This
barrier between the inside and the outside, the inner and external world
of each living unit, has been and always must be considered one of the
fundamental structures of a cell. No one can fail to be impressed with
the great difference in properties of living and dead cells. The dead
are completely permeable to diffusible substances, while the living
retain one material and pass another. This difference, selective permea-
bility, is so marked that it becomes the surest test to distinguish the
living from the dead, holding where all other methods fail. It can
" - truly be said of living cells, that by their membranes ye shall know

~ them.”
E. N. HARVEY 1943 fﬂzz

What now seems conspicucusly absent in this gquotation is a mention
of the parallel importance of barrier action within the cell such as the
mitochondrial membrane. The essential role of membranes in energy trans-
duction was, of course, not yet understood in 1943, although the neces-
sity of internal compartmentalisation had been percelved (CHRISTENSEN
1975).

The maintenance of this selective permeability reguires the presence
.of barriers to keep such environments, and steps leading to separation
' apart, These barriers are conspicuous and can be very effective indeed,
At one point in history, the presence of a barrier between the cell and
its environment was doubted. About 50 years ago a school of colloid

chemists and their bioclogical disciples proposed that the periphery of
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of the cell was marked by no more than a sol-to-gel transformation, a
coagulation process which they supposed would occur very simply on
exposure of a new cytoplasmic surface to extracellular concentrations of
calcium ion (cited by CHRISTENSEN 1975). It is perfectly clear, however,
that the molecular changes that repair a defect in a broken cell mem-
brane are much more complex than they supposed.

So, a strong, selective barrier action of cellular membranes is
now believed to exist, and it applies particularly to hydrophilic mole-
cules, a class to which all the substrates used in this study belong.

The very high electrical resistance (about 10° to 10° oims @ 1) and
capacitance [about 1 microfarad tcmz)“l} associated with the plasma
membrane (COLE 1968) underscores the strength of this barrier action as
far as ions are concerned. The action applies much less to hydrophobic,
oil soluble molecules. Noting the comparative ease with which lipid-
soluble substances penetrate cells, OVERTON (1899) proposed the concept
of the lipoid character of the barrier. Overton's hypothesis constitu-
ted one of the main tenets of DAVSON-DANIELLI's proposal of the molecular
structure of the cell membrane in 1943. This model dominated the field
of membranology for a long time. But new findings coupled with newer
hypotheses such as the fluid mosaic matrix hypothesis by SINGER and
NICHOLSON (1972) have made the DAVSON-DANIELLI model (1943, 1952) or
indeed its offspring the DANIELLI-ROBERTSON model (1960) not to be held
as the complex structure of the cell membrane as we know it today.

But the very definition of the term "cell membrane" is a matter of
great contention. A precise and complete definition of the word "mem-
brane"” is difficult to make, any complete definition given to cover all
the facets of membrane behaviour will be inexact and any precise state-
ment will be incomplete. It is defined as a "dynamic, plastic, fluid
structure which has no fixed state" (O'BRIEN 1970). It was stated that

"an outstanding characteristic of cells is that the relationship between
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their internal activities and the external environment is regulated by
a barrier; this essential barrier at the cell surface is the plasma
membrane or cell-surface membrane" (FINEAN, COLEMAN & MICHELL 1978). It
has also been defined "as a phase, usually heterogenous, acting as a
barrier to the flow of molecular and ionic species present in the liquid
and/or vapour contacting the two surfaces" (LAKSHMINARAYANAIAH 1969).
The term heterogenous has been used to indicate the internal physical
structure and external physicochemical performance.

Even these definitions are not all embracing. In fact the very def-
inition of the term "cell membrane" is a matter of contention. The cell
biologists use the term "cell membrane" or "plasma membrane" or “plasma-
lemma®™ in at least three quite different senses. In the anatomical
sense the cell membrane is the external limiting region of the cell
visible occasicnally as a darkly staining region in the light microscope
and with more certainty in the electron microscope as a layer (or a pair
of layers) of osmiophilic material. In the biochemical sense, the cell
membrane is a "fraction" of the cell prepared by the now classical tech-
niques of selective disintegration of the whole cell, followed by differ-
ential centrifugation. A preparation is obtained which can be analysed
chemically and which can by electron microscopy, be compared with the
"cell membrane" seen in the whole cell. Finally, in the physioclogical
sense, the "cell membrane"” is an hypothetical structure invented to
explain certain data on the "permeability of cells" (that, on the rate
of entry into these cells of certain other substances and to explain
other data on the distribution of metabolites and other molecules
between the cell and the fluid in which this cell is immersed), STEIN
(1967). Such data often suggest the presence of a "permeability
barrier" between the cell and its environment. Perhaps, the simplest
definition of "plasma membrane" is that by NEVILLE (1974) stating that

“the cell surface or plasma membrane is the most peripheral membranous
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portion of a cell”". This is a morphological definition which excludes
cytoplasmic vesicles which may have been derjived from the surface mem-
brane by pinccyt.sgis or cother forms of membrane recycling. The reason
for this distinction is that we are interested in gquantitating membrane
components at the crucial cell-environment interface. The surface mem-
brane thus defined is structurally heterogencus for many cells. The
hepatocyte surface membranes, for example, exist in three morpholegies:-
a simple membrane exhibiting small protrusions and invaginations bordexr-
ing on the sinusoid known as the blood front; a membrane exhibiting
numerocus desmesomes known as the cell front; and a rich profusion of long
villous processes forming the bile canaliculus known as the bile front.
BEvidence for biochemical heterogeneity paralleling the structural heter-
ogenity exists for liver (EVANS 1970) but is best documented in the |
intestinal epithelium (FUJITA et al 1972) and in renal proximal convolu-

ted tubule epithelium (WILFONG & NEVILLE 1970; MARX et al 1973).
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1.2 The Structure of Cell Membrane

The science of membrane bioclogy is no longer a simple subject.
Membranes vary in composition, structure and function from species to
species, from cell to cell and even from one cell component or organelle
to another. They are dynamic, plastic, fluid structures which have no
fixed state (O'BRIEN 1970). O'Brien believes that one falls into the
trap of nailevete when one describes the molecular anatomy of membranes
with simple molecular models. Such models, he contended fall short of
reality; those who believe that they are devinely revealed are misled.
Nonetheless, molecular models are useful in understanding the nature of
membranes since they provide a framework upon which to shape, reshape
and embellish our thoughts about these interesting biological structures.

Membranes may be broadly classified into natural and artificial
membranes. Artificial membranes are man-made such as highly cross linked
resins, dried collodion, cil impregnated porous filters, silicone, black
films and reconstituted vesicles. But the use of artificial membranes
has tremendously increased our knowledge of membrane function. LIPPERT
and PETICOLAS (1971) studied the effects of cholesterol on membrane
fluidization at different temperatures. They found that the apparent
effect of cholesterol on lipid multi-layers is different above and below
the transition temperature. In the case of dipalmitoyl lecithin, which
they used, this temperature was 38°C. Fluidization occured at lower
temperature and gel formation occurred at higher temperatures when
lecithin was added to the lipid multilayers preparation. This study thus
showed us the stabilizing effects of cholesterol on lipid membranes. It
also gave us an insight to membrane fluidity, a concept used by SINGER
and NICHOLSON (1972) to build up their fluid mosaic model of the cell
membrane. Recently, artificial membrane (reconstituted black lipid mem-
brane) has been prepared and shown to possess monosaccharide transport

function (NICKSON & JONES, 1977). They reconstituted a monosaccharide



=

transport system in a black lipid membrane formed from egg lecithin/
cholesterol/n-decane in the presence of Triton X-100-Solubilized frac-
tions of the erythrocyte membrane. They found that D-glucose transport
function was retained by this reconstituted membrane (black film), and
using cytochalasin-B they were able to show that the retained sugar
transport function was not just simple diffusion but the known facilita-
ted diffusion transport mechanism that exists in the natural erythrocyte
membrane. This paper was significant in view of the fact that earlier
attempts to reconstitute facilitated diffusion system for monosaccharides
in planar black lipid membranes was unsuccessful (JUNG 1971, LIDGARD &
JONES 1975). They were able to pinpoint the transport function to the
major intrinsic polypeptide component known as Band 3 in the polyacyl-
amide-gel pattern of the solubilized membrane proteins. Band 4.2 is
known to consist of polypeptides of cytoplasmic origin (STECK 1974) and
to increase with age of the cell, so NICKSON and JONES (1977) argued
that Band 3 transmembrane polypeptides must be the transport one. This
was an important contribution to the identification of the sugar trans-
port proteins of the cell membrane. Furthermore, reconstituted vesicles
have helped us to understand more about sugar transport and membrane
fluidity. MELCHIOR and CZECK (1979) found that reconstituted phospho-
lipid vesicles containing adipocyte intrinsic membrane proteins and a

1:1 ratio of egg phosphatidylcholine (PC) and egg phosphotidyl ethanola-
mine (PE) exhibited a crystalline to fluid lipid phase transition between
the temperatures of about -15°C and 17°C. They found that these vesicles
retained facilitated diffusion transport system for D-glucose when in the
fluid state, but not when in the gel state. This led them to the con-
clusion that the vesicles have a transport system which does not operate
as a rigid channel-forming pore, but rather requires molecular motion

in the bilayer. This conclusion will tie up very well with the findings

that led to the proposition of the type of binding site architecture put
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forward in this thesis (Chapter 10). 5S¢ studies on artificial membranes

are not only necessary adjuncts, but could help to initiate, validate or -

even substantiate findings and propositions on natural membranes.

However, natural membranes are biclogical membranes and exist in !
biological systems. This study is primarily concerned with this type of

membrane, the "cell membrane" and thig will be described further.

The biclogical membranes are considered to have a fundamental unit

ﬁembrane called "the cell membrane™, “plasma membrane", or “"plasmalemma®.
i

The cell membrane was born as a functional necessity in the second half
of the last century. That was a period in which the attention was
focused in whether & substance penetrated or not into the cell and, in
case it did not, what prevented it from entering. The observation that
calls swell in hypotonic scluticns and shrink in hypertonic ones led to
the comparison of the cell with an osmometer. The analogy required a
membrane. One of the ploneers in this field was OVERTON (1899), He

.pointed out that the cell was more permeabkle to substances which dis-

solved easily in lipids than to substances that have poor lipid seclu-

bility. Therefore, in a first approximation the cell membrane was con-
sidered to be a lipid film that substances have to traverse in order to
get into the cell. A few decades later GORTER and GRENDEL (1925) carrieé
qut a very important experiment, perhaps one cof the most important I
experiments in wmenmbrane sclence. They extracted xred blocd cells with ;
acetone, and placed measured samples o©f the lipid extract on to the !
- surface of water, in a Langmuir trough. The Langmuir trcugh is a rec-
tangular ﬁessel about ocne centimetre deep filled with an agueous medium.
It is fitted with a flecating barrier having platinum brushes at the ends
to prevent leakage of surface material past the barrier. The applied ;
extract wﬁich floats on the surface of the water is confined between I
three fixed sides of the trough and the fleating barrier. The barrier

is now moved =s=o as to confine the surface material within an ever-decreas-
|
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ing, and ultimately a ccherernt monc-molecular film foims on the suxrface

of the water. 'This force required to maintain this surface film is

measured. This was originally done with a torsion wire and optical level
system which was sensitive te changes of the crder of C.0Ol1 dyne.cm‘l.

Initially there is little resistance to movement of the barrier, but as

the area occupied by the surface film decreases, the force needed to

move the barrier increases. The area occupied by the surface film is

plotted against the force required to maintain it. GORTER and GRENDEL

showed that the area occupied by the film at the point of the first

"aéﬁéctable increment of pressure was about twice the surface area of the

red blocd cells from which the lipid extract had been prepared. On the

basis of this evidence, they suggested that the lipids in red cell mem-
5r§nes ;rglyrranged as a continuocus double molecular layer, a hypothesis
which haézgééﬁ:dﬁ'the centre of every discussion of membrane structure
from that day to thisg. This not withstanding, the c¢:periments upor which
their ideas were based are open to criticism from three pointé 0! view:-

1. Although it is probably true that all the lipid of the red cell isc
contained within the membrane, it would be essential in experiments
of fﬁis sort to achieve something approaching 100% extraction: the
method used by GORTER and GRENDEL was extraction with acetcne, which
gives significantly less than the total.

2. The surface area of the extracted lipids as & monolayer was com-
pared with the surface area of red cells in dried £film preparaticns
(9%P2 instead of l4§p2 in wet films}. Thus the original experiments
were based on an underestimate of both the amount of lipid and the
surface area to be covered, and fortuitously provided the 2:1 ratic
between the extract monolayer and red cell surface areas.

3. The outcome of experiments of this sort depends upon the more
serious assumpticon that the area occupied by the lipids in the mem~-

brane is the same as the area occupied by lipids on a spread mcno-

|
.J
i
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layer in a Langmuir trough at the point at which the first incre-

ment in surface pressure due to the presence of the lipids becomes

detectable,

It must be admitted, however, that the great importance of the
original experiment was that it led GORTER and GRENDEL on to the germinal
principle which has dominated all thinking and controversy about membrane
structure ever since them.

But the acceptance of the cell membrane as a mere lipid bilayer was
not to be held for long. HARVEY (1931) studied the surface tension of
cells subjected to a centrifugal force. Under the influence of this
force the light and the heavy components of the cell separated producing
an elongation of the cell. As the speed of the centrifuge was increased
the separation was more pronounced until a centrifugal force was reached
(0.2 dyne.cm-li that broke the cells into two halves. Since the cell
membrane has to be broken dn order to separate the two pieces of cell,
the force necessary to split the cell is a measure of the surface tension
of the membrane., This surface tension proved to be toc low as the one
expected for a simple oil-water interface (scme 35 dynes.cm-l). The
finding that the surface tension of oil droplets coated with protein
{(actually, the oil droplets which cause buoyancy in mackerel eggs) is
similar to that of some membranes, led DANIELLI and EARVEY (1935) to
propose that the tension was lowered because of the absorption of proteins
to the lipid bilayer. Other findings in support of this evidence were
those of COLE (1932), HARVEY and DANIELLI (1938), ASKEW and DANIELLI
(1940) . Also an important support for this model was provided by the
works of SCHMITT, BEAR and PONDER (1936) who studied the refrigence of
cell membranes before and after the extraction of lipids and concluded
that the lipids are oriented in a perpendicular position to both the
surface of cell and the protein component of the membrane.

The foregoing contributions narrated from the time of OVERTON (1899)
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to the work of ASKEW and DANIELLI (1940) prbvided DAVSON and DANIELLI
with sufficient evidence to propose a model of cell membrane structure
called the "paucimolecular” model of DAVSON and DANIELLI (1943, 1952).
This model (shown in fig. 1.1} is now accepted by many to mimie the true
cell membrane structure in its simplest form. It is considered to be a
bimolecular leaflet of lipids with their polar groups oriented toward
the two aqueous, extracellular and intracellular phases of the cell. On
the polar heads on both sides 1s protein coat of the cell membrane. The

existence of such bimolecular leaflet of lipids has been supported by

" the recent findings using the electron microscopy. The electron micro-

scopy has demonstrated the presence at the limiting surface of almost all

cell types studied, a layer of material some 758 (range 50~1008) wide

(752 = 75 x lo_scm) which binds and is thus made visible by electron-
dense compounds such as osmium tetroxide, potassium perwanganate, and
uranyl acetate. The use especially of potassium permanganate as a stein
has ghown clearly that this limiting layer is in fact composite, being
made up of two dark (that is heavy metal absorbing layers each about 258
wide and separated by a light layer (one which does not take up the
electron-dense stain) also some 253 wide. Thus at the interface between
two cells, four dense layers (two contributed by each cell) and three
light layers (one from each cell and from the space between the two cells)
can be seen. Each set of a pair of dense layers separated by a light
layer is referred to as a “unit membrane"” a term first introduced by
ROBERTSON (1960). The bimolecular leaflet is further proved by the
rather new freeze-cleaving methods combined with selective sublimation

of water, or freeze-etching adequately reviewed by McNUTT and WEINSTEIN

(1970) , MCRR (1971), and BRANTON (1971). To carry out this process, first

the cells are frozen to -1B0°C, under conditions allowing their live
recovery. They are then split mechanically, the fractured surfaces are

shadowed with metal vapour {both at -1B0° in vacuo) and the resulting




LEGEND T0 FIG, 1.1

Fic. 1.1A - THE "PANCIMOLECULAR" MODEL OF CELL MEMBRANE
STRUCTURE AS ProposeD BY DAVSON anp DANIELLI 1952,
NOTE THE ORIENTATION OF HYDROPHILIC (POLAR) GROUPS
TOWARDS THE AQUEOUS INTERIOR AND EXTERIOR OF THE CELL
MEMERANE

Fi6. 1.1B - THE CHEMICAL STRUCTURE oF THE DAVSON-DANIELLI
MODEL OF THE CELL MEMBRANE, |



Fie. 1.1

A, THE "PANCIMOLECULAR" MODEL OF CELL MEMBRANE STRUCTURE,
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replicas are examined electron microsceopically. Scmetimes, scme water is
sublimed off {etched) before shadowing. Etching exposes "true" external
surface (WALLACH 1972)., The splitting (fracturing process) seems to
expose the internal membrane face (STEIN 1967). This internal membrane
face of STEIN appears to be the "true” external surfaces referred to by
WALLACH (1972).

It is tempting to accept the present DAVSON-DANIELLI model, the
"unit membrane” concept, later on referred to as DANIELLI and ROBERTSON
model (ROBERTSON 1964) because of its simplicity. But the evidence cited
in its support in each instance has multiple interpretations, and there
can thus be no detailed conclusions as to the molecular organisation of
membranes {(WALLACH 1972). The basis for such contention has been sum-
marized by WALLACH in his book. However, a recent review by SINGER
{1974) has clearly indicated that our present knowledge of the molecular
organization ¢f membranes is not all that fragmentary, Similarly, the
structural organization of biological membranes was described in detail
in a contemporary review by LEE (1974).

The concept of fluidity in the plane of the bilayer has become one
of the main tenets of modern membrane piclogy. And, certainly, a limited
state of lateral fluidity in the bilayer of mewmbranes is necessary for
the suppert of life since it was shown to be necessary for growth of
bacteria - Acholesplasma laidlawii [McELHANEY 1974). He grew A. laidlawii
in lipid-poor growth medium at 2° to 48°C with addition of various single
exogenous fatty acids to a final concentration of 100uM as sterile
ethanolic solutions. Cell growth was measured by turbidometry as a change
in absorbency at 450nm. He found that the minimum growth temperature
under certain conditions was clearly defined by the lower boundary of
gel-to-liquid crystalline phase transition of the membrane lipids, The
physical state of the membrane lipids could alsoc influence the optimum

and maximum growth temperature. Growth absolute rate and coefficient



-]4-

both increase in a predominantly liquid crystalline state. But absolute
growth rates decreased rapidly when most membrane lipids became solidi-
fied. But he found that some cells could grow even when only l0% ligquid
crystalline state existed. Conversion of membrane lipid from fluid to
gel state was accompanied by a progressive aggregation of intra-mem- i
branous protein particles. He stated that transition arises from
co~operative melting of the hydrecarbon chains in the interior of the
bilayer.

