
 

 

 

University of Southampton Research Repository 

Copyright © and Moral Rights for this thesis and, where applicable, any 

accompanying data are retained by the author and/or other copyright owners. A 

copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. This thesis and the accompanying data cannot be 

reproduced or quoted extensively from without first obtaining permission in 

writing from the copyright holder/s. The content of the thesis and accompanying 

research data (where applicable) must not be changed in any way or sold 

commercially in any format or medium without the formal permission of the 

copyright holder/s.  

When referring to this thesis and any accompanying data, full bibliographic 

details must be given, e.g.  

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, 

name of the University Faculty or School or Department, PhD Thesis, pagination.  

Data: Author (Year) Title. URI [dataset] 

 



A study on the role 
of the

moleonlar organisation of cell maabranes 
in the

development of obesity.

by

PAHh ANDREW EYSIGP

Department of Nutrition

A thesis submitted to the 
University of Southampton 

for the degree of
DOCTOR OF PHIDOSQPBY

' May 1981



To my mother, father and. brothers 
with much love and. thanks.



-1-

Acknowle&gements

I thank all the members of the academic staff of the School 
Biochemical and Physiological Sciences at the University of 
Southampton for providing me not only with good laboratory facil­
ities but also with willing and helpful advice. Particularly,
I would like to express my gratitude to hr David York for both 
excellent supervision and invaluable help with the preparation 
of this thesis. Thanks also to Dr David Gorina for patiently 
performing and interpreting the sometimes difficult GDC analysis 
of samples discussed in this study, to Dr Sean Pitzsimons for 
undertaking confirmatory electron microscopic analysis of various 
membrane preparations,and to Dr David Wilton for providing a 
sample of fluorescent sterol. I am especially indebted to Dr 
Ram Sharma for considerable help with the synthesis of a number 
of compounds used in the course of this work, and also for teach­
ing me some very interesting chemistry.

I am extremely grateful to Dr. J. Bagust for very patient 
help in organising the typing schedule of this thesis, and to 
Brenda Bagust for producing such accurate and well presented typed 
originals; also to all those who have provided unfailing and 
friendly technical facilities to the department, particularly 
Phil Vincent, Betty McCarthy and Peter (and all their
associates).

It is a great pleasure to acknowledge the quality of the 
work undertaken by Mr Colin Bunce and his team in the University 
of Southampton animal house. These people have maintained the 
genetically obese mice used in this work to the very highest 
standard, and have undertaken extra work in order to provide me 
with an adequate supply of animals.

Finally^ I would like to thank my mother for everything she 
has done for me over the years.



-11-

ABSTRACT
FAonnnrc^ scn@K^
DEPARTMIMT OF NUTRITION 
Doctor of Philosophy
A STUDY IN TEE ROLE OF MOLECDLAR ORGANISATION OF CELL MEMBRANES 
IN TEE DEVELOPMENT OF OBESITY, 
by Paul Andrew Eyslqp
The molecular organisation of the adipocyte plasma membrane from 
lean and genetically obese (ob/ob) mice has been investigated.
No difference was detected in the protein or cholesterol to phos­
pholipid ratio between the membranes from the two phenotypes.
The location of phospholipid classes in the two halves of the mem­
brane bilayer has been determined for the adipocyte plasma mem­
brane, and again no difference was apparent in either the phospho­
lipid composition or the assymetric arrangement of these phospho­
lipid classes between the membranes from both phenotypes. Using 
fluorescence depolarisation by probe labelled membranes, the 
fluidity of obese mouse adipocyte plasma membranes was found to 
be greatly increased compared to lean controls. The fluidity dif­
ference was largely due to an increase in long chain polyunsatur­
ated fatty acids esterified to carbon atom 2 of phosphatidyleth- 
anolamine (PE)' phospholipid is confined to the inner half
of the bilayer. The major fatty acid responsible for the fluidity 
change in obese mouse membranes is docosahezaenoio acid. Evid­
ence is presented that the presence of this fatty acid in mem­
branes regulates a number of metabolic processes, particularly 
the hormonal stimulation of adenylate cyclase. This concept is 
extended to form a general hypothesis that the presence of inc­
reased docosahexaenoyl PE in membranes forms the basis of many 
of the observed metabolic changes in the obese condition. As 
obesity is a disorder of energy balance, the locus of the regu­
lation of cellular metabolic efficiency is postulated to reside 
at the level of the phospholipid composition of the plasma mem­
brane.
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Introduction.

1.1. What is obesity?

Obesity is a term used loosely to describe the condition of 
excess storage of body fat in an individual, that is superfluous 
to forseeable need. Obesity becomes a problem to an animal only 
when the excess fat impairs its survival chances either directly 
by reducing mobility, or indirectly through altered endocrine 
funcion and cardiovascular changes. Indeed obesity has been iden­
tified as a major cause of premature death (Oarrow, 1978).

Obesity can only result if energy intake exceeds energy 
expenditure, the excess being stored as fat. The generation of 
a positive energy balance could simply reflect an excessive food 
intake. However, many obese persons eat less then non-obese 
individuals (Oarrow, 1978). On the other hand, obesity is not

f! .due to reduced physical activity (Bjorntorpet al, 1975). Therefore 
it may be concluded that obesity is caused primarily by the meta­
bolic conservation of energy (Bray, 1978). Ehergy balance in 
animals is a homeostatic process with stable body weight hovering 
around the mean for an individuals height and sex. As the con­
cept of an 'ideal body mass' is a rather arbitary one, the divid­
ing line between lean and obese individuals is not well defined.

Energy intake, especially in humans varies considerably. 
Environmental, social and psychological factors, as well as 
growth and pregnancy all alter food intake in humans. As the 
energy taken into an animal must equal the energy it expends plus 
the energy stored in its tissues, some homeostatic mechanism must 
control energy stored to maintain energy balance. In recent years, 
it has become clear that energy balance is regulated by the hypo­
thalamus, although the mechanisms involved in this process are 
completely unknown. Understanding the hypothalamic neurophysiol­
ogy and also the effector mechanisms that control energy balance 
in man will be a lever for pharmacological or surgical aleviation 
of the obese syndrome. Research into obesity also provides inform­
ation on how our bodies adjust their overall metabolic efficiency, 
such that stored energy can be wasted or conserved. Such inform­
ation may be of use in helping people suffering from long term 
energy malnutrition.
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1.2. Animal models of obesity.
Obesity may be classified into a number of categories, 

hypothalamic, endocrine, genetic and dietary. Hypothalamic obes­
ity is rare in man and has been mostly associated with other 
hypothalamic diseases (Bray, 1974)* 4 major factor in the gene­
sis of this obesity is an enhanced secretion of insulin. The 
increased lipid is accommodated through fat cell hypertrophy 
(Hirsch and Han, 1969). Animal models of this obesity are the 
hypothalamically lesioned rat and chemically lesioned (gold thio- 
glucose) mouse, in both of which the ventromedial nucleus of the 
hypothalamus is damaged.

Endocrine obesity in humans is associated with Cushing's 
syndrome, insulinomas, castration, or may remain after pregnancy.
Animal models exist for these types through corticosteroid or

fit w ) .insulin injections, or by castration (Bray /1974).

There are general genetically transmitted obesities in animal
models which exhibit different modes of inheritance (Bray and York,

nttikw from .
1971). The yellow obese mouse^ autosomal dominant gene witn 
three varieties, in which the degree of obesity is proportional to 
the yellow pigmentation. Three types of genetic obesity exhibit 
Mendelain recessive characteristics: the obese mouse (ob/ob), 
the allelomorphic diabetic mouse (db/db), the adipose mouse (ad/ad) 
and the fatty rat (fa/fa).

Dietary manipulation may also be used to induce obesity 
although the success of each protocol is often dependant upon the 
strain of rats. Among the manipulations used are high fat diets, 
sucrose feeding and the currently popular "Cafeteria" type diets 
(Rothwell and Stock, 1979)«
1.5. Characteristics of the obese mouse (ob/ob).

The ob/ob mouse strain, originated from the C57BL/6j back­
ground. It was first described by Ingalls et al. (1950)* The 
ob/ob mouse inherits its obesity as an auH.;omal recessive muta­
tion. on chromosome 6. The gene defects have been maintained in 
the University of Southampton animal house on a strain of mice



-5-

originating from the Institute of Genetics at Edinburgh, that was 
chosen for its better breeding performance.

The ob/ob mouse may provide a good model for juvenile-onset 
obesity in humans since several characteristics of each syndrome 
are similar (Bray ^1974)• The characteristics of the oh/ob mouse 
have been fully discussed by Bray and York, (1979)> and only a 
brief summary of the complex metabolic changes that occur in this 
animal model will be discussed here. Fuller discussions on the 
relevance of these changes to experiments described in this thesis 
are in the introductions to each chapter.

1.3. a. .Development
A decrease in oxygen consumption and a fall in core temper­

ature in the ob/ob mouse are apparent as early as 10 days of age 
(Trayhurn et al., 1977). Shortly after this (17-21 days) there 
is a small increase in serum insulin with a consequent hypoglycaemia 
(Dubuc, 1976). Obesity as indicated by increased carcass fat, is 
detectable by days 17-21. This is accompanied by a decreased 
muscle protein deposition (Hubuc, 197^). After weaning, hypo- 
phagia is observed till day 26, when the animals become hyper- 
phagic (Liu and Yin, 1974). Hyperplasia and hypertrophy of the 
adipose tissue is observed, with increasing hyperinsulinaemia and 
hyperglycaemia. Brown adipose tissue becomes refractory to stimu­
lation (Hogan and Himms-Hagan, 1979), and cold tolerance becomes 
impaired. With advancing age (over 6 months) weight gain stops.

1.3. b. Brain and hypothalamus.

A generalised reduction in weight of most areas of the brain 
of ob/ob mice has been observed by Bereiter and Jeanrenaud, (1979) 
the concentration of neurotransmitters in the hypothalamus of 
ob/ob mice is altered (Borden et al., 1975). The altered morph­
ology of the brain in this animal is suggestive of congenital 
hypothyroidism, (jooste.n and Van der Kroon, 197^).



1.3.0. Endocrine status.
Serum insulin rises to levels 50 fold, higher in the oh/ob 

mouse compared to lean animals. Basal hyperinsulinaemia contrib­
utes to the obesity but is unlikely to be the sole, primary cause 
of obesity (York and Bray, 1979). Insulin resistance follows 
hyperinsulinaemia. The mechanisms underlying hyperinsulinaemia 
are unclear, although the autonomic nervous system (Bray et al,, 
1981) and a factor (Beloff-Chain, 1979) have been imp­
licated in excessive insulin secretion by the p cell, Down regu­
lation of tissue insulin receptors results from the hyperinsulin­
aemia, and this contributes to the developing insulin resistance 
(Bray and York, 1979). Glucagon secretion by the pancreas is 
also increased (Be Marchand-Brustel et al., 1977). Adrenal hyper­
trophy and increased serum corticosterone levels are observed in 
ob/ob mice (Bray and York, 1979) in response to increased serum 
ACTE secretion from the pituitary. Catecholamine resistance is 
also observed in adipose tissue from ob/ob mice (Dehaye et al.,
1978) in vitro.

Thyroid hormone metabolism has been found to be normal in 
ob/ob mice (Bray and York, 1979) although thyroid hormone resis­
tance by the tissues has been observed. For example both the 
thyroid hormone stimulation of Na^/K^ ATFase (Bray and York, 1979J 
and catecholamine-induced lipolysis (otto et al., 1976) are defic­
ient in ob/ob mice. These observations, consistant with a func­
tional hypothyroidism may account for the altered brain morphology, 
hypometabolism and impaired thermogenic ability of the ob/ob mouse 
(Bray and York, 1979).

1.3,d. Carbohydrate, Dipid and Protein metabolism.
Fasting hyperglycaemia in the ob/ob mouse is probably the 

result of insulin resistance, impaired glucose transport into 
muscle (Cuendot et al., 1976) and increased rates of gluconeo- 
genesis and glycogenolysis (Bray and York, 1979). Impaired carbo­
hydrate metabolism may be secondary to the increase in glucjagon 
and glucocorticoid secretion (Bray and York, 1979).



The failure of ob/ob mice to deposit normal amounts of 
muscle protein may contribute to the hypometabolism of this 
animal, as it has been suggested that the regulation of protein 
turnover may contribute to energy balance (Yousef and Chaffee, 
1970)' Also, Miller et al. (1979) have observed a lack of diet­
ary regulation of hepatic protein turnover in the ob/ob mouse, 
whereas in lean littermates, a sigmoidal relationship between 
dietary energy and hepatic protein turnover was observed.

Increased lipogenesis in both liver and adipose tissue occurs 
from an early age in the ob/ob mouse (Bray and York, 1979)* The 
control of fatty acid synthesis is relatively normal in ob/ob 
mice, the observed hyperlipogenesis probably resulting from the 
hyperinsulinaemia. The increased turnover rate of glycerol in 
adipose tissue from ob/ob mice suggests that the lipolytic func­
tion is not impaired. However, the response of lipolysis to 
catecholamines may be impaired. This is secondary to the impaired 
elevation of intracellular cAMP produced by an impaired response 
of the adenylate cyclase to hormones (Dehaye et al., 1978).

I.^.e. Energy conserving mechanisms in the ob/ob mouse.

The failure to demonstrate any major defect in lipid meta­
bolism in the ob/ob mouse suggests that lipid accumulation is 
secondary to a metabolic lesion involved in the conversion of 
dietary energy to waste products. James and Trayhurn (I981) have 
suggested that less energy is spent on thermoregulatory thermo­
genesis in ob/ob mice compared to lean because the core tempera­
ture of the ob/ob mouse is reduced and that this may account for 
the increased efficiency of food utilisation.

Varioue metabolic processes have been postulated to contrib­
ute to non-shivering thermogenesis in mammals, e.g. ion pumping 
across membranes (Guernsey and Stevens, 1977; Bray and York, 1979); 
protein turnover (Miller et al., 1979);substrate cycling (hews- 
holme, 1978);uncoupling of brown adipose tissue mitochondria 
(Foster and Frydman, 1979). Although all of these processes are 
thermogenic, and certainly contribute to basal metabolic rate, 
identifying metabolic pathways that are impaired sufficiently to
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change the energy requirements of the whole animal is an excep­
tionally difficult problem.

1.4' Possible importance of membrane defects in the aetiology
of obesity.

All of the defective metabolic processes (described in the 
previous section), that occur in the ob/ob mouse are the net 
result of a single enzyme defect (Coleman, 1978). The type of 
enzyme that is mutated and its tissue and cellular location are 
completely unknown at present. The enzyme defect is not directly 
responsible for many of the observed metabolic changes in the 
ob/ob mouse, as^tissue transplant studies from an obese donor to 
a lean recipient demonstrate that many of the metabolic abnorm­
alities of the transplanted tissue disappear (Bray and York,
1979). Thus, many of the metabolic abnormalities in the ob/ob 
mice are secondary to the gene, defect. The defects that have 
been described cover a wide range of metabolic changes and it is 
difficult to see how a single protein defect could explain such 
changes. For example, if the primary defect is the control of 
thermogenesis, how could such a defect explain the hyper secretion 
of insulin, the increase in food intake and the failure to deposit 
normal amounts of protein? It is easier to envisage that the 
defective thermogenesis is simply another expression of the gene 
defect. These considerations lead to the conclusion that there 
is perhaps a general change that occurs in the tissues of the 
ob/ob mouse which results in the alteration of cell metabolism 
dependant on the specialised function of that particular tissue.
The search for a generalised alteration of cell metabolism that 
precipitates the obese condition is of interest because it is 
precisely at this level that pharmacological treatment of the obese 
syndrome may be useful, and also in establishing the nature of the 
generalised metabolic disturbance will certainly help in the iden­
tification of the mechanisms that regulate energy balance. What 
then could be the locus of such a postulated, generalised metab­
olic change in the tissues that precipitate obesity? A defect in 
membrane composition could be the link between all of these meta­
bolic changes. Without exception, all of the known metabolic



defects, at some stage or another, are associated with some membrane 
related process. For example, insulin secretion by the p cell is 
under both metabolite and nervous control. Both of these effector 
mechanisms involve the transducing of a 'signal' across the p 
cell plasma membrane. A defect at the plasma membrane level may 
give rise to the enhanced insulin secretion by this tissue in the 
ob/ob mouse. The hormone resistance observed in many tissues of 
the ob/ob mouse could be explained by a plasma membrane defect, 
as the cellular response to hormone binding to the plasma membrane 
is mediated by various transmembrane signalling processes. Also, 
the impaired thermogenic response could be a failure of hormone 
activation of thermogenic tissue at the plasma membrane level. 
Finally, the altered neurotransmitter levels observed in the hypo­
thalamus of the ob/ob mouse may result from an impaired secretion 
and uptake of neurotransmitters by synaptosomal membrane.

A possible defect in tissues at the level of the cell plasma 
membrane of ob/ob mice may be a more generalised membrane defect, 
and other membranes such as the endoplasmic reticulum and the mito­
chondrial membranes may also be defective in the ob/ob mouse.

1.5* Structure and composition of biological membranes.

It has been suggested that the properties of the cell mem­
branes may be altered in the ob/ob mouse. In order to identify 
possible components that may have undergone change, the structure 
of the biological membrane is considered. The current concept 
of the structure of biological membranes is that of the model 
proposed by Singer and Bicholson (1972). The model proposes that 
the membrane consists of a bilayer of fluid lipid, with proteins 
either integrated with the membrane matrix, or associated with the 
surface of the bilayer. The proteins are free to rapidly migrate 
in the plane of the bilayer. The protein components of the mem­
brane comprise the hormone receptors, metabolite transporters, 
redox enzymes, etc. The structure and activity of these membrane 
proteins are dependant on their lipid environment (lenaz, 1977).
The bilayer itself is comprised mainly of amphipathic molecules 
called phospholipids. These phospholipids :have specific head- 
groups that define the class of phospholipid, esterified via a 
phosphate group to the 5 carbon position of glycerol (Fig 1.1).
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Fig 1.1. Major phospholipid classes of mammalian cell membranes.
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The 1 and 2 carbon positions of glycerol are occupied by esteri- 
fied fatty acyl groups. These fatty acyl moieties are usually 
liquid (above their melting temperature) when esterified to the 
polar phosphoryl glycerol, which is itself in a rigid quasi­
crystalline structure (Lenaz, 1975)* The phospholipid molecule 
is thus described as being in a liquid crystalline skate. If the 
hydrocarbon chains are cooled to below their melting temperature, 
the phospholipids are said to be in the gel phase.

Biological membranes consist of two sheets of these molecules 
stacked on top of each other, forming a bilayer hydrocarbon matrix. 
The phospholipid headgroups separate the aqueous medium so as to 
form a diffusional barrier for water soluble molecules, and there­
fore the membrane compartmentalises the aqueous medium. If the 
membrane matrix is continuous, a vesicle or cell rs formed, and 
thus the membrane delineates an 'internal' and 'external' environ­
ment. Proteins incorporated into these membranes are themselves 
amphipathic. Hydrophobic regions on these proteins (containing 
non polar amino acids) interact with the hydrocarbon matrix. 
Hydrophilic regions of the proteins (containing polar amino acids) 
interact with both the headgroups of the phospholipids, and the 
aqueous medium. Protein-lipid interactions play a key lole m 
the structural and functional properties of membranes (Lenaz,197/)< 
These interactions can be classified as two types. There are 
specific interactions between proteins and lipids that affect the 
structural and functional properties of both components. At the 
same time, the lipid as a bulk phase is important in orienting 
proteins to the compartments separated by the membrane. The pro­
teins described above are integral membrane proteins, that is 
they either penetrate the bilayer either completely (span the mem­
brane) or partially, so that the protein is oriented permanently 
to just one aqueous compartment. Extrinsic membrane proteins are 
only loosely associated with the membrane, and wili not be consid­
ered here.

The function of membrane proteins can be modified either by 
the class of polar headgroup of the phospholipid interacting wiuh 
the protein, or by the physical state, or conformation of the



phospholipid fatty aoyl chains. Mammalian membranes contain a 
wide variety of fatty acid species, which complicates the study 
of membrane protein interaction. Patty acid species differ from 
each other in their chain length and degree of nnsaturation. The 
degree of unsatnration of fatty acyl moieties determines the vis­
cosity of the membrane matrix directly, and may directly alter 
protein mobility, activity and interaction with other proteins or 
membrane components (Lenaz, 1977)«

Several techniques have shown that lateral motion of the 
individual molecules is very rapid in liquid-crystalline lipid 
matrices, (henaz, 1977) and the translocation of amphipathic 
molecules from one half of the bilayer to the other is slow 
(Kornberg and McConnell, 1971), partly because movement of a 
hydrated, polar region through a hydrophobic hydrocarbon matrix 
is thermodynamically unfavourable. The biological membrane, 
then produces a diffusion barrier for cells and is composed of 
many phospholipid species, which provides a matrix for membrane 
bound proteins to be vectorially oriented. The dynamic nature of 
membrane organisation and the wide variety of different membrane 
components accounts for the wide variety of metabolic processes 
that can be regulated by the cell membranes. Thus, changes that 
may occur in the membrane matrix may be expected to modify meta­
bolic processes associated both directly ani indirectly with the 
cell membranes.
1'^' Proposed investigations into cell membranes from lean and

obese mice.

As the lipid matrix is so important in membrane related pro­
cesses, detailed compositional analysis of membranes from lean end 
obese mice was carried out in order to ascertain if there were any 
gross structural differences between membranes from the two pheno­
types. The protein content to phospholipid ratio was measured, 
as well as the proportion of each phospholipid class. Also, 
physical techniques were utilized to measure the internal viscos­
ity of the hydrocarbon matrix of several membranes from lean and 
obese mice. Information concerning membrane viscosity is related 
to the fatty acid composition of the phospholipids, the protein



to phospholipid ratio and also to the amount of cholesterol within 
the lipid matrix. The presence of protein and cholesterol in 
phospholipid hilayers reduces the mobility of the phospholipid 
fatty acyl chains, and thus increases the viscosity of the mem­
brane hydrocarbon matrix (Shinitzky and Inbar, I976). The 
effects of protein on the viscosity of the hydrocarbon matrix of 
membranes from lean and ob/ob mice was assessed oy extracting the 
bulk lipid fraction and reconstituting the extract into artificial 
membrane vesicles called liposomes. The components comprising the 
reconstituted liposomes will of course be 'scrambled'. In other 
words the bilayer halves of the liposomes will contain equal 
proportions of all classes of lipid present, and thus any assymeb- 
ric arrangement of the lipid species originally present in the 
membrane will be destroyed by this procedure. The effects of 
removing both protein and cholesterol can also be assessed in a 
similar manner, by removing cholesterol from the bulk lipid extracu, 
Also each phospholipid class can be isolated and reconstituted 
into liposomes for viscosity measurements. Such information builds 
up a concise picture of the contribution of each component to the 
bulk lipid viscosity.

As the viscosity of the hydrocarbon matrix is depeniant on 
the fatty acyl composition, the fatty acid profile of each membrane 
phospholipid from both lean and obese mice membranes was assessed 
by Gas Liquid chromatography, in order to correlate viscosity 
measurements of lipid systems with their fatty acyl composition.
The distribution of phospholipids on either side of the membrane 
was measured, to establish whether membranes from lean and obese 
mice have the same assymetric distribution of phospholipid classes.

Finally, the activities of certain membrane proteins were 
examined in both lean and ob/ob mice, and correlated with the 
composition of their lipid matrix. Thus, a complete study of 
cell membranes from both phenotypes may establish the hypo
thesis that membrane perturbations are involved in the aetiology 
of obesity.
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• 7• Probing of the dynamic and molecular organisation of 
biological membraneso

Plany techniques have been used to probe biological membranes. 
A probe of a biological system is considered to be a molecule, 
small relative to that system, providing information about the 

volume in which it is found. A molecular probe gives 
direct imformation only about itself, but provides much indirect 
evidence about their environment (Badley, 1976). The major tech­
niques that have been used to probe biological membranes are;-
a) Electron spin resonance (ESR)
b) nuclear magnetic resonance (]MR), and
c) fluorescent probes.
ESR techniques utilise a nitroxide free radical bound to various 
sites of membranes or membrane components. The spin label absorbs 
electromagnetic radiation in the presence of an external magnetic 
field, and the interaction of the unpaired electron with nuclear 
spin produces a characteristic absorption spectra. The shape of 
the spectra reflects the orientation and motion of the spin label, 
as well as the polarity of its environment (Smith, 1972).
Although spin labels are popular methods of probing lipid mobility 
in bilayers and membranes, ME has also been used extensively to 
prooe the physical states of lipids in bilayers and membranes 
(chapman, 1973). Any nucleus with a non zero magnetic moment will 
interact with electromagnetic radiation in the presence of an 
external magnetic field, and absorb energy. The degree of shield­
ing of the nucleus by other local nuclei will change the value of 
the resonance energy. Another more sophisticated technique util­
ises the relaxation properties of nuclei that have been excited by 
external radiation. These techniques have been utilised to meas­
ure properties of various regions of the hydrocarbon matrix and 
also those of the polar headgroups of phospholipids.

In this thesis, much use is made of fluorescent probes to 
investigate the properties of biological membranes and lipid mix­
tures. In particular, the technique of measurement of polarised 
intensities of iluorophores is used, hence a discussion of this 
technique follows. Electronic absorption of an incident photon
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by a fluorophore promotes an electron from an originally occupied 
bonding or non bonded orbital to an originally unoccupied mole­
cular orbital, to form an excited state. As there are usually sev­
eral unoccupied orbitals, several elctronically excited states are 
possible for each molecule, giving rise to unique absorption spec­
tra for each fluorophore. It is the relaxation of these excited 
state electrons back to the ground state that gives rise to photo­
physical phenonena such as fluorescence. Relaxation occurs by more 
than one process, energy also being lost by non-radiative processes. 
This results in a Stokes-shift of the emission radiation to longer 
wavelengths than the excitation wavelength, and a characteristic 
quantum yield of the fluorescent process, which is a measure of 
the rate of photon emission as fluorescence compared to the rate 
of absorption. Fluorescence lifetimes are typically in the order 
of to I0"^8ec.

The photophysical event of absorption and emission of a 
fluorophore is modified by many processes. Excited state lifetimes, 
quantum yield, and Stokes shift are all modulated by, for example, 
the polarity of the solvent environment of the fluorophore. In the 
fluorescence of aromatic compounds the process of absorption and 
emission of electromagnetic radiation are associated with transition 
dipoles of a well defined orientation on the molecular frame. Roth 
the excitation and emission dipoles lie on the plane of the molecule. 
In the finite time between absorption and emission of radiation, 
the orientation of the molecular frame will not have changed if the 
molecule is in 'frozen' solution. However, if the molecule is 
undergoing axial rotation, the orientation of the molecule changes 
over the fluorescence time period. The technique of fluorescence 
polarisation utilizes this event to give information concerning the 
freedom for molecule motion, as measured by the degree of angular 
displacement of the transition dipole during the lifetime of ^he 
excited state. Experimentally, this can be achieved by photoselect- 
ing molecules in a fixed orientation with respect to defined labor­
atory axis, by exciting the fluorophores with polarised light. The 
emission dipole displacement is proportional to the ratio of the 
intensities observed through two orientations of a polarising lens 
(Fig 1,2). OX, 02 and OY are the laboratory axis, defined by the
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Y

Fig 1.2. Light Path for measurement of polarised intensities 
M = monochromator, P = polarising lens. C = cuvette.
A = analysing lens. PM = photomultiplier.
OX, OY, OZ = laboratory axis. P.V. = Light source.
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plane of polarisation of the exciting radiation (ZY plane) prop­
agated along XO, then if the emission intensity is detected 
through a polarising lens (analyser) in the XZ plane between OY 
oriented parallel and perpendicular to the direction of polar­
isation of the excitation light then the degree of fluorescence 
polarisation of the emission dipole is defined as the difference 
divided by the sum of the two measured intensities. Because the 
degree of polarisation is a ratio of two intensities, the units 
of^measurement are unimportant.

If the degree of rotation of the fluorophore is in the same 
order ( 10 ^ rad sec ) as the fluorescence lifetime of the
excited state, then the degree of depolarisation of the excita­
tion dipole is proportional to the degrees of freedom of mole­
cular rotation of the fluorophore about its axis. This in turn 
is governed by the number of degrees of freedom for molecular 
interaction between the probe and its environment. The equation 
which describes the general relation between the fluorescence 
depolarisation by a fluorophore and the hydrodynamic properites 
of the surrounding medium is known as the Perrin equation. This 
allows direct calculation of the 'viscous drag' imposed upon the 
rotating fluorophore by the solvent (see Shinitzky and Barenholz, 
1978)* The equation described by these authors allows calcula­
tion of the viscosity of the solvent from measurement of polarised 
intensities providing that factors pertaining to the molecular 
shape, precise location of the transition dipoles and the fluores­
cence lifetime of the fluorophore are knoivn. Since the latter 
two factors are not constant for most fluorophores, the probes 
must be calibrated in a defined medium. The validity of this 
calibration for isotropic (ramdomly ordered) solvents for use in 
O-oisotropic system like biological membranes has been questioned 
by Hare and Lussan, (1977). Therefore the value of a rigourous 
determination of viscosity is not very high under certain situ­
ations, and therefore it suffices to regard the value of polar­
isation ratio obtained experimentally as a factor containing some 
information on the viscosity of the solvent medium. Values for 
polarisation measurements become increasingly more useful when 
two similar, but not identical solvent systems are employed for
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study. The values of P serve to differentiate hydrodynamic prop­
erties of the two solvent systems. Under these conditions, the 
actual value of the viscosity callihration becomes less important 
and we can use the terms 'more viscous' or 'less viscous' to 
qualitatively differentiate physical properties of solvents as 
measured by fluorescence polarisation techniques.
1.8. Use of 1,6 diphenyl hexa 1,3,^ triene (PPH) as a fluores­

cent probe.
The fluorescent properties and the validity of steady-state 

polarisation measurements of biomembranes has been documented by 
Shinitzky and Barenholz. (1978). This fluorescent probe is rod­
shaped, and does not appear to cause large perturbations in its 
environment, indeed it is probably this property that allows it 
to equally partition into both gel and liquid crystalline regions 
(Shinitzky and Barenholz, 1978). UPE is easily incorporated into 
lipid membranes, and gives highly reproducible polarisation data 
with standard lipid mixtures. The absorption and emission maxima 
are well separated, and thus this probe is ideal for use in steady 
state polarisation on relatively inexpensive equipment.

The;majority of the experiments in this thesis concerned 
with the measurement of the viscosity of the hydrocarbon matrix 
of membranes and lipid mixtures are performed using DPH as 
fluorescent probe. The thermotropic properties of probe labelled 
membranes and lipid mixtures were determined over a wide temper­
ature range. This not only gives very accurate viscosity data, 
but also gives added information about the nature of components 
present within the lipid matrix.

DPH was used as a fluorescent probe to investigate the vis­
cosity parameters of whole membranes, liposomes of lipid mixtures 
and phospholipid liposomes derived from lean and obese mouse tis­
sues. Viscosity parameters are expressed as the 'fluidity ratio'

3^ g, at a particular temperature, and is simply the viscosity calc­
ulated from the Perrin equation of one system divided by the other. 
This manipulation results in an easily recognizable fluidity 
change in one system compared to another. Since it is a ratio, 
errors in interpretation of the calibration factor used to calc­
ulate are not important.
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2.1. Preparation of hepatic microsomes from lean and obese mice.

Pour lean and four obese mice were killed by cervical dislo­
cation. The livers were pooled and minced with scissors in 5 
volumes of 250mM sucrose, lOmM tris-HCl, ImM EDTA pE 7.4 4°C
(Buffer A). The tissue pieces were then washed in two changes of 
buffer A and then homogenised in 5 volumes of buffer A in a motor- 
driven 50mi Jencons Uniform teflon-glass homogeniser at 5,000rpm. 
The homogenate was then centrifuged at 17,000 X g (E^y) for 10 
minutes at 4°C. The infranatant was carefully removed, leaving 
behind the fat cake and pellet. Microsomes were sedimented by 
centrifugation at 10^,000 X g (E^y). The supernatant was decant­
ed and the high speed pellet was then homogenised in 4^1 of 
buffer A. Protein concentration was estimated by the method of 
Lowry et al., (1951), prior to dilution with buffer A to Img 
microsomal protein per ml.

The microsomal suspension was then stored under nitrogen 
at -50°C until required.

2.2. Preparation of hepatic plasma membranes.

Plasma membranes were purified from livers of lean and 
obese mice according to the method of Eay (1970). Pour lean 
and four obese mice were killed and the livers from each group 
were pooled and minced with scissors in 5 volumes of 250mM suc­
rose, lOmM tris-ECl, 0.5mM CaCl , pH 7.4 at 4°C; (Buffer B)
All subsequent steps were performed at 4°C. The liver pieces 
were washed twice with buffer B. 2.5g of the minced tissue was 
then homogenised in 40ml of buffer B in a 50ml motor-driven 
Jencons Uniform homogeniser at 5,000rpm. The homogenate was 
then filtered through two layers of fine mesh nylon and left 
to stand on ice for 5 minutes. The homogenate was diluted to 
250ml with buffer B and centrifuged at 2,000rpm in an MSE 
6 X 250ml rotor for $0 minutes. The pellet was re-homogenised 
in buffer B and diluted to 125ml with buffer B, and centrifuged 
for a further 15 minutes as before. This process was repeated 
twice. The final pellet was then homogenised in 2-5ml 250mM 
sucrose, lOmM tris-HCl, lOmM EDTA ph 7.4 and 4°C (Buffer C).
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Plasma membranes were then purified on a 4 step discontinuous 
sucrose gradient by the following method. Enough 70^ sucrose 
solution was mixed with the 2-$ml homogenate to bring the final 
sucrose concentration to 48^^ This solution was then divided 
into three aliquots and placed in $ 25ml polycarbonate centri­
fuge tubes on ice. Over this was layered 8ml 45^ sucrose, 8ml 
41^ sucrose, and finally the tubes were overlayed and balanced 
with 2-4ml 57^ sucrose and centrifuged for 2 hours at 25,000rpm 
in an MSB $ X 25ml 8.0. rotor. The plasma membrane fraction 
appearing at the 41^ - 57^ interface was collected with a pip- 
ette, diluted to 40ml with buffer C and centrifuged at 30,000 
X g for 15 minutes in and MSB 8 X 58ml rotor. The pellet was 
resuspended to 1mg plasma membrane protein ml ^ by twenty up 
and down strokes of a tight fitting glass homogeniser in buffer 
C, and stored in 200pl aliquots under nitrogen at -50»C until 
required.

Sucrose solutions were prepared in the following manner. 
500ml of approximately 72^ sucrose was made by adding 50ml lOOmM 
BDTA, lOOmM tris-HCl pH 7.4 at 4°0 to 380g sucrose with stir­
ring. Bnough distilled water was added to the dissolved sucrose 
to bring the final volume to 500ml. 5^1 this solution was
then pipetted into a sack of dialysis tubing containing 5%g act­
ivated charcoal. The solution was then dialysed over night with 
the dialysis sack, with stirring at 4*0.

The solution was then adjusted to 70^ (± 0.1^^ at 25^0 
using a Zeiss refractometer with buffer C. A 200ml aliquot of 
this solution was then taken and the remainder adjusted lo 4%^
(± 0.1^^ and a further 200ml aliquot removed. In this manner, 
200ml aliquots of 41^ (± O.I^J and 37^ (± 0.1^^ were obtained. 
All sucrose solutions were stored at -50*0 until required.

EDTA was present in all gradient solutions, as we found 
that excessiye 'clumping' of the membrane fractions took place 
in its absence.
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2.3. Preparation of adipocytes from epididymal fat pads from
lean and obese mice and rats.

The adopted procedure was essentially that of Gliemann 
(1967) with some modifications. Mice were killed by cervical 
dislocation and both epididymal fat pads were removed. Blood 
vessels and vas deferens were trimmed away and pooled tissue 
was minced with scissors to a fine consistency in buffer con­
taining the following: 100 vol. 0.99^ NaCl, 4 vol. 1.12^ KCl,
3 vol. 1.22^ CaClg, 1 vol. 3.8^ MgSO^, 1 vol. 2.11)^ KS^PO^,
21 vol. 3.49^ HEFES, 4^ BSA, RIA grade, pH 7»4 at 37°C. To this 
Img ml ^ collagenase was added and incubated at 1ml buffer gm 
tissue. Digestion was carried out for 30 minutes, shaking at 
120 cycles minute"^. At the end of this period, liberated 
adipocytes were sieved through two layers of fine mesh nylon 
into a plastic 12ml centrifuge tube. The cell suspension was 
left to stand for 2 minutes. At the end of this period, the 
infranatant was removed via a length of plastic tubing that had 
been inserted to the bottom of the tube and held in place by 
acrylic glue. The plastic tubing was connected by means of a 
screw clip on the vacuum line. The cells were washed X 3 with 
Krebs-HEPES buffer containing 1^ BSA minus collagenase. Cells 
were interspersed with washing medium by gently tipping the 
tube from side to side after being closed with a piece of seal­
ing film.

2.4. Preparation of adipocyte plasma membranes from lean and
obese mice.

This was essentially similar to the method of Jarret (1974) 
with some modifications. The isolated washed adipocytes were 
diluted to 5 vol. with 250mM sucrose, ImM EDTA, lOmM tris-HCl 
pH 7.4 at 4°C containing Img ml"^ Bacitracin at 25°C, The cells 

were homogenised in a loose fitting 30^4 Jencons homogeniser at 
25°C with 10 up and down strokes at 2,000rpm, The homogenate 
was then immediately centrifuged at 1,000 X g on a MSE minor 
centrifuge at R.T. for 2 minutes. The lA^-ranoi-cvrit was then left 
to stand on ice. This last manipulation increases the yield of 
plasma membrane, as the triglyceride separates easily from cell 
organelles in the liquid state at room temperature, whereas if 
allowed to cool prior to a brief centrifugation, the congealed
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triglyceride traps plasma membrane. Bacitracin ie present in 
the homogenisation medium to reduce proteolytic degradation o± 
membrane components. The cooled homogenate was then cenurifugeu 
at 16,000 X g minutes in an 8 X 50ml rotor. The
pellet was then homogenised in 6ml of 250mM sucrose, imM hDTA, 
lOmM tris-HCl pH 7.4 at 4=C (Buffer E) and centrifdged at 500 X g 
for 2 minutes. The supernatant was decanted off and then lay­
ered over 15ml 9^1 Eicoll made up in buffer E, contained in an 
MSE 25ml polycarbonate centrifhge tube, and was then centrifuged 
at 59,000 X g for 45 minutes in an MSE 5 X 25 S.O. rotor. The 
purified plasma membrane fraction, appearing as a sharp band at 
the buffer E/9^ Ficoll interface, was then collected with a pip­
ette and diluted with buffer E to 40ml and centrifuged at 25,000 
X g for 15 minutes in an MSE 8 X 50 rotor. The pellet was made 
up to Img protein ml ^ in buffer B, divided into 200pl aliquots 
and stored under nitrogen at -50*0 until required.
2.5. Preparation of red blood cell plasma membranes from lean

and obese mice.
The method employed was essentially that of Hanahan and 

Ekholm (1974). Animals were decapitated and blood was allowed 
to drip freely from the torso via a collecting funnel to a plas­
tic 12ml heparinized centrifuge tube. Blood was collected from 
12 animals of each phenotype. After collection, the tubes were 
centrifuged at 1,000 X g for $0 minutes in an MSE minor centri­
fuge installed in a cold room at 4*0. Plasma was decanted off 
and the layer of white cells gently washed from the underlying 
erythrocytes with 172ml tris-HCl pH 7'4 si 4*0 which is isoboni^ 
with plasma. Erythrocytes were then suspended in 1 vol. of iso­
tonic buffer by gentle homogenisation with a loose fitting homo- 
geniser and the suspension re-centrifuged at 1,000 X g for 50 
minutes. Erythrocytes were washed twice more in this fashion. 
Erythrocytes were then suspended in 1 vol. of isotonic ouffer and 
diluted with 6 vol. 11.ImM tris-HCl (buffer P), with shaking. 
Buffer F is a hypotonic buffer, and after the tubes have been 
allowed to stand on ice for 5 minutes complete haemolysis of the 
erythrocytes has occured. The tubes are then centrifuged at 
20,000 X g in an MSE 8 X 50ml rotor for 40 minutes at 4*C. The



.24-

supernatant is decanted and the red cell plasma membranes homo­
genised in 40ml buffer F and re-centrifuged as before. Membranes 
were subject to a total of 4 sedimentation/homogenisation cycles. 
The resulting washed membranes are pinkish in colour due to small 
amounts of trapped haemoglobin. Membranes were suspended in 2^0 
mM sucrose, lOmM tris-hCl, ImM EDTA to Img membrane protein ml 
and stored at -50*C under nitrogen until required.
2.6, Preparation of sarcolemma from lean and obese mouse hind

limb muscle tissue,

Sarcolemma was purified from muscle homogenate by the met­
hod of Cheng et al. (1977), preceded by a modified method of 
obtaining muscle homogenates.