The thermal characteristics of a number of activities associated
with membranes, such ags transport (KIMELBRERG & PAPRHADJIOPQULOUS, 1972;
LINDEN, WRIGHT, McCONNEL & FOX 1973), assembly of membrane proteins
(TSUKAGOSHL & FOX 1973), and other enzymes (MACHTIGER & FOX 1973) all
show abrupt changes in rate at temperatures which niay he reltated to the
phase behaviour of the membrane lipids. In considering the concept of
fluidity in membranes, it must be stressed that it refers only to the
movement of molecules laterally in the plane of the membrane. The
transfer of phospholipid across the membrane to a position in the opposing
monolayer ("flip-£flop") would be a most improbable event (GOMPERTS 1977).
In this respect, the term "fluidity” as applied to membranes does not
have the same meaning as when it is applied to bulk phases. The reason
why the movement is restricted in two dimensions lies in the amphipathic
nature (melecules having groups with different properties like having
both hydrophilic and hydrophobic groups) of the component phospholipids
and the intrinsle proteins found in membranes, and is due to the very
favourable interaction between the polar head groups and the external
agqueous environment and the great difficulty of transferring polar groups
into the low dielectric medium of the interior of the membrane (GOMPERTS
1977). Evidence for the fast diffusion of the 1lipid molecules in the
plane of the bilayer besides the fast internal motions within the lipid

molecules in the liquid crystalline phase comes from electron spin
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resonance (esr) studies of lipid bilyaers and monclayers containing spin
labelled lipids and steroids {(DAVAUX & McCONNELL 1972; TRAUBLE & SACKMANN
1972) and from proton nuclear magnetic resonance (nmr} studies of unper-
turbed lipid bilayers (LEE, BIRDSALL & METCALF 1973}, 1In a nuclear pag-
netic resonance experiment, the sample toc be studied is placed in a
magnetic field. Those nuclei of the sample which have magnetic moments,
such as protons and 31P. precess in the magnetic field much as a spinning
top precesses in the earth's gravitational field. There are three types
of nmr experiments that are of importance for membrane studies. One is
the absorpticn experiment, in which the frequencies at the various nuclei
precess are measured by observing the absorption of radio frequency
radiation. In practice, the experiment is usually performed by keeping
the frequency fixed and measuring the absorption as a function of the
magnetic field strength, but it is usually easier to think about the
experiment as if it were the frequency that is varied at constant field
strength. The second type of experiment is a measurement of the spin-

lattice relaxation time, T The inverse of Tl is a measure of the rate

1t
at which a nuclear magnet or spin can exchange energy with its surround-
ings. The third type of experiment is a measurement of the transverse

relaxation time, T The inverse of T, is a measure of the amplitude of

2" 2

fluctuations in the precessional motion of the spins caused by, among
other things, the interaction of the spin with other spins in its sur-
roundings. Each of these three measurable properties, the absorption
spectrum (including line positions, shapes, and widths), the values of
Tys and the values of T,, are affected by the structural properties of
the sample on a molecular level and by molecular motions. One of the
most fruitful methods for studying membranes is to introduce stable free
radical meolecules into them and study the electron spin resonance [(esr)

spectrum of the radical in the presence of an external magnetic field.

The ternm “spin label” is often used to describe such molecules. In a
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spin label esr experiment, the spin label molecule is incorporated into
the membrane sample, and the sample is placed in a magnetic field. The
absorption spectrum for microwave radiation is measured. Usually, as in
the case of nmr, the freguency is held fixed and the magnetic field is
varied. 1If oriented membrane samples are used, the spectrum can be
measured as a function of the angle between the magnetic field and the

direction normal to the membrane surfaces,
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1.3 Chemical Composition of Cell Membranes

The chemical composition of the c¢ell membranes variles from one cell
to the other in the mammalian tissues, and more so between the micro-
organisms and mammalian cells, or even plant cells. Most chemical anal-
yses of the cell membrane have been performed on fractions isclated from
mammalian red blood cells. These cells are readily available in large
quantities as a pure cell type and can be induced by a variety of simple
technigques (such as their suspension in media of low csmolarity, the
repeated freezing and thawing of cells and their subjection to the actiorn
of detergents) to lose the greater part of their haemoglobin, the major
internal component. This is the process of "haemolysis™. Light and
electron microscopy confirm that these "ghost" preparations are indeed
the cell membranes {PONMDER 1355), and in a number of cases (TEORELL,
1952; STEIN 1956; LeFEVRE 1961) such membranes isclated by gentle haemo-
lytic procedures have been shown to retain to a surprising degree their ;
capacity to act as a permeability barrier. The “ghosts" can be washed 5
by centrifugation, isolated, and analysed chemically. With the various
methods avallable for preparing and analysing cell membranes, such as
the various haemolytic processes of preparing enythrocyte “"ghosts" the
chemical composition is bound to vary over a wide range.

The major components of the membranes are proteins, lipids and water
(KONO & COLOWICK, 1961; RAZIN, ARGAMAN & AVIGAN 1963; AUTILIC, NORTON &
TERRY 1564; SALTON & FREER 1965; MADDY 1866). The weight of protein is
pore than that of the combined lipids in most mammaljian cell nmembranes,
except in the nerve myelin where this is reversed. The protein:lipid
proportion is 85:15% in rat liver membrane, and 20:80% in Ox nerve myelin
(KORN 1969). In the endoplasmic reticulum they are egually distributed
{KORN 19€9). A number of different protein fractions have been identi-
fied and some studies on their physical properties performed. A protein

having enzymatic activity that has been identified in red cell ghosts is

+
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the sodium/potassium-activated adenosine triphosphatase, another mem-
brane-bound enzyme is acetylcholinesterase, MITCHELL, MITCHELL and
HANRRAN (1965}, cheose five representative enzymes present in whole human
. red cells, namely carbonic¢ anhydrase, adenosine deanminase, aldolase,
glyceraldehyde phosphate dehydrogenase, and acetylcholinesterase, in
order to discover by analyses of membrane which, if any, of these enzymes
is an integral part of the cell membrane. Carhbonic anlydrase and adeno-
sine deaninase were never found bound to membrane. By a correct choice
of the pH and the ionic strength during haemclysis, membrane could be
prepared very largely free of both aldolase and glyceraldehyde phosphate
dehydrogenase, but acetylcholinesterase was almost wholly retained by
the membrane at all values of pH and ionic strength used. Thus, acetyl-
cholinesterase would seem to be a real constituent of the membrane.
Aldolase and glyceraldehyde phesphate dehydrogenase can, however, be
bound by electrostatic linkages and may or may not be attached to the
tembrane under physiolegical conditions, while carbonic anhydrase and
adenosine deaminase must be present in the cell water, It is the
difficulty in solubilizing the membrane proteins that has hampered theix
further study.

There is a large body of evidence that the components of biological
‘membranes are asymmetrically disposed across the membrane. Although
membrane asymmetry has been discussed for many years, it is only recently
that direct evidence has been obtained confirming asymmetry at the mole-
cular level, and its fuller implicaticns in membrane structure, function
and biosynthesis have been appreciated (see SINGER, 1974 for review).

It was suggested (SINGER 19271; SINGER & NICHOLSON 1972) that the proteins
of membranes may usefully be considered in two categories, integral and
peripheral, The molecules of integral proteins are postulated to be
generally amphipathic (LEONARD & SINGER 1966; WALLACH & AZHLER 1966), and

to be embedded by their hydrophobic portions into the 1lipid bilayer matrix
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of the membrane while their hydrophilic porticns protrude from the
matrix into the aqueous phase. If the lipid is in the fluid state, as
stated in the preceeding section of this chapter, the integral proteins
are generally free to diffuse laterally in the membrane - this is the
fluid mosaic model of SINGER and NICHOLSON (1872}, 1t is proposed
(SINGER & NICBOLSON 1972; SINGER 1974) that the molecules of peripheral
proteins, on the other hand, are not inserted into the membrane matrix,
hut instead are generally attached to the membrane at the exposed por-
tions of integral proteins. The erythrocyte membrane is so far the most
thoroughly investigated membrane with respect to the composition and
asymmetrical distribution of its_protein components.

Also it has been suggested that the major phospholipids of the
erythrocyte membrane are asymmetrically distributed across the two halves
of the bilayer (BRETSCHER 1973). But there is no evidence at present for

an asymmetrical distribution of phosphelipids in cell membranes cther

I
|
:

than in ervthrocytes. If an asymmetrical distribution of phospholipids i
is a general phenomenon of cell membranes, then its implications for the
Btructure and function of membranes are considerable, For example, lipid
asymmetry has not previocusly been considered a factor in lipid phase
separation experiments {TRAUBLE & OVERATH 1973; LINDEN et al 1973). 1In
E. coli membranes, with which most of these experiments were carried out,
the major phospholipid (70-80%) is phosphotidyl-ethanclamine and the only
other important phospholipids are phosphotidyl-glycerel (5-15%) and
cardiolipin (5-15%}. If the two latter aniconic lipids were concentrated
in one layer of the bilayer, with the phosphatidylethanolamine distri-
buted in both layers, then the two layers and surfaces could have dis-
tinctly different properties. Lipid asymmetry would alsc play a role

in the kinds of direct short range lipid-protein interactions that some

integral) enzymes of membranes may reguire to express their activities

{ROTHFIELD 1971). Obviously, lipid asymmetry would also have to be
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téken into account in receonstitution experiments between isclated pro-
teins and lipids.

The existence of a stable asymmetrical distribution of proteins
and lipids across a membrane bilayer implies that these components do
not rotate from one surface of the membrane to the other at significant
rates i.e, there is little "flip-flop" motion. Buch rates have been
examined directly for phespholipids in synthetic bilayers [(KORNBERG &
MCCONNELL 1971) and have indeed been shown to be very slow. Where such
transmembrane rotatione of integral proteins have been sought (STECK
1972; BENNETT & CUATRECASAS 1973}, they have also been found to be
undetectable., This is especially remarkable in view of the rapid trans-
lational and in-plane rotational mobilities of protein (FRYE & EDIDIN
1970; BROWN 1972; CONE 1972) and lipide (KORNBERG & McCONNELL 19%71) in
many membranes under physiological conditions, and the conclusive evi-
dence that the bulk of the lipid in a membrane is physically independent
of the membrane protein (SINGER 1974). It is therefore rlear that the
negligibly slow rates of transmembrane rotations cannot be attributed to
the presence of a rigid structure preventing such rotations. Rather it
has been suggested {SINGER & NICHOLSON 1972) that the passage through
the hydrophobic membrane intericr of the polar head groups and ionic
residues of the lipids and proteins is thermodypamically & highly
unfavourable process. The free energies of activation reguired are so
large that the rates of such rotations are neglibibly slow (SINGER &
NICHOLSON 1972). The thermodynamic arguments are those which led origin-
ally to the suggestion that the mcolecules of integral pembrane proteins
are generally amphipathic (SINGER 1971; LEONARD & SINGER 196&). These
considerations bear on the molecular mechanisms involved in the facili-
tated diffusion or active transport of small hydrophilic molecules
through membranes. It is virtually certain that theses processes are

mediated by a set of proteins associated with the membrane, each with a
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characteristic binding site capable of specifically binding a small
molecule. These are what membrane physiologists call membrane transport
proteins (XOTYK 1570}, These transport proteins have actually been
isclated using double labelling of inducible carriers - the inducer being
thiomethyl B-galactoside in bacteria [KOLBER & STEIN , 1966, 1967) or
from baker's yeast (HASKOVEC & KOTYK 1969). (Other methods of identifi-
cation of membrane transpert proteins include 3H—labelling of sugar
transport inhibitors such as dinitroflucrobenzene (BNFB)} by STEIN (1964},
BOBINSKY and STEIN {1966), BONSALL and HUNT (1866}, or specific label-
ling of transport system {or of its part) by FOX and XENNEDY (1965),
and FOX et al (1967). Some of the isclated transport proteing (membrane
oarriers} have been crystallized (PARDEE 1966, 1967; PARDEE & PRESTIGE
1966; PARDEE et al 1966}, their molecular weight determined, and even
their aminoc acid composition estimated (PARDEE 1968).

The foregoing description ¢f the structure and composition of the
cell membrane indicates that although general membrane structure is
apparently similar in widely varying tissues, there are variations in

the type and distribution of hexose transport processes.
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1.4 Transport of Monosaccharides in different mammalian tissues

Apart from the movement of substances across capillary walls
between the intravascular plasma and extravascular interstitial fluids
through intercellular passages, translecation of bioclogical substances
from one body compartment to another ogcurs through one or more cell
(plasma) wembranes. The common observation in a very wide variety of
cell types is that while disaccharides are usually excluded, some degree
of transmembrane passage of many monosaccharides is effected by way of
selective transport mechanism at the cell surface. There is no class of
animal cells totally lacking in this moncsaccharide transport apparatus,
unless perhaps it is in bone alene. Teo this end, a description of a few
tissues whose transport of monosaccharidesg have heen well documented in
literature is given in this secticon. A summary of the transport mechan-

isms have been stated in column 3 of the table as either facilitated

;

diffusion or active transport types. These terms may be briefly explained.

The active transport system is one which operates against a concentration

gradient {uphill transport}, and it reguires expenditure of energy. But

the facilitated diffusion system can be distinguished from active trans-

port and simple or free diffusion by the characteristics laid down by

STEIN (1967} summarised here:-

1. The facilitated diffusion system operates on an existing electro-
chemical gradient of the permeant. The system reguires no imput of
enexgy.

2, If the permeant is optically active, its optical enantiomorph is
likely to have a very different rate of penetration if it occcurs byl
facilitated diffusicn - by simple diffusion these rates should not
differ - this is stereospecificity.

3, The rate of penetration may be expected not to be directly propor-
tional to concentration but to reach a limiting (saturation) wvalue,

This is a special case of competition where the competitor and the
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permeant are the same substrate,

4. The rate of penetration may be markedly decreased by presence of
molecules structurally analogous te the permeant - this 1s competi-
tion.

5, The rate of penetraticn may also be reduced markedly and specifically
by chemically different substances - inhibitors - which may alsoc bhe
active as enzyme poisons.

6. It may be possible in certain cases to link the facilitated move-
ment of molecule down its electrochemical gradient with movement in 5
opposite direction of structurally analogous molecule -~ this is the
phenomenon of counterflow.

In any facilitated diffusion system there is & small amcunt of con-
current simple diffusion as well. In fact SHELLEY (1279) recently reiter-
ated that all the factors controlling simple diffusion alse contrel
facilitated diffusion - the only difference being that the facilitated
diffusion has other factors in addition. The factors controlling the
transfer of water-scluble compounds across the cell membrane by simple
diffusion are pore size, surface area of exchange, membrane thickness, ;
molecular size and charge, concentration gradient, hydrostatic pressure j
and temperature, In addition to all these factors, facilitated diffusion!
system is controlled by these other factors:- chemical and stegeospeci— f
ficity, competition between isomers and analogues, uphill transport,

saturation phenomenon and chemical inhibition, SHELLEY.(1979),
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1.4.1 Transport in erythrocytes

The transport of sugar into erythrocytes is by facilitated diffusion.
This means that sugar transport here requires no expenditure of energy
{like simple diffusion process), and differs alge in that the system is
quite insensitive to metabolic poisons and varlous "unphysieclegical”
conditions which might well terminate any pump activity. Serious incom-
patibilities were noted when compared with simple diffusion in that this
system shows "saturation” characteristics in the proporticnal diminutien
of rates as concentration gradients were increased, and in apparent “com-
petitive” interactions when two monosaccharides were presented concur-~
rently. Most detailed analysis of facilitated diffusion sugar trans-
port has been done on human erythrocytes., It was established (KOZAWA
1914} that the ervihrocytes of man and monkey were vastly more sugar per-
meable than those of assorted rodents, carnivores, and ungulates - the
pig, ox, sheep, dog and cat having been studied. The fetal erythrocytes
of rabbits, guinea pigs, pigs, sheep and deer all show glucose permea- {

f
bilities of the same order {and comparable kinetics) as seen in adult f
human erythrocytes, a fairly abrupt loss of this capacity developing in i
the nonprimate species approximately at the time of birth.

The facilitated diffusion transport system shows a high degree of E
stereospecificity for hexoge and pentose sugars in the pyranose ring ;
form (LeFEVRE & MARSHALL 1958; NAFTATIN & HOLMAN 1977). The specificity
of the sugar-membrane interacticns was first systematically investigated
by LeFEVRE and MARSHALL (1958). More recently this systematic approach
was extended by BAKER and WIDDAS (1973b) to propese asymwetry of the f
sugar carrier mechanism in their studies with ethylidene glucose. Theyl
first demonstrated that 4-6-0-éthylidene-o~D-glucapyrancse {ethylidene
glucose) does not cross the red cell membrane on the hexose transfer

system, nor can it induce uphil transfer by counterflow (BAKER & WIDDAS

1973a). ‘Therefore, their subsequent finding that ethylidene glucose }

I



blocked glucose transport in erythrocytes more effectively when present
outside the cells than when present inside the cells led them to the
conclusion that the carrier component inside the cell membrane is dif-
ferent from that present externally (BAKER & WIDDAS 1973b). The asym-
metry of the carrier was supported by BARNETT, HOLMAN and MUNDAY (1973)
who drew similar conclusions from their finding that 6~0-alkyl-D-galac-
toses which are non-transported competitive inhibitors competively
inhibited erythrocyte sugar transport system from outside while relatively
ineffective when present inside the cells. On the other hand, they found
n~-prophy-B~D-glucopyranoside inhibited the sugar transport when present
inside the cells but has a negligible effect when present ocutside. By
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CHALKLEY & MUNDAY (1975) were able to identify the carrier binding sites

using modified sugars in positions Cl' C BARNETT, HOLMAN,

at C4 and C6 being in contact with solvent on the outside, but C1 to be
inside the cell.

The evidence that sugars interact in a stereospecific manner implies
at least a three-point attachment with some membrane constituent.
Stereognosis implies a three-dimensional geometry, so the minimum num-
ber of attachments to effect a stereospecific action would be three.
This implication is developed further in Chapter 10 on the propesal for
the binding—site architecture of the hexcse transport mechanism. Also
counterflow first described by ROSENBERG and WILBFANDT (1957), where
uphill flow of labelled sugars into cells from an external solution con-
taining sugars at low concentration is driven by the net downhill move-
ment of unlabelled sugar present within the cells initially, at high
concentrations or vice versa, demonstrates that there may be at least
two sugar-binding sites within the transport pathway; one facing inwards
on the inner surface and another facing outwards at the outer surface.

However, some people think that the counterflow phenomenon does not

necessarily imply an inward and an outward site. Rather, the proponents
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of carrier hypoth:sis think that the carrier-sugar complex noves from
one site and unlcads the sugar at the other, and the effect of counter-
flow stimulation is to accelerate this recycling of the carrier.

The existence of carriers in membranes responsible for the transfer
of molecules across the membranes was proposed by OSTERHOUT (1930), and
SHANNON and FISHER (1939), using the accumulation of electrolytes in
Valonia and renal tubular reabscorption of glucose in dogs regpectively.
The carrier proposition was that the transported substance combines with
the carrier and the complex either diffuses through the membrane or
swings, as though hinged, from cone side of the membrane to the other.

In either case, it is proposed that once the complex reaches the other

slide of the membrane, it dissoclates, releasing the transported suk-

stance. The carrier hypothesis has been advanced by many (LeFEVRE 1954,

WIDDAS 1954, ROSENBERG & WILBRANDT 1937, and LeFEVRE & McGINNIS 1960).

The data which have been interpreted as requiring postulation of a car-

rier system are of three kinds: first, specificity of penetration cof the

membrane. The fact that some molecules penetrate membranes more readily

than do closely related molecules has suggested that there must be
stersospecific combinaticns between the penetrating molecules and a

carrier. Secondly, saturation - a point is reached beyond which the

rate of penetration of the membrane is constant despite increases in

concentration of the penetrating substance. Data of this sort have been

interpreted as indicating that there is a limiting quantity of carrier.

Once all carrier molecules are occupied, the transport rate becomes

maximom.
which can penetrate the membrane, are present simultaneously, the rates

|

|
i

sent in the solution of the two molecules. These data have suggested,

at which they penetrate the membrane are less than if either were pre-

again, that there is a finite guantity of carrier, any molecule of which
f

can transport either substance but not both simultaneously. |
!