Eind limb muscle tissue was obtained by killing 20 mice by 
cervical dislocation, removing the hind legs by cutting the pel­
vic joint, and stripping the skin away from the muscle with for­
ceps. Muscle tissue was cut away from the leg bones and separated 
from the surrounding connective and adipose tissue as much as pos­
sible. However, it is not possible to completely separate all 
adipose tissue from muscle tissue, especially in tissue from 
obese mice.

Since adipocyte plasma membrane co-purifies with sarco- 
lemma and is obtained in considerable better yield, it was ini­
tially necessary to remove the contaminating adipocytes as 
descirbed below.

Excised tissue was pooled in ice cold Krebs-HEPES buffer 
pH 7.4 at 4^C, as described in 'Preparation of adipocytes'. The 
mince was washed twice in this buffer. The washed mince was 
then transferred to 2 vol. of Krebs-HEPES buffer pH 7.4 at 37*0 
containing Img ml ^ collagenase and shaken for 30 minutes in a 
37°G water bath at 120 cycles per minute. At the end of this 
period, the tissue suspension was centrifuged at 1,000 X g for 
2 minutes. Muscle tissue, now completely free of adipose tis­
sue, sedimented while liberated adipocytes and fat floated at 
the top of the tube. Adipocyte plasma membranes from burst adi­
pocytes remained in the infranatant. The fat cake and infrana-
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tant were discarded and the sediment washed 5 times in 250mM suc­
rose, ImM tris-ECl pE 7.8 at 4°C and then homogenised in 4 vol. 
of this buffer in an Eltra-Turrax speed 5 for 10 sec. The homo­
genate was then filtered through nylon gauze and centrifuged at 
2,000 X g for 10 minutes in an MSE 8 X 50 rotor. The sediment 
was suspended in 10 vol. (per initial muscle wt.) O.5M hIBr, O.O5 
mM EGTA, lOmM tris-ECl pE 8.5 at 4^0 by 10 up and down strokes 
of a Jenoons 50ml motor- driven homogeniser at 5,000rpm. This 
solution was then transferred to a 250ml glass breaker, covered 
with sealing film and magnetically stirred at lOOrpm overnight, 
and then centrifuged at 2,500 X g for 15 minutes in an MSE 8 X 
50ml rotor. The supernatant was then decanted and centrifuged 
in the same rotor at 150,000 X g for 50 minutes. The sediment 
was then suspended in 5 vol. (per initial muscle wt.) 0.6M KOI, 
lOmM tris-ECl pE 8.0 at 4»C by 20 up and down strokes of a tight 
fitting glass 50ml homogeniser of unknown brand available in the 
Department. The suspension was allowed to stand on ice for 20 
minutes and then centrifuged at 5,000 X g for I5 minutes in an 
M8E 8 X 50ml rotor. The supernatant was then centrifuged at 
150,000 X g for 50 minutes in the same rotor. The sediment was 
suspended in 6ml 250mM sucrose, ImM tris-ECl pE 7.8 at 4°G and 
layered in top of 15ml 50^ sucrose (± 0.1^^ Zeiss refraotometer) 
ImM tris-ECl pE 7.8 at 4^C in a 25ml polycarbonate centrifuge 
tube. The gradient was centrifuged at 100,000 X g for 2 hours.
The sarcolemma enriched fraction at the 250mM sucrose/^O^ suc­
rose interface was removed by pipette, diluted to 40ml with 250mM 
sucrose, ImM EDTA, lOmM tris-ECl and centrifuged at 150,000 X g 
for 50 minutes. The membrane pellet was suspended to Img mem­
brane protein ml ^ in the same buffer and stored at -50°C under 
nitorgen until required.

2.7. Preparation of whole brain synaptosomal membrane from lean
and obese rats and mice.

The method employed was essentially that of Gray and Whit­
taker (1562), with some modifications.

The entire brains from 5 animals were removed from their 
crania, and homogenised in 40ml 0.52M sucrose, lOmM Eistidine-ECl



pH 6.5 at 4°C (Buffer h). Histidine was chosen rather than tris- 
HCl, since a pH of 6.5 is too far removed from the pK of tris- 
HCl to he of any use as an effective buffer, and a pH of 6.5 is 
essential in the preparation of pure synaptosomes. Using a more 
effective buffer removed 'clumping' problems experienced by our­
selves and other workers.

The homogenate was centrifuged at 800 X g for 10 minutes at 
4°C. The supernatant was then re-centrifuged at 17,000 X g for 
20 minutes in an 8 X 50 angle rotor in an MSE 21 centrifuge.
The pellet was then re-homogenised in 50ml of buffer H. 6ml of 
this homogenate was then layered over a 2-step discontinuous 
Picoll gradient. This consisted of 8ml 15^ Picoll in buffer 'H. 
and 8m1 7*59^ Picoll in buffer H. 3 tubes were prepared in this 
manner, and the gradients then centrifuged at 43,000 X g for 1 
hour in a 3 25 swing-out rotor on an MSE Pegasus centrifuge,
with the rotor acceleration at 15^ of maximum. This procedure 
results in much improved separation for high loaded gradients.

The membrane fraction at the 7.5^13^ Picoll interface was 
then removed, diluted to 40^1 in buffer H and centrifuged at 
17,000 X g for 15 minutes in an MSE 21 centrifuge.

The pellet is then taken up in 6ml of 0.32M sucrose, ImM 
EDTA, lOmM Histidine-HCl, pH 6.5 at 4°C (Buffer l) and layered 
over a 2-step discontinuous gradient. This consisted of 8ml 
12.5% Picoll in buffer I and 8ml &fo Picoll in buffer I. The 
gradient was then centrifuged at 43,000 X g for 1 hour in a 
3X 25 swing-out rotor on an MSE Superspeed centrifuge.

The membrane fraction at the 8^12.5^ interface was removed, 
diluted to 40ml in buffer H and centrifuged at 50,000 X g for 15 

minutes on an MSE 21 centrifuge. The membranes were then homo­
genised in buffer H to a membrane protein concentration of Img 
ml and stored at -50°C under nitrogen until required.

Utilising a second gradient system, with altered gradient 
densities and EDTA present, resulted in considerably improved 
synaptosomal purity. Membrane yields are reduced using this 
technique, but purity is of overriding importance, since small
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amounts of myelin considerably interfere with microviscosity 
studies on synaptosomes.

2.8. Preparation of salivary Adand plasma membrane from lean
and obese mice.

The 2 pairs of the submaxillary and parotid salivary glands 
were removed from 4 mice, and homogenised in 40ml 250mM sucrose, 
ImM EDTA, lOmM tris-ECl pH 7.4 at 4°G (Buffer A). The homogen­
ates were centrifuged at 1,000 X g for 4 minutes in an MSB minor 
centrifuge at 4°C. The supernatants were then centrifuged at 
17,000 X g in an 8 X 50ml rotor for 20 minutes. The pellets were 
taken up in 50ml buffer A, 6ml of this solution was layered over 
15ml 9^1 Ficoll in buffer A, and the gradients centrifuged at 
60,000 X g in an MSB 5 X 25ml S.O. rotor for 45 minutes. The 
purified plasma membranes at the buffer A/9^ Ficoll interface 
were aspirated from the gradient, diluted to 40ml with buffer A 
and centrifuged at 50,000 X g for 20 minutes in an MSB 8 X 50 
rotor. The pellets were homogenised in buffer A to a membrane 
protein concentration of Img ml"^ and stored at -50=0 under nit­
rogen until required.

In pilot experiments, stepwise gradients from - 12^ 
Ficoll were employed to ascertain the isopycnic density of the 
bulk of the plasma membranes. found to be optimal for
minimal mitochondrial contamination.

2.9, Preparation of hepatic mitochondrial inner membrane from
lean and obese mice.

The method employed for this preparation was that of Chan 
et al. (1970). Ten lean and ten obese mice were killed by cerv­
ical dislocation and their livers removed and minced in 5 vol. 
70mM sucrose, 220mM mannitol, 2mM EEPBS pH 7*4 at 4°C containing 
0.5mg ml ^ BSA (Buffer D). The minced tissue was washed twice 
in buffer D. 15g of the minced tissue was homogenised in 45ml 
buffer D by four up and down cycles of a Jencons 50ml homogeniser 
at 5,000rpm. The resulting homogenate was divided in 5 40ml 
centrifuge tubes and centrifuged at 660 X g for 10 minutes. The 
supernatants were then centrifuged at 7,000 X g in an MSB 8 X 
50ml rotor for 15 minutes. The combined sediments were suspended
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in 30ml buffer D and centrifuged for 15 minutes at 7,000 X g.
The resulting mitochondrial pellet was suspended to a protein 
concentration of lOOmg ml"\ and stirred in a glass 20ml vial at 

low speed. A solution of 1.2^ Digitonin was prepared in buffer D 
not containing BSA. An equal volume of this solution was added 
to the stirring mitochondrial suspension and stirred for 15 min­
utes. At the end of this period, the mitoplast suspension 
(mitochondria devoid of outer membrane) was diluted to 3 vol. with 
buffer D and homogenised in a glass homogeniser by hand and centri­
fuged at 9,500 X S for 10 minutes. The sediment was re-homogen­
ised in half the previous volume of buffer D and centrifuged at 
9,500 X g for a further 10 minutes. The sediment was then resus­
pended to 30-35mg ml"”' protein. A solution of 19mg ml‘^ Lubrol 

WX in buffer D was added to the mitoplast suspension to give a 
final Lubrol concentration of 0.16mg per mg mitoplast protein.
The final solution was well stirred and left to stand at 0=0 for 
15 minutes. At the end of this period, the membrane suspension 
was diluted 1:2 with buffer D and centrifuged for 1 hour at 
140,000 X g. The pellet containing purified mitochondrial
membrane was suspended to lOmg ml"'' protein (biuret) in buffer 

D not containing BSA and stored under nitrogen at -50=0.

2.10. Measurement of NALPH cytochrome C reductase activity in 
isolated liver microsomes from lean and obese mice.

Isolated microsomes, stored at Img microsomal protein per 
ml, were thawed in warm water and diluted 2 fold with lOOmM 
NaCl, 20mM KOI, ImM tris-HCl pH 7.4 at 20=0 and left to stand on 
ice until required. Enzyme activity was assayed essentially by 
the method of Phillips and Langdon (1962) with some modifications. 
lOOmM NaCl, 30mM KOI, 25mM HEPES pH 7.4 at 0=0 was prepared 
and 2.66ml of this buffer was pipetted out into plastic 3ml cuv­
ettes standing on ice, 2 cuvettes for each microsome preparation.
The temperature of the buffer was raised by 1=0 and the pH read­
justed to 7*4, and more 2.66 aliquots taken. In this manner, 
the correct pH is maintained over the temperature range of the 
experiment. To each cuvette was added 100|il microsome suspens­
ion, 200pl 9.5mg ml ^ cytochrome C in distilled water, 20^1 

9.9mg ml KCN in ImM tris-HCl pH 8.0, and mixed. Cuvettes were
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assayed for cytochrome C redaction at the desired temperature hy 
adding 20pl 5.$mg ml"^ NADPS in 1mM tris-ECl pE 8.0 at 4°C, and 
following the increase in optical density at 550nM on a pen rec­
order of a Pye-Unicam SP 600 spectrophotometer. The reference 
cell was retained in the oxidised state by omitting the EAEPE.
The rate of redaction of cytochrome C, proportional to enzyme act­
ivity, was expressed as OD units sec ^ and was plotted as a func­
tion of temperature.
2.11. Measurement of insulin-stimulated 2-deoxygluco8e transuort 

in adipose tissue slices.

Mice were killed by cervical dislocation and epididymal fat 
pads removed and placed on the chopping stage of a Mcllwain tis­
sue chopper. Slice thickness was set at 1mm. After completion 
of the chopping, the stage was rotated through 90° and the sample 
rechopped. Thus, pieces of adipose tissue were obtained of 1mm^ 
section. Chopped tissue was then dispersed in KEEPS bicarbonate 
buffer, gassed with 95^: 0^, 9^ cOg for 1 hour, pE 7.4 at 97°C.
4-8 individual tissue pieces were then transferred to a 10ml 
flask containing 1ml KEEBS bicarbonate buffer, 1^ ESA, and incu­
bated plus or minus 100^ units bovine insulin (BDE). At the end 
of this period, 20pl Krebs-bicarbonate buffer containing 2p mol. 
2-deoxy-B glucose and 1^Ci 2-deoxy-B-l-^E glucose (Amersham), 
specific activity 19.5Gi mmol. ^ was added. The flasks were 
incubated at the desired temperature for 30 minutes. At the end 
of the Incubation, the contents of the flasks were filtered 
through preweighed Whatman No. 1 filter circles, 1cm diameter.
The filter circles were washed with 20ml 0.9^ NaCl and left to 
dry at 97^C for 1 hour. The filter circles were then re-weighed 
and placed in a liquid scintillation vial. 10ml of scintilla­
tion fluid were added and the vials counted on a Phillips beta 
counter (PW 450l/0l), gated for tritium. Extracellular 2-deoxy 
E glucose was estimated with ^E inulin, a non-transported 

sugar, and subtracted from all readings.

^^^8urement of insulin stimulated 2-deoxy-D-gluco8e trans­
port into isolated adipocytes from lean and obese mice.

Adipocytes were isolated, as previously described. Care was
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taken to ensure constant osmolarity of the buffer so that when 
Krebs-HEPES 4^ BSA was replaced by Krebs-HEPES BSA, the change 
in osmolarity was compensated by addition of the required volume 
of jfo NaCl to the buffer. This precaution, together with har­
vesting the cells by floatation rather than centrifugation con­
siderably reduced cell breakage from obese mice adipose tissue. 
All obese mice used in the isolation of adipocytes were between 
6-S weeks of age. Animals used at 6 weeks of age gave very good 
cell yields. By 8 weeks, cell breakage is noticeable and by 10 
weeks breakage is too severe to utilise isolated adipocytes for 
experimentation. 2-deoxyglucose transport into adipocytes was 
assessed by the method of Gammeltoft and Gliemann (1973).

Washed cells were diluted to between 2 X 10^ and 4 X 10^ 

cells ml , with continual stirring. 200pl of this cell sus­
pension was transferred to 5^1 plastic incubation tubes at 35°C. 
Insulin stimulated glucose transport was assessed by the total 
uptake of ^H-2-deoxyglucose in the presence and absence of insu­

lin. This assay is based on the principal that deoxyglucose is 
transported and phosphorylated by the same process as glucose 
but cannot be further isomerised to fructose-1-phosphate (Wick 
et al., 1957). After incubation, the uptake was terminated by 
removing 200^1 samples from the cell suspension and rapidly 
centrifuging (10,000 X g) the cells in plastic microfuge tubes 
(Beckman Instruments) to which 100|il silicone oil MS200 had been 
previously added. Silicone oil has a specific gravity intermed­
iate between triglyceride and water and thus forms an intermediary 
layer above the incubation medium and below the compacted cell 
layer. Untransported deoxyglucose present in the extracellular 
water space and deoxyglucose entering the cell by simple diffus­
ion was estimated in the presence of cytochalasin B (50pM) which 
completely inhibits the saturable (facilitated) transport system 
(Renner et al., 1972).

The microfuge tubes were then carefully sliced with a sharp 
knife in the middle of the silicone oil. The cell containing 
portion was placed in a scintillation vial with 10ml scintil­
lation fluid, shaken and counted for tritium on a Philips beta 
counter (PW4501/01).
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2.13. Adenylate cyclase activity assay.

Crude membrane fractions were obtained by differential centri­
fugation. 15-25|jg protein of the 1,500 X g - 25,000 X g pellet 
was taken for adenylate cyclase assay. The total incubation vol­
ume of 0.2mlcontained 0.5mM ATP, 5mM MgCl_, 1,0mM EOT A, 1 .OmM 
theophylline, 7.5mM phosphoenol pyruvate, 30mM tris-HCl pH 7.4 
and 25U/ml pyruvate kinase, and was incubated for 10 minutes at 
37'C in the presence of 0-1mM isoprenaline. After rapidly freez- 
ing to stop the reaction, cyclic 3':5’ monophosphate (cAMP) was 
assayed by the receptor binding method of Brown et al. (1970), 
using bovine adrenal cortex 5,000 X g supernatant. The assay 
was linear from 1.25 to 10 pmol. All samples were assayed in 
triplicate.

2.14. Measurement of membrane cholesterol content.
Cholesterol content of isolated membranes was measured by 

the convenient and highly reproducable enzymatic procedure of 
Gamble et al. (1979). The membrane solution (containing between 
50-500ng cholesterol) was added to a mixture containing deter­
gents to solubilize membrane components, cholesterol oxidase, 
which generates H^Og, peroxidase which catalyses the reduction 
of BgOg and the conversion of p-hydroxy phenyl acetic acid to 
yield a stable product of high relative fluorescence. For deter­
mination of esterified cholesterol, cholesterol ester hydrolase 
can also be included in the mixture. The assay solution is 
incubated for 50 minutes at 37=C, after which relative fluor- 
escence is measured at 325nm excitation, 415nm emission. Samples 
containing 50~500ng cholesterol per 15pl ethanol were prepared to 
construct a standard curve. The composition of the assay mix­
ture was as follows: 58pl lOOmM potassium phosphate buffer pH 
7.4 at 37=C (phosphate buffer), 14pi cholesterol oxidase (in ml"^) 
in phosphate buffer; 14pl horseradish peroxidase (IOU ml”"*) in 
phosphate buffer, 14pl cholesterol ester hydrolase (O.IU ml"'*) 
in phosphate buffer, 7^1 0.5^ triton X-100; 7^1 20mM sodium 
cholate; 21 (ilp-hydroxyphenylacetic acid (4mg ml"”*); 15pl sample 
or standard.
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Fluorecence was measured in a 250pl microcuvette (American 
Instrument Co.) and unesterified cholesterol was estimated hy 
substituting 14pd phosphate buffer for cholesterol ester hydro­
lase.

2.15. Extration of membrane lipids.

The procedure based on the technique of Bligh and Dyer (1959) 
as described by Veerkamp and Broekhuyse (1976) was adopted. All 
glassware used in lipid analysis was chromic acid washed and all 
solvents, obtained from Koch-Light, were distilled prior to use.