Thirdly, competiticon - when twe related molecules, both of ’
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The guestion thén arcse as to whether there may be an alternative
physical model compatible with those ohservations, leading to the postu-
lation of the carrier hypothesis. The pore hypothesis was proposed as
an alternative by ZIERLER (1961}, He devised a mechanical membrane
model with which he was able to demonstrate that the flux was saturable,
and was increased with increased velocity by raising the temperature, |
He also found that the flux decreased with increased size of spheres but
increased with increased size of the pore. He then gave a mathematical
treatment on the basis of which he propesed the pore hypothesis for
glucose entry intc the muscle cells dowr a chemical potential of about
5mM in the extracellular medium bathing the muscle cell to nearly zero
intracellularly. He showed for the first time that saturation can alsc
oceuy in a passive phenomenon of entry through the pere. The pore model
was supported and advanced by NAFTALIN (1970} who used the term lattice
pore mnodel. His argumente derived mainly from the work by ZIERLER (1961)
and the fact that the anomaly of KM beinyg lower than KS was a reverse of
what. would cobtain in a case of a carvier. His work on the pore hypothe-
sis was an advance on ZIERLER's work because he (NAPTALIN) studied the
trangport of sugars across the enythrocyte membrane instead of the mech-
anical model used by his predecessor. &also, more recently, studies on |
the pore model on sugar transport were carried out on human erythrocytes
by BOWMAN and LEVITT (1977). They predicted that the permeability [
should be proportional to the volume of distribution of the solute in tﬁe
pore and should therefore decrease with increasing molecular size. In
order to test these predictions, the glucose-dependent permeability of
a series of 4-Carbon {erythritel), 5-carbon {D-arabitol, L-arabitol and
Xylitol} and 6-Carbon {D-mannitol, D-sorbitol and myo-inositol}, polyols

was measured. The permeability of all the polyols was decreased by the

presence of glucose and the Ki {inhibition constant} of this “"inhibitable"

component was found to be similar to that of D-sorbose, suggesting that
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this component was associated with the glucose transport system. Since
these observations could be explained entirely in terms of a specific
affinity for a carrier binding site, they do not exclude a carrier mech-
anism. BHowever, as predicted for the pore model, this "iphibitable"
permeability decreased with increasing molecular size and the calculated
geometric pore volume was of a size that would be expected for a cell
membrane pore. They sghjected their daza to kinetic egquations and com-
puter analysis. But the kinetic equations describing transport through
a pore that has a binding site and that undergoes a conformational change
are identical to those of a carrier model. So at the moment it is 4iffi-
cult to choose between the carrier and the pore hypothesis and say one
is in operation and the other is not., The twc might well coc-exist.
The current light thrown on this as a result of the findings of hepato-
cellular handling of the hexoses and sucrose might as well be the expla-
nation of co-existence as explained further in Chapter lO.

A number of other models have been proposed based on numerous stud-
ies on erythrocytes, but the most widely accepted are the carrier and

the pore models.
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1.4.2 Transport in Placanta

It is generally agreed that glucose of maternal origin is the
principal substrate for oxidative metabolisr in the fetus. It is also
an important precursor for the synthesis of fetal glycogen and lipids
both of which accumulate as reserves for use after birth, (DAWES &
SHELIEY 1968). Thus, therxe is need for glucose transfer from mother to
- fetus, and this occurs across the placenta. Such a transfer of glucose
from mother to fetus is essential both for fetal survival and for adap-
tation to extra-uterine life. During the last thirty years, evidence
has accumulated that transplacental transfer of glucose is more rapid
than would be predicted from its physico-chemical properties, regardless
of species. The cbservation by HUGGETT, WARREN and WARREN (1951) that
the sheep placenta was more permeable to glucose than to fructese, led
WIDDAS (1952) to postulate the existence of a special mechanism (a
carrier mechanism) for placental glucose transport, analegous to that
being studied in human erythrocytes. HUGGETT et al (1951} established j
that loading of either the maternal or the fetal circulation with glu- |
cose (which readily passed the placenta in either direction) resulted in
increased fetal fructose level, but ne fructose appeared in the maternal
blood. Placenta appeared to be the site of glucose converstion to fruc-
tose. WIDDAS supported his theoretical postulation derived from the
obhservations of HUGGETT et al (1951) with his own findings (WIDDAS 1952)
of a systematic saturation in the ready transfer of glucose from mother
to fetus in sheep., He suggested that a "carrier" presumably a protein,I
in the cell membrane combined with the water scluble, polar, glucose i
molecule to form a lipid-soluble complex which would diffuse readily
across the membrane and release glucose inte the cell cytoplasm. The
kinetics of glucose transfer across the sheep placenta were compatible

with thig hypothesis but, as poirted ocut by WIDDAS himself, the carrier-

glucose complex need not be mobkile. Similar kinetics would also apply
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to transfer along a chain of carrier molecules or across a pore formed
by a double layer of carrier molecules extending across the membrane, or
alternatively the complex could transfer glucose by oscillating or
rotating within the membrane (DANIELLI 1954; WHITTAM 1964; MILLER 1969;
BOLIS & GOMPERTS 1972; and SELWYN & DAWSON 1977). Specificity of hexose
transport was demonstrated by HUGGETT et al (1951) for the differential
permeability of the sheep placenta to glucose and fructose. And this

was confirmed in other species: guinea pig (KARVONEN & RATHE 1954),
rabbit and rat (DAVIES 1955), monkey and man (CHINARD et al 1956), goat
(WALKER 1960), and the observations were extended to include other
sugars. As might be expected, the placenta was virtually impermeable tc
the disaccharides sucrose, maltose and lactose (WALKER 1960; DAVIES 1957),
but certain other monosaccharides appeared to cross it as freely as
glucose (WALKER 1960). Evidence for competitive inhibition of L-sorbose
transfer in rabbit by D-glucose and D-fructose transfer in the guinea
pig placenta by D-glucose was provided by ELY (1966). Early attempts to
demonstrate phloridzin inhibition of glucose transport across the rat,
rabbit and guinea-pig placenta were unsuccessful (DAVIES 1955; ELY 1966),
possibly because this competitive inhibitor was studied in the presence
of very high gluccose concentrations, Later studies at physiological
glucose concentrations showed that phloretin, the aglycone of phloridzin,
had a profound inhibitory effect on the transport of D-glucose and
D-mannose across the guinea-pig and human placenta (SCHRODER, LEICHTWEISS
& MADEE 1975; CARSTENSEN, LEICHTWEISS, MOLSEN & SCHRODER 1977; EATON,

. LEICHTWEISS, SHORT & YUDILEVICH 1978), but did not affect the much lower
transfer of L-glucose (SHELLEY 1979). Using dual closed-circuit perfu-
sion of the isolated human placenta RICE, ROURKE and NESBITT (1976)
elucidated the saturable characteristics of glucose transport system in
the human placenta.

The evidence presented above suggests that the mechanism responsible
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for carbohydrate transfer across the placenta resembles that of entry of
sugars into the human erythrocyte as authoritative reviews have reiter-
ated (WHITTAM 1964; MILLER 19693; BOLIS & GOMPERTS 1972). But whereas
the entry of glucose inte the erythrocyte merely inveolves its passage
acress the cell membrane, transport acress the placenta necessitated
movenent through at least cone complete cell layer in addition to the
#etal caplillary endothelium, in the haeme-monccherial placenta of the
gulnea-pig, and may inveolve as many as six layers in the epitheliochorial
placentas of ruminants. The human placental membrane consiste of three
layers (treophoblast, connective tissue and capillary endothelium) but it
becomes progressively thinner and may lose the connective tissue com-
ponent towards term. Thus, there are species and temporal differences
in the dimensions of the plagental barrier. Such structural differences.
might reconcile the discrepancies in the transport phenomena cohserved
in the placentae of the different mammals studied; for example sucrose
was found to cross human placenta {CHESLEY et al 1964) but does not
cross rabbit placenta (BRANDSTRUP 1930; DAVIES 1957}, nor goat placenta
(WALKER 196D}, Or indeed, experimental damage to prepared placenta may
be responsible for sucrose entry in those preparations, This alterpative
reascon for the differences in sucrose entry is particularly plausible {
when it is remembered that the other layers of placenta act as free dif-~
fusicn barriers and only the trophoblast acts by facilitated diffusion
mechanism. However, the experiments of Chesley and his co-workers were
performed on human subjects during parturition, sc there could not have:
been any experimental damage to the placenta which was still being

studied up till the third stage of labour (the delivery of placenta).
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1.4.3 Transport in the TLiver

Most of the studies on sugar transport were carried out on the
erythrocytes, in which a great deal about facilitated diffusion mechan-
ism is now knewn. Less work has been done on the transport by hepato-
cytes. Liver cells alleow execptionally rapid intake and output of
sugar (SACKS & BAKSHY 1957; CRHILL, ASHMORE, EARLE & ZOTTU 1958). Such
rapid entry of sugar into hepatocytes led CAHILL et al te conclude that
glucose entry into the liver cell was by free diffusion. In fact
ASHMORE and WEBER (1968} stated that "an important basic fact is that in
the liver there is no permeability barrier for glucose”. But WILLIAMS,
EXTON, PARK & REGEN (196B) found that D-glucose uptake into perfused rat
liver cells was nearly two orders of magnitude faster than that of
I~glucose and it inhibited the latter process. They concluded that this
was a highly stereospecific action and could not be accounted for by
simple (free) diffusien but that it was an evidence of existence of a
facilitated diffusion system in the liver cells. The movement of
D-glucose is inhibited by phlorizin but is not sensitive to insulin
(WILLIAMS, EXTON, PARK & REGEN 1968; BAUR & HELDT 1977), Though sugar
turnover in the liver is closely governed by the circulating insulin
level, the essential action appears to be not on a transmembrane process,
but on the glyctogenesis-glycogenolysis balance as a function of plasma
glucose level. Hepatocellular transport of hexoses in the dog (GORESKY
1965, 1967; GORESKY, BACH & NADEAU 1973), the rat (WILLIAMS et al 1968;
BAUR & HELDT 1977), and the sheep (HOOPER & SHORT 1975, 1977) have all
indicated that the transport cannot be by simple diffusion, although as
stated in secticn 1.4 above, some amount of free diffusion occurs in all
facilitated diffusion systems. Evidence has been provided that the
sugar transport in the liver shows saturable characteristics (HOOPER &
SHORT 1975, 1977; BAUR & HELDT 1977). Chemical inhibition by phlorizin

(WILLIAMS et al 1968; BAUR & HELDT 1977), by phloretin and cytochalasin-g
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B (BAUR & HELDT 1977) have been chown. But sugar transport by the
liver cell membrane was shown not to be sodium coupled (BAUR & HELDT
1977) nor insulin sensitive (WILLIAMS et al 1968, BAUR & HELDT 1977).
But the transport shows sterecspecificity and competiticn between the

analogues (WILLIAMS et al 1968; HOOPER & SHORT 1977). Sc sugar trans-

port by the liver cell appears to be similar te sugar eniry into human

erythrocytes.
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1.4.4 Some other tissues having facilitated diffusion transport

mechanism

Facilitated diffusion has been demonstrated for sugar transport in
tumour cells, blood-~brain and blood-cerebrospinal fluid barriers,
skeletal muscle, cardiac muscle, adipose tissue and aguecus tissues of
the eye. Of these, the transport in tumour cells and that across blood-
brain and blood cerebrospinal fluid barriers are non-insulin sensitive,
but the transport in the other tissues mentioped here are insulin-
dependent.

It was found that the equilibrium cof monosaccherides into mouse
EHRLICH ascites tumour cells to be extremely rapid, to show saturation
kinetics and competition phenomena, symmetrical entry and exit, and
inhibition by phlorhizin but indifference te insulin or lack of oxygen
(AELMREICH & CORI 1956; CRANE, FIELD & CORI 1957}.

Fishman's thorough study (FISHMAN 1963, 1964) of the sugar transfer
between bliood and cerebrospinal fluid (CSF) in intact degs has provided
clear demonstration of this system of essentially all the kinetic
criteria for a facilitated diffusion; saturation (with glucose); stereo-
selectivity; competitive inhibition (between glucose and 2-deoxyglucose)
symmetrical operation in the two directions; and counterflow-induced
uphill movement {entry of glucose being enhanced by efflux of Z-deo-
xyglucose). The blood-brain barrier was alsc found to be stereocspecific
with regpect to aminc acid transport when OLDENDORF studied twelve amino
acids in rat by rapid injection (OLDENDORF 1973a}. He also demonstrated
that a facilitated diffusion transport mechanism existed across the
blood-brain barrier for the transport cf short-chain monocarboxylic
organic acids (OLDENDORF 1973Db).

Although the "uptake" of glucose by muscles had been studied from
various points of view, little attempt had been made to distinguish

- membrane txaversal from the subseqguent metabolic events. PARK, BORNSTEIN



and POST (1955) first demonstrated the rise in free glucose within the
diaphragm upon addition of insulin, verifying the site of action as at the
membrane rather than on the hexokinase step. They concluded that insulin
increased glucose uptake by accellerating the entry of glucose into the
muscle cells., This observation was confirmed and view upheld by LEVINE
and GOLDSTEIN (1955); PARK and JOHNSON (1955). Hence, the original obser-
vation of GEMMILL and HAMMAN (1941) that insulin enhanced glucose uptake by
the in vitro preparation of the rat diaphragm which puzzled early workers
in this research area was explained in terms of membrane effect rather than
increase in metabolic sequestration. Using rat diaphragm preparation,
RANDLE and SMITH (1958) showed that glucose entry intoc the muscle was
accompanied by K+ entry into the cell, in bicarbonate buffer medium. They
showed that this effect of insulin on glucose entry into the muscle cells
would not be demonstrated when phosphate buffer medium was substituted for
the bicarbonate buffer., They concluded that failure to demonstrate this
effect by earlier workers was due to the fact that such workers used phos~
phate buffer medium. They also showed that the uptake of glucose by mus-
cle cells was increased by anoxia and by & number of substances such as
2,4-dinitrophenol (DNP), salicylate, arsenite and cyanide which have in
common property of inhibiting oxidative phosphorylation. An accelerating
effect of these factors on glucose uptake by muscle was overlcocoked for
many years for the same reason as insulin that a wrong buffer was used.
Since the rate-limiting step in uptake of glucose by muscle is transport
of glucose across the muscle cell membrane this observation suggested that
anoxia and substances such as DNP accelerate monosaccharide transport in
muscle, In keeping with this view it has been shown that anoxia and
substances such as DNP accelerate the intracellular accumulation of non-
utilisable sugars such as D-Xylose in isolated rat diaphragm and that
anoxia accelerates the outward transport of L-arabinose in the perfused

isolated rat heart. Because factors which inhibit oxidaﬁive phosphoryla-
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tion can very greatly impair synthetic processes in cellular metabolism,
it seemed important to exclude the possibility that these factors might
increase the permeability of muscle cells to monosaccharides not by
accelerating transport but by dawaging the cell membrane in some non-
specific way. BAlthough these factors increase the intracellular accumu-
lation of sugars such as D-Xylose by muscle they do not allow penetration
©f the cell by substances such as D-Sorbitol or maltose or thicesulphate
vwhich are normally confined to extracellular water. The effects of
anoxia on transfer of glucose across the muscle rell membrane was shown
to be readily reversed by restoration of aercobic conditions (RANDLE &
SMITH 1958). Furthermore, they showed that insulin can still accelerate
uptake of glucose by diaphragm and heart muscle under anaercbic condi-
tions or in the presence of substances such as DNP and the effect of
insulin is generally held to depend upon the integrity of the cell mem-
brane. Moreover competiticon for transport between different mono-
saccharides and inhibition of transport by substances such as phlorizin
can still be demonstrated under anaercbic conditions (RANDLE & SMITH
1958; MORGAN, RANDLE & REGEN 1959). These observations appear to show
that monosaccharide transport in skeletal and cardiac muscles is accel-
erated by factors which inhibit oxidative phosphorylation. MORGAN,

POST and PARK (1961) demonstrated that glucose trangport in the perfused
normal and alloxan diabetic rats was saturable and followed Michaelis-
Menten kinetics. They concluded the transport of glucose into the car~
diac muscle was by a facilitated diffusion mechanism. Further work was
done to elucidate the association of K+ with glucose entry into the
muscle cells in the presence of insulin by ZIERLER (1959). Using isola-
ted rat skeletal muscle preparation (extensor digitorum longos), he
found that there'wag a rise in membrane potential to the magnitude of
5mv when insulin was added, and that there was no increase in intra-

-+
cellular K for the first one hour, but there was increased intracellular



K+ after two hours. From this he concluded that the 'yperpolarization
was responsible for K+ entry inte the cells, not the potassium entry :
causing hyperpolarization in the presence of insulin. Hence it was
stated that the K+-associated glucose transport in adipocyte and muscile
is a phenomenon of insulin sensitivity of this facilitated diffusion
transport system. Although the transpeort of sugars into the cardiac
muscle is very similar to that in the skeletal muscle, it is much faster
than that in skeletal muscle (HENDERSON 1861; RANDLE 1961). Thus in
perfused rat hearts, FISHER and LINDSAY (1956) feound that galacteose (not
locally metabolized) rather rapidly attained a larger proportional
tissue level than did sorbitel or inulin and this apparently intra-
cellular penetration of galactose was enhanced by supplying insulin at
as little as 20mU.Litre—l. Studies on adipose tissue preparations (rat
or mouse epldidymal fat pad fragments or cells separated from them by
treatment with collagenase) were initially concerned with the mechanism
of insulin action rather than with transport mechanism as such. The
uptake effects were found to be blocked by phlorizin (at about 1lmM),
KUO, DILL and HOLMLUND (1967) or phloretin (O.2mM} by CROFFORD,
JEANRENAUD and RENOLD (1965), and presumably on a competitive hasis by
3-0-methyl glucose (CROFFORD et al 1965).

Although sugar transport by the skeletal muscle, cardiac muscle
and adipocyte is by facilitated diffusion system, it differs from those

of erythrocyte, placenta and liver in being insulin-sensitive.
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1.4.5 Scdiun-coupled hotive Transport of funars in the Intestine ard

Xidney

The transport of sugars across the brush border of the intestinal
epithelium and renal tubular epithelium is an "active transport” mechan-
ism which is sodium-coupled., This means the substrates ave transported
against a concentration difference (or gradient) - "uphill transport”
(CRANE 1960; SCHULTZ & CURRAN 1970).

The concept of “selective permeability” of the small intestine was
developed through the early works or experiements of HOBER (18%9), BEDON
{1900}, CORI {1925), and VERZAR and McDOUGALL {(1938), in which it was
found that various sugars were absorbed at widely different rates and
were differently influenced in their abscorption by spch inhibitcrs as
phlorizin and iodoacetate. In 193%, BARANY and SPERBER demonstrated,
using rabbit intestinal loop, that glucose absorption was against a con-
centration gradient (BARANY & SPERBER 1932). PFurther support was lent
to these findings by the experiments of CAMPBELL and DAVSON (194B) in
which it was found that 3-O-methyl-D-glucose, & compound which is not
appreciably metabolized, was absorbed against its own concentration dif-
ference from intestinal loop in the cat. It was argued that this meant
that the movement of sugars against their concentration gradient was a
reflection of their actual transport uphill rather than due to meﬁabolic
sequestration. CORI (1925), and VERZAR and McDOUGALL (1936) separated
sugars into two classes on the basis of their relative rates of absorp-
tion and the influence on the rate of alterations in the concentration
of sugar in the lumen of the intestine or of the add tion of metabolic
polsons. They found that the rates of absorption of glucose and galac-
tose were found to be maximal at relatively low luminal concentrations
whereas the rates of absorption of the other sugars increased nearly
propertionately to increases in their concentration (CORI 1925; VERZAR

& McDOUGALL 1936). It was alseo found (VERZAR & McDOUGALL 1936) that the
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addition of iodoacetate to the lumimal contents markedly decreased the f
rates of absorption of glucose and galactose but was substantially with-
out influence on the rates of absorptiocn of fructose, mannose and pentoses.
They contended that only glucose and galactose are absorbed against a :
concentraticn difference. But CRANE is of the opinion that "it would
seem potentially most fruitful to assume that the respective sugars are
absorbed by the same process whether or not there is an actual concen-
tration difference across the intestinal mucosa." (CRANE 1960), A review
of fourteen actively absorbed and thirty-five sugars and their analogues
which are not transported against concentration gradient revealed that
sugars are transported in the pyranose rig conformation with a specific
C, chair form ¢f the sugars (CRANE 1960}. This is in agreement with a
similar suggestion for erythrocyte sugar transport by LeFEVRE and
MARSHALL (1958).