To 0.8ml membrane suspension, 3ml chloroform-methanol (l:2 
^/v) was added. This mixture was homogenised in a motor driven 
teflon glass 12ml Jencons homogeniser at 9,000rpm. Usually 10 
up and down strokes were sufficient to ensure complete extract­
ion. The mixture was transferred to a pyrex 12ml glass centre- 
fuge tube and centrifuged in an MSE minor centrifuge at 1,000 X g 
for 5 minutes. The supernatant was decanted off and the pellet 
re-extracted with 1ml chloroform and re-centrifuged as before.
The chloroform washing was gently poured out of the tube, leav­
ing behind the protein pellet lying on top of the chloroform f<x*jer. 
and combined with the first chloroform/methanol extraction.

To the combined washings, 1ml lOOmM KOI was added and rota- 
mixed for 2 minutes. The tube was then centrifuged for 1 minute 
at 1,000 X g in an MSE minor centrifuge. The upper phase was 
aspirated and the lower chloroform layer collected by means of 
a metal syringe, leaving behind material at the interface. The 
chloroform layer was evaporated in a 10ml round bottom flask 
under rotary vacuum evaporation. Residual water was removed by 
the addition of 1ml benzene-methanol (4=1 ^/v) and re-evaporated. 
Lipids are taken up in 1ml chloroform-methanol (2:1 ^/v) and 

transferred to a 12ml centrifuge tube. The tube was rotary evap­
orated under vacuum. Lipids were then dissolved in 200pl chlor­
oform-methanol (2:1 ^/v) and transferred to a 800ji.l brown glass 
sample vial. The solvent was evaporated off under vacuum by plac­
ing the vial inside a larger tube connected to the rotary evapor­
ator. The dried lipids were stored under nitrogen at -50°C 
until required.
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2.16. Thin layer chromatography of membrane lipids.

The conditions for snccessfnl chromatography of mammalian 
phospholipids are very critical and must he varied to suit an 
individual experiment. The basic method is described in detail 
by Veerkamp and Broekhuyse (1976) with some modifications.
Silica gel H containing magnesium hydroxycarbonate in deion­
ised water was homogenised in a beaker by a rotating teflon pestle 
at 5,000rpm for 2 minutes to the correct consistency. 20 X 20cm 
glass plates were cleaned in chloroform methanol (l:1 ^/v). The 
slurry was spread to a thickness of 0.6mm and air dried overnight. 
The plates were activated at 120*0 for 1 hour and stored in a dry 
cupboard at room temperature until required.

Extracted lipid was dissolved in 20pd chloroform-methanol 
(2:1 ^/v) and applied by syringe in a tight horizontal band, 2cm 
from the bottom of the plate. The end of the band was at least 
2cm from the right hand edge of the plate. The applied lipid was 
then dried in a stream of nitrogen. Solvent systems were: 1st 
dimension (solvent front-parallel to lipid band), petroleum ether 
(40*-60*)-acetone (3:1 ^/v); 2nd dimension (solvent front paral­
lel to lipid band) chloroform-methanol-28^ ammonia (65:29:3 by 
vol.); 3rd dimension (solvent front perpendicular to lipid band) 
chloroform-methanol-acetone-acetic acid-water (6:6:2:2:1 by vol,). 
After chromatography in the first solvent system the tic plates 
were dried in a vacuum dessicator for 3 minutes. After the sec­
ond solvent system, the plates were vacuum dessicated over 98^ 
H^SO^ for 30 minutes. After the third solvent system, the plates 
were vacuum dessicated for 1 hour.

All chromatography tanks were paper lined and contained 
lOmg butylated hydroxytoluene (BHT) per 100ml solvent mixture 
and were equilibrated for 12 hours prior to chromatography. It 
was found that pre-development of the plates in petroleum ether- 
acetone allowed up to 2.3mg extracted lipid to be loaded onto the 
tic plate without smearing of the resolved lipid spots. Also, 
this pre-treatment resulted in better separation of the phospho­
lipid Glasses along with a higher degree of reproducability.
This effect may result from a number of factors: for example,
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moisture may be eluted from the plate which may give rise to 
better separation; also, the neutral lipids are eluted from the 
phospholipids, thus reducing the lipid load; and finally, the 
phospholipids may become more evenly distributed and adsorbed 
throughout the gel after pre-treatment in petroleum ether- 
acetone.

Because the chromatography time is fairly lengthy, BET is 
present in the solvent systems to minimise oxidation of the 
lipids. The amino phospholipids are particularly sensitive to 
oxidation. On oxidation, PE turns bright yellow and even small 
amounts of oxidation products in PE are detectable. After 
chromatography and extraction of PE by this procedure, the final 
product was colourless.

2.17. Detection of resolved lipids on tic plates.

Fluorescent probe studies of lipids encompass a wide rang^ 
of techniques bwYcommon to all of these is that the lipid under 
study must be as pure as possible and must be free of fluores­
cent contaminants. Thus, after development of phospholipid 
classes by tic, the lipid spots must be identified with a non 
destructive, easily removable marker before they can be extracted 
from the silica gel for fluorescence studies. A technique was 
developed which satisfied these criteria and which overcame the 
problems encountered using methods currently available in the 
literature (for a review see Veerkamp and Broekhuyse, 1976).

The technique employed utilises the fluorescent probe 1,6 
diphenyl 2,3,5 hexatriene (DPE). Because of its hydrophobicity, 
it forms clustered domains when applied to silica gel. In this 
state, DPP is non-fluorescent, due to collisional quenching 
between adjacent excited and ground state molecules. This 
effect disappears when DPH is in free solution, (or associated 
with lipid adsorbed on the gel). Thus, when DPH was applied to 
tic plates, any lipids present on the plate fluoresced under uv 
light. As DPH is also highly soluble in volatile, a polar solv­
ent such as petroleum ether (40-60°G) it can be applied in the 
form of a spray to the plates and can be eluted from lipid spots 
by chromatographing in petroleum ether (4O-6O0C). Phospholipids
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are immobile in this solvent and elntion will he complete when 
the lipid spots cease to fluoresce.

10mg DPH was dissolved in a small volume of tetranydrafuran 
(TEP) (freshly distilled over LiALH^) and made up to 100ml with 
petroleum ether (40-60=0). Chromatograms were sprayed with this 
reagent, care being taken to mask off the base of the plate to pre­
vent contamination of the eluting solvent system 4. Only 1 light 
stroke of spray was required. Spots were visualised by viewing 
under long wave uv, lipid spots fluorescing violet. The spray 
reagent was stored in the dark at 4°C and was stable for at least 
2 months.

DPH marker stain is removed after marking the positions of 
the spots by re-ohromatographing the tic plates in petroleum 
ether (40-60=C), However, since neutral lipids are soluble in 
petroleum ether they were first removed from the plate. Phospho­
lipids and glycolipids are immobile in the petroleum ether sys­
tem but DPE was rapidly eluted from the lipid spots. When all 
marked lipid spots ceased to fluoresce under uv, elution was 
complete. Hespraying with DPH confirmed that the lipid spots 
had not moved during the elution of DPH stain wich petroleum 
ether. It was sometimes necessary to use multiple development or 
P-dimensional elution if the lipid spots were widespread on the 
nlate. Petroleum ether also eluted BHT present on the plate from 
the previous solvent systems. Since the value of BHT is 
greater than that of DPH in petroleum ether, this compound was 
also removed from the lipids.

DPH stained neutral lipid removed from the previous plate 
was extracted from the silica gel with chloroform-methanol (5=1 
^/v), re-chromatographed on silica gel 0 and resolved by the 
method of Broekhuyse (l972). This involved running the tic 
initially in petroleum ether (40-60=C) to the top of the plate, 
followed by petroleum ether (40-60=C)-diethyi ether-formic acid 
(80:20:2 by vol.) in the same direction to half-way up the plate. 
In this system, the DPH was separated from all lipid spots as 
shown in Table 2.1. The DPE was viewed under uv light before 
the solvent had dried, as DPH fluoresces in the presence of elut-
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Table 2.1.
values of neutral lipid and RPH on silica gel G tic plates.

Lipid

Monoacylglycerol 0.0$

Diacylglyoerol 0.08

Cholesterol 0.14

Free fatty acids 0.23

Triacylglycerol 0.35

DPH stain 0.32

Cholesterol esters 0.69

3RT 0.91

Hydrocarbons 0.98
^Solvent system A, petroleum ether (40-60^0);solvent system 3, 
petroleum ether (40-60^C)-diethyl-formio acid (80:20:2 by vol,) 
run to half-way up the plate.
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ing solvent system. After drying the plate, a narrow band of the 
plate was stained with DPH to ascertain the values of the neut­
ral lipid subclasses.
2.18. Extraction of lipids from tic plates.

Elution of lipids from silica gel is essentially on the same 
lines as the Bligh and Dyer procedure for extraction of lipids 
from membranes, only with some modifications. The marked ^ipid 
spots were scraped off the plate onto filter paper and trans­
ferred to 12ml glass centrifuge tubes. To the silica gel 
chloroform-methanol (l:2 ^/v) were added. The tubes were then 
sonicated for 20 seconds in a bath sonicator (Megason). Ihe 
tubes were then centrufuged at 1,000 X g for 10 minutes uo sedi­
ment the silica gel in an MSE minor centrifuge at room temper­
ature. The supernatants were then decanted into other 12ml centri­
fuge tubes. To these 1ml chloroform and 1.8ml 60mM KOI in 00^ 
saturated deionized water was added. Tubes were then rotamixed 
for 1 minute and re-centrifuged for 1 minute. The upper phase 
was aspirated and the lower layer collected by syringe. (An 
aqueous extraction was necessary because magnesium hydroxycar- 
bonate does not completely sediment with the silica gel; also, 
the magnesium hydroxycarbonate is slightly soluble in the elut­
ing solvents. Any magnesium hydroxycarbonate remaining in the 
purified lipid interferes with fluorescence studies. Acididying 
the aqueous phase with COp greatly increases the solubility of 
magnesium hydroxycarbonate in water (Merck Index), fhe lower 
phase was then filtered by suction through Millipore PTEE fil­
ters, 0.2pM pore size, to remove all traces of silica gel, which 
again seriously interferes with fluorescence studies. The fil­
trate was evaporated and dried with benzene-methanol ^8
described previously for extraction of membrane lipids. The 
extracted dry lipids are stored under nitrogen at -50=C until 
required.
2.19. Preparation of fatty acid methyl esters for Chu.

Dried lipids were taken up in 20pl chloroform-methanol 
(3:1 ^/v) previously dried for 12 hours over molecular sieve 
(Type 4A, BDH). Sodium methoxide was prepared fresh, just prior
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to transmethylation of lipids. 230mg sodium metal was cut clean 
of any oxide and storage oil was removed in $ changes of light 
petroleum ether. The sodium was then washed in dry methanol to 
rid the surface of sodium oxides. The clean, oxide-free sodium 
was then dissolved in ^Oml dry methanol. 20pd of this sodium 
methoxide reagent was then added to the lipids in 20pd chloroform- 
methanol (2:1 ^/v). The tubes were capped, well rotamixed and 
incubated for 15 minutes at room temperature. At the end of this 
period, lOpl dry acetyl chloride-methanol (2:48 was added,
rotamixed and stored under nitrogen at +4°C until required. GLC 
of the fatty acid methyl esters was performed of a Pye Unicam 
Series 104 gas-liquid chromatograph at oven temperatures of 180*0 
and 225*0 on a X ^/8" i.d. 5^ silar (on diatomite) glass col­
umn by Dr. D.h. Oorina.
2.20. Preparation of lyso phospholipids from lean and obese mice.

Phosphatidylcholine and phosphatidylethanolamine were obtained 
from lean and obese mice adipocyte plasma membranes as previously 
described.

Lipids were taken up in 0.8ml lOmM OaOl^, 0.25mM MgCl^, 5mM
1 phospholipase A_ fromtris-HOl pH 8.9 at 25*0 containing TU ml 

orotalus adamenteus. Lipids were shaken for 1 hour in a Griffin 
shaker, then sonicated for 1 minute in a Megason bath sonicator 
and re-shaken for $0 minutes.

Lipids were then extracted as described before by the Hligh 
and Dyer procedure. Lipids were then re-chromatographed on 
silica gel G in chloroform-methanol-acetic acid-water (90:40:12:2 
by vol.) along with PG and PE standards. This solvent system does 
not separate the free fatty acids from native PE and consequently 
they were not removed for analysis. On staining the plate with 
DPH as previously described, both PC and PE had largely been con­
verted to the lyso-derivatives.

The lyso-derivatives were removed from the plate and extracted 
from the silica gel as previously described. The lyso lipids were 
then transmethylated and the fatty acid methyl esters analysed by 
GLC.
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No attempt was made to quantitate the percentage catalytic 
efficiency. However, as judged hy the relative fluorescence 
intensities of the native phospholipids and the ryso derivatives 
at least 90^ of the phospholipids had been converted to the lyso 
compounds. No material remained at the origin, as detected hy 
charring the plate with H^SO after removal of the lyso compounds. 
This would suggest that the phospholipase had left the fatty acid 
on carbon atom 1 of the phospholipids intact.

The relative positions of the native phospholipids, iyso 
derivatives and free fatty acids are shown in table 2.2.

2.21. Preparation of samples for fluorescence studies.

All buffers used in these studies were filtered through 0.2pM 
pore size millipore filters. All sucrose solutions were dialysed 
against charcoal for 12 hours to remove fluorescent impurities.

Membrane solutions obtained as previously described were
thawed and diluted to lOOpg membrane protein ml with 290mM
sucrose, 1mM tris-HCl pE 7-4 4°C (Buffer G). 1^1 ImM DPH in
freshly distilled TEF was added per ml membrane suspension and
immediately rotamixed. The membrane suspension was left to stand
in the dark at room temperature for 1 hour or at 37°G ior 20
minutes. At the end of this period, 0.1 vol. 1M NaCl, 50mM KOI,
lOmM CaCl^, 250mM EEPES pH 7.4 at 20°C (Buffer H) was added with 

2 —1 mixing, giving a final membrane concentration of lOOpg ml .
This was then incubated at 37*C for 15 minutes. (EEPES buffer 
was used because its pK is fairly temperature stable (pK/t= = 
0.008). However, the presence of HEPES in the buffer prior to 
addition of DPE inhibited the entry of DPE into membranes by an 
unknown mechanism. Once DPE has equilibrated into membranes 
EEPES has no effect. The relative fluorescence intensity of a 
DPE labelled sample of adipocyte plasma membrane was stable over 
a 2 hour time period. The fluorescence polarisation, as a func­
tion of temperature, was plotted for a controu sample ol drmy- 
ristoyl phosphatidylcholine in the presence and absence of EEIES 
buffer. The values of P below and above the phase transition 
and the melting temperature (tm) of this lipid were in agreement 
with published data using either HEPES or tris buffer (Shinitzky 
and Barenholz, 1978).
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Table 2,2. values of phospholipids treated with phospho- 
lipase Ao.

Phospholipid

Free fatty acids 

Phosphatidylethanolamine * 
Phosphatidylcholine *
Lyso phosphatidylethanolamine * 
hyso phosphatidylcholine

R^ value

0.75

0.72 
0.55 
0.50 
0.18

* standards of these compounds were also run for comparison.
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In these studies a 200pl quartz cuvette was t^ed which 
not only reduced the sample volume but also reduced light scat­
ter parameters considerably.

Extracted membrane lipids and commercially prepared lipids 
were dried down in vacuo in 800pl dark glass vials. 200pl of 
the appropriate buffer was added and the tube then sonicated in 
a Megason bath sonicator for 20 sec. at 25n'C. Ihe lipid dis­
persion was then incubated at $7^0 with Ipd ml"^ ImM DPE in THE
prior to fluoresoence measurements.Probe uptake was complete after

15 min.
2.22. Measurement of fluorescence polarisation.

Fluorescent probe incorporated into biological membranes or 
liposomes is excited with vertically polarised light from a grat­
ing monochromator in an Aminco-Howman spectrophotofluorimeter.
The emitted light is analysed at 90° to the excitation beam. 
Polarisers were 1" quartz 'Polacoat' lenses, capable of being 
rotated manually through 90*. Excitation and emission slit width 
was 2.9 X The sample was contained in an Aminco 200pT
quartz cell enclosed by a flow-through water jacket connected to 
a heating unit. Cell temperature was monitored by means of a 
calibrated thermistor (bight Laboratories).

The common fluorescence polarisation can be measured by 
excitation with monochromatic light which is vertically polar­
ised and the emission intensity detected through an analyser 
oriented parallel (lyy) or perpendicular (ly^) to the plane of 
polarisation of the excitation beam. A correction factor is 
introduced to compensate for monochromator polarisation arte­
facts. This is calculated by orientating the excitation polar- 
iser horizontally and measuring the fluorescence intensity with 
the emission analyser oriented parallel (igy) 0^ perpendicularly 
(iqy). Intensities due simply to light scattering in the absence 
of fluorophore are (hyy, Pyg, Hgg, Pgy). The degree of polar­
isation, P is calculated from the equation:



P was either calculated at fixed temperature, in which case P 
was derived as the mean of n readings, or P was calculated over 
a range of temperatures, one reading at each temperature point.
A plot of the correction factor ratio, against the temper-

IHH
ature of measurement from 0-50°C yielded a scatter plot. These 
points were entered into a Hewlett-Packard calculator that had 
been programmed to solve different models of least squares fit. 
The 3 models were linear, parabolic and hyperbolic. A linear 
solution gave a regression coefficient nearest to ± 1.0.

A calculator programme was then constructed to deal with the 
following data input.

First, a least squares fit curve of the form y = mx + c 
is generated from the following data

X = T°C, y =

where T®C = cuvette temperature
I = fluorescent light intensity 
L = light scattering intensity.

Light scattering parameters were kept constant at all values of
T, since it was found that for membrane protein concentrations

-1below 100|ig ml and lipid dispersions below lOOfiM light scatter­
ing intensities are independent of temperature for all orienta­
tions of polariser and analyser.

The generated cum/e has a negative slope (-m) and the cor­
rection at any given temperature can be obtained from the solution 
of y = G - (x.m).

The value of P at any given temperature is, therefore:

P =

For fixed temperature measurement with n reading, the mean 
value of the correction factorI ^HV

= c
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was calculated. This was then used to calculate P from

^ =(ivv " ^VV " VH
lVH).C)

and hence the mean of n readings

P = P

n
The correction factor compensates for instrumentation arte­

facts. These arise because the distribution of transmitted 
dipoles through a polariseraround the axis of maximum transmit­
tance is non-gaussian, due to partial polarisation of the excit­
ation beam by the monochromator. Also, the cuvette, the sample 
under study and the emission monochromator further partially polar­
ise the light beam. Orientating the excitation polariser $0* from 
the vertical creates a situation where the polarised intensities 
of the fluorophore cannot be measured in the photomultiplier axis. 
This is because the direction of propagation of a photon is always 

to its vibrational dipole, therefore depolarisation of horiz­
ontally polarised photons by the fluorophore results in an angular 
displacement of the dipole to which the analyser is insensitive. 
Thus, in a system with no polarising artefacts, the polarised 
intensities measured with the analyser at 0* and 90° to the vert­
ical will be equal. Polarised bias introduced by the instrument­
ation will result in an inequality of these two measurements. The 
ratio of these measurements will be proportional to the superim­
posed instrumentation artefacts on the polarisation measurements.

In order to evaluate the valid!ly of correcting the value of 
P at t°C by the value of the correction factor determined for 
that temperature by regression analysis, the thermotropic prop­
erties of DPE were evaluated in a sample of dimyristoyl PC. DPE 
has well defined thermotropic properties when incorporated into 
this lipid (Shinitzky and Barenholz, 1978)«

Arrhenius plots were constructed for DPH polarisation in 
Dimyristoyl PC, either by correcting the value of P by the cor­
rection factor obtained at each temperature, or by correcting P
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Pig 2.1. Arrhenius plots of fluorescence polarisation by DPH 
labelled native biological membranes by a) standard 
procedure, b) by the method described in section 2.22,
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as described above. No difference was obtained in the value of 
P above, or below the melting temperature of this lipid, or the 
value of the melting temperature itself. Examples of Arrhenius 
plots obtained by the two methods for DPH labelled native bio­
logical membranes is shown in Fig 2.1. for comparison.

2,23. Synthesis and spectral properties of p-N,N,N trimethyl- 
phenylamine 6-phenyl hexa-1,3,5-triene (TADPH'*') .

The synthesis of TADPH"*" was accomplished by the Wittig 
reaction (Wittig and Schollkopf,i960). 2gm cinnamyl bromide was 
dissolved in 25ml benzene. To this was added 2.6gm triphenyl 
phosphine, and the solution then stirred for 2hr under dry nitro­
gen at room temperature.

At the end of this period 5'5ml (1.8M) butyl lithium and 25 
ml dry diethyl ether were added. The reaction mixture was then 
stirred for 1 hour, and 1.8gm dimethylamino cinnamaldehyde was 
then added. This mixture was heated under reflux for 2 hr. The 
reaction mixture was then cooled and acidified with lOOmM HCl,
The organic phase was separated and washed with water and was then 
dried over anhydrous The solution was decanted and evap­
orated under reduced pressure to give a crystalline solid which 
was recrystallized from ethyl acetate-petroleum ether to yield
1.5gm of (e) (Fig 2.2). The identity of (e) was established using
1 1 H spectroscopy (60MHz, GDCly TMS reference). The H MR
spectrum of E exhibited two multiplets at 6.2-7.4ppm (15H), and 
a singlet at 2.9ppm (6h). The singlet resonance corresponded to 
the 6 methyl nitrogen protons, and the two multiplet resonances 
to the aromatic and unsaturated protons. This compound was then 
treated with excess of methyl iodide for 1 hour at 0°C. Evapor­
ation of the solvent gave a solid which was recrystallized from 
chloroform to yield a green crystalline solid (M,P. )

This compound was TADPH"*".

Spectral properties of TADPH

The excitation, emission, absorbance spectra 
of TADPH"*" in PC liposomes are shown in Fig 2.6. The excitation 
maxima is well separated from the emission maxima. TADPH^was
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[11 lOp^" :PHCH^)3
[Aj

butyl
litNum
4i ethylether

Fig 2.2. Route of synthesis of TADPH'*'.
Reaction (l) Formation of quaternary phosphonium ion (a) from 

cinnamyl bromide.
Reaction (2) Formation of ylid (b) by treatment with strong base.
Reaction (3) Nucleophillic attack by ylid at carbonyl of dimethyl- 

amino cinnamaldehyde to form betaine intermediate (c). 
Reaction proceeds via cyclic four centre intermed­
iate (d) to yield p-R,F, dimethylphenylamine-6- 
phenyl hexa-1,5,5-triene (e).

Reaction (4) p-amino group of (e) is quatemized by the reaction 
with methyl Iodide to yield TADPH"*' (f)
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Fig 2.). (A) Fluorescence excitation spectrum (emission recorded
at 495^^0, fluorescence emission spectrum (excita­
tion at 408nm) of TADPH^ in Dimyristoyl PE liposomes 

(P) Absorbance spectrum of TADPE^ in chloroform/ 
methanol (1:)
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incorporated into Dimyristoyl PC liposomes, and the polarisation 
measured form 0oC-40«C (Fig 2.5). The polarisation of this probe 
is sensitive to its environment, and monitors gel to liquid crys­
talline phase transitions, yielding a melting temperature for 
Dimyristoyl PC of 25»C, in agreement with published data. The 
fluorescence emission of this probe was highly stable over long 
periods, demonstrating that this probe did not photobleach.

Thus, TADPE^ is a competant, novel fluorescent probe that may­
be of use in probing the environment of hydrophobic cations within 
the membrane matrix.
2.24., Synthesis and spectral properties of cholesta -5,7,9- 

triene-5-8-ol
Synthesis of this fluorescent sterol was by the method of 

Bergman and Stevens (1548). To 20g of Y-dehydrocholesterol ace­
tate dissolved in 520ml chloroform was added 52.5g mercuric ace­
tate in 520ml glacial acetic acid. The mixture was stirred for 18 
hours in the dark. The mercurous acetate formed from the reaction 
was removed by filtration and washed with diethyl ether. The fil­
trate and ether washings were combined and concentrated in vacuo 
at a temperature below 45^0. The precipitate which formed was 
washed with acetic acid and methanol and the mother-liquors were 
reconcentrated until no further precipitate was obtained. The 
combined precipitates were dissolved in diethyl ether and the sol­
vent evaporated until crystals began to form. 10ml of ethanol was 
added and the cholesta -5,7,9-triene-5-P-ol acetate was crystal­
lized from ethanol-diethyl ether. This process was repeated until 
no impurities were detected by GLC.

About 2gm of the chole8ta-5,7,9-triene-5-p-ol acetate were 
dissolved in 25ml diethyl ether. 200mg of anhydrous LiAlE. 
were added and the mixture refluxed under nitrogen for 20 min.
On cooling, acetone was added dropwise until frothing ceased 
followed by 10-20ml distilled water and 2-5ml of 0.1M ECl. This 
mixture was extracted twice with 20ml diethyl etheripetroleum 
ether (40°-(^«) 1:1 (^/v), the combined solvent layers retained 
and washed with distilled water before being dried over sodium
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Fig 2.4* Arrhenius plot of fluorescence polarisation by TADPH 
labelled dimyristoyl PC liposomes.

.+
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sulphate. After evaporation of the solvent, the fluorescent 
sterol was twice recrystallized from diethyl ether-methanol. The 
sterol gave a single spot on silica Gel d/lOfo AgNO^ when chromato­
graphed in chloroform/acetone/glacial acetic acid/ 194:4:6:1 

(by vol) when visualized with U.V. light. The fluorescent sterol 
was stable for manymonths stored in liquid nitrogen, but is 
unstable in the presence of air. Experiments utilizing this fluor­
escent sterol have to be carried out quickly due to the unstabil­
ity of this probe at room temperature.

Pig 2.5. shows the excitation, emission, absorbance and 
polarisation spectrum of this probe.

2.25. Synthesis of 1-acyl-2-docosahexaenoyl sn glycerophospho- 
choline (PHPC)

DHPC was synthesised from 1-acyl sn glycero-3-phosphocholine 
(lyso PC), and docosahexaenoic acid (DA) by the procedure of 
Warner and Benson (1977). lOOmg of DA was dissolved in 3ml 
freshly distilled Tetrahydrafuran (THF). 70mg of carbonyldiimida- 
zole was then added, and the reaction mixture stored for 45 min 
at room temperature under nitrogen. After this time, the sol­
vent was removed under a stream of nitrogen, and the resulting 
fatty acid imidazolide was dissolved in 3ml freshly distilled 
dimethylsulphoxide (DMSO). To this mixture was added a solution 
of lOOmg lyso PC in 6ml DMSO. After cooling the reaction mixture 
to 17°C, a 4m1 aliquot of sodium methylsulphinylmethide solution 
(prepared from DMSO (7.2ml) and metallic sodium (4.4mmol))was 
slowly added by syringe to the rapidly stirring reactants.
After 10 min, the reaction vessel was placed on an ice bath and 
the reaction was terminated by the rapid additon of 0.2M HCl at 
4°C, until the pH of the solution was 1.0. The acidified reac­
tion mixture was then made up to 40ml with water and extracted 3 
times with 20ml chloroform-methanol (2:1 ^/v). The chloroform 
extracts were pooled and washed twice with 20ml methanol-water 
(l:1 ^/v) to remove most of the DMSO from the crude lipid extract. 

The organic layer was then evaporated under reduced pressure, 
remaining water and DMSO was removed under reduced pressure. The 
products were separeted by preparative layer chromatography on 
Silica Gel G (O.Gmjii). An authentic sample of PC was also included
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Pig 2.5. A- Fluorescence excitation spectrum (emission recorded 
at 580nm), fluorecence emission spectrum (excitat- 
at 550™) > and

B. absorption seectrum of 5.6 x 10 cholesta-5,7?9- 
triene-5-p-ol in chloroform.

(Rogers, J. (l979) PhD thesis, University of Southampton).
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on the plates. The cliromatograms were developed in chloroform- 
methanol-water (65:25:4 hy vol). After development of the plate 
with DPI! spray reagent, the hand co-migrating with PC was removed 
from the plate and eluted from the gel, to yield product.
60MHz 'H liMR of this product in deuterated chloroform confirmed 
that the product was PC, and contained 55 more protons per mole­
cule than the starting material, lyso PC.

2.26. Synthesis of 1-acyl, 2-docosahexaenoyl sn glycerophospho- 
ethanolamine (DUPE) from DHPC.

The method employed was the transphosphatidylation reaction 
described by Smith et al. (1978). Phospholipase D (5mg) from 
cabbage (sigma) was dissolved in 10ml 40mM CaClg in lOfo ethanol—, 
amine acetate (pH 5.6 at 25«C). 20mg DHPC was dissolved in 10ml 
distilled ethanol-free chloroform and stirred with the aqueous 
enzyme solution for 48 hrs under nitrogen at room temperature.

At the end of this period, the reaction mixture was acidified 
with HCl to pH 1.0 and the lipid products extracted by the Bligh 
and Dyer proceedure in a final volume of 100ml chloroform. The 
chloroform layer was evaporated to dryness, and the products 
purified by preparative layer chromatography as described for the 
previous reaction. The solvent system employed was Chloroform/ 
Methanol/28/ Ammonia (90:50:11 by vol). After development 5 
major bands were present under U.V. after spraying with DPH 
reagent. The top band (Pp 0.55) corresponded to an authentic 
PL sample run on the plate, the middle band (Pp 0.35) corresponded 
to authentic PC, and the bottom band (p^j, O.O5) was phosphatidic 
acid (Smith et al., 1978). The band corresponding to PE was 
removed from the plate, and the product eluted. 100MHz 'H NMR 
resulted in a spectra with a reduced number of protons at 5.8-5.0 
ppm, consistent with the transformation of the choline headgroup 
to ethanolamine. The product was also ninhydrin positive. GLC 
analysis of the fatty acid composition of the product is shown in 
Table 2.2., as well as the Lyso PC starting material. The GLC 
spectrum of the fatty acid composition of the product confirmed 
that it was 1-acyl, 2-docosahexaenoyl PE.
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Fig 1. Reaction scheme for preparation of 2-docosahexaenoyl 

PE (22:6 PE).
Reaction 1 formation of docosahexaenoic acid imidazolide from 

carbonyldiiinidazole in tetrahydrafur'an (THP).
Reaction 2 Docosahexaenoyl inidazolide is reacted with 1-acyl sn 

glycerophosphocholine and sodium methylsulphinyl- 
methide in dimethylsulphoxide to yield 1-acyl 2- 
docosahexaenoyl sn gyycerophosphocholine.

Reaction 3 After purification of product from reaction 2, pro­
duct is incubated in the presence of excess ethanol- 
amine to yield 1-acyl 2-docosahexaenoul sn glycero- 
phosphoethanolamine.
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Table 2.2. GLC fatty acid spectrum of l-acyl, 2-doG08ahexaer.oyl
en glycerophoGphoethanolamine (PPPB), eynthesiaed from
GAR l-acyl en glyoerophosphocholine (lyso Pc) and
docoeaheiaenoic acid.

Fatty Acid DSPE lyso PC

16:0 12.$ 28

18:0 21.4 42.5
18:1 1.4 5.0
18:2 $.0 7.2
18:^ 2.5 6.0
20:4 4.8 11.5
22:6 54.6
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2.27. Quantitation of adipocyte cell suspensions using a 
Coulter counter.

500pl adipocyte cell euepeneion was fixed in 1ml of buffered 
2^ osmium tetroxide-collidine, for 24 hr at $7°C. The buffer was 
prepared as follows. syn-oollidine was dissolved in 182mi
water, 18ml of 1M HCl was then added. To 12.5ml of this buffer 
was added 25ml of a solution containing Igm OsO. (BDE), and 12.5ml 
500mM NaOl. The osmium-collidine buffer was stored in the dark 
at 4"C.

After fixation of the cells, cells were centrifuged on a 
bench MSB minor centrifuge for 1 min. The fixed cells were then 
washed with 5ml O.^^EaCl, re-centrifuged and an aliquot trans­
ferred to a glass scintillation vial with 10ml 0.9^ NaCl. Cells 
were counted by swirling the cell suspension while the 400^M 
probe of a Coulter ZB counter sampled 0.5ml of this cell suspen­
sion.

The counter settings were established from graphs of Coulter 
counts against the value of the particular setting under invest­
igation. All graphs contained a region where coulter counts were 
independant of the setting value. The setting value was used at 
the mid-point of the plateau for counting OsO. fixed cell suspen­
sions The conditions used for counting were as follows:

1. Probe pore size, 400^M
2. Chamber Volume, 500pd 
5. Amplification, 1.0

4. Apperture Current, 0.088
5. Lower Threshold, 50
6. Upper Threshold, 00

A graph was constructed of coulter counts at the above setting 
against number of OsO. fixed cells. The counts were linear up 
to 1200 cell8/500pL. Therefore, all cell samples were diluted to 
fall below 2.400 cells ml"^.
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2.28. Determination of amino phospholipid distribution in adipo­
cyte plasma membrane using the derivatisioA reagent 2,4,6- 
trinitrotenzene snlphonic acid (TNBS).

2.28. (i). Derivatisation by TEBS of adipocyte plasma membranes.

The method employed was essentially that of Fontaine and 
Schroeder (1979) for fibroblasts, with some modifications.

Adipocytes were prepared as previously described, and washed 
thoroughly in Erebs-HEPBS buffer containing 1^ B8A. Just prior 
to incubation in the derivatising buffer, the cell suspension was 
lightly centrifuged, and about 10ml of the compacted cells were 
transferred to 100ml l.^mM TNBS, )0mM NaCl, ImM glucose, ImM 
CaClg, 5mM KOI, 1^ BSRand 120mM DaECCL, pH 8.5 at 25=0 (Buffer j) 
for 20 and 55 at 25°C. Incubations were performed in 250ml 
plastic beakers in a slowly shaking water bath. At the end of 
the incubation period, the cells were harvested by flo^^ation, 
and the infranatant aspirated. Cells were washed 5 times in a 
stop buffer (l70mM NaCl, lOmM Histidine, pH 7.0 at 25=C), in 40ml 
plastic centrifuge tubes, the cells being harvested after each 
washing with a light centrifugation.

Cell membranes were prepared from these cells as previously 
described, then pelleted and stored at -50=C until required.

In order to estimate the total amount of amino phospholipids 
available for derivatisation by THBS on both sides of the plasma 
membrane, plasma membranes were prepared in the normal manner.
Img plasma membrane protein was taken up in 5ml buffer by homo­
genisation, and transferred to a 10ml glass scintillation vial.
The vial was then sonicated in a bath sonicator for 1 min at 25=C, 
and the contents transferred to a 10ml centrifuge tube. After 15 
min, tubes were centrifuged for a total time of 20 min at 100,000 
X g at 25°C. The pellets were immediately frozen at -50=C under 
nitrogen until required.
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2.28. (ii). Preparation of standard derivatiBed phospholipids.

Standard derivatised phospholipids were prepared as follows. 
500nM of either EE or PS was mixed with 500nM PC in chloroform/ 
methanol (2:1 ^/v). The lipid mixtures were evaporated to dryness 
in a 12ml glass centrifuge tube. To the lipid, 1.8ml Buffer J, 
not containing BSA, was added, and the tubes sonicated in a bath 
sonicator for 1 min at 25°C. After min, 4ml chloroform/ 
methanol (l:1 ^/v) was added, and the tube well rotamixed. The 
tube was then centrifuged on an MSE bench centrifuge for 1 min 
at speed 6. The chloroform layer contained the derivatised phos­
pholipids, The aqueous layer was completely removed, and the 
chloroform layer evaporated to dryness. Derivatised lipids were 
purified on O.^mM silica gel G preparative chromatogrphy plates, 
by development in chloroform/methanol/water (60:25:4 by vol). 
Standard native phospholipids were also applied to the plate.
After development, derivatised phospholipids appeared as yellow 
spots with increased Rp values compared to native lipids. The 
derivatisation procedure resulted in 100^ conversion of the amino 
phospholipids to their trinitrophenyl (TNP) derivatives. The 
derivatised lipids were stored at -50*C until required.
2.28. (iii). Assessment of adipocyte viability after TNBS 

incubation.

Adipocyte viability was estimated after incubation with TDB8 
to ensure no cell damage had been caused by the reagent which 
may effect labelling of aminophospholipids, 2 x 10^ - 10^ cells 

in a total volume of lOOph were added to 2ml Krebs-HEPES buffer,
pH 7.0 at 25°0 containing lOpCi U-^^C glucose and ImM glucose, in

2a screw-cap bottle. From the cap, a 1cm piece of blotting paper 
soaked in 7.5M KOH was suspended. The cap assembly was then 
located on the bottle after the addition of cells. Cells were 
incubated for 1 hour at 25*0 with occasional swirling. At the 
end of this period, the blotting paper was removed and added to 
1ml water in a scintillation vial. The pH was rapidly adjusted to 
7.0 with acetic acid using pH papers, and 10ml scintillation fluid 
added. Vials were counted for ^^0 in a Phillips liquid scintil­
lation counter as described previously.
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Approximate cell numbers in the aliquots was estimated by 
extracting total triacyl glycerol from the samples in propanol. 
This extract was then evaporated to dryness in small pre-weighed 
aluminium cups, and dried to constant weight. Cell number was 
estimated by dividing the total mass of triglyceride by the known 
mean volume of adipocytes calculated from a previous experiment.
2.28. (iv). Time course for derivatisation of phospholipids 

by TNBS.

Time courses for the derivatisation process were followed 
spectrophotometrically at $37hM:, according to the method of 
Cordenky and Marinetti (197$) on various lipid mixtures. The 
optical density changes were guantitised by constructing a stan­
dard curve as follows: Various amounts of Dipalmitoyl EE (2$- 
lOOhM) were dissolved in 1ml chloroform-methanol (l;1 ^/v) con­
taining 0.1ml NaHCO, pH 8.6 for 2 hours at room temperature.
At the end of this period, solvent was removed by evaporation 
with benzene-methanol (4:1 T/v) and the residue was sonicated for 
1 min with 1ml water. Each tube was measured spectrophotometric- 
ally at 3)7nm, and a standard curve was constructed of OD 337nm 
against the molar concentration of phospholipid.
2.28. (v). Extraction and identification of derivatised phospho­

lipids from native membranes.

Derivatised membranes were thawed and homogenised in 1.8ml 
60mM KCl, and lipids extracted by the Dligh and Dyer procedure. 
Extracted lipids, derivatised standards and native phospholipids 
were chromatographed on silica gel E containing magnesium 
hydroxycarbonate in chloroform-methanol-28^ ammonia (65:25:5 
by vol). After development, derivatised lipids were identified 
on tne chromatograms as yellow spots, and other non-derivatised 
lipids were detected by DEE spray reagent as previously described. 
Spots of silica gel representing greater than a total of 50nmole 
phospholipid phosphorous were removed from the plate for phosphate 
analysis by the method of Piske and Subbarow, (l925).