The possibility that glucose and galactose are absorbed by separate
processes has been suggested on the basis of apparent differences in the
degree to which their absorption is inhibited by croton oil (DURUISSEAU
& QUASTEL 1959) and in the location of their maximal absorption along
the intestine (FISHER & PARSONS 1953), However, it was suggested (CORI
1926) that amino acids and sugars share a common pathway in absorption ;
(CORI 1926) as observed by mutual inhibition in the absorption of mix-
tures of glycine and glucose administered to rats by stomach tube. But
the observaticons that phlorizin, at concentrations which profoundly
inhibited glucose absorption did not inhibit amine acid transpeort in vivo
(WILSON 1932} nor in vitro (FRIDHANDLER & QUASTEL 1955) have cast doubts
on this proposition. Disaccharides are not absorbed, per se, by the gut
but sucrose, lactose and maltose are hydrolyzed by intestinal brush
border enzymes and the products, glucose, galactose and fructose are

then absorbed in their usual way (FRIDHANDLER & QUASTEL 1955; WILSON &

VINCENT 1955). -
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Phlorizin exerts & strong and relatively specific inhibitory action i

,in intestinal and renal absorption of glucose. Renal glycosuria can be

produced (McKEE & AHWKINS 1945) without influencing adversely the active

reabsorption of a number of other substances. BActive absorption of glu-
cose from intestine can be inhihited in vivo and in vitro by ﬁhlorizin

but it does not inhibit the absorption of fructose, arabinose or sorbose

(CRANE 1S60). The inhibitory ection of phlorizin was concluded to ke on

a Na+-dependent, energy independent process at the brush border surface,

not on the reactions responsible for accumulation (ALVARADOR CRANE 1962).

The role of Na+ in the uptake of sugars by various preparations of
hamster small intestine has been studied extensively by CRANE and his
co~workers. . CRANE, FORSTNER & EICHHOLZ (1965} examined the relaticn
between extracellular Na and a-decxy-D-glucose uptake by segments of
hamster small intestine and found that lowering the external Na concen-
tration markedly increased the K, (the transport constant analogous to .;
KM of enzyme kinetics) of the uptake process but has no effect on the i
maximal rate of uptake. This relation was cobserved when either Tris or

K was used to replace Na, but the K_ was increased more by ¥ than by

t
Tris, suggesting that K is a competitive inhibitor of Na in the Na-sugar f
interaction, BIBLER {1969}, using segments of hamster small intestine
observed that the uptake cof both actively transported and non-actively
transported sugars conform to Michaelis-Menten kinetics with a common
maximum velocity and he concluded therefrom that they shared a common
carrier mechanism. Furthermore he found that the sugars that are not
subject to active transport were not influenced by Na and were character- A
ized by wvery high Kts ranging from 150mM to 50CmM. In contrast, the K
sugars subject to active transport had Kt's that were comparatively high

in the absence of Na but were reduced several hundredfold by the presence

of physiological Na concentrations. Thus, according to BIHLER (1969)

all of these sugars are capable of being bound by a common site but only



. -43-
some of them bring about necessary conformational change for the binding
and stabilizing effect of Na; it is these latter sugars that are actively
transported. KLIENZELLER, XOLINSKA and BEMES {1967a,b) have examined
the effect of Na on the kinetics of a-methyl-D-glucoside uptake by rabbit
kidney cortex slices, Ceomplete replacement of external Na with Tris
resulted in a ten-fold decrease in the maximal rate of uptake but had no
effect on the Kt. This observation is similar to that reported by VOGEL,
LAUTERBACH and KROGER (19653) for the effect of luminal Na concentration
on the rate of glucose absorption by isolated perfused frog kidney.

These observations, coupled with the well-known asymmetric distribution
of Na acreoss most animal cell membranes, prompted the suggestion that

the Na asymmetry could provide the energy reguired for the active trans-
port of these solutes., This concept was first suggested by CHRISTENSEN
and his co-workers (RIGGS, WALXER & CHRISTENSEN 195B), who felt that the
"migration of potassium from the cell (down an electrochemical potential
difference) may stimulate the simultaneous entrance of amino acid.”

They c¢learly pointed out, however, that "a propelling function might
instead be assigned to the Na movements, which are reciprocal to the K
movements, In the same way, consideraticn may be narrowed to a bound
form of Na influx; that is, the excess of Na influx could occcur in the
form of a complex between the carrier, glycine and sodium ion." This
appears to be the first statement about the concept now referred to as
the "Na-gradient hypothesis" that was explicitly proposed as a mechanism i
for active intestinal sugar transport by CRANE (1960, 1962, 1965). It
was thought that the energy required for the active transport of sugars
derived from the transmembrane Na+ gradient (SCHULTZ & CURRAN 1970). But
recent evidence suggests that transmembrane gradient for Na+ represents
an energy source which is not sufficient to account for cbserved cellular

sugar or amino acid gradients; the membrane potential provides the addi-

tional driving force (XIMMICH & CARTER-SU 1978).



2. ISOLATED ORGAN PERFUSION

2.1 Historical review of liver perfusion

The history of the technique for isolated liver perfusion dates

back over 100 years. Claude BERNARD (1855) is usually credited with the

first liver perfusion in his classical observations on the ¢ version o©
glycogen to glucose. He described a tube, filleé with water connected
to the portal vein at one end and to the fountain of thé laboratory of
the College de France at the other end; perfusion was started with tap
water! With this rather crude set up, Claude BERNARD was able to demon-
strate the glucose output from the liver.

A great deal of progress has been made since these early days and
numerous methods of liver perfusion have been used throughout. Later,
Carl LUDWIG and A. SCHMIDT (1868) recorded the unigue possible advantages
of isolating an organ (in their case, the dog skeletal muscle) and seek-
ing to keep it alive by circulating artificially a stream of fresh
oxygenated blood. 1In 1873, ASP described apparatus for isclated perfu-
sion of rabbit liver, using it to study bile secretion. This apparatus
was improved by VON FREY and GRUBER (1885) mainly aimed at improving
oxygen supply. JACOBI (1890, 1895) introduced an extra circuit using a
perfused animal lung.

In the nineteen-twenties, advances in our knowledge of liver physiol-
ogy and biochemistry came from the liver slice preparation, developed by
WARBURG. Also in the twenties, sanguineous perfusions were undertaken
(BAER & ROESSLER 1926; SIMMONDS & BRANDES 1929). It was shown that
vasoconstrictor substances were impeding the perfusion rate and evidence
was given to suggest that histamine caused the hepatic venous constric-
tion in the dog (SIMMONS & BRANDES 1929). This is in concordance with
the explanation for the observed diminished portal venous flow rate owing

to progressive increase in vascular resistance for which histamine was



said to be responsikle irn the perfusicns described b
(1928). It may be recollected that the dog ve rs have very active = .coth
muscle hence venoconstriction is marked. Such perfusions with blood

where portal venous flow rate decreased progressively with time were

criticised by TROWELL (1942). FHe described a method of rat liver
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fusion with Ringer's solution at a constant flow rate maintzined by
pump. This was the origin of the pumping in the circuitry of liver per-
fusion. Although radicisotopes were characterized and proposed for use
in animal experimentation since 1933 by NIELSON, they were not appl-ed
to the study of liver perfusion techniques until 1%51 when BRAUER,
PESSOTTI and PIZZOLATO (1951) first used them to study bile secretion

by the liver of the rat. It was the introduction of plastic tubing,
improvement in anaesthesia, ané monitoring technigues by the forties

that helped in the firm establishment of perfusion techniques. This
ushered in the technique of BRAUER et al (1949, 1951, 1953a, 1953b) which
has come to be recognised by many as standard for isclated liver perfu-
sions. About the same time, MILLER & BLY (1949) began to develop their
apparatus and technique for perfusion of isolated rat liver with hepar-
inised rat bolld. MILLER, WATSON and BALE (1951) succeeded, for the
first time, in elucidating the dominant role of the liver in the bic-
synthesis of plasma proteins,

It is worthy of note that efforts were made by MILLER and his
co-workers to popularise the technique of isolated liver perfusion
(MILLER, BURKE & HAFT 1955; MILLER et al 1956; MILLER 1961}, but it was
not widely accepted by Biochemists or Physiologists until the early
sixties when its effectiveness was demonstrated by recognised authorities
such as KREBS (HEMS, ROSS, BERRY & KREBS 1966) whose type of perfusion
medium was used in this study - with slight modifications as stipulated

in Chapter 3.
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2.2.1 Introduction

The isclated perfused liver of rat has long been established
(section 2.1). Whilst the perfusion cf isolated organs has been an
established scientific method of studying visceral physiclogy since the
classical studies of Henry Dale in the early 1930s (BAUER, UDALE,

POULSSON and RICHARDS 1932), little effort has been made up to date to
apply these techniques to the examination of problems more relevant to
clinical work.

Physiological investigations are not usually confined to cne species
of animals. To this end, the choice of animal species for experiment is
a matter of concern to the investigator. Liver perfusion studies have
been carried out on the dog (BERNARD 1B55; SIMMONS & BEANDES 1929;
GORESKY 1965, 1967; GORESKY, NADEAU & BACH 1973; KESTENS & LAMBOITE 1973;
SERROU et al 1973); rabbit (ASP 1873; ZIMMERMAN et al 1973); pig
(EISEMAN et al 1961; HARDCASTLE & RITCHIE 1968; TAUBER et al 1971; WEBER
et al 1973); and indeed a small mammal, the rat (BRAUER et al 1951;
MILLER et al 1951; MORTIMORE 1961; HEMS et al 1966; WILLIAMS, EXTON,
PARK & REGEN 1968; BLOXAM 1971, 1973). Of all these the rat was chosen
for these experiments. But the perfusion of the isolated rat liver has
both advantages and its limitations. The choice of the rat in these
experiments was therefore decided upon by the tilting of the balance in

favour of the advantages.



2.2.2 Advantages of using the rat

There are many advantages of using the rat in these experiments.
Firstly, one can substantially reduce the variability of behaviour among
the individual animals since closely in-bred colonies can be readily
cbtained. Secondly, the use of rats is clearly less expensive than that
of larger animals. Becuase the rat is small, the volume of perfusion
medium required is also small, and this makes the use of expensive
reagents such as isotopically labelled compounds more econormical. Thirclw
the operative procedure in setting up a rat liver preparation takes much
shorter- time than that of larger animals. Thus, if the preparation has
been for some reason unsatisfactory it is very practicable to set up
another one. Furthermore, the liver in the rat is divided for the most
part into entirely discrete lobes, and thus excision of tissue during
the course of an experiment does not give rise to problems of bleeding.
Also, one lobe can be clamped and the rest perfused. And, finally, a
very much larger amount of biochemical and physiological information is
available for rat liver than for the livers of larger animals. Thus it
is easier to make useful comparisons between results from isolated liver
perfusion experiments and those from studies of the liver in intact
animals, or of liver slices, disaggregated hepatocytes, homogenates and

subcellular fractions.
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2.2.3 Limitations of the rat for liver perfusion

But the use of the rat for liver perfusion studies is not without
its own limitations. Firstly, when compared with larger animals, it is
found that studies on bile are much more practicable in larger animals
than in the rat due to volume considerations. BAlso studies on hepatic
lywph are easier in larger animals, but can be carried out in the rat
{BOLLMAN et al 194B). But these types of studies were never intended in
this work, so these could hardly be regarded as limitations for this
work. Secondly, it 1s difficult te take a large number of liver bicp-
sies in the rat. But this is not a strong reason since it is unneces-
sary, except inlexceptional cases, to take more than a few biopsies in
one rat liver. 1In the case of this study it is not even applicable,
Thirdly, it is very difficult to perfuse rat liver through the hepatic
artery as well as the portal vein. But such a need does not arise in
this type of study and circumstances under which this facility might be
important have not been elucidated yet. Furthermore, studies of per-
fused livers relevant to hepatic support and transplantation in human
liver disease are clearly better done in larger animals than in rat.
Finally, the larger animals can provide their own perfusate, whereas
many rats have tc be sacrificed to provide even the priming volume of
the perfusate reguired. This seems to be the most cogent of all the
apparent limitations in the use of rat. But in the present circumstances
of the experiments carried cut in this study, where bovine blood (washed
bovine erythrocytes) was used, even this important serious limitation

does not apply.



~49~

2,3 The Role of Organ Perfusion in Research

Organs have been isoclated and perfused for different purposes.
2lmost all branches of medicine have their application of perfusion of
an organ. Organs are perfused sometimes in order to preserve them for
subsequent transplantation; sometimes for therapeutilc purpcses as wien
eytotoxic drugs are circulated ar in the treatment of liver failure; but
basically to increase our knowledge of their physiology, biochemistry
and pharmacology. It is for the purposes of increasing our knowledge
of physiclogy regarding the handling of the sugars by the liver that
these studies were undertaken,

Organ perfusion studies offer a half-way house between studies of
the whole animal and in vitre experiments. In vitro experiments such
as liver slices preparation and isolated liver cell preparation suffer
the disadvantage of mechanical and chemical traums during slicing or
disaggregating of the liver cells (BAUR & HELDT 1977). Moreover these
procedures are less convenient than the whole organ preparaticon. But
it is not From such conveniences that the chief scientific value of
organ perfusion studies arises. Rathexr it is from the precision and
specificity of the responses which can be observed., For example, when
gastrin is given to an intact animal it can be shown that the bile flow
is markedly increased, but few conclusions can be drawn about the mech-
anism of this response from such a study. Gastrin stimulates acid
secration - acid in the ducdenum promotes secretin release - secretin is
a potent stimulant of bile flow. Hence it is difficult to tell in the
intact animal whethey this is the mechanism which is operating or
whether, for example, gastrin itself is acting directly on the liver
without secretin as the intermediary. Only ir the isolated perfused
liver can it be demonstrated that gastrin induces increased bile flow.

Another major advantage of the perfused organ preparation is that

its blood flow, gaseous exchange and temperature can be controlled by
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the experimenter. This enabled the quantitative studies of the effects
of changes in perfusate flow rate and gaseous supply {Chapter 5) and
changes of temperature (Chapter8) to be made in these studies.
Besides these clear cut advantages of isolated organ perfusion in
~ physiological investigations, it also has some advantages in pharmacol-
ogical investigations, The isolated perfused liver has been widely
used for studies concerning drug metabolism, and in general, for a pum-
ber of investigations on transformation of a given chemical in other
compounds, usually called, at least in the slang of biochemical pharma-
cologists, metabolites. GARATTINI, GUAITANY and BARTOSEK {(1973) gave
the following reasons why the perfusion of isolated liver is a useful
technique for this type of study:-

L. The cemplex metabelism of drugs occurs in various tissues, but the

liver shcould be considered the most important site., It is therefore

necessary to establish what the role of the liver is without the
interference of other organs that contribute to the general meta-
bolism of the drug.

2. Many different metabolic processes that take place in drug trans-
formation involve the action of mixed oxygenases, reductases,
variocus types of conjugation, acetylation etc. Whereas various in
vitro preparations (e.g. tissue homogenates, slices, microsomes)

nay be useful for the observation of single steps, the isolated

liver preserving integral cell structure permits following the over-

"all metabolism of the drug.

3. The metabolites are usually transformed in viveo in water soluble
cogpounds that can be easily excreted., In fact, the metabolites
found in higher guantities in urine represent the "terminal" step.
Blood is a d@ilfficult place to look for metabolites, normally pre-
sent in very low concentrations. Higher blood levels of drugs may

represent a limitation because of their side pharmaco-dynamic and
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toxic effects in vivo. These difficulties can be overcome using

isolated perfused liver. The concentrations of the added drug may

be higher, and therefore the chance of detecting many metabolites
increases, particularly in the cases of products formed only in
small guantities or as intermediary metabolites, XVETINA, SIMKOVA,

CITTA and DEMI (1973) studied the influence of pathclogical pro-

cesses on the pharmacological activity and metabolism of drugs,

namely the influence of digitexin intoxication on the activity,
excretion and biotransformation of hexobarbital in isoclated per-
fused liver. They also studied the influence of acute post-irradi-
ation disease on the activities, levels and biotransformation of
amidopyrine and pethidine in isolated perfused liver. They con-
cluded (KVETINA et al 1973) that the study of pharmacokinetics
using the isolated perfused liver did not only permit the applica-
tion of more exact simulation of human therapy in animal experi-
mentation, but also could lead to the modification of the dosage
scheme, for example in the course of a pathological process.

With these obvious advantages, it is no wonder then that many inves-
tigators have used isclated organ perfusion studies, particularly the
liver, to increase our knowledge of the physiology, pathophysiology,
biochemistry and other branches of medical science. Isolated liver per-
fusion studies have revealed the bile secretory function of the liver
(BRAUER, PESSOTTI and PIZZOLATO 1951), protein metabolism in the liver
(GREEN & MILLER 1960; MILLER et al 1965), synthesis of preothrombin and
fibrinogen and some clotting factors (factors Vv, VII, OX, X) by MILLER
et al (1951, 1964) and MILLER and JOHN (1970). Since the publication of
the study on gluconeogenesis in the perfused rat liver by KREBS and his
co-workers (HEMS et al 1966) biochemical studies using the perfused liver
have been undertaken more frequently than ever before. Glucose and urea

synthesis by the liver (HEMS et al 1966), protein metabolism in the liver
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(MILLER et al 1951) and plasma protein synthesis (JOHN & MILLER 1969} are
among the more important biochemical processes elucidated by liver per-
fusion technigues.

Clinically, the perfusion of isolated organs has been a well estab-
lighed therapeutic procedure. Liver perfusion has been used in the
therapy of acute hepatic failure and hepatic com® {CODCN &t al 1970}, or
. merely as a hepatic support (ABOUNA et al 1970). Whole limb perfusion
with cytotexie drugs has been used to.treat malignant melanoma.
Haemoperfusion has been used in the treatment of acute drug intoxication
(ROSENBAUM 1972), And chronic renal failure has been successfully man-
aged by isclated jejunal loop perfusion (PARISI 1969). Perfusion studies
have been enployed to find the state of the liver in shock where the
- affacte of anoxia, hypothermia and injection of ammonia were elucidated
{HARDCASTLE & RITCHEIE 1968; RITCHIE & HARDCASTLE 1973). Various methods
of perfusion studies have been extensively studied for use in organ
transplantation (2IMMERMANN et al 1971, 1973). At the moment the most
important surgical application of the knowledge in organ perfusion is
directed towards organ transplantation (ABOUNA 1968). FPlacental per-
fusion studies have been used to study drug transfer across the placenta
(GINSBURG 1971). The clinical importance of perfusion of placenta in

obstetrics was recently reiterated by SHELLEY (197%9). -
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CHAPTER _ THREE

3 GENERAL METHODOLOGY

3.1 Introduction

Numerous methods for the preparation of isolated rat liver perfusion
have been studied. Most methods in current use were adapted from either
that of BRAUER et al (1951) or that of MILLER et al (1951). Liver per-
fusion is by far the commonest of all the organs perfused as surveyed
for 1968 and 1969 by ROSS (1972). Most techniques described in litera-
ture differ only in details, but are fairly similar in generality. The
method used in this study is a modification of that of HEMS et al (1966)
which itself is essentially derived from the MILLER et al (1951) tech-
nique. But the operative procedure for in situ isolated perfusion of
MORTIMORE (1961) was adopted in this study instead of complete isolation
of the liver by removal from the rat carcass.

The MILLER technique consists of perfusing under gravity feed
through portal vein of an iscolated liver in a petri dish using diluted
heparinized rat blood with additions of antibiotics and amino acids.

The apparatus was enclosed in a heated cabinet at 38-40°C, The Baruer
technique consists of perfusing the liver in isolated state also, but
using complex medium including rat blood (heparinized), bovine plasma
albumin, salts, antibiotics and glucose. This perfusion method was by

a mixture of gravity feed and pulsatile pressure. The apparatus was
also enclosed in a heated cabinet. Worthy of mention are modifications
of these methods by SCHIMASSEK (1962). SCHIMASSEK described the use of
a semi-synthetic medium (tyrode solution) to which were added washed
bovine erythrocytes and bovine semin albumin. Also MORTIMORE (196l) des-
cribed the method in which the surgical operation was simplified by leav-
ing the liver in situ, but isolated from the rest of the organs in the
body cf the rat by cannulation of the portal vein (inflow) and inferior

vena cava (outflow). This operative procedure was adopted by HEMS et al
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(1966) , EXTON and PARK (1967), WILLIAMS et al (1968). It is also used
in the present study.

However, TROWELL (1942) described a method of reverse perfusion.

In reverse perfusion the inflow cannula is placed in the inferior vena
cava and outflow in the portal vein. The liver is then perfused in that
direction (opposite to the direction of blood flow in life). TROWELL
used this method in an attempt to circumvent the vasoconstrictor effects
that impeded perfusion flow rate at that time, But the "benefits" of
reverse perfusion have been largely superseded by advances in the tech-
nique of forward perfusion. Not many workers have used this method,

And no objective comparison using metabolic parameters seem to have been
made by any one.

A further modification was that of perfusion through the hepatic
artery. It is estimated that hepatic_artery carriers only about 20% of
the blood supply to the liver, and oxygenation is adequate via the portal
vein supply. Metabelic experiments have confirmed that the liver func-
tions normally without perfusion of the hepatic artery. There are two
@lassical methods describing hepatic arterial perfusion; they are those
;; ROSS et al (1967), and POWIS (1970). The Ross method is perfusion
under hydrostatic pressure by raising the oxygenator to a height of
120cm above the liver to provide the necessary pressure to perfuse the
hepatic artery, and a second lower oxygenator (15-20cm above the liver)
supplies the portal vein. The POWIS technique is that of pulsatile per-
fusion by direct pumping into both portal vein and hepatic artery, with
dialysed whole rat blood. It is not yet evident what advantage acrues
from using the arterial perfusion since oxygen demand of the liver can
be met via the portal route. The main disadvantages of using arterial
perfusion are that the apparatus is complex and it is more difficult to

cannulate the hepatic artery than portal vein.
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3.2 The perfusion apparatus

A closed circuit system was used in this perfusion technique. The
circuit diagram of the set up is shown in fig. 3.1. The perfusion medium
(perfﬁsate} was contained in a conical flask ( lower reservoir) with a
rubber bung. The rubber bung has three holes ~ cone for the ocutflow tube,
one for inflow tube and a third for the overflow tube. The inflow tube
" was connected to a roller pump (WATSON MARLOW). This pumped the perfusate
to the top of the oxygenator (a multibulb glass chamber) the lower seg-
ment of which acts as the upper reservoir. The perfusate filmed down
the oxygenator and flowed out through two outlets - the outflow and the
overflow tubes — from both of which tubes it passed into the lower
reservoir and thereby completing the circuit. When the rat liver was
in circuit, the outflow tube supplied perfusate to the liver wvia the
portal wvein cannula and effluent from the liver via the inferior vena
caval cannula flow into the lower reservoir to complete the closed
circuit or into sample cups in an open circuit which occurs during an
experimental run.

The multibulb glass oxygenator is similar to that of MILLER et al
{1951)., It has the following features similar to Miller's oxygenator:-
a) inlet for perfusate, con top,

b) gaseous escape outlet also con top, -

<) one conical bulb near the perfusate inlet to aid filming down of
perfusate,

d) four cylindrical bulbs,

e} reservoir at the bottom of the bulbs {upper reservoir),

£) overflow outlet,

o} inlet for 02:(.‘02 mixture,

h) spout for sampling of perfusate when necessary. This was used for

automatic pH control (auto-burette and autotitrator connection) by
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LEGEND_TO FIG, 3,1 o . B
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F16, 3.1 DIAGRAM OF THE PERFUSION APPARATUS
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Miller,

i) Outlet for perfusate - this leads perfusate into the liver, or
directly into the conical flask (lower reservoir) when the rat liver
is not in circuit,

However, it differs from the Miller oxygenator by having an outer jacket

for the circulation of prewarmed water to keep the temperature of the

perfusate constant at 37°C before delivery to the liver., This modifica-
tion was necessary because of the bench top set up used in this study as
opposed to the thermostatically controlled cabinet used by MILLER et al

(1951) and HEMS et al (1966). The outer jacket for the warmed water

had an inlet at the bottom (fig. 3.1) from a thermostatically controlled

water heater/water pump (CHURCHILL), and an outlet on top.

This warm water jacket was recirculated in a closed circuit by connecting

the pump outflow tube to the inflow of the oxygenator, and the outflow

from the oxygenator to the inflow of the pump. This preheated water
jacket was made continuous in series with a similar plastic (PVC = poly-
vinylchloride) tubing which surrounded the cannula leading from the
oxygenator outflow to the liver through a luer fitting from the Frankis

Evans needle (1% inches guage) which was inserted into the portal vein of

the rat liver. By this means, the maintenance of constant liver tem-

perature at 37°C was achieved.

The pumping of the tubes consists of three separate circuits. The
three circuits are: the perfusate circulation in one direction, the hot
water jacket circulation in the opposite direction and the third is the
gasecus mixture tubing from the gas cylinder via the humidifier. The
following connections of the tubes weredone (fig. 3.1):-

a) Perfusate inflow tube from the lower reservoir through the Watson
Marlow roller pump to the upper part of the oxygenator,

b) perfusate overflow tube to the lower reservoir,

c) perfusate outflow tube from the oxygenator to the lower reservoir



d)

e)

£)
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(via the liver when the liver is in circuit), or to the sample cups
during sampling procedure,

inflow tube from the water pump to the lower part of the oxygenator,
outflow tube to the water pump from the upper part of the oxygen-
ator,

inflow tube for 95%02:55602 mixture.
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3.3 Ancilliary apparatus

In addition to the above perfusion apparatus, a number of ancilliary
pieces of apﬁaratus were required for the experiment.

Cne of these ancilliary pieces of apparatus is a constant infusion
syringe pump {Sage Model 351). ~All test substances were delivered to
the liver with this syringe pump. The approximate rate of infusion and
size of syringe used were set on the front panel dials. But the exact
rate of infusion was calibrated for each setting used for the experiment.

Ancther of these is the automatic sampler. The effluent samples
were collected from the inferior vena caval cannula at 1.5 second inter-
vals using an automatic sample changer (Hook and Tucker Model A40),
carrying the required number of auto-analyser cups — 24 cups in each
experimental run. The sample changer was calibrated and adjusted until
it rotated at a speed to change sanples at 1.5 second intervals.

Also the temperature of the liver was continucusly monitored. The
temperature was monitored using a twelve channel thermistor with one
probe and cne disc ends. The disc end was inserted between the liver
lobes and the temperature of the liver was observed in two ways - a
visual disgplay on the thermometer and a paper recorder in one of the
recording channels ¢f Grass Instrument recorder (Medel 79D). Another
recording channel of this recorder was used to regord the flow rate
connected from the photoelectric drop counter. The recorder was cali-

brated to give the flow rate measured with the drop counter.
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3.4 The Perfusion Medium

3.4.1 The composition of the perfusion medium

The perfusion medium (perfusate} used for this study was a semi-
synthetic medium made up of 180 mls Krebs kicarbonate buffer to which
were added 4C mls of washed bovine erythrocytes and BC mls of dialysed
10% bovine albumin fracticn V (Sigma).

The Krebs solution was made up in the following concentrations:-

Salt Conc. mM Conc. g’..‘...i.tre"l
NacCl 118 6.90
KC1 4.7 0.35
Mg 804.7H20 1.2 0.29
Na H2PD4.2H20 0.9 0.14
Na HC03 25 2.10
Glucose 5.50 1.00
CaCl2 2.5 0.28

Distilled water was added to make up one litre.

For each liver a total of 300 ml perfusate was thus made up.

3.4.2 Preparation of the perfusion medium

3.4.2,1 Collection and washing of bovine erythrocytes -

A one litre wide-mouthed plastic bottle was washed thoroughly and
rinsed twive with distilled water and then once with Normal Saline
(0.9% NaCl). Into this bottle was then put 50 mls of normal saline to
whicb had been added 10,000 i.u. heparin (Pularin-Evans medical). The
bottle was then taken to the abattoir early in the morning. With the
help of the slaughterhouse attendant a midstream specimen of blood (MSB)
was collected into the bottle from the gush of blood coming out of the
cut throat of the ox. The midstream blood was collected by allowing

the first gush of blood to flow out before the bottle was held in front
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of the cut throat to cbtain the blood specimen, This precaution was
taken to ensure that as far as possible a sterile blood specimen was
obtained with the minimum of contamination. The blood was then mixed
thoroughly with the heparinised saline to prevent clotting, and trans-
ported to the laboratory and kept in the refrigerator until the Krebs
buffer was prepared., The freshly prepared Krebs buffer was used for
washing the blood in the following way:-

The blood was filtered through glass wool into 200ml centrifuge
bottles. This filtration was to help remove any possible micro-clots
that might have formed. Four centrifuge bottles with screw caps were
used and each pair was weighed on an MSE pan balance (MSE balance Model
High Speed 1B) so that the centrifuge arms were balanced in pairs. when
the centrifuge bottles were placed in the centrifuge buckets. The blood
was centrifuged for ten minutes at 5,000 rpm at 4°c using MSE refrigerated
compressor centrifuge (MSE High Speed Model 18). The plasma and the
buffy coat was sucked out. The Krebs ringer solution was added three
volumes to one volume of packed cells and mixed thoroughly by tilting
the screw capped bottle for a few times. The bottles were then centri-
fuged after weighing and balancing as above. This was the first wash.
The washing was done two more times (three washings) and the packed cells

stored in the refrigerator for use, when reguired.

3.4.2.2 Preparation of Krebs bicarbonate buffer solution

The salts were weighed out in concentrations stated in 3.4.1 above,
and dissclved in the order arranged in that section. Either one or five
litre volume was freshly prepared before use according to the day's
requirements. No stock solutions were made because of possible growth
of fungi, for example, which might block the microcirculation in the
liver. The freshly prepared solution was then gased with 95302:5%CD

2
mixture for one hour to keep the pH of the solution at about 7.4 before use,
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3.4.2.3 Preparation and Dialysis of Albumin

A 24 1nches length of visking dialysis tubing size 2 (medium) was
cut and boiled in distilled water for thirty minutes to restore its
.normal consistency and porosity before dialysis. Then 8.0g serum
albumin fraction Vv (sigma) were weighed and dissolved in 80 ml of dis-
tilled water by slow stirring using a magnetic stirrer, The
boiled visking tubing was cooled and the dissolved albumin poured into
it after sealing one end by a dcuble tie. The second end was then alse
tied and the albumin in the tube was put in a beaker of 2 litres freshly
prepared Krebs solution bicarbonate buffer, and left to dialyse for 24 hours.
The Krebs ringer was changed for a fresh cone and dialysed for another
24 hours - so that the albumin was used for preparing the perfusate
~after 48 hours of dialysis. This dialysis was necessary to repurify the
albumin by dialysing out any free-fatty acids left and also o make the
acidic alubmin solution come to about the pH of the gased Krebs soluticn

- usually pH 7.4.

3.4.2,4 The mixture

The perfusion medium (perfusate) was made up by mixing the follow~

ing:-

a) 40 mls washed bovine erythrocytes -

b) B0 mls dialysed albumin, and

e) 180 mls freshly prepared gased Xrebs bicarbonate buffer, in that
order,

This mixture was then stirred thoroughly using a magnetic stirrer
{with a small "flea") at low setting for a slow speed of stirrxring in
order to reduce frothing of the perfusate. The haematocrit (packed cell
volume -« PCV) of the perfusate was determined using the Hawksley

Haematocrit centrifuge. Then the pH was measured with Corning EEL pE

meter -and pH adjusted to 7.40, if need be. The - haemglobin
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concent. Y
ration was determined by a spectrophotometer (Model SP5000), when
¥

required.
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3.5 Surgical operation of the Rat for liver perfusion

3.5.1 The technique

The rat was operated for the perfusion of its liver in situ after

the method of MORTIMORE (1961), as carried out by HEMS et al (1966).

3.5.2 Surgical operation

Albino rats, well fed, both sexes, weighing between 300g and 400g
bedy weight were aneesthetized with sodium pentobarbital (Sagatal - May
& Baker) at 4.8 mg.lﬂOg-1 body weight by intraperitoneal route. Then
100 i.u. (0.} nml) heparin (Pularin - Evans Medical) was injected into
the saphenocus vein. The abdomen was opened through a midline incision,
and mid-transverse incision to right and left of the midline were made
avoiding the larger vessels. Bleeding was minimized by clamping the
major vessels of the abdominal wall with four artery forceps. The intes-
tines were then placed to the animal's left side, on tissue paper wetted
with saline so that the liver, portal vein, right kidney, inferior vena
cava and the bile duct were exposed. The connective tissue was dissected
out and a loose ligature of silk thread {(ligature 1) was placed around
the inferior vena cava above the right renal vein {fig. 3.2). Then two
ligatures (ligatures 2 and 3) were passed round the portal vein at inter-
“vals of one to two inches below the point where the vein divides to enter
the separate lobes of the liver and a third ligature (ligature 4) was
placed arcund the vein at a peint distal te the liver (fig. 3.2). Then
& bull-dog artery clip was placed between ligature 2 and the liver in
order to allow bloed from the viscera to flow into the portal vein to
distend it ready for easy cannulation, The ligature (ligrature 4)
was tied, shutting off the blood supply from the viscera to the portal
vein, befcre the insertion of the needle into the vein, The portal

vein was cannulated with a No., 16 Frankis Evans needle - a double
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Fig. 3.2 DIAGRAM OF SURGICAL OPERATION FOR IN SITU LIVER PERFUSION
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c%ﬁnula with a trocar which has a sharp end for puncturing the vein in
the process of cannulation. This trocar was withdrawn with minimal loss
of bleod. The two ligatures ( 3 and 4) were tled securing the cannula
in place.

Then the thoraX was opened by a transverse incision just above and
'along the line of the insertion of the diaphragm and by two longitudinal
incisions towards the head from the two ends of the transverse incision.
The chest was then cut off to allow room for easy manguvre of the
effluent cannula. A loose ligature was placed@ round the inferior vena
cava close to the heart (iigature 5)}. The cannhula for insertion into
‘the inferior vena cava (I.V.(.) was made up of two parts - the caval
copponent made up of polyvinylchlorice (P.V.C.} tubing of internal
diameter of (1.5 mm) and external diameter of (2.5 mm} and the second
part which connects to the effluent tubing of external diameter of
(3.5 mm)., The inserting end of this cannula was cut with a bevelled
edye to provide a gharp tip, This sharp end was used to puncture the
right atrium from where the I.V.C. was cannulated more easily. This
cannula was then tied in position. At this stage the loose ligature
arcund the abdominal vena caya {ligature 1) was tied to prevent reflux
of the perfusate into the abdominal I.V.C. during perfusion. The rat
cperating table (rat board fig. 3.1} was lifted with the rat and liver
in situ and the liver {in situ) was connected tc the circuit of the
perfusion apparatus and circulation started. The first five or six
millilitres of venous blood (mainly rat blood) were discarded befoze the
circuit was switched to a closed one.

The whole operation normally took seven to twelve minutes. And the
perlod of partial ischaemia - when the portal vein was tied and cilrcula-
tlon was maintained by only hepatic arterial supply - was two to three
minutes. There was a period of absolute ischaemia (usually one minute)

between the cessation of breathing kaused by opening the thorax) and the
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3.6 Preparation of samples for Analysis

2.6.1 Infusion of test substapnces and collection of effluent venous

SaIIIEleS

The substrate (hexose) whose uptake into the liver was being studied
in any particulax experiment was isctopically labelled, and mixed with
a second substance which was alsc labelled. This infusion mixture con-
tained fBH]~hexose as test material and [14C]—substance as reference
material in most cases, and [ldc]—test substance mixed with [3H]-refer-
ence substance in a few other cases. The isotopic substances used were
lOuCimﬁf[lgc]-labelled and 20 uli of [35]-1abelled materials for experi-
fment of up to 10 runs. This means that for each experimental run, luCi
of [}{C]—labelled, and 2 uCi of [BH]—labelled substances were infused
[14

. for the usual 24 samples collected. The C]-labelled isctopic quantity

.was usually less because of the greater efficiency of counting of
[14C]-substance than [EH]— substance in their respective counting
channels.

Before the infusion of the mixture, luCi of [;QC]'substance (0.1 ml)
and 2uCi [3H]*substance (also 0.1 ml) were taken in a 10 ml syringe into
which 1 ml of the potential competitor was added and mixed. The syringe
was then connected with the perfusion circuit through a 3-way tap and
. ¢lamped down on the sage infusion pump (Model 351). The sage pump was
set to deliver 20 mls. min_l uging a2 10 ml syrirnge. But this setting
could not deliver exactly 20 ml. min_l, 50 it was calibrated before use
to know the exact gquantity infused per minute. This calibration was
done in conjunction with the flow rate calibration for the pen recorders
on the Grass multi-channel recorder, Immediately before the infu-
sion wap started, the 3-way tap was switched to connect the syringe to
the perfusion circuit on the oxygenator site (upper reservoirj, and the
perfusate was rapidly withdrawn into the syringe to reach the 10 ml

mark. This rapid withdrawal of perfusate from the circuit into the
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sgiinge caused turbulence which helped to mix the perfusate, isotopic
mixture, and potential competitor before the infusien. The 3-way tap
was then switched to connpect the syringe in line with the inflow cannula
to the liver. The infusion pump was then started and infusion commenced
after collecting four (blank) samples, and continued until about 0.5 ml
of the mixture in the syringe remained. 'The infusion was stopped and
sampling, using autcomatic sample .changer (Hook and Tucker sampler model
AdQ) , was continued until all the 24 samples were cocllected,
The remaining lsotopic mixture in the syringe was sampled into infusate
auto-analyser cup for processing of the iscotopic mixture (ratio) in the
infusion mixture (infusate).

Usunally eight to ten runs were done in a single good liver prepar-
ation using different potential competitors te find their effects on the

uptake of the isotopic substrate being studied.

3.6.2 Processing of samples for B-scintillation counting

For processing of samples, 12 ml centrifuge tubes were arranged in

a test tube rack and numbered (1-24}) according to the numbering on the
auto-analyser cup holder. Then 0.5 ml of B% perchloric acid W/V was
pipetted using constant volume 500 ul oxford pipette. Then 0.2 ml of
the samples was sucked and washed into the pexchleoric acid with 0.8 ml
normal saline (D.15 M NaCl) using a variable diluter (Model H/T)

which had previously been calibrated and set to sample and deliver
these required volumes. The samples were then deproteinized by preci-~
pitating the proteins with perchloric acid. This was thoroughly mixed
using a whirlimixer (Fissons Instrument Co. England). When the samples
were 50 deproteinized, they were centrifuged, using bench centrifuge at
2,000 xg rpm for ten minutes. After centrifugation, 0.5 ml of the clear
supernatant (which now contains the isotopically labelled materials) was

pipetted using the 500 ul oxford pipette into 9.5 ml of scintillation
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cocktail contained in a 20 ml scintillation vial with screw caps.