Derivatised lipids representing less then 50nmole 
phospholipid phosphorous were eluted from the gel by sonication 
of the gel in 10ml chloroform/methanol 2:1, and filtered through
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a PTFE filter, (0.2pM pore size). The filter was evaporated to 
dryness under vacuum. The residue was taken up in 1ml ethanol, 
and the optical density measured at ^)7nm. A standard curve was 
prepared of TNP-PE in ethanol, the assay ranging from lO-IOOnm 
phospholipid. Spots containing less than gOnmoles of underivat- 
ised lipid were marked, and DPE eluted from the spots by chromat­
ography in petroleum ether (40oc-60°C). Spots were removed from 
the plate and the lipids eluted, filtered and evaporated to dry­
ness as described above. The lipids were then derivatised with 
TNBS in ohloroform/methanol containing 0.1ml 5aEC0, pE 8.6 as 
described in (H) The derivatised phospholipids were extracted 
by the Eligh and Dyer procedure, evaporated to dryness and taken 
up in 1 ml ethanol. Phospholipid concentration was estimated by 
measuring the optical density of the ethanol solution at $37nm.
2.29. Preparation of obese mice using goldthioglucose hypothal- 

amuo lesioning.

Goldthioglucose was injected subcutaneously at a dose of 1.2mg/ 
g body weight in a saline vehicle. Mortality was about 20^ and 
about 85^ of the survivors became obese. Animals were utilised 
for experimentation that had attained a body weight in excess of 
40g within 4 weeks of lesioning.
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PHYSICAl, ASPECTS OF THE LIPIDS
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HEPATIC ENDOPLASMIC RETICDLOM

OF
LEAN AND OHESE MICE

HOUSED AT DIFFERENT ENVIRONMENTAL TEMPERATURES

USING ENEYME AND FLUORESCENT PROBES
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3.1. INTRODUCTION.
3.1. a. The endoplasmic reticulum (ER).

The nature of membrane biogenesis within the cell is poorly 
understood. However, it is now widely accepted that de novo mem­
brane synthesis is confined to the endoplasmic reticulum, with 
extensive modification in the Golgi apparatua of both the protein 
and lipid components of the bilayer (Jamieson and Palade, 1967a, 
1967b). Therefore, initial experiments to investigate the post­
ulate of functionally altered membranes being involved in the 
aetiology of obesity were carried out on the microsomal fraction 
from liver. This fraction essentially contains a heterogeneous 
population of vesicles, derived from the endoplasmic reticulum
(ER),

The ER of the liver cell is a complex membrane network envag- 
inating all areas of the cytoplasm, on which are localized a large 
number of intrinsic and extrinsic enzyme systems. The ER is 
essentially concerned with the synthesis of membrane components, 
metabolic conversions and protein synthesis. Approximately 60^ 
of the ER surface has ribosomes attached, engaged in protein 
synthesis. These areas are called rough ER while the remaining 
areas are ascribed as smooth ER.

The 'microsomal fraction' of a liver homogenate is the 
100,000 X g sedimentable material contained in the post mito­
chondrial (10,000 X g) supernatant. In the fed animal, 30-40^ 
of the ER is lost to the mitochondrial 10,000 X g pellet due to 
the presence of glycogen which tends to aggregate ER (Luck,196l).

Associated with the microsomal fraction are exogenous pro­
teins. Washing of microsomes with 0.3M ECl or 0.13M Tris-HGl 
ph 8.0 removes 30-39^ of the total protein, without loss of 
endoplasmic reticulum (Depierre and Dallner, 1976). However, 
these authors point out that it is not certain whether washing 
the microsomes in this fashion removes extrinsic proteins (e.g. 
ribosomal RNA) associated with the ER.

Rat liver microsomes are significantly contaminated with lyso-
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somes and peroxisomes, (between 9-1T^ of the homogenate acid 
phosphatase is recovered with the microsomal fraction), mito­
chondria, plasma membrane and Golgi (Beaufay et al., 19Y4)«
These authors estimate that 20^ of their total microsomal pro­
tein was due to the above contaminants. Unfortunately, further 
purification of the microsomal fraction results in greater loss 
of ER, and the resulting purified membranes may be less repre­
sentative of the total cellular ER fraction.

These above considerations impose possible difficulties in 
the interpretation of data obtained from experiments with lean 
and obese ER fractions, since it is possible that subcellular 
fractions from obese animals may differ in their sedimentation 
characteristics. Evidence will be presented to show the ER frac­
tions from obese animals are not dissimilar from that of lean in 
terms of protein/lipid/RUA ratios, although this does not neces­
sarily mean that identical fractions are being harvested from the 
two livers. There is no simple solution to this problem, and in 
the following experiments we make the assumption that our micro­
somal fractions contain a representative sample of total organ 
ER, although at the same time, we are aware of the difficulties 
in making direct comparisons.

We have utilised an intrinsic ER enzyme as a reporter for 
its physical environment, and therefore information from this 
system should not be influenced by contaminating organelles.

The technique of depolarisation of fluorescence, first 
described by Weber, (1953) was used to assess both bulk micro­
somal membrane microviscosity and the viscosity of phospholipids 
extracted from both lean and obese mice. The fluorescent probe 
will not be selective in its membrane partitioning, and there­
fore will report the average microviscosity of all membrane 
types present. Similarly, extracted phospholipids will be 
derived from all membrane types present in the preparation.

Despite these drawbacks, the microsomal fraction provides 
an excellent area to begin research of this nature, as it is 
available in large amounts and is easily prepared.
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Evidence is presented to show that the hepatic ER membrane 
from obese mice is in a more fluid state than that derived from 
lean, and that this phenomena is due, at least in part, to alter­
ations in the fatty acyl moieties of the membrane phospholipids. 
Data is also presented suggesting altered metabolic regulation of 
membrane composition in ER membranes from obese mice.

$.1.b. Use of enzyme and fluorescent probes to study the phys- 
ical properties and GDC to study the composition of 
microsomal membranes and extracted phospholipids.

(l). Enzymatic probes.

Considerations on the physical state of lipids within a 
biological membrane are often extrapolated from studies of the 
temperature dependence of membrane-bound enzymes (lenaz, 1977)' 
NADPH-cytochrome P-450 oxidoreductase, (EC 1.6.2.4) is a membrane 
bound enzyme found in mammalian ER. Its activity can be assessed 
by the addition of the artificial electron acceptor, cytochrome C. 
Mitochondrial cytochrome C reduction by NADPS can be prevented 
by the inclusion of KCN in the assay media, and therefore, under 
these conditions, the rate of cytochrome C reduction in a meas­
ure of ER NADPH-oxidase activity, since the binding and dis­
sociation of oxidized and reduced cytochrome C is not rate limit­
ing at the concentrations used in the assay (Philips and Langdon,
1962).

RADPH-cykochrome P-450 oxidoreductase has been character­
ised in mammalian hepatic microsomes, where it is especially 
abundant. The enzyme is a flavoprotein of M.W. 79,700 (Dignam 
and Strobel, 1977)'

The cytochrome P-450 dependant mixed function oxidase sys­
tem is responsible for hydroxylation of a wide variety of sub­
strates, e.g. steroids, polycyclic hydrocarbons, fatty acids, 
carcinogens and toxic drugs (Orrenius and Ernster, 1974)' The 
DADPH cytochrome P-450 reductase mediates the electron transfer 
between acceptor, NADPH and P-450 molecules. To date, no mobile 
electron carrier has been found between the reductase and cyto­
chrome P-450, BO it has been postulated that the two proteins
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(Dupple and Ullrich, 1976; Yang et al., 1977, 1978). This was

later confirmed by Taniguchi et al. (1979), by kinetic studies
with purified enzymes reconstituted in phosphatidylcholine ves­
icles.

A model for the organisation of the reductase and P-490 enz­
ymes was first proposed by Stier and Sackman (1979), whereby the 
P-490 molecules surround the reductase, both enzymes being assoc­
iated with annular lipid in a rigid quasicrystalline state. The 
stoichiometry of reductase and P-49O interaction has been assessed 
by Posterling et al. (l979) using reconstituted enzymes in ves­
icles containing PC/PE/PA mixtures. They achieved a maximal act­
ivity with a stoichiometry of 1 molecule of reductase to 9 of 
P-490 in 1:2 ^/w lipid. An important aspect of this work was that 
to achieve the correct (in vivo) stoichiometry in their reconsti­
tuted system coinciding with maximal activity, the presence of 
PE was essential in the lipid matrix. Thus, since microsomal 
enzymic oxygenation requires the presence of these two enzymes 
and specific phospholipids, the microsomal monooxygenase system 
provides a good model for the study of protein-protein and 
protein-lipid interactions.

Experiments were carried out to examine whether there were 
any changes in the form of the Arrhenius plots of reductase act­
ivity between lean and obese mice, as a method for probing changes 
in the lipid environment between enzymes from the two groups.

Changes in the form of Arrhenius plots are usually ascribed 
to changes in the physical environment of the enzyme (Varren et 
^7", 1974; Kimeiberg and Papahadjopoulos, 1974; Lee et al., 1974; 
Morrisett et al., 1979; Wunderlich et al., 1975; Houslay et al., 
1976a, 1976b). The Arrhenius relationship is the equation which 
connects the rate constant (k) of a reaction with temperature (T).

K - A.-'TRT

where A is a constant, generally known as the frequency factor of 
reaction, (collision frequency).
E is the energy of activation for the reaction and 
E is the gas constant.
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In order to test the Arrhenius equation, we first take log­
arithms of both sides of Eq. 1

In K = In A - _E 
RT

(Eq. 2)

It follows that, if the Arrhenius law applies, a plot of In K 
against ^/T will be linear, and the slope of this line will be

Taking common logarithms:-
(Bq. 5)log^Q K = log^Q A - ^72.30^ RT

and the slope of a plot of K against '/T is -^/2.$0$ R or

and has the units of Kilocal mol
74.57

1
(Eq. 4)

Thus, as long as the energy of activation does not change, log^Q K 
is proportional to ^/T.

In situations where a change in temperature leads to an 
abrupt change in the conformation of the reactive centre of a 
particapant in the reaction, then this may lead to a hindrance 
or shielding of the centre so that the fraction of collisions in 
which the energy is in excess of a particular value necessary to 
overcome local molecular repulsions is reduced.

With small molecules this sudden change does not take place. 
However with macro-molecules with secondary and tertiary struct­
ure this change does happen yielding biphasic or multiphasic 
Arrhenius plots.

This change can be due to sudden relaxation or formation of 
weak internal bonding forces (Van der Waal's) which alters the 
conformation of the reactive centre yielding a new energy of act­
ivation for that reaction, or can be due to associated molecules 
undergoing a conformational or phase change, which in turn alters 
the conformation of the reactive centre. Such is the situation 
for membrane bound enzymes. A phase change from liquid crystal­
line to gel phase of associated lipid molecules can physically 
constrain the enzymes under study, and the energy for activation 
concomitantly rises (Eourcans and Jain, 1974).
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It is widely accepted that the amino acid sequence of poly­
peptides is highly conserved, and therefore a membrane bound 
enzyme fhom the same animal source has always the same primary 
structure. However, it is also accepted that animals are able to 
modify the composition of their membrane lipids as outlined in 
the introductory chapter. Therefore if the 'breakpoint' of an 
Arrhenius plot of a membrane bound enzyme can be shown to vary 
under certain situations, it is more likely to be indicative of 
a change in the nature of the membrane lipids rather than a change 
in the enzyme itself.

Interpretation of the significance of changes in activation 
energy, E. between two similar, but not identical reactions, is 
difficult, because in multi-substrate reactions, especially those 
involving diffusional or rotational collisions within an ordered 
matrix, many factors can influence experimentally determined E..

Over the past 6^ years, considerable theoretical effort has 
been made to predict the absolute magnitudes of the pre-expon­
ential factor. A, and E^ for various reactions. Except for very 
simple gas phase reactions, attempts to quantitate E. and A 
have not been possible. It is therefore sufficient to regard 
changes in E between two similar, but not identical, systems as 
reflecting a change in the organisation or assembly of the comp­
onents participating in the reaction.

This change could be a change in the lipid fraction or the 
proteins themselves, or both. Protein conformation can be changed 
by phosphorylatlon/dephosphorylation reactions for example. It 
could also be changed by binding different lipid classes. Finally, 
the nature of the hydrocarbon chains of the phospholipid mole­
cules can affect protein conformation. However whether the lipids 
themselves become more or less 'ordered' need not necessarily 
affect the change in activation energy in any particular direction.

As before, a higher activation energy of a system over an­
other will be assigned as that system having a higher degree of 
'order'. It should be remembered that this applies to the sys­
tem as a whole, and the term 'order' may not have any real phys-
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ical meaning.
(ii). Flnoreacent Probes,

second approach to examining the thermotropic character­
istics of the lipid components of microsomal membranes from lean 
and obese mice, was to use the technique of depolarisation of 
fluorescence of an incorporated fluorophore.

The Arrhenius kinetics of the depolarisation values give an 
insight into the degree of molecular mobion, the degree of order 
and the temperature of onset into phase separations and trans­
itions occurring within the membrane. A disadvantage with this 
system is that it is not possible to label native membranes with 
fluorophore, without first purifying them from glycogen. Glycogen 
causes a high degree of light scatter, and hence inaccurate fluor­
escence measurements. Fluorescence measurements were carried out 
on extracted lipids reconstituted into stable bilayer vesicles 
by the sonication procedure. Thus, the lipid components of 
these vesicles will no longer be ordered in the same manner as 
the native membrane, which again makes comparison between extracted 
membranes from lean and obese animals difficult. Information 
about specific membrane components such as phospholipids recon­
stituted into stable vesicles obtained from Arrhenius plots of 
fluorescence depolarisation is extremely useful in understanding 
where specific biochemical changes in membranes can affect the 
membrane as a whole and the proteins contained within it.

Because NADPE cytochrome P-45O reductase is thought to have 
annular lipid which is selected from the bulk lipid pool (Stier 
and Sackman, 197); Bosterling et al., 1979), it was of interest 
to compare the information obtained from the enzyme study to 
Arrhenius plots obtained from fluorescence polarisation studies 
of membranes labelled with DPS, which samples the average bulk 
microviscosity of the membrane lipids (Shinitzky and Barenholz, 
1978).

The two major phospholipid components of microsomal membranes
are phosphatidylcholine (PC), and phosphatidylethanolamine (PE)
which have been shown to be assymetrically distributed between



-69-

PC and PE were extracted and purified from lean and obese 
microsomes in order lu establish microviscosity parameters for 
each lipid with a view to correlating changes in ^ADPH cytochrome 
P-490 reductase Arrhenius data between lean and obese animals 
with changes in PC and PE microviscosity. Further, correlating 
such changes may help to provide more evidence that this enzyme 
is associated with a specific lipid selected from the bulk lipid 
pool.

The terms membrane fluidity and membrane microviscosity are 
used interchangeably. Fluidity is simply reciprocal viscosity. 
Both these terms refer to intrinsic properties of a membrane 
system which regulate biophysical phenomena such as substrate 
permeability, membrane protein conformation, and the rotational 
and diffusional mobility of membrane proteins.

Since the degree of fluorescence polarisation is propor­
tional to the microvisGosity, changes in the value of P in a 
membrane system can be brought about by a number of membrane con­
stituents. An increase in the cholesterol/phospholipid ratio 
will cause an Increase in P (Eubbell and McConnell, 1971), and 
the degree of order in the system (Cogan et al., 1979). The 
two other major characteristics are the content of 8M, which con­
denses the membrane and confers a high degree of rigidity on the 
membrane structure (Shinitzky and Barenholz, 1974) and the degree 
of unsaturation of the phospholipid acyl chains (Chapman and 
Wallach, I968). Configuration (cis-trans) and position of the 
double bonds within the hydrocarbon chains strongly influence 
the physical properties of biological membranes. All these 
factors will influence fluorescence polarisation measurements, 
although detailed compositional analysis must be performed on a 
membrane system to assess the relative contribution of each of 
these factors.

the outer (cytoplasmic) face and the inner (inmenal) face, res­
pectively of the rat liver endoplasmic reticular membrane (Siggins
and Dawson, 1977). outer face contained 84^ PC, 8^1 EE and
the inner face 28^ PC and 37^ PE.



-70-

It is more difficult to correlate compositional changes in 
membranes with changes in the observed flow activation energies 
calculated from Arrhenius plots of polarisation (or microviscos­
ity) against absolute temperature. According to Shinitzky and 
Inbar, (l976) the flow activation energy,can be interpreted 
as the energy required to fuse the flowing segments to furnish 
a 'hole' which is large enough to maintain the flow. Thus, in 
ordinary liquids, As can be interpreted as the kinetic energy 
required to overcome the intermolecular forces that oppose the 
flow, and thus will be numerically equal to the amount of energy 
required to associate a mole of 'flowing segment' from the bulk 
liquid (Kauzmann and Eyring, 1940)'

Since intermolecular interactions between the flowing seg­
ment (in this case the segment containing the DPE) and the bulk 
liquid (the hydrocarbon core assembly of the phospholipids) tend 
to inhibit the flow process,/\E will therefore increase with the 
number of degrees of freedom for intermolecular interactions.
Thus, the less ordered a hydrocarbon assembly, the larger the seg­
ment to participate in the flow process, since intermolecular 
interactions become more diffhse.

Thus, it now becomes apparent that^E for fluorescence depol­
arisation studies bears no relationship to E. from membrane enz­
yme probe studies, although both measure some degree of constraint 
on the system under study. While a reduced thermal mobility due 
to increased viscosity of the matrix a protein is imbedded in, 
will in all probability E., if the increased viscosity
is due to increased order of the hydrocarbon matrix,^E will be 
reduced as measured by the fluorescence polarisation of a rotat­
ing hydrophobic fluorphore.

General rules about the contingency ofT^E on membrane mole­
cular structure are difficult to establish from the literature. 
4^E decreases with increasing cholesterol content in the system, 
which indicates an increase in order. The decrease in/^E is 
concomitant with a marked decrease in both the unit flow volume 
and the average length of flowing segments (Shinitzky and Inbar, 
1976). The interaction with the rigid backbone of cholesterol
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with the phospholipid acyl chains thus condenses the system, and 
simultaneously reduces the average length of hydrocarbon segments 
which participate in the flow process.

The degree ol unsaturation of fatty acyl groups esterified 
to phospholipids probably plays a large part in fixing the value 
of jig obtained from Arrhenius plots of fluorescence depolarisa­
tion studies on lipid mixtures, although little data is avail­
able from the literature concerning this parameter. Biological 
membranes contain a wide spectrum of fatty acyl species, not only 
diifering in their degree of unsaturation, but also their carbon 
chain length. Pi bonds in naturally occurring fatty acids are 
always in the cis conformation (hilditch and Williams, 1$^4).
Polyenoic Pi bonds are always methylene bridged, that is they 
are separated by 1 carbon atom. Mammalian biological membranes 
contain large amounts of fatty acyl species containing 1, 2,^, 4 
and 6 Pi bonds per fatty acyl molecule. Because the conformation 
oi the methylene bridged Pi bonds distorts the shape of the hydro­
carbon chain, polyenoic fatty acyl species have a larger molecular 
volume than saturated fatty acyl species (Chapter 5). Thus, according 
to uhinitzky and Inbar (1976), this phenomena should increase 
as the degrees of freedom for molecular interaction becomes more 
diiiuse with increasing molecular volume.

(^LC analysis of fatby acids derived from membranes and 
phospholipids from lean and obese animals.

Bulk microsomal membrane lipids were transesterified with 
oodium methoxide, and analysed by GBC. The resultant spectrum
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±6 that of the fatty acids derived from both phospholipids and 
neutral lipids that comprise the bilayer.

To asses bhe overall degree of order that is likely to arise 
from these fatty acids comprising the hydrophobic core of the 
membrane, four parameters must be considered.
a) . The fraction of totally saturated lipids. Totally satur­
ated lipids confer a high degree of order on a membrane.
b) . The number of pi bonds per unit number of fatty acids. The 
number of pi bonds markedly influences the degree of order with­
in membranes (Chapter l).
c) . The average carbon chain length of the fatty acids.
d) . The isomeric configuration of conjugated pi systems. Cis 
isomers in fatty acids give rise to considerable disorder com­
pared to trans isomers.

From CLC data, changes in the number and distribution of 
pi bonds will give an indication of the degree of order within 
obese membranes compared to those of lean, and is useful in asses­
sing the cause of changes observed in enzyme and fluorescence 
data.

The fatty acid spec brum of individual phospholipid classes^ 
purified from the bulk ER^was obtained for comparison of compo­
sitional and microviscosity parameters. Changes in the viscos­
ity of membranes of obese animals should be accompanied by 
changes in the fatty acid composition of the major membrane 
phospholipids.

ChC data for bulk microsomal membrane lipids from animals 
at different ages was assessed, in an attempt to ascertain 
whether the severity of insulin resistance that develops in 
growing animals was in any way connected with observed membrane 
changes.

Finally, the microsomal fraction from mice made obese with 
a single subcutaneous injection of gold thioglucose was analysed 
by GLC, Mice were sacrificed in the static phase of their obes­
ity, in excess of 70g weight. Changes in the fatty acid compo­
sition of GTG-obese mice will be of use in assessing whether
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membrane changes are specifically associated with the ob gene, or 
whether they are general changes occurring in the obese state.
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^.2. RESULTS AND DISCUSSION.

.2. Purity of membrane preparations.
Assessment of total ER in the whole liver homogenate and in 

the isolated microsomal fraction hy measurement of KADPH cyto­
chrome C reductase activity indicated a fairly constant recovery 
of ER over three microsomal preparations from lean animals, but 
a rather more variable recovery of ER from obese (Table $.1.). 
Recovery was assessed by measuring the rate of reduction of cyto­
chrome C per mg protein in the crude homogenate, and in the puri­
fied microsomal fraction. Thus, the percent recovery of ER can 
be calculated from the ratios of the total homogenate activity to 
the total microsomal activity of the EARPH cytochrome C reductase.

Despite variations in recovery of obese ER, phospholipid to 
protein and phospholipid to REA ratios were very similar in both 
lean and obese microsomal fractions (Table Similar
results were obtained on a repeat preparation. Thus, the puri­
fied microsomal fractions obtained are likely to be represent­
ative of total organ ER, although the drawbacks must be consid­
ered when making direct comparisons between microsomes derived 
from morphologically different tissues, such as liver from lean 
and obese animals. Contaminating organelles in the microsomal 
fraction will not interfere with enzyme Arrhenius plots, since 
the enzyme under sLudy will only be present in ER membranes. 
Eluorescence and GDC data will be the average of all the membrane 
types present, and therefore must be viewed with some caution.

ju2.b. Environmental housing temperatures.

It is known that the rectal temperature of mice varies 
with their environmental temperature, and that the rectal temp­
erature of obese mice falls faster in cold stress conditions 
(Trayhurn et al., 1976). Below 10»C housing temperature, obese 
mice cannot maintain homeothermia and death ensues. It has been 
postulated that obese mice poorly thermoregulate because of some 
thermogenic defect directly associated with their obesity (Bray 
and York, 1979; Tiayhurn and James, 1978).

Fig 3-1' shows rectal temperatures of lean and obese mice
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Table 3.1.
Phospholipid/protein/RNA phosphorous ratios in microsomal mem­
branes purified from lean and obese mice livers. Animals were 
housed at 25*G.

LEAR OBESE

Phospholipidzprotein a) 0.49 0.45
moles mg b) 0.44 0.41

0.47 (Mean) 0.43

BMA phosphorouszprotein a) 0.33 0.3Z
moles mg b) 0.33 0.34

0.33 (Mean) 0.33

RNA phosphorouszphospholipid a) 0.67 0.67
moles ^ mole ) b) 0.73 0.83

0.71 (Mean) 0.73

^ Recovery of microsomes a) 65 48
b) 62 57
o) 63 39

63.3 (Mean) 48.0 (Mean
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HOUSING TEMP. 'C

Fig $.1.
Rectal temperature of lean (#) and obese (o) mice as a function 
of housing temperature.
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at different environmental temperatures. Rectal temperatures 
are normalized in obese animals at At housing temper­
atures of 12*C, the obese rectal temperature falls to around 
$0°C. Such changes in body temperature should be sufficiently 
large to perturb biochemical structures as cell membrane temp­
erature has been shown to promote lipid cluster formation (Lee 
et al., 1974) and phase separation of membrane lipids into co­
existing fluid and crystalline domains (Wunderlich et al., 1975), 
and to an alteration in the kinetics of membrane bound enzymes 
(Raison et al., 1971).

It was therefore of interest to find out whether mouse 
liver microsomal membranes adapted to changing body temperature 
to preserve their physical properties.

Arrhenius plots of enzyme activity and fluorescence polar­
isation by a marker probe in lean and obese microsomal membranes 
were analysed from animals boused at 34°C, 29*C and 12"C.

3.2.0. Intrinsic enzyme marker Arrhenius kinetics in lean and 
obese mice microsomal membranes.

Figs 3.2 and show the Arrhenius plot for cytochrome C 
reduction at 950nM by hepatic microsomal KADRE cytochrome C 
reductase from lean and obese animals housed at 24^0 and 12«C 
respectively. The curves are representative of 4 separate exper­
iments on different batches of animals. (The mean values of the 
breakpoints and activation energies are summarised in Table 3.2). 
In all graphs presented in this thesis, lines through points 
are drawn free hand with an estimation of the breakpoint by 
inspection. Independant workers in this department drew simi­
lar lines, and agreed with the slopes of the lines and their 
intersections. Computer analysis of quadratic solutions was 
not deemed necessary if comparative graphs were self evidently 
different.

The data from these graphs, and the data from animals 
housed at 34°C and 4°C (plots not shown) is summarised in 
Table 3.2.



-78-

Fig 5.2.
Arrhenius plots of hepatic microsomal NADPH cytochrome P-450 
reductase activity from lean (®) and obese (o) mice housed at
24=C.
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Arrhenius plots of hepatic microsomal NADPH cytochrome P-45O 
reductase activity from lean (•) and obese (o) mice housed at
12°C.
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The 'breakpoints' between lean and obese vary considerably a.e 
totw. housing temperature. This variability lends support to the 
concept that the enzyme is undergoing some physical constraint 
below the breakpoint imposed by the lipid matrix, rather then 
undergoing an internal organisational change independently of 
its environment.

Breakpoints from Arrhenius plots of NADPH reductase activ­
ity from obese animals housed at 54°C and 24°C ('obese 34 and 24') 
were significantly lower than 'lean 34 and 24' indicating that 
the enzyme from 'obese 34 and 24' were sensing a phase separation 
occurring within the lipid matrix that was shifted down by 2-3°C, 
suggestive of a structural difference in the lipid matrix in 
obese preparations. Tentatively, this may suggest the presence 
of a structural component in a more fluid, or less ordered state 
in obese microsomal membranes. This may be an expected adapta­
tion in obese membranes from animals housed at 25°C, since their 
apparent core temperature is 2.5°C lower than that of lean.

Housing the animals at 34°C for one week (after which appar­
ent body temperatures are similar), resulted in a 1.6oC differ­
ence in breakpoint, as against 3°C at housing temperatures of 
25°C, suggesting that the anomaly observed in obese microsomal 
membranes characterised by a change in the Arrhenius breakpoint 
is partially rectified by normalizing body temperature.

When animals were housed at 12°C the breakpoint in 'lean12' 
was reduced to below 0°C, and 'obese 12' shifted down to 
Thus, by the same rationale, 'lean 12' microsomes now contain 
a component in a more fluid state than 'obese 12'. Both lean 
and obese rectal temperatures are subnormal at 12°C, and there­
fore this apparent fluidisation of some component in the ER 
membrane matrix from lean animals may reflect an attempt to 
maintain correct membrane function at reduced core temperature. 
Although the breakpoint of 'obese 12' was reduced to around 
3°C, the reduction is not as dramatic as that in the lean.

In summary, lean breakpoints were not significantly changed 
at the two housing' temperatures of 34°C and 24°C, when there was
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no change in their apparent core temperature. However, housing 
at 12*C caused a reduced core temperature, and a downward shift 
in breakpoint, suggesting some change in the lipid matrix. This 
may be a physiological response to restore membrane microviscos­
ity. In the obese membranes, where apparent core temperature 
was different at all ) environmental temperatures, a small down­
ward shift of breakpoint was observed as the environmental temp­
erature was reduced. Thus, the regulation of some aspect of the 
lipid matrix in obese mouse HR is different to that of lean.

As previously discussed, interpretation of activation energy 
values should be approached with caution. Changes that occur in 
the shape of Arrhenius plots between two similar systems, are 
however, strongly indicative of different environmental condi­
tions for the enzyme under study. In general, for membrane bound 
enzyme reactions, an increase in E. is suggestive of a more con­
strained environment. Hsually, this is translated to loosely 
describe changes in the hydrodynamic properties of lipids in the 
matrix, and the system is said to have become more ordered. For 
convenience, this term will be used.

From Table 3.2. it can be seen that the activation energies 
above the Arrhenius breakpoint are not significantly altered by 
housing animals at 34*C rather then 24°C. However, there is a 
suggestion from the 2 experiments performed at 12°C that the act­
ivation energy falls in obese 12 microsomes (6.8 v 9.2kcal mol."^). 
This would suggest that the enzyme activity is modulated by a 
component which is less ordered in 'obeseIG' membranes.

Below the breakpoint, activation energies were significantly 
higher in 'obese 24 and 34' than their lean counterparts, indi­
cating that the enzyme is associated with a component with a 
higher degree of order in obese membranes. In 'obese 12' mem­
branes, the activation energy was reduced to around 'lean 24 and 
34' values, indicating that the component conferring the higher 
degrees of order in 'obese 24 and 34' was normalized in this sit­
uation.

To conclude, analysis of enzyme probe Arrhenius plots sug­
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gests that the composition of the microsomal membranes of obese 
animals are different to those of lean. Tentatively, there may 
be a component that confers a higher degree of order, or more 
constraint, on the enzyme, and also there may be a component in 
a more fluid state, which may depress some lipid phase separa­
tion to which the enzyme is sensitive.

Housing the animals at 12°C, where the obese mouse rectal 
temperature is severely depressed, the component previously 
assigned to a 'higher degree of order' was normalized to that 
of 'lean 34 and 24'. The component in the lean assigned to a 
less fluid state became more fluid housing at 12°C, possibly as 
a result of a reduced core temperature in lean animals. It is 
clear from these results that there are differences in the mem­
brane organisation in obese mice microsomes. Regulation of mem­
brane composition in response to changing core temperature may 
be disturbed in the obese ER. Inability to correctly regulate 
membrane composition with changing core temperature may play a 
role in the poor thermoregulatory ability of obese animals. 
Equally, poor thermoregulation and inability to regulate mem­
brane composition may be a failure of a process common to both.

3«2.d. Fluorescence polarisation of HPH labelled microsomal 
membranes from lean and obese mice.

Microsomal membrane lipids were labelled with DPH as des­
cribed in 'Materials and Methods'. Arrhenius plots of fluor­
escence depolarisation with increasing temperature are shown 
for all three groups of animals housed at 34°C (Fig 3.4); 24°C 
(Fig 3*5); and 12°C (Fig 3*6), and data from these plots is sum­
marised in Table 3.3. From Figs 3.4 and 3.5 the degree of pol­
arisation is lower at around the animals body temperature, indi­
cating that the bulk average microviscosity of obese membrane 
lipids is lower than that of lean. The flow activation energies 
were lower in obese membranes, and thus contained components in 
a more ordered state. Because of this, there was a gradual 
normalization of membrane microviscosity at reduced assay temp­
erature .

To achieve the same microviscosity in obese membranes as
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Vt°K X 10“^

Arrhenius plot of fluorescence depolarisation (p) by DPH in 
extracted hepatic microsomal lipids from lean (©) and obese (o) 
mice housed at 34°C.
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Arrhenius plot of fluorescence depolarisation (p) by DPH in
extracted hepatic microsomal lipids ftom lean (.) and obese (o)
mice housed at 250C.
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Fig %6.

Arrhenius plots of fluorescence polarisation by DPH in extracted
hepatic microsomal lipids from lean (•) and obese (o) mice
housed at 12°C.
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that of lean assayed at membranes from obese would have to
be assayed at 28.5*0 - a difference of 11*0. In fluidity terms, 
obese membranes are fluidised by around 22^ over lean when housed 
at room temperature.

Housing at 12*0 produced Arrhenius plots with breakpoints 
at 20,3*0 in lean and 27.8*0 in obese. Gross membrane fluidity 
was decreased in obese membranes to lean values. Flow activa­
tion energies above and below breakpoints were identical.

This result is somewhat surprising, since the core tempera­
tures of obese mice are as low as is possible to sustain life, 
since housing at 10*0, death ensues. Therefore under these con­
ditions a fluidisation of obese membranes might be expected if 
membrane physical properties are to be preserved. Since this was 
not the case, this observation implies a changed regulation of 
membrane composition in obese membranes.

The biphasio nature of these 12*0 Arrhenius plots suggests 
the breakpoints mark the end of a broad phase transition. Because 
the activation energies below the breakpoints (12.6 kcal mol, 
are nearer to those obtained from the monophasic Arrhenius plots 
in membranes from lean and obese animals housed at 34°C and 
24*0 (mean value = 13.92 kcal mol. ^), it is likely that the end 
of this broad phase transition was previously above 40°C in mem­
branes from animals housed above 12*0. The breakpoint in obese 
12*0 microsomes is higher than that of lean, suggesting that 
there may be at least one component in a less fluid state in 12*0 
microsomes.

However, it is possible that the appearance of this break­
point is an artefact caused by selective partitioning of the 
fluorescent probe into different lipid domains above and below 
the break temperature. Further experimentation is necessary to 
evaluate the significance, if any, of this phenomenon.

Thusfar, our results with enzyme and fluorescent membrane 
probes suggest structural and regulatory anomalies in the lipid 
composition of obese microsomal membranes. At housing temper­
atures above 24°C, membranes from obese animals are in a more
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fluid state, but at the same time probably contains at least one 
component in a less fluid state. Housing at 12°C normalises 
obese microsomal membrane bulk fluidity, although a second com­
ponent may be maintained in a less fluid state than in lean 
mdcrosomes.

Again, we must conclude that the observed regulatory changes 
in the membranes from obese animals are multifactorial with 
respect to the membrane components.

v^2.e. Fluorescence polarisation studies on extracted PC and 
PE from lean and obese microsomal membranes.

PC and PE were extracted from the bulk membrane lipids by 
tic for fluorescence depolarisation and fatty acid compositional 
studies.

Fluorescent labelled vesicles were prepared by sonication 
(chapter 1). PC forms stable bilayers while PE forms stable 
hexagonal phase (P^y) multilayers under these conditions (Cullis 
and De Kruijff, 1979). Figs $.7 and $.8 show Arrhenius plots of 
fluorescent phospholipid vesicles.

Lean PC, at an assay temperature of 37°C is more fluid than 
that of obese PC. With decreasing temperature, the curves con­
verge, due to lower flow activation energies in the lean above 
and below the breakpoints. Thus PC from obese ER is less fluid 
at physiological temperatures than that of lean, and the acyl 
chains in obese PC are more disordered with respect to their 
molecular structure. As the assay temperature is reduced, so the 
acyl chains from lean PC become more condensed. As DPH part­
itions equally well into fluid and quasi-crystalling domains, 
within the matrix, so the rotational mobility of the probe is 
reduced, decreasing the measured bulk microviscosity.

With PE vesicles labelled with DPH, polarisation curves 
shown in Fig ^.7 were obtained. Obese PE vesicles were far more 
fluid at physiological temperatures. The assay temperature 
would have to be reduced by some 20»C to obtain equivalent 
fluidity in lean PE vesicles. The activation energies above
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Vt°K X 10“^

Lean
AE above break = 4.49 kcal mol 
AE below break = 7.55 kcal mol 

= a.o.2®c

-1

-1
-1

Obese
AE above break = 5.39 kcal mol

_ .4
below break = 8.99 kcal mol
l^^cUcfOUJr c 20 3

Eiff 3.7.
Arrhenius plot of fluorescence depolarisation (P) by DPH in
extracted hepatic microsomal PC vesicles from lean (®) and
obese (o) mice housed at 25°C.
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Lean
AE above break = 8.47 kcal mol
/\E below break = 10.37 kcal mol' 

» ^0‘Z°C~

-1 -1
Obese

above break = 5•82 kcal mol 
Ae below break = 7.67 kcal mol”^

^r/uUCfO>^ -=.

Eig $.8.
Arrhenius plot of fluorescence depolarisation (?) by DPH in
extracted hepatic microsomal PE vesicles from lean (•) and
obese (o) mice housed at 25°C.
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and below the breakpoints were lower than those of lean, sag- 
geeting that the acyl chains are more ordered in obese ER com­
pared with those of lean.

Since the phospholipid fraction of the ER membrane is com­
posed of approximately 54^ ^9^ PE (Depierre'. and Dallner,
1976) the fluidity and order parameters obtained from the Arr­
henius plots of these two parameters should by and large dictate 
these properties in the whole membrane. By considering the 
relative contributions of each lipid species, it is possible to 
explain the results of the polarisation Arrhenius plots in terms 
of the major phospholipid species. Assuming the compositional 
results of Depierre and Dallner, (1976) for rat hepatic ER, then 
if the membrane contained no other phospholipids, and the same 
neutral lipid content, than the mean contributions of the two 
lipid classes to the bulk polarisation at an assay temperature 
of $7»C would be 0.199 for lean and 0.192 for obese. In other 
words the net effect would be a more fluid membrane in obese ER. 
Although this is consistent with the observed situation, the pos­
sible contribution of the remaining 29^ of phospholipids, PS 
and SM, and also membrane neutral lipids (especially cholesterol) 
to the change in fluidity cannot be ignored, and requires further 
systematic investigation.

The work of Boater]ing et al. (l979), has demonstrated 
that the presence of PE is essential in vesicles containing 
reconstituted RADPH cytochrome P-49O oxidoreductase enzyme sys­
tems, for full expression of enzyme activity. It thus would 
appear likely that the enzyme is associated with PE. Our results 
consistent with this concept, since the Arrhenius plots of 
'obese 29' enzyme activity suggest association with a more fluid 
lipid. PE, therefore is a good possibility. Since the major 
microsomal phospholipid is PC, it may well be this lipid that 
determines the activation energy of the enzyme reaction, since 
'obese 29' Arrhenius activation energies suggest association 
with a more ordered component.

Riggins and Dawson (197?) have demonstrated that the rat 
liver ER is assymetric with respect to the localisation of phos­
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pholipid species. Their findings indicate that PE is largely 
confined to the luminal monolayer, and that the cytoplasmic 
monolayer comprised mainly of PC. This raises the possibility 
that the obese microsomal membrane may have altered bilayer 
fluidity assymetry, the luminal monolayer being more fluid than 
that of lean, and in contrast the cytosolic monolayer may be 
less fluid. This concept may help to rationalize the Arrhenius 
data for NADPH cytochrome C reductase activity, since the enzyme 
system is likely to interact with both halves of the bilayer.
).2.f. GhC analysis of microsomal membrane fatty acyl methyl 

esters from lean and obese mice.

Table ^.4 shows the fatty acid spectrum from the total 
microsomal lipid extract. The major components are shown with 
standard errors, and represent the accumulated data from 6 observ­
ations. Initially, experiments were performed to determine if 
the fatty acid changes in obese liver microsomes were dependant 
of the severity of the developing hyperglycaemic syndrome. GhC 
data was obtained from animals aged from 6 weeks to 6 months.

As no age dependant differences could be discerned in the 
fatty acid composition, the data is presented as the accumul­
ated means and standard errors. It can be concluded that the 
observed changes in Table $.4 are age independant.