 3.6.3 Preparation of liquid scintillation cocktail
The liquid scintillation cocktail consists of one volume of Triton

¥-100 plus two velumes of Xylene in which 4 g.th PPO {diphenyloxazide)

. were dissolved. The PPO was the active scipntillation chemical which

.. was hydrophobic and therefore insoluble in egueocus media. It was there-

fore dissolved in an organic seolvent. Although it is soluble in many
other organic selvents such as chloreform, carbon tetrachloride,

~ ether and benzene, xylene was chosen in this study because it has a
lower quenching effect on the B-particles than the other organic sol-
vents mentioned above. And where little guenching effect was desired
as In this case, the seolvent with the lowest guenching effect was chosen
(xylene). But toluene alsc has low quenching effect, However, Xylene
was preferred to toluene because it is less toxic. Xylene with a vari-
able boiling point (13?.2—145°C] depending on the grade has less fire
risks than toluene (boiling peint 110.7°C). Wnile Xylene 1is toxic only
by ingestion and inhalation, toluene is toxic by ingestion, inhalation
and skin absorption. Above all toluene has explosive limits in the air
of 1.27 to 7% and using it to propare the scintillation mixture in a
laboratory common to other users can be a real hazard. -

Triton X-100 is a detergent which acts as a vehicle for the sus-
pension of the PPO dissoclved in an organic solvent, which would other-
wise be immiscible with the supernatant of the samples after precipita-
tion and any other agqueocus samples needed for the test in an experiment.,

The composition of the scintillant was:-

a} 8 grams PPO (diphenyloxazide)-Koch light lab ~ the Scintillation
chemical,
b) 1.34 Litres of Xylene (Koch Light Lab.) an orxganic solvent,

c) 660 ml Triton X-100 - a detergent. ' -
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The cocktail was made by first spinning down the Triton X-100 at 5,000xg
rpu for three hours using the refrigerated centrifuge with 200 mls screw
capped bottles (Model MSE 18) at 4%. at the end of centrifugation

the triton solidified and was allowed to thaw at room temperature. The
8g PPO were weighed and dissolved in l1.34 L Xylene using a magnetic
stirrer to mix it thoroughly. To this was added the triton (660 ml) with
continuous stirring to mix. The resultant final mixture is the liguid
scintillation cocktail (secintillant). This was later replaced by fisons

"fiso-flour-" a commercial preparation which gives similar performance.
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LEGEND TO F1G, 3,3

Fic, 3.3 DIAGRAMATIC REPRESENTATION OF HOW ISOTOPIC
MIXTURE CAN BE USED TO CALCULATE HEPATIC EXTRACTION.,



A
FIG, 3.3 DIAGRAM OF HOW ISOTOPIC MIXTURE IS USED TO MEASURE EXTRACTION
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3.7 Counting of Radioisctopes in the samples

3.7.1 The Theory of double indicator dilution technigue

The theory of the indicator-dilution method for measuring flow and
volume was studied in different crgans {MEIER & ZIERLER 1954). But the
method of double indicater dilution technigue a&s adopted in this study
was after the method of CHINARD (1955). The theoretical basis of this
technique was explained by ZIERLER (1962, 1965). Basically, the techni-
que involves the use of two substances (indicators) which can be iden-
tified and measured independent of each other. 1In this way both can be
measured simultanecusly. In this present study two different isotopically
labelled substarnces were used - usually one [3H]—1abelled and the other
[;4C]-labelled. The efficient counting of the two isotopes in different
channels of the liquid scintillation spectrometer confers the advantage
of accuracy on this isctopic double indicator dilution technique. Fig.
3.3 illustrates how the isotopic mixture can be used te work out the
extraction of one substrate by the liver., The rectangular box with
cris-cross hatchings represents an aliquot of a mixture of [3H]—hexose
{right diagonal hatchings) as test material and [}40]-sucrose (left
diagonal hatchings) as extracellular reference material, When this
mixture is infused into the liver via portal venous (PV) Cannula and it
reaches the hepatic exchange area, scme of the [3H]—hexose may penetrate
into the liver cell space thereby changing the ratic between the
[BH]-hexose and [lgc]—sucrcse in this mixture compared with the ratic of
these two isotopes in the original isoteopic mixturxe because the -
[l{C]—sucrose does nct penetrate the liver cell and is confined almost
entirely to the extracellular fluld compartment (ECF}. However, some of
the [3H]—hex05e that penetrated the cell space might efflux back into
the ECF thereby lowering the [BH]-hexose component of this effluent
ratio with conseguent picture of a lower liver uptake of the hexose when

this happens. Hence the percentage extraction, as will be seen in the
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.case of D-glucose extraction, shows a decline with time.

This double indicator dilution method has been used in the study of
blood-brain transfer of glucose (YUDILEVICH & DeROSE 1871}, to study
liver extraction and distribution of many molecules (BRAVQ & YUDILEVICE
1971), and to study first-passage extraction in the gastric wall, liver
and skeletal muscle 1n anaesthetized dogs {(YUDILEVICH, RENKIN, ALVAREZ

& BRAVO 196B).

3.7.2 Loading the samples and B-counting

The prepared samples in the scintillaticon cocktail were counted for
their isotopic activity in the B-scintillation spectrophotometer
{Packard Tricarb Model 3375} with computerized digital count display
and teleprinter connected. The counts were punched on a computer paper
tape as well as being printed ocut on the teleprinter paper.

The samples were loaded into the counter in this order:-
standards (made up of toluene, PPO and dimethy/POPOP)
infusates,
blanks, and
test vials in serial numbets.
The [}43]-standards (Packard) were first loaded in the following order
[lqc]= 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0,1, 0.0, and [3H]—stan-
dards were then loaded [3H]= 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1,
©.0. The decimal figures represent the degree of guenching. The counter
was programmed to use these gquenched standards of variable degrees of
quenching and thelr external standard ratio (E.S.R.) to assert appropri-
ate ESR, to each of the test vials to be counted subsequently and hence
the effeciency of counting in each channel, These standards were fol-
lowed by all the infusate vials loaded sequentially, The computer pro-
gramme was written such that the computer expected all the infusates for

all the experimental runs being counted to follow the standards. Then
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the blank vials for each run came at the beginning of each run and were
thus.loaded in that order. For each run the test vials wera then loaded
after the blanks.

The B-scintillation counter was set such that one channel counted
.[35] and the other channel counted [l4¢]predcminant1y, with slight over-
lap of one in another channel,

The channel which predominantly counted the tritium [3H] emissions
was set with an energy window of 50-350V and a 50% pulse amplification,
The [l?c]—channel was set with an energy window of 50-1,000V and a 4%
pulse amplification. The external standard activity source was a radium

pellet. 'Radium activity is in an energy range greatly in excess of 1.

3
or iH- activitles, The activity caused by the radium source was counted
over a set time period in two channels, the energy windows being set to
14 3
exclude simultanecus detection of €- or H- emissions. The windows

were of different widths so that the ratico of counts detected in the two

channels provided a measure of the guench level.

3.7.3 Computation

Using the information provided by the standard series, calculations
were done to convert the counts per minute {cpm) to actual actiwvities
which is stated as nuclear disintegrations per minute (dpm). This was
the first stage of computation. This was done by calculating the lic—
and 3'1=1-— efficiencies in each channel where they were counted. Before the
efficiencies were calculated the actuval radiocactivity in the Packard
standards should be known at the time they were used for counting with
the test samples - that isg the actual nuclear disintegrations per minute
(dpm) at that date. Thus'L{C— standards were stated to contain 104,000
dpm in January 1975 (by the manufacturers). But half life of IQC (t/214C}

= 5,100 vyears.

In January 1978 (3 years later) the decay 1is negligible,
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But the half life of 3H (t/23H) = 12.1 years.
In three years the decay will bhe substantial,
As stated by the manufacturers, the (3H) tritium activity in these
standards was 106 dpm.

Using the formula of percentage isotope remaining after a set time

o 100 t
antilog {(0.3010}] N }

where t = time of decay (3 years in this case)

h = half life or time taken for radicactivity to decay to 50%
of original activity

and Actual decay is log, . g%—= 0.3010 (t/h)

where No = radioactivity at zero time
Nt = radicactivity at time t
Substituting, for tritium after 3 years, the activity was

842,000 dpm

a) Calculation of percentage efficiency in channels

The efficiency of the isotopic count in a channel is the actual
counts in that channel divided by the activity or nuclear disintegraticons

per minute

. Cpm
dpm

14
Thus with = C- standard having an external standard ratio (ESR)} of

0.9519 and cpm of 89766.6 in channel 2, and 9046.6 in channel 1,

4 .. . _ 89,7666 _
C Efficiency in Channel 2 = 104,000 x loo = 86.31%
14 o . _ 9,046.6
and C Efficiency in Channel 1 = 04,000 * 100 = B.7%

14
So C was predominantly counted in Channel 2, its efficiency was so low

in channel 1, that the energy window settings could be sa2id to have been
14
well set for Channel 2 to be counting mainly .

14
The percentage efficiency for each of the = ¢- standards and each
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of the 3H- standards was calculated in a similar way, for each of the

two channels as above.

b) Conversion of cpm to dpm

The following calculation is an example of how to convert cpm to
dpm: -

The ESR was read off from the counted data sheet (from the B-counter).
In this case ESR of infusate was 0.52,

% Bfficiency could be calculated as in section 3.7.3a above.

Efficiency 14C in channel 1 = 22.0%
Efficiency l4C in channel 2 = 62.5%
Efficiency 3H in channel 1 = 22,5%

Efficiency 3H in channel 2

1

<0.5% (ignore)

cpm of infusate in channel 1 = 290697

cpm of infusate in channel 2 = 209889

Channel 2 counts 14C mainly with efficliency of 62.5% (since only
less than 0.5% 3H was counted by this channel).

100% efficiency in chanpel 2. = 209889 x %—3—?—5 = 335822

14C dpm = 335822

But channel 1 contains 3H at 22.5% efficlency plus 14C at 22.0%
efficiency.

dpm 3B = Total Count in Channel 1 minus the count in channel 1

due to 14C,

2
38 dpm = [290697 - (335822 x %66)] = 5B5528

In this example, the l4C was the extracellular reference substance,
and the 3H- was the test substance. The ratio of dpm of test substance
to the dpm of reference substance was calculated in the infustion mixture
as well as in the venous effluent samples, and the percentage extraction

was computed from the two ratios thus:-
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C. Calculation of percentage extraction

The percentage extraction (E) of the test substance is

v. -
E= (1 - E_,E_q x 100
i
d .
where R dpe test substance in venous samples
v.e, dpm extracellular reference

i.e. the ratio of activity of the test substance to reference
substance in the venous effluent samples.

dpm test substance
i dpm .extracellular reference

in infusion mixture

i.e. the ratio of activity of the test substance to reference
substance in the infusion mixture.

All these calculations were performed by a Digital Equipment
Corporation PDP 11/05 computer which read the data used for the computa-
tion directly from the punched paper tape produced by the teleprinter
connected to the B-counter. The computer programme is a modification

of that used by BOOPER (1975) - see Appendix 1 for the programme listing

used in this study.
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PRELIMINARY INVESTIGATIONS
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CHAPTER FOUR

4, 8TUDIES ON THE PERFUSION MEDIUM

In order to assess the suitability of the perfusion medium used
in these studies, experimental studies were carried cut on the medium
thus:-

4.1 Washing of the blood

Method ~ fresh heparinised bovine {ox) blood was collected from
the abattoir and centrifuged as described in section 3.4.2.1 above.
Tha supernatant was sucked out, using Pasteur pipette, into scintilla-
tion bottle and capped. This was then put away in the freezer compart-
ment of the refrigerator until time for determination of K+ and hae-
moglobin (Hb) concentration. Then the rest of the supernatant was
pipetted out and the erythrocytes washed with Krebs ringer bicarbonate
buffer. The supernatant was again sampled using the Pasteur pipette angd
stored away in the refrigerator. The cells were washed twice more and
the supernatant collected as second and third wash samples. After all
the samples were collected the K+ was determined using a clinical flame
photometer (Cornign EEL) and the haemoglobin concentration was deter-
mined byspectrophotometerfMode1£H=500) using Drabkin's reagent, This
was done for fresh blood cellected on eight different days (N = 8). The
washed cells were stored in the refrigerator for 24 hours and then cen-
trifuged. The supernatant was c¢ollected and stored away for K+ and
haemoglobin (Hb) determination. The cells were then rewashed and the
supernatant collected similarly. The perfusate Hb and K+ were measured
in the whole perfusate. The K+ concentration of the Krebs ringer was
measured.

Farthermore, the washed cells were stored for seven days and spun

down. The supernatant was again sampled and the cells rewashed thrice
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and the supernatant sampled on each occasion. The perfusate made out
of these stored cells was used to perfuse a rat liver, and at the end
of a three hour perfusion, the supernatant of the perfusate was also

+
sampled. These samples were measured for K and Hb concentration.

Results - The supernatant of unwashed heparinised fresh bovine blocd
(Column 1 of fig. 4.1) has a haemoglobin concentration of lg%. It

also has K+ in excess of that present initially in the Krebs bicarbonate
buffer used for the washing of the blood. This could be due to some
haemolysis of the erythrocytes before the washing commenced. At least
two washings were necessary before a clear supernatant could be cbtained.
The bars represent S.E.M. (N = 8).

Storage of the washed erythrocytes for one day caused some haemo-
lysis as indicated by 0.5g% concentration of haemoglobin and 6.5mM K+
concentration in the supernatant (fig. 4.2). However, one wash of the
stored cells was enough to give a clear supernatant containing no
haemoglobin. The total haemoglobin concentration in the perfusion
medium was 5.0 * 0.2g% (Column 4 of fig. 4.2), N = 8. Figure 4.3 shows
that storing the blood for seven days caused a similar level of hae-
meglobin in the supernatant as in the one day old stored blood with
(0.5g%) haemoglobin, but the K+ concentration had risen very much
above the one day old stored blood. This tends to suggest that the K+
release into the medium precedes the Hb release presumably during the
weakening of cellular membrane integrity. Also it was found (fig. 4.3)
that one wash was no longer sufficient to obtain a clear supernatant
(free of haemoglcobin). At least two washings were required. This
tends to suggest that, since the level of haemolysis was similar to
that in the one-day old cells, a certain fraction of the cells were

vulnerable and the removal of these in the first wash left the next
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LEGEND TO FIG, 4,1

F16. 4,1 - THE K AND THE HB CONCENTRATION IN THE SUPERNA-
TANT OF WASHINGS OF FRESH HEPARINISED BOVINE BLOOD.
THE HORIZONTAL DOTTED LINE REPRESENTS THE LEVEL OF K
CONCENTRATION IN THE KREBS BUFFER USED FOR WASHING
THE CeLLs (4.7 MM). AT LEAST TWO WASHINGS ARE
NECESSARY BEFORE A CLEAR SUPERNATANT CAN BE OBTAINED,

%
J
b
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LEGEND TO FIG. 4.2

SUPERNATANT K+ AND HB CONCENTRATIONS ON REWASHING
OF ONE DAY OLD WASHED BOVINE ERYTHROCYTES. NOTE ALSO

THE TOTAL HAEMOGLOBIN CONCENTRATION IN THE PERFUSATE OF -

+
5.06% anD DREBS RINGER K' CONCENTRATION OF 5 MM,
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FIG, 4,2 WASHING OF ONE-DAY-OLD OX -BLOOD
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LEGEND T0 FI6, 4.3 ; '
§ T
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Fic. 4.3 SUPERNATANT K AND HE CONCENTRATIONS ON '

REWASHING OF 7 DAYS OLD STORED WASHED BOVINE ERYTﬁRochesi
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vulnerable group to haemolysis, to a lesser degree. It was obhserved
{Cﬁlumn 5, fig. 4.3) that the supernatant of the perfusate contained
0.5g% Hb after perfusion experiment, representing a 10% haemolysis
during the circulation. This implies that some cells were haemolysed
during the perfusion process. It was thought that this could be due
to the mechanﬁcal effects of the Watson Marlow reller pump on the
perfusion medium, hence a latter experiment was designed to test the

effects of this pump. (fig. 4.5)
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4.2 Haemolysis of the stored washed erythrocytes

The washed bovine erythrocytes were stored in the centrifuge
screw-capped bottles in the refrigerator until the day of use. 1In
order to ascertain that the cells have not been substantially haemo-
: lysed on storage, K+ and Hb concentrations were measured in the
supernatant.

Method - The blocd was collecﬁed from the abattoir in a hepar-
inised saline bottle and thrice washed as described in section
3.4.2.1. The washed cells were then stored in the refriqgerator at
4°C. The cells were rewashed once each day and the K+ and Hb concen-
trationg in fhe supernatant were measured in the samples collected
daily for eleven days, taking the day of collection as day zero.
Such measurements were made on four different occasions with differ-

ent blood samples collected from four different cows in the same

abattoir (N = 4).

Results - The effects of storage of the washed cells for eleven
day; on the Hb and K+ concentrations in the supernatant of the daily
washings are shown in fig. 4.4, The Haemoglobin rose for three days
‘and K+ level rose for the first four days and stabilized after that.
Thig means the first three or four days of storage are the moré-deli—

cate periods for the cell haemolysis. After that a stable and constant

+
quantities of Hb and K were released into the medium.
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4.3 Evidence of Erythrocyte destruction during experiment

As evidence of red cell destruction during the experiment, potassium
will be released and haemogleobin concentration in the supernatant would
increase, So these parameters were measured in the perfused liver
experiments, and in the control experiments when the liver was not in
the circuit but all other conditions were the same,

Method - The perfusate was pumped round with the Watson Marlow
roller pump. The sheering effects of this pump could result in con-
siderable destruction of the erythrocytes in the course of an experi-
ment. So it was decided to see the effects of the pump alcone on the
K+ and Hb concentration in the perfusate as compared with when the
liver was being perfused. In the pump effect alone, the perfusate was
- gireulated in the usual way but no liver was in the circuit, and samples
of perfusate were collected at 30, 60, 90, 120, 150, 180, 210 minutes
from the start of recirculation. These samples were centrifuged and
the supernatant kept for determination of K+ and Hb concentration. In
the next series of experiments, the liver was perfused and samples
collected at the same time intervals for up to 180 minutes. B5ix experi-
ments for each were performed ( N = 6).

Results -~ The effects of Watson Marlew pump on the K+ and Bb con-
centration are shown in fig. 4.5. It shows a sharp rise in the K+ ang
Hb concentration in the supernatant within the first sixty minutes. It
can also be seen that the rise in K+ concentration continued for another
sixty minutes before stabllising. After sixty minutes the Hb concen-
txation Qas at a plateau level for the rest of the experiment - in the
Watson Marlow alone. In the combined experiment with the pump and
liver in circuit (fig. 4.6) the rise was within the first thirty minutes
only and reached a plateau level thereafter. In comparing fig. 4.5

with fig. 4.6, it was seen that Hb concentrations measured at the start



-89~
4.2 Haemolysis of the stored washed erythrocytes

The washed bovine erythrocytes were stored in the centrifuge
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4.3 Evidence of Erythrocyte destruction during experiment

Bs evidence of red cell destruction during the experiment, potassium
will be released and haemoglobin concentration in the supernatant would
- increase. So these parameters were measured in the perfused liver
experiments, and in the control experiments when the liver was not in
the circuit but all other conditions were the same.

Method - The perfusate was pumped round with the Watson Marlow

. roller pump. The sheering effects of this pump could result in con-

siderable destruction of the erythrocytes in the course of an experi-
ment. So it was decided to see the effects of the pump alone on the

K+ and Hb concentration in the perfusate as compared with when the

liver was being perfused. In the pump effect alone, the perfusate was
circulated in the usual way but no liver was in the circuit, and samples
of perfusate were collected at 30, 60, 90, 120, 150, 180, 210 minutes
frow the start of recirculation. These samples were centrifuged and
the supernatant kept for determination of K+ and Hb concentration. 1In
the next serles of experiments, the liver was perfused and samples
collected at the same time intervals for up te 180 minutes. Six experi-
ments for each were performed ( N = &),

Results - The effects of Watson Marlow pump on the K+ and Hb con-
centration are shown in fig. 4.5. It shows & sharp rise in the K+ and
Bb concentration in the supernatant within the first sixty minutes. It
can also be seen that the rise in K+ concentration continued for another
sixty minutes before stabilising. After sixty minutes the Hb concen-
tration was at a plateau level for the rest of the experiment -~ in the
Watson Marlow alone. In the combined experiment with the pump and
liver in circuit (fig. 4.6) the rise was within the first thirty minutes
only and reached a plateau level thereafter. In comparing fig. 4.5

with fig. 4.6, it was seen that Hb concentrations measured at the start
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LEGEND TO FIG. 4.5

F16. 4.5 ~ THE EFFECT OF YATSON MARLOW ROLLER PUMP
oN THE K* AND HB CONCENTRATION IN THE PERFUSATE SUPERNATANT
DURING A RECIRCULATION EXPERIMENT WITHOUT THE LIVER IN THE
CIRCUIT, THE BARS REPRESENT STANDARD ERROR OF MEANS
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(zero time) were 4.0 *+ 0.3 and 4.20 + 0.5g% (¢ S.E.M., N = 6) respec-
tively. This discrepancy represents only the level of difference
that could exist between different perfusate preparations due to the
difference in the original concentrations of the erythrocytes added.
The haematocrit of the packed cells added in making the medium, and
indeed the accuracy of the measurements of 20 mls of washed packed
cells to be added could also affect this basal Hb level. But more
striking were_the differences between Watson Marlow effect alone and
with liver in circuit in the time course of increase and plateau level
of this increase. In the pump experiment (fig. 4.5) there was a
steady increase in Hb concentration for the first ninety minutes which
rose to a plateau level of 5.75 # 0.4g%. But in the experiment with
liver in circuit (fig. 4.6), the Hb concentration rose only for the
first thirty minutes and stabilised at a plateau level of 5.35 % 0.5g%.
Also there was a difference in the basal level of x' concentrations
in the perfusate at the starting (zero) time between the 4.3 ¥ 0.02 mM
in the Watson Marlow pump experiments and 5.0 ¥ 0.02 mM (N = 6) in the
experiments with liver in circuit. This discrepancy cannot be explained
easily. But similar plateau levels of x+ were reached at 5.6 % 0.02 mM
in fig. 4.5 and 5.65 ¥ 0.02 mM in fig. 4.6. Although the plateau
levels were similar in both cases, but the rise to this peak was
slower in the Watson Marlow effect alone rising to this peak over
120 minutes while the peak was attained in thirty minutes with the

liver in circuit.
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S

4.4 Tonometry of whole ox-blood

Method - Fresh whole heparinised bovine (ox) blocd was tono-
metered for thirty minutes to assess the oxygen content of this
" blood. Five millilitres of fresh blood were withdrawn with a syringe
and placed in the sample vessel of the tonometer (Model 237), and
tonometered for 5, 10, 15, 20, 25, or 30 minutes as required on each
occasion. After tonometry, 1 ml of klood was withdrawn into the
eyringe and its oxygen content measured with Les—OZ-Con. S5ix
different blood samples were tonometered in this way using 13.5%02.

6%C0,, balance N, (the approximate composition of alveclar air) and

2 2
the means and standard errors of the means plotted on the graph.

Results - The time sequence of tonometry of fresh whole hepar-
inised ox-blood is illustrated in fig. 4.7. It can be seen that the
blood became almost fully saturated at ten minutes. The maximum
oxygen content was 18.0 * 0.1 vol.% (N = 6), at fifteen minutes.
This represented 95% saturation, 100% saturation being calculated
from the known normogram that 1 gm of haemoglobin would combine with
1.34 volumes of oxygen in the presence of such a gaseous mixture as

this. The haematocrit and haemoglobin concentration had been deter-

mined in order to find cut this saturation.
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4.5 Tonometry of Perfusate

Method - The perfusate (12t haematocrit) was tonometered with

13.5% 02. 6% CO2 and balance N2 as described in 4.4 above.

Results - The results of the perfusate tonometered with 13,5%

02, 6% 002 and balanced with N2 gaseous mixture are plotted in fig. 4.€,
The perfusate reached its maximum oxygen carrying capacity in twenty
minutes, this being 6.3 * 0.1 vol.% (N = 6). This represented 94%

saturation with the haematocrit of 12% (and Haemoglobin concentration

of 5.0g%).
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LEGEND T0 FIG. 4.8

F16., 4.8 sHOWS THE TONOMETRY OF PERFUSATE (WITH
12% HEAMATOCRIT) WITH 13,57 02, 6% C02, BALANCE N2.
A PLATEAU WAS REACHED IN FIFTEEN TO TWENTY MINUTES

IN THIS CASE.
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4.6 Oxygen dissociation curve of fresh bovine erythrocytes in

Eerfusate

The oxygen dissocation curve of fresh bovine erythrocytes in
the perfusate of 12% haematocrit (PCV) was determined.

Method - To plot the graph of oxygen dissociation curve, one
needs to measure the oxygen content land from this the percentage
saturation} in the perfusate at different partial pressures of oxygen
{Poz). In order to mix the gases to give the different partial pres-
sures of oxygen needed, it was necessary te calculate from the known
volumes in percentage composition of the gases, since the partial
pressures of the gases in a mixture of gases must be directly propor-
tional to thelr percentage volumes in the gaseous mixture (synthesis
of Dalton's law and Boyle's law of gases).

The gases were mixed in a Douglas bag using the Cunningham's
Trombone to deliver 200 litres per minute of the gaseous mixture. The
Douglas bag was filled for thirty seconds in order to get about one
hundred litres of gas in the bag for tonometry.

The following calculation of the gaseous mixture was used to make
a table for the mixture:-

‘Calculation

Of the 200 litres, suppose we pump 40 litres of air per minute.

But air contains 20.93% O

2

200 litres contain 40 x 20.93 o
100 2

H

8§.72 02 in 200L

4.36%02

#

Partial pressure of 02 = 4,36% of 760

= 4.36 x 760
100
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= 33.1 mmHg

But we want the partial pressure of 002 to be constant in all the mix-

tures at 40 mmHg

D ——— = - 2

In this mixture, the balance N2 rust be

200 - (40 + 10.6) = 149.4 Lit res/min,

The calculation was done for each partial pressure of oxygen required
and Table 4.1 was composed.

When the gases had been mixed in the Douglas bags, as indicated
in Table 4.1, 5 mls of perfusate were withdrawn with a syringe and
toncmetered for 15 minutes and the oxygen content was measured using
Lex—oz—Con. The hasmogleobin concentraticon in the perfusate was
measured and the percentage saturation was calculated for each partial
' pressure. The percentage saturation was plotted against the partial
pressures and the resultant graph is the oxygen dissociation curve for

the perfusate (bovine erythrocyte haemoglobin) in fig. 4.9.

Results — The oxygen dissociation curve of the perfusate contain-
ing bovine erythrocytes at 12% haematocrit is shown in fig. 4.9, Note
that there 1s a shift to the right when compared with the oxygen disso-
clation curve of the human erythrocyte haemcglobin. Also note that

50% saturation in this curve is 42 mmHg (P_.,. = 42 mmHg) whereas it is

50
27 mmHg {PSO = 27 mmHg) in the human erythrocytes. The corresponding

values are, for bovine bleod P50 = 32 mmHg and for albino rats blood

r = 43 mmHg (ALTMAN & DITTMER, 1971).

50
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Gk

TABLE 4,1

TasLe 4.1, THIS TABLE SHOWS THE CALCULATED VOLUMES
of AIR, Ny AND (0, TO BE MIXED IN LITRES PER MINUTE WITH
CUNNINGHAM'S TROMBONE IN ORDER TG DELIVER GASEOUS MIXTURE
OF THE REQUIRED DIFFERING PARTIAL PRESSURES OF OXYGEN
FOR TONOMETRY. THESE DIFFERENT GASEOUS MIXTURES WERE ;.
USED TO TONOMETER THE PERFUSATE FOR THE OXYGEN nlssocrATibN

CURVE, N
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LEGEND TO FIG, 4.9

F1e. 4.9 SHOWING THE OXYGEN DISSOCIATION CURVE IN
THE PERFUSATE PREPARED WITH FRESH WASHED BOVINE
ERYTHROCYTES AT 127 HAEMATOCRIT. NOTE A RELATIVE
SHIFT TO THE RIGHT WHEN THIS CURVE 1S COMPARED W1TH
THE OXYGEN DISSOCIATION OF THE HUMAN ERYTHROCYTE
(HAEMOGLOBIN). [EACH POINT IS A MEAN OF TWO SAMPLES

. e
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DISCUSSION

In these studies, the perfusion medium containing bovine erythro-
cytes was used. The ideal perfusion medium would he the homologous
whole blood {in this case, the rat whole blood). But the whole blood
as a pexfusate suffers from certain major disadvantages thus:-

a) the viscosity is high,

b} it is likely to contain vasoconstrictor substances released during
the process of obtaining the hlood,

ci in the case of rat, the priming volume would necessitate sacrifice
of many animals for one experiment.

The erythrocytes of man and macague (monkey) are vastly more per-—
meable to sugars than those of assorted rodents, carnivores and
ungulates (HEDIN 1887; KOzZAWA 1914; ULRICH 1934; WIDDAS 1955; DAWSON
% WIDDAS 1%64). So the choice of bovine erythrocytes for use in this
study was based cn the non-permeability of the hexoses and the ready
availability of large quantities of this blcod from the abattoir. It
was also found later, that there was a more ready release or surrender
of oxygen to the tissues by the bovine haemoglobin at the same or com-
parable oxygen partial pressures (see the results of oxygen dissocia-
~ tion curve in the immediate previous section to this), to those of
human erythrocytes. This gives an extra advantage to thig stu&y over
those of HEMS et al (1966) in which washed aged human erythrocytes
were used.

But the use of bovine erythrocytes brought the problem of washing,
Fig. 4.1 showed that at least two washings were required bhefore a clear
supernatant could be cbtained. But in Fig. 4.2 only one further wash
was necessary in a previously washed stored bottle of cellis. However,
if blocd was washed and the cells stored, without daily rewashing, for

seven days then one wash was not sufficient, and at least two washes
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were mandatory. It was shown {(fig. 4.4 that the daily rate of escape

of Hb and K+ to the washings was approximately constant from the fourth
to the eleventh day of storage with daily washing. The total Hb
likberated would correspend to about 10% of that originally present in
the cells, disregarding any cells discarded during the daily washing
procedure. It was considered that 90% survival of cells in storage
WAaS adequagé if the washing before use removed the products of haemo-
lysis. In practice, it was necessary after the initial separation
and triple wash of the erythrocytes within the first four hours of
collection from the abattoir, to store the cells only up to 72 hours.
The cell stock was rewashed once at 24 hours and once at 72 hours,
immediately before use.

The total haemolysis due to the effect of Watson Marlow roller
pump on the recirculating perfusate amounted to about 10% ©f the cells
cver two and a half hours. There was apparently no further cell
destruction from two and a half to three and a half hours of continucus
punping in the absence of the liver, which suggests that all of the
vulnerable fraction of cells had been damaged by two and a half hours.
In the pregence of a liver {fig. 4.6}, the maximum level of fib in the
supernatant of the perfusate was significantly lower (paired t-test,

N =6, 0.01 ;p, 0.02), though it was earlier in time (30 minuﬁes com-
pared with 90 minutes} than in the absence of the liver. These find-
ings are not easily explained. The liver would appear both to accel-
erate some haemolysis, and either to prevent higher level being
reached or sequestrate some of the Hb released later. Nevertheless,
the K+ concentration was somewhat higher when the liver was in circuit
for the first sixty minutes of perfusion that when the pump was used
alone. This could be due to release of K+ from the liver during the

first thirty minutes of liver egquilibratjion phase. Indeed, it was
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stated (MILLER et al 1973) that the perfusion medium exists as a

defined medium only at the start of the experiment, Thereafter the
release of substances such as K+ iong and enzymes by the liver makes
* the composition unknown.

The ability of the perfusate to take up oxygen was determined
by tcnometry. The whole blood attained maximum oxygen content within
the first 15 minutes and the perfusate twenty minutes (figs. 4.7 and
4.8). The time for equilibraticon in the topnometer is much longer
than the transit time of perfusate through the falling film oxygen-
" ator. This means that during perfusion the reserwoir canneot be
completely equilibrated with the gas flowing past the film. The use
of 95% oxygen shortens the équilibration time, and a pumping rate
pufficient to maintain a rapid overflow limits the fall of oxygen
content during perfusion For example data from early experiments
showed that after four experimental runs the oxygen content in the
inflow cannula was 92% of the content at the start of the experimental
run cne. But to ascertain the ease of release of such combined oxygen
to the tissues, the oxygen dissoclation curve was determined (fig.
4.9). The possibility of a ready release of oxygen to the liver is
. shown by the shift to the right manifest in this graph. This is a

situation analogous to the Bohr effect of CO, on the oxygen dissocia-

2
tion curve., This means that the same proportion of oxygen would be
released at P02 42 mmAg as at 27 mmHg in the human erythrocyte or

43 mmHg in albino rats., This shift te the right also means a more
ready surrender of oxygen Iin the organ, provided the upper reservoir

blood (perfusate) was effectively saturated. The present experimental

conditions achieve this.
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CHAPTER FIVE

5. VALIDATION OF PROTOCOL

5.1 Vviability of the preparation

5.1.1 Period of Hypoxia

The first assessment of whether the liver preparation will be
viable for perfusion or not is the time taken for the operative pro-
cedure to be carried out. If the surgical operation took unduly
prolonged time, the liver was assumed nct to be suitable (not viable)
and the preparation was discarded. To this end, the surgical pericd
was timed. Also the period of relative hypoxi; was distinguished
from the period of absolute hyposia; the former 15 the time from the
occlusion of portal vein through the cannulation of the portal vein
to the time the thorax is opened with consequent cessation of breath-
ing, and the latter is the time from the cessation of breathing to the
start of perfusion. During the period of relative hypoxia, blood flow
wags maintained by hepatic arterial flow which was still oxygenated as
breathing under anaesthesia c¢ontinued. But opening of the theoragcic
cage for the cannulation of the inferior venma cava via the right
atrium caused cessation of breathing with attendant hypoxia. This
period usually lasted one to two minutes. Any operation that lasted
up to five minutes was suspect and any longer than five minutes was
abandoned. The hepatic extraction of D-glucose in a properly aerated
liver was compared with the extraction by the liver that was inade-
guately aerxated (fig. 5.1}. In the normally aerated liver, gassing
with 95:5%02:CO2 mixture was commenced promptly after the surgical

operation, but in the inadequately gassed liver, the gassing with the
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LEGEND TO FIG6. 5.1

Fie. 5.1, COMPARATIVE TRANSPORT OF D-GLUCOSE BY NORMAL
AND INADEQUATELY GASSED LIVERS. THE LATTER SHOWED A
GREAT REDUCTION IN ITS CAPACITY FOR TRANSPORT OF
D-GLUCOSE COMPARED WITH THE FORMER (THE NORMAL LIVER).
THE DIFFERENCE 18 HIGHLY SIGNIFICANT, PAIRED T-TEST,
(P . 0,001, N =12, THE NUMBER OF SAMPLES IN EACH LIVER),

L4
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Bame gas mixture was delayed for ten minutes from the time of oper-
ation. The result was a marked decrease in the tranéport capacity
of the liver-(fig. 5.1) from a peak extraction of 49.6 & 1.6 to

34.8 £ 0.9 (£ S.E.M., N = 4) in the normal liver compared with the
inadequately gassed liver. This suggests that the poorly oxygenated
liver is 8 S.E.'s below the oxygenated mean peak E, a highly signi-~
ficant result. The serial extractions with time chowed a similar
pattern - downward trend indicating efflux, hence the two curves ran
parallel {fig. 5.1). The differences between the twoc liver extrac-

tions were highly significant (P; ©.001, N = 12, paired t-test}.

5.1.2 Morphological appearance

The morphological appearance of the liver was carefully noted

| during the surgical period and thereafter since it helped in the first
instance to indicate deterioration of the preparaticn. To this end
colour of the liver is very important. Blueness of the liver was an
obvicus indlcatlon of severely anoxic or damaged liver and such livers
" were discarded, Also mottling of the liver was not acceptable and
guch livers were also discarded. Furthermore, dryness and wrinkling

" of the liver reflecting underperfusion or cedema of the liver with
grogs distension or exudation of ascitic fliuid from the liver surface
reflecting overperfusion rendered the livers unviable and were dis-
carded. These morphological criteria such as colour, mottling,
wrinkling, and cedema were recorded at the time of experiments and a
decision to eliminate such an experiment as being non-viable was
always taken before the results were known. Oedematous livers were
}aund in these studies not to perform well, they showed marked reduc-

tion in transport capacity compared with normal livers (fig. 5.2}.
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LEGEND TO FIG. 5.2

F16. 5.2. COMPARATIVE TRANSPORT OF D-GLUCOSE BY NORMAL
AND OEDEMATOUS LIVERS. THE OEDEMATOUS LIVER SHOWED A
MARKED REDUCTION IN THE TRANSPORT CAPACITY. THE
DIFFERENCE IN EXTRACTIONS BY THE TWO LIVERS WAS HIGHLY
SIGNIFICANT (P » 0,001, N = 12, THE NUMBER OF SAMPLES
IN EACH LIVER, PAIRED T-TEST), |
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The peak extraction of D-glucose in a normal liver was 50.0% compared
with 29.1% in an oedematous liver. The patterns of extraction were
similar in the two livers with only a difference in the level of

extraction. The difference was highly significant (P; ©.00l, N = 12,

paired t-test).

5.1.3 Monitoring and Control of flow rate

Since oedema and dryness or wrinkling of the liver is a function

of the flow rate of the perfusate through the liver, as well as per-

- fusion pressure and outflow resistance like a kinked cannula, it was
~necessary to monitor the flow rate accurately and throughout the whole
‘perfusion period. The flow rate was monitored by a photoelectric
drop counter connected to Grass recorder which recorded the flow

rate on a paper tracing (fig. 5.3). The flow rate was normally
maintained at 18 ml, min_l. pexr liver giving a flow rate of 1.8 to
2.25 ml.q-l. min_l (wet weight of liver} - the liver wet weights lying
between eight and ten grammes per 300~400 g rat. Constant flow was
maintained with adjustable pressure of perfusion by raising or lower-
ing of the upper reservoir., The perfusion pressures were usually
' between ten and twenty cm. of perfusate. This is within the normal
portal vencus pressure (KUNKEL & EISENMENGER 194%; RITCHIE & HARDCASTLE
1973). During the infusion of test substances, the flow rate was
also maintained constant at the same rate by using a syringe pump
thereby ensuring a constant flow rate both during each of the experi-
mental runs, and normal perfusion without test infusion (fig. 5.3).
This precaution was necessary because it was found that extraction
was dependent on the flow rate (fig. 5.4). HOOPER and SHORT (1977)

found no consistent relationship between extraction and flow rate in
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LEGEND TO FIG. 5.3

F16. 5.3, A TYPICAL RECORDING DURING AN EXPERIMENTAL
RUN, THE TEMPERATURE AND FLOW RATES ARE MAINTAINED ‘j
CONSTANT EXCEPT FOR BRIEF INTERRUPTIONS DURING ACTUAL™
EXPERIMENTAL RUN. A, B AND C ARE BRIEF PERIODS WHEN -
THE STOPCOCK WAS TURNED AND THE PERFUSATE WAS WITHDRAWN
INTO THE INFUSION SYRINGE TO MIX WITH THE ISOTOPIé g}
MATERIAL, AND ANY POTENTIAL COMPETITOR ADDED (A), AND"
SWITCHING BACK TO ONLINE CIRCUIT (B), AND FINALLY DURING
CONSTANT INFUSION WITH A SYRINGE PuMp (C). THERE WERE
BRIEF INTERRUPTIONS OF FLOW TO THE LIVER DURING THESE
CHANGE-OVER PERTODS (A AND B), NOTE THE SLIGHT DROP IN
TEMPERATURE DURING INFUSION (C) DUE TO THE COOLING OF
THE INFUSION MIXTURE IN THE SYRINGE, THE EFFECT OF LIVER
TEMPERATURE ON TRANSPORT WAS STUDIED (SEE CHAPTER-8),
AND THIS CHANGE ofF ~0,75°C was TRIVIAL IN ITS EFFECT ON
EXTRACTION, i -
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LEGEND TO FIG, 5.4

F16. 5.4, COMPARISON OF EXTRACTION OF D-GALACTOSE AT
DIFFERENT FLOW RATES. THE EXTRACTION AT NORMAL FLOW
RATE OF 18 mL.MIN™L
AT SLOWER FLOW RATE OF 12 ML.mMIN~L (P . 0,001, N = 11,

+ WAS SIGNIFICANTLY LOWER THAN THAT

WHERE N 1S THE NUMBER OF OBSERVATIONS OR SAMPLES IN THE
SAME LIVER, PAIRED T-TEST), 2 o
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conscious sheep livers. Extraction of D-galactose at the normal flow
rate of 18 ml. min-l was significantly different from that at slower
flow rate of 12 ml. min-l (fig. 5.4) P; 0.001, ﬁ = 11 (paired t-test
where N = number of samples in the same liver). The two flow rates
were performed in the same liver, one fifteen minutes after the
other. This flow rate of 18 ml. mj.n-1 was chosen firstly because
higher rates tended to cause oedema of the liver (Section 5,2 above),
and slower rates gave small guantities of effluent samples in the
sample pots resulting in errors in volumetric sampling which would
give erratic transport values. This erratic volumetric sampling
might be responsible for the less uniform extraction values for the
slow flow rate (open circles in fig. 5.4) compared with the normal
flow rate (closed circles). Secondly, this flow rate is very near
normal flow rate in the portal vein reported by other workers;
1.0 ~ 3.0 ml. min . g-l of liver by ROSS (1972), MILLER and JOHN
1960; 1-2 ml. min ». g * of liver by RITCHIE and HARDCASTLE (1973}.
But this flow rate was very much lower than those used by BLOXAM
(1971) which were 5.8 * 0.3 ml. min—l. r;,'—1 after 15 minutes and
10.8 * 0.4 ml. min-l. q—l after 100 minutes in halothane anaesthesized
rats. But these high flow rates were required by BLOXAM in order to
meet the oxygen reguirements of the liver since he was perfusing his
livers with Krebs-ringer bicarbonate buffer, withcut any other addi-
tions. Also the viscosity of the cell-free perfusate he used was
lower, so flow would be higher at a given perfusion pressure.

The difference in extraction at different flow rates observed
here could be calculated to agree closely using the permeability/
surface area produce thus:-

If (1) 18 ml. minnl. gives E = 0.45 or 45%
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2and (2) 12 ml. minﬁl. gives E = 0.55 or 55%
then we can estimate the value of PS (the permeability/surface area
.Iprodudt)z
PE = an(l—E) « « « » » » » = = 1 (RENKIN 1955, 1959),
| where Q@ = blood flow

E

fractional extraction

P = permeabllity

8 = surface area
PS
l-E=_ --.o.....z
an
PS = (l"E)an LI S D T T B ) 03
Then P8 (1) = 18 x 1n (0.55%) = -10.761
and P8 (2) = 12 x 1n (0.45) = -9.58

If P§ (1) is constant, expected E at 12 mi. min . would be calculated

from (1L - E) = exp (?—E;——)
- Exp (10-76L,

12
I~-E = 0.408
E = 0.592 instead of .55

' This value was in fact approached at the later time of 15 sec. The

data certainly corresponds approximately to a PS of 10 ml. min-l for

galactose uptake.

5.1.4 Temperature Control

It was important to maintain the liver temperature constant
except when experiments were done to alter the temperature as in
Chapter 8. Since the flow rate of the perfusate countrolled the tem-

perature of the liver, the temperature was recorded concurrently with
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the flow rate using a thermistor temperaturevprobe inserted between
the liver lobes. The output was continuounsly monitored via the Grass
recofder and a paper trace was obtaiped simultaneously with the flow
rate recording {(fig. 5.3). This simultaneous recording helps to show
the slight fall in temperature 0.5% - 0.75% during the infusion of
the isotopic mixture from the syringe. This slight drop in tempera-
ture was due to the fact that the withdrawal of the perfusate into
the syringe exposes the syringe mixture to laboratory temperature (A)
a short time indicated in fig. 5.3, before the actual infusion (C} of
the mixture into the liver. The transport of these hexoses by the
liver is temperature dependent - and this has been shown for D-galac-
toge in Chapter 8. So it was important to ensure that the temperature
was maintained constant and this was monitored accurately to show
when there was a temperature change of significant level to merit
coérrection. The results for D-~galactose show that the 1% change has

very modest effects on the measured extraction (E}.

5.1.5 Oxygen consumption

¥t has been stated (RITCHTE & HARDCASTLE 1973) that the most
aasily monitored criterion of adequate perfusion flow rate is .that
of oxygen uptake by the preparation.

In order to measure the oxygen consumption by the liver, the
cxygen content in the portal venous and hepatic venous cannulae were
first measured using the Lex-oz—con 02 content meter. The inflow
portal venous perfusate was sampled immediately before the outflow
hepatic venous perfusate for determination of the oXygen content.

The Lex—Oz-COn with electronic digital rxeadout of oxygen content in

volumes percent was first calibrated with room air, corrections being
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made for the barometric pressure, temperature, relative humidity and

hence vapour pressure (STPD). Then the arteriovencus 02 difference
{the difference between the portal venous and hepatic vencus sample
readings) was used to caleulate the oxygen consumption after the liver
weight and flow rate were known. The calculation was done thus:-—
Barometric Pressure = 765

Less correction factor 2.35

Corrected B. Pressure =  762.65
Readings on the wet and dry-bulb hygrometer were:

Wet Bulb 17.5

Dry Bulb 25.0
Setting slide rule 25 at 100%, reading off at 17.5,

Relative Bumidity = 46%

At 25°C, Water vapour pressure = 11.5

Bo 46% of 25 vapour pressure = 11.5

<« Corrected pressure (S.T.P.D.) = 762.6 - 115 = 751.1
Using chart, read 25° at 750 (approx) = 18.9

02 in Air = 18.9 volumes %

The Lex—oz-Con was therefore calihrated to read this figure when air
was injected. After this calibration, blood or perfusate samples
were injected for 02 determination, After every six injections of
blook, the scrubber was flushed with distilled water. And after one
hour, the Lex-09-Con was re-calibrated before use.

The results of the oxygen consumption by the livers used in these
experiments are compared with results of ocxygen consumption by livers
used by other workers in Table 5.1. The oxygen consumption in these
experiments was in the range of 2.30 to 3.6€8 uMoles.g—l.min-l at

thirty minutes and 2,21 to 2.8 uMoles.th.min 1 at sixty minutes.
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These values compare very favourably with those reported by other
workers (Table 5.1) except the findings of BRAUER (1963) which seem
very much higher than all other findings. But it must be remembered
that BRAUER (1963) used whole rat blood while the rest of the workers
reported in this table used either semi-synthetic medium (which con-
tained erythrocytes) or just synthetic medium (saline)., In the
present study, the oxygen consumption reported here represents

38.25 - 49.68% removal of the available oxygen at sixty minutes and
45.55 -~ 54.28% removal at thirty minutes. These values compare
favourably with those of BLOXAM (1971) where his livers removed 40%

at fifteen minutes and 35% at 100 minutes.

8.1.6 Potassium and Haemoglobin Release

During the time of perfusion of isolated liver, K+ and Hb may be
released into the perfusion medium. The degree of this release is a
reflection of the amount of damage done to the liver or to the erthro-
cytes in the medium. Of these two, Hb comes from the haemolysis of
erythrocytes, whereas K+ comes from RBC and liver cells and may appear
without lysis. The potassium release is particularly important because
it is a manifestation of the trauma to the liver during surgical
manipulation. x+ level therefore rises to a peak during the first
thirty minutes of perfusion (fig. 4.6), sco did the haemoglobin. The
implications of these rises were discussed in Chapter 4 above. But
the rise of K+ in the medium to 5.65 EEQ-L—l (or 5.65mM) within the
first thirty minutes of perfusion is consistent with earlier findings
of RITCHIE and HARDCASTLE 1973. K+ concentration was shown to rise
due to anoxic conditions imposed on the perfused liver even for

periods as short as thirty seconds of exclusion of oxygenator from
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the system {(RITCHIE & HARDCASTLE 1973). 5o excessive release, or
continued rise of K+ levels in the medium was used &5 one of the
viahility parameters of these preparations. It is therefore of
importance that the K+ coencentrations in the medium stabilized after
the initial sudden rise (fig. 4.6} suggesting that the initial rise
was largely due to surgical manipulations and ancxic state of the
liver bhefore connecticn to the perfusion circuit, and no further

damage was being done to the liver in the course of perfusion.

5.1.7 Changes in pH during perfusion

Maintenance of correct pH could be important to the survival and
normal function of the perfused liver. So the pH of the freshly
prepared perfusate was always checked and adjusted to 7.4 (if need
be) before perfusion was started. Thirty minutes after perfusion and
subgsaquently, the pH of the medium from the inflow reserveir was
measured. There was no atfempt to measure the pH in the portal venocus
perfusate different from that of hepatic venous effluent, because, at
o a recirculation rate of 1B ml.min_l used in these experiments, any

difference between this and hepatic venous level was expected to be
pegligible as was found in the perfused dog liver (RITCHIE & HARD-
CASTLE, 1973), the difference being 1ess than 0.05 both in the nor-
mally perfused liver and in one with induced hypoxia.

The results of pH changes in the perfusion medium are plotted in
fig. 5.5. It was found that the pH dropped to 7.30 £ ©.05 within the
first thirty minutes of perfusion (N = 12 livers) but rose to the
original 7.40 thereafter and remained steady throughout the experi-
ment. But this slight decrease in pH was not sufficient to be detri-

nental to the liver function. Indeed it has been shown that isclated
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LEGEND 70 FIG. 5.5

Fig. 5.5, CHANGES IN PH OF THE PERFUSATE DURING I1SOLATED
LIVER PERFUSION. THERE WAs A DRop BY 0.1 UNIT DURING

THE FIRST 30 MINUTES BUT THIS WAS QUICKLY BUFFERED TO

ITs ORIGINAL PH OF 7.40 1N THE NEXT 30 MINUTES. THE -
NUMBERS 12, 10 OoR 6 NEAR THE POINTS OF THE PLOT INDICATE
[HE NUMBER OF LIVERS USED IN EACH CASE. THE BARS
REPRESENT STANDARD ERROR OF MEANS (% S.EM).
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Figure 5.5
CHANGES IN pH DURING PERFUSION
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perfused canine liver can function adequately when maintained at a
pH of 7.25 (portal venous) and 7.20 (hepatic vencus) perfusate for
more than 200 minutes (RITCHIE & HARDCASTLE, 1973}, Also BAUR and
HELDT (1977) found that pH changes between 7.0 and 7.8 had no effect
on D-glucose transport in rat isclated hepatocytes. It was found
(RITCHIE & HARDCASTLE 1973) that perfused livers recovered remarkably
well within thirty minutes after causing a drop in the perfusate pHE
from 7.35 to 6.9 by induction of hypoxia for twenty minutes (exclud-
ing the oxygenator from the perfusion circuit). Therefore the pH
changes observed in these experiments were quite in order, and the
drop within the first thirty minutes of the perfusion could be
explained as being due to the anoxic pericd just before the liver
was connected to the perfusion circuit. The recovery is not sur-
prising since the bicarbonate bhuffer ¢ontinuously gased with the
5%002 in 95%02 was expected to be able to buffer such minor changes
in pH in a recirculating medium as used in these experiments. More-
over, eince the liver can recover fully from greater drop in pH
changes such as when relative acidotic states were induced, like
exclusion of oxygenation, i1t would be expected to recover satisfact-

orily when only minor change of the type reported here were encounted,

5.1.8 The Cholce of gas mixture

The possibility of a lethal effect of high partial pressure of
- Oxygen on the liver was thought of. So it was decided to do experi-
ments to assess the best gaseous mixture to use for gassing the
medium (perfusate}. The mixtures compared in these experiments were

5%002 in air and S%CO2:95%02 mixture, The latter mixture was readily

available as a commercial pressurized cylinder of gas (95%0 :S%COZJ.

2
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- But the S%CO2 in air was mixed in our laboratory using a Cunningham

Trombone for mixing the gases of the reguired composition, as des-
cribed in Chapter 4 (section 4.6). The gaseous mixture (S%CO2 in air)
contained in a Douglas bag was used to aerate the perfusate by passing
the gas intc the oxygenatocr chamber with a small gas pump. The spout
of the gaseousz exchange was reconnected to the Douglas bag so that

the escaping gas was recirculated between the bag and the oxygenator

thereby making it possible for one Douglas bag containing 100 litres
of gaseous mixture to suffice for the two experiments in the same
liver (fig. 5.8). For experimental runs three and four, 95%02:5%C02
mixture was delivered from the cylinder to the oxygenator chamber via
A pressure guage.

The results of the two experiments done in the presence of

51(:02 in air are shown in fig. 5.B. The extraction of 3H-D—glucose
was being measured here with qu—sucrose as the extracellular refer-
ence material. The extraction in run one was 47.58 1 0.54% (* S5.E.M.,
N = 12) and run two was 49.0 % 0.58% (+ S.E.M., N = 12). There was no
gignificant Aifference between these two runs (P > 0.05, pajred t-test).
The extraction in run three was 50.16 * 0.51%, and run four was 48.3
"% 0.62%, (* S.E.M., N = 12, each). There was no significant difference
between. runs three and four (P > 0.05, paired t-test). Also there was
no difference between the means of extractions in fig. 5.8 and those
of fig. 5.9 (P > 0.05, paired t-test). This means there was no sig-
nificant difference between the extraction of D-glucose in the
presence of 5%C02 in air and its extraction in the presence of
95%02=5%002 mixture, So it was concluded that 5%002 in air did not

confer any advantage on the liver, as judged by its performance in

transport function, over 95%02:5%co2 mixture. Since no advantage was
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LEGEND FOR FIG. 5.6

F16. 5.6 sHows THE EXTRACTION OF D-6LucosE IN THE - |
PRESENCE OF 5% (0p IN AIR. EXPERIMENTAL RUNS 1 AND 2
WERE PERFORMED AT 15 MINUTES INTERVAL AND THE EXTRACTION
LEVELS WERE SIMILAR IN BOTH RUNS. ok
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| FIG. 5.6
D-GLUCOSE EXTRACTION USING 1YC-SUCROSE AS REFERENCE
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LEGEND TO FIG. 5.7

Fi16. 5.7 SHOWS EXTRACTION OF D-GLUCOSE IN THE SAME LIVER
AS IN F16, 4.4 IN THE PRESENCE OF 95% 0y : 5% (O MIXTURE
AND 11 MM SUCROSE IN THE PERFUSATE. THERE 1S NO
SIGNIFICANT DIFFERENCE BETWEEN THE EXTRACTION OF GLUCOSE

IN THIS FIGURE AND THAT OF FIGURE 4.4, d L
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'FI6, 5.7 D-GLUCOSE EXTRACTION IN THE PRESENCE OF
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. found for the troublesome procedure of gassing the oxygenator at

physiologlical PO,, the orthodox use of 95%0_:5%CO, from a cylinder

2 2 2
was adopted for all subseguent perfusion experiments.

These studies demonstrate that a viable perfused liver prepar-
~ ation is one which was exposed to only a brief period of anoxia,
retained its normal morphological appearance without cedema or
wrinkling, was maintained on a constant flow rate of about 18[:11.r|1.i.r1“1
with a perfusion pressure of 10-20 cm of perfusate, retained a con-
stant temperature of about 37°C, with a normal oxygen consumption,
constant pH, K+ and Hb in the perfusate., Livers which failed any

of these measured viability criteria were noted down at the time of

the experiment and were excluded hefore the results were known.
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5.2 Electron Microscopy of the rat liver

5.2.1 Intrecduction

The first electron microscope was constructed in 1932 (KNOLL &
RUSKA 1932). But it tocok almost twenty years after that before the
application 6& electron microscope began to yield many results. At
present its application is considered indispensable for the study of
morphology in many widely divergent fields of research, including
cytology and blochemistry. Especially in the latter fields, electron
microscopy offers a means to extend descriptive morphology te an
almost molecular level, and makes it possible to demonstrate struc-
tures whose existence can be established by biochemical methods but
which are too small for study by the light microscope.

The electron microscope (EM)} has a wide scope of application in
research. Its application in the present study was to elucidate moz-
phological changes (if any) in rat liver histoleogy during normal per-
fusion or during perfusion with medium containing phlorizin as com-
pared to the non-perfused liver.

C In its first period of application to biolegy and pathology,
..electron microscopy appeared to be less than fully adequate to fulfil
its fundamental possibilities for the relation of fine structugé to
function - relating morphology to biochemistry. NOVIKOFF (1959)
argued justifiably that "at best electron microscopy aleone remaing
- purely descriptive and essentially morphologlcal. It needs to ke
supplemented by techniques providing biochemical information." To
this may now be added techniques providing physiclegical information,
which is the main object of this section. The morphological findings

of the perfused liver in this section were supplemented by physico-

logical parameters as presented in section 5.1 and the transport
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phenomena in Chapters 7, 8 and 9. Although the electron microscope
is, thanks to the use of electrons, the only instrument available for
the direct observations of cellular fine structures, it has definite
limjitations hecause the penetrating power of electrons is limited. 1In
the first place, the physical properties of electrons necessitate the
maintenance of a vacuum in the microscope ceclumn, which, makes the
study of living cells impossible. The necessity to observe the speci-
- men in a vacuum requires dehydration of the bioclogical specimens (as
was done 1n these liver specimens - see methods section following
this). Prior to dehydration they must be subject to fixation to
ensure preservation of cellular organisation during further prepar-
ation. Tt must be kept in mind that eventually fixation leads to
transformation 6f the chemical characteristics of cellular substances
apd may change the size, shape and spatial interrelationships of cell
compeonents. The way in which the fixative is applied, the chemical
nature of the fixing compound, the osmolarity and pH of the fixative
gcolution, and the temperature and duration of fixation, can all have
a profound influence on the appearance of a cell or cell components
(SABATINI, BENSCH & BAREBNETT 1963; MAUNSBACH 1966a, l966b; SJOSTRAND
1967). As a consequence of fixation, moreover, only a certain moment
in the dynamic aspect of the living cell can be cbserved, and there-
fore an important restriction with respect to time must be accepted.
The systematic¢ uwltrathin sectiocning was used in the present study, as
this method was preferred to other types. For this purpose, the
specimen is normally infiltrated with a liquid plastic or epoxy resin,
which after hardening by polymerization gives a specimen from which
sections with the reguired thickness can be cut. Both the embedding

of the specimen and the subsequent secticning can lead to distortion
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or displacement of its components. In addition, during fixation,
.f:  dehydration or embedding, socluble components of the specimen may be
extracted. The specimens-must generally be subjected to an augmen-
:\ tation of their mass density by electron staining to cbtain adeguate
image centrast because only structures able to scatter electrons can
 .' be located by the electron microscope. Unfortunately, however, only
& limited number of specific or even selective, staining methods are
avajlable for this purpose as exemplified in the method section
immediately following this section. As a consequence, only a iimited
number of eomponents known from chemical analysis can be present in
the cell can actually be localised on the level of fine structure.
" On this basis it was arqued (DAEMS, WISSE & BREDERCO, 1970) that the

appearance of the cell in the electron microscope only partially

represents the actual composition of the living cell.
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5.2.2 Methods
Three different types of liver slices (A, B, C} were prepared;
" the first liver (A) fixed as unperfused liver, liver B as a normal
péffused liver and liver C as a perfused liver with addition of
phlorizin.
For liver slices of group A, the rat was anaesthesized and

- operated in the usual manner (see Chapter 3) short of cannulation for

- perfusion. Then the right major lobe was removed, cut in small pieces

" and immersed in 2% glutaraldehyde fixative in 0.1M phosphate buffer

- for three hours. Tt was then taken out and immersed in O.1M phosphate
buffer with 10% Sucrose, to wash out any excess fixative from the
_ tissue. The Sucrose buffer was changed five times to give six wash-
ings. The liver was taken out and cut in a petri dish inte about
hun3 slices which were reimmersed in 10% Sucrose buffer and transported
to electron microscopy sulte for post fixation preparation for elec-
tron microscopy.

The liver B was operated and perfused normally for three hours.
At the end of normal perfusion, the liver was perfusicen fixed by
- gravity feed from a 500ml aspirator beottle containing the sucrose

- buffer by a three-way tap.

The fixative buffer was made up in the following way:

To lloml of 0.2M KH2P04 and 90ml of O0.2M Na,HPO, were added
50ml of 25% glutaldehyde (fixative) and 150ml distilled watexr making
a total of 400ml.

To make up the 10% Sucrose buffer, 72ml KH PO, (0.2M) and 30ml

2 4

of 0.2M Na2HPO4 were mixed with 162ml of 20% sucrose giving a total

volume of 324ml.

For perfusicn fixation, the three-way tap was switched to on-line