The major changes in fatty acid composition of microsomes 
in obese compared to lean mice were a reduction of l6:0, an 
increase in 18:0, and 18:1, a decrease in 18:2 and an increase 
in 22:6 and 24:1. Overall, the total lipid extract is less sat­
urated with more pi bonds mol. ^lipid. This is consistent with 
both the increased fluidity that was measured by fluorescence 
depolarisation by DPH, and the lower Arrhenius breakpoint for 
^ADPH-cytochrome C reductase.

Thus, the fluidisation of obese microsomal membranes is due, 
at least in part, to increased desaturation of the phospholipid 
fatty acyl moieties.
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Table 3,4.
GLC fatty acid methyl ester spectrum of total microsomal membrane
lipids from lean and obese mice housed at 29*C.

FATTY ACID ^ OF TOTAL

LEAN OBESE

14:0 0.2 0.5

14:1 0.4 0.3

16:0 26.9 ± 1.44 16.6 ± 0.98

16:1 3.7 3.3

18:0 17.6 ± 0.73 20.6 ± 1.2

18:1 13.1 ± 0.44 15.8 ± 1.8

18:2 12.) ± 0,5 10.0 ± 0.2

18:) 2.0 1.2

20:0 JTD 0.22

20:2 1.6 1.2

20:) 3.0 ± 0.04 3.4 ± 0.2

20:4 8.4 ± 0.7 8.4 ± 0.6

22:1 0.3 1.4

22:4 0.6 0.6

22:6 8.9 ± 0.9 12.6 ± 1.4

24:1 0.7 2.7
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^u2.g. GLC analysis of microsomal membrane PC and PE fatty acyl 
methyl esters from lean and obese mice.

Table $.5 shows the fatty acid spectrum of PC from lean and 
obese mice hepatic ER. Prom the table, there appear to be no 
major differences, except that the obese PC molecules are more 
saturated and contain less pi bonds mol. ' than lean (Table 3^7), 
which is consistent with the fluorescence depolarisation data.

Table ).6 shows the fatty acid spectrum of PE from lean and 
obese hepatic ER. There is a marked reduction of l6:0 and 18:0, 
and a large increase in 20:4 and 22:6, Consequently, there is a 
considerable reduction (over 40^0 content of saturated
fatty acids, with nearly a threefold increase in the number of 
pi bonds mol."^ (Table $.7). The mean carbon chain length is 
increased by 1 carbon atom in the obese PE molecules.

Thus, the marked fluidisation of PE vesicles from obese ER 
can be accounted for by an increase in 20:4 and 22:6, at the 
expense of l6:0 and 18:0.
).2.h. GLC analysis of fatty acyl methyl esters from microsomal 

membranes from mice made obese by injection of gold thio-
glucose.

Gold thioglucose-obese mice (GTG) were prepared as described 
in 'Materials and Methods'. Animals were in the static phase of 
their obesity, and were housed at 29°C. Total microsomal mem­
brane fatty acid methyl esters were analysed by GIC. A similar 
fatty acid spectrum was obtained as that for ob/ob mice (Table 
3.8) the major changes being a decline in l6:0, with an increase 
in 22:6. The total phospholipid extract contained a lower per­
centage of saturated fatty acids, and an increased number of pi 
bonds mol."^ to both lean and ob/ob mice.

Thus, changes in fatty acid saturation parameters were ob­
tained in two separate models of obesity, genetic autosomal 
recessive, and chemically induced hypothalamic. This alter­
ation of membrane composition may, therefore, be a general feat­
ure of the obese state.
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Table 3.5*
GLC fatty acid methyl eeter spectrum of phosphatidylcholine
extracted from total microaomal membranes from lean and obese

mice housed at 29°G.

FATTY ACID ^ OF TOTAL

LEA5 OBESE

14:0 1.2 1.1

14:1 0.4 0.)

16:0 24.2 23.5

16:1 3.3

18:0 12.6 14.9

18:1 1).1 13

18:2 12.6 7.7

18:) 1.1 1.5

20:0 0.72 1.26

20:2 ND 1.0

20:) 2.7 1.4

20:4 10.) 7.4

22:2 1.32 0.4

22:4 0.7 1.7

22:6 12.1 1).8

24:1 3.4 5.8
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Table $.6.
GLC fatty acid methyl ester spectrum of phosphatidylethanolamine
extracted from total microsomal membranes from lean and obese
mice housed at 25°C.

PATTY ACID ^ OP TOTAL

LEAB OBESE

14:0 0.9 0.4

14:1 0.9 0.3

16:U 34.3 16.3

1b:1 ND 2.8

18:0 23.0 19.4

18:1 14.8 13.1

18:2 6.8 3.6

18:3 2.4 1.8

20:0 2.1 ND
20:2 ND ND
20:3 2.7 1.4

20:4 3.7 14.2

22:2 1.1 0.8

22:4 1.8 0.9

22:6 1.9 22.0

24:1 1.3 ND
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Table 3.7.
Summary of data from GLC analysis of the fatty acyl methyl esters 
from lean and obese hepatic microsomal lipids, and extracted PC 
and PE.

^ saturated 
fatLy acids

pi bonds 100 
molecules ^

Mean carbon
atom chain

length.

Phenotype L 0 L 0 I. 0

Total extract 44.7 37.9 130.8 171.5 18.1 18.6

PC )8.7 40.8 175.5 167.3 18.4 18.3

PE 62.3 36.1 80.6 230.2 17.7 18.7
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Table 3.8.
GLC fatty acid methyl ester spectrum from total microsomal 
lipid extract from GTG obese mice. The total fatty acids are 
$9.5^ saturated, and contain 188.2 pi bonds per 100 lipid mole- 
cules. bean values are those shown in table $.4-

FATTY ACID ^ OF TOTAL

GTG
OBESE LEAN

14:0 0.3 0.2

16:0 20.0 26.9

l6:1 0.4 ).7

18:0 19.2 17.6

18:1 18.5 15.1

18;2 9.6 12.5

18:3 1.1 2.0

20:3 5.0

20:4 9.7 8,4

22:4 1.1 0.6

22:6 15.0 8.9

24:1 2.0 0.7
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3.2.i. Interpretation of flow activation energy changes in fluor­
escence depolarisation studies in membranes and liposomes 
from lean and obese mice.

As has been outlined in section the interpreta­
tion of the value of is not always easy. In membrane lipid 
extracts it is particularly difficult since the full composi­
tion of the individual lipid classes is not known. In phospho­
lipid vesicles of a single class, theoretically it is only the 
fatty acyl chains that are determinant in the value of^^E. 
Therefore comparison of GLC data and^E values for each lipid 
class should help to establish a stronger link between/\E and 
molecular structure. Efforts in this direction are hampered by 
lack of knowledge of the isomeric heterogeneity of each unsatur­
ated fatty acid class. There is much evidence that mammalian 
fatty acids are predominantly cis, however (Hilditch and Williams,
1964).

The total lipid extract from obese membranes was more fluid 
at physiological assay temperatures. Due to a decreased^E, 
fluidity was normalized at low assay temperatures. Extracted 
PE showed an increase fluidity and also a decreased/\E, sug­
gesting the characteristics of the bulk membrane may be strongly 
influenced by PE. Since the larger changes were a reduction in 
l6:0 with an increase in 22:6 in both whole lipid extracts and 
PE, then this may account for the enhanced fluidity. The con­
figuration of all cis 22:6 is such that it adopts a relatively 
rigid three dimensional structure (Chapter 5)»

It may be this aspect of this lipid that may give rise to 
a higher degree of order in obese membranes and PE vesicles. At 
the same time the large volume and poor packing ability of this 
lipid serve to increase fluidity. This will be dealt with in 
greater detail in Chapter 5»

The cause of the increase in^E in PC from obese micro­
somal membranes is obscure, perhaps a decrease in 18:2 or 20:4 
might serve to decrease the order of PC vesicles from obese 
mice.
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3.2.j. Findings of Rouer et al. (1980).

Recently Rouer et al., (198O) studied the Arrhenius data of 
an intrinsic microsomal enzyme, ethoxycoumarin-O-diethylaae in 
microsomal membranes from lean ob/ob and db/db mice. Break­
points in ob/ob and db/db membranes were reduced to below zero, 
suggesting that the enzymes from these two mutant strains were 
sensing a more fluid environment. Our results with MADRH cyto­
chrome C are in agreement with those obtained by Rouer et al. for 
ethoxycoumarin-O-diethylase.

These workers also obtained subzero breakpoints in Arrhenius 
plots of DPR fluorescence depolarisation in microsomal membranes 
from mutant mice, but obtained a breakpoint at 22°C for lean mem­
branes. They detected no difference in membrane microviscosity 
at body temperature between any of the groups. Our results are 
not consistent with this observation, but the possibility that 
glycogen and extrinsic proteins may be masking fluidity differ­
ences in their membranes cannot be ruled out.

The GLC data obtained by Rouer et al. (198O) demonstrate 
that microsomal membranes from obese animals contain altered 
proportions of fatty acids. Although their data and ours show 
many points of agreement (for example, reduced 16:0, 18:2 and 
increased 18:0, 18:I), no data was presented for 22:6 or the 
more minor fatty acid components. However, these authors noted 
an increase in 20:4, not obtained by ourselves.
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CONCLUSIONS.
StWies using an enzymic marker and fluorescent probe to 

assess changes in the microsomal membranes from obese mice sug­
gest that there are compositional changes in these membranes. 
Furthermore, housing the animals at different environmental 
temperatures caused compositional changes within the hepatic ER. 
These changes are not mirrored by similar changes in those from 
obese mice suggesting that a regulatory defect in the control of 
membrane composition may be present. This may be related in 
some way to the obese animals poor thermoregulatory ability, com­
pared to lean animals.

Fluorescence polarisation studies on membrane lipids demon­
strate that obese membranes are more fluid than lean. Gross 
membrane fluidity measurements also demonstrate that there are 
differential changes in membrane composition between lean and 
obese under different housing conditions.

Fluorescence measurements on isolated phospholipids from 
lean and obese ER shows that ER from obese membranes is consid­
erably more fluid than that of lean, while PC in obese ER is 
less fluid. It is likely that PE is the dominant factor in caus­
ing an increased gross membrane fluidity in obese ER.

GLC data demonstrates that the major cause of the increased 
fluidity in PE from obese ER is the presence of 22:6. The pre­
sence of this lipid in greater amounts in membranes from lean 
mice made obese by hypothalamic lesioning suggests that the 
observed fatty acid changes in microsomal membranes may be a 
general feature of the obese condition.

Thus, obese mice microsomal membranes are structurally 
altered compared to those from lean mice. PE and PC are assym- 
etrically distributed in the ER, and thus the obese ER mem­
branes may have a more viscous cytoplasmic monolayer, while 
having a less viscous luminal monolayer compared to lean con­
trols. This factor may strongly influence the biochemistry 
of intrinsic and extrinsic membranes proteins, and may help to
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partially explain the many metabolic anomalies associated with 
membrane bound proteins in the obese state.
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4.1. INTRODUCTION.

4.1. a. Function of the adipocyte.
By far the most ohvioue anatomical change in the obese 

state is that of the white adipose tissue, since it is this 
that is the site of lipid storage in mammalian and avian species. 
Not surprisingly, much interest has been shown in probing the 
nature of the regulation of fat metabolism in this tissue in the 
search for metabolic changes that give rise to the obese con­
dition.

The fat cell (adipocyte) has been a popular model for invest­
igating the action of hormones on cellular metabolism, since its 
ease of preparation, durability and its high sensitivity to var­
ious hormones make it ideal for in vitro study. One disadvantage 
of this cell, however, is the very wide range of size that it can 
attain. Comparison of metabolic parameters between two popula­
tions of cells of different mean diameter is difficult, since 
metabolic data can be'normalised' by expressing results in terms 
of cell number, surface area or intracellular water space.

In recent years certain aspects of adipose tissue metabolism 
in the obese condition have been elucidated, and are now widely 
accepted. The adipocyte is concerned with fatty acid uptake, 
storage and release, also it is capable of de novo fatty acid 
synthesis from glucose. In the fed animal, the adipose tissue 
provides a reserve of fats to provide the animal with energy for 
periods of starvation, or for periods of strenuous exercise. Dur­
ing normal periods, in the mature animal, the tissue is in the 
steady state whereby the rate of lipolysis is equivalent to the 
rate of re-esterification, and esterification of newly synthe­
sized fatty acids. Through mechanisms unknown, the adipose tis­
sue mass is accurately controlled over long periods, such that 
the adipose tissue mass is adequate for moderate starvation, but 
at the same time not too extensive to impair the animals mobility. 
In the obese condition, when this is not the case, a number of 
metabolic parameters in the adipose tissue are altered. Princip­
ally, these changes are brought about by changes in the response 
of adipocytes to plasma hormones.
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4.1.b. Hormonal control of fat metabolism.

Triacylglycerol accumulation in adipocytes is ultimately reg­
ulated by the supply of fatty acids from dietary fat and glucose, 
and the demand for fatty acids by the tissues. Insulin enahnces 
anabolic processes that lead to triacylglycerol (TG) formation 
in the adipocyte in the presence of dietary substrate. The cate­
cholamines, glucagon and growth hormone promote TG catabolism to 
fatty acids which are released from the cells. These hormones 
are responsible for maintaining the steady-state levels of plasma 
metabolites in the fed, starved and stressed condition.

The relative sensitivity of adipose tissue to the above
mentioned hormones is modified by other plasma hormones, partic- 

y xt.ularly tl^oid hormone and the glucocor^oids. The long-term
control of adipose tissue mass in the fed state is likely to be 
due to the ability of adipocytes to respond to subtle changes in 
the relative concentrations of these hormones in the plasma. Fig 
4.0. illustrates the control of TG metabolism in adipose tissue 
by insulin and hormones acting via the adenylate cyclase. Insulin 
promotes TG accumulation by modulating a variety of intracellular 
events. Insulin increases the transport of glucose into the 
adipocyte by increasing the number of transporters in the plasma 
membrane (Cushman and Wardzala, 198O). Since transport is rate 
limiting for glucose utilization, intracellular substrates for 
TG synthesis are elevated (i.e. glucose -1-phosphate, MDPH and 
fatty acids). Insulin may also exert a direct enhancement of 
esterification. Lipolysis is decreased by insulin, although the 
mechanism for this action is not known, but there is some evid­
ence that insulin may reduce intracellular cAMP. The role of 
cAjyjP in the control of lipolysis is well documented (Kuo and 
Greengard, I969). Intracellular cAMP may be reduced by the 
increase in activity of the phosphodiesterase enzymes following 
exposure of adipose tissue to insulin (Loten and Sneyd, 1970). 
Insulin also increases the activity of lipoprotein lipase in 
adipose tissue. This serves to promote the entry of fatty acids 
into adipocytes for esterification.

The role of catabolic hormones in adipose tissue metabolism
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Hormonal control of triacylglycerol/fatty acid cycle and glucose 
metabolsim in adipose tissue.
LPL - Lipoprotein Lipase
PPP - Pentose Phosphate pathway.

Stimulation 
Inhibition
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are better understood. The catecholamines, glucagon and growth 
hormone all stimulate the adenylate cyclase directly via their 
receptors. The resulting elevation of intracellular cAMP activ­
ates a protein kinase which phosphoryiates an inactive lipase, 
converting this enzyme into its active form (Corbin et al., 1970). 
TO metabolism,therefore, is regulated primarily by the relative 
antagonism between insulin and hormones activating adenylate 
cyclase.

Thyroid hormones modulate catecholamine action in a variety 
of tissues including adipocytes (Malbon et al., 1978). The 
affinity of p receptors for agonists is dependant on thyroid 
status (Malbon, 1980), increasing plasma T^ concentrations pro­
ducing an increase in binding affinity for isoprenaline. Thyroid 
hormone also modulates the regulation of agonist binding to p 
receptors by OTP, the rightward shift in the dose-response curve 
to adrenaline caused by the presence of guanine nucleotides is 
abolished in hypo and hyperthyroid states (Malbon, 1980). Thyroid 
hormones may also modulate the a to p receptor ratio in adipose 
tissue (Rosenquist, 1972), a receptor occupancy antagonises p 
receptor occupancy in adipose tissue. The effect of thyroid 
hormones on modulating the coupling efficiency between ligand- 
receptor complex and adenylate cyclase has been established, and 
is discussed by Maibon (198O). Although little is known about 
the nature of this action of the thyroid hormone, nevertheless 
Malbon (1980) has shown that guanine nucleotides are not involved 
in the altered coupling efficiency caused by changed serum T, 
levels.

The glucocorticoid hormones, corticosterone and hydrocort­
isone promote fatty acid release from adipocytes in the presence 
of glucose. Although little is known about the specific mechan— 
isms by which the hormones act, protein synthesis is an obliga­
tory step in the action of the glucocorticoids (Fain and Czech, 
1975). Glucocorticoids specifically inhibit the membrane trans­
port of glucose, thereby reducing the availability of glycerol- 
l-phosphate for re-esterifioation of fatty acids (Czech and Pain, 
1971). Glucocorticoids also alter the sensitivity of fat cells 
to lipolytic enzymes. Since glucocorticoids do not alter the
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steady state levels of cAMP (Fain et al., 1971), Fain and Czech
(1975) suggest that the glucocorticoids enhance the potency of 
cAMP to activate lipolysis by some unknown mechanism,

4.1.0. Hormonal control of fat metabolism in obesity.

Whatever the locus of increased metabolic efficiency ob­
served in obese animals compared to lean, hypertrophy of adipose 
tissue in obese animals must result from an alteration in the 
relative rates between lipogenesis and lipolysis in the whole 
animal during the dynamic phase of weight gain.

Under normal growth conditions of an animal, net TG accum­
ulation is strictly controlled in adipose tissue. It is at this 
stage of development that adipose tissue is at its most sensitive 
to hormonal status. Net TG accumulation in adipose tissue from 
obese animals, however, occurs also under conditions where adi­
pocytes display a marked blunted response to circulating hormones 
(Hray and York, 1979). Whatever the reasons for this blunted 
hormonal response in adipose tissue from obese animals, it is 
likely that this factor coupled with the actual hormonal status 
of the obese animal contributes largely to increased TG accumul­
ation in the adipose tissue.

ihe poor hormonal response of adipose tissue in obese animals 
is not primary to the aetiology of obesity, since tissue trans­
plant studies reveal that adipose tissue from either phenotype 
adopts the same characteristics as host tissue (Bausberger, 1959; 
Meade et al., 1978), However, as Hray and York (l979) point
out, hormone resistance may be a general feature of many tissues 
in the obese condition. Clarification of the possible cellular 
j-ocus of this resistance is therefore necessary in order to 
understand more clearly the biochemical changes occurring in the 
whole animal that ultimately give rise to an increased adipose 
tissue mass. The general features of hormone resistance displayed 
by adipose tissue in the ob/ob mouse have been discussed in the 
introduction (Chapter I ).

Dehaye et al., (1978) have demonstrated the likely possib­
ility oi reduced coupling efficiency between ligand-receptor
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complex and adenylate cyclase in ob/ob mice adipocyte plasma mem­
branes compared to lean controls. Also, from perturbation studies 
with ethanol on guanyl nucleotide coupling to adenylate cyclase, 
these authors postulate an altered lipid composition in membranes 
from obese mice compared to lean. The data of Dehaye et al., 
(1978) suggests for the first time that the observed blunted 
response of lipolysis to catachofamines in
obese adipose tissue may be a result of reduced receptor-cyclase 
coupling efficiency due to an altered lipid environment.

The early events that trigger responses in target cells to 
circulating hormones occurs on the cell plasma membrane. In 
Chapter 3 it was established that gross perturbations occur in 
hepatic microsomal membranes from obese mice when compared to 
lean control membranes. Experiments were therefore designed to 
characterise adipocyte plasma membranes from lean and obese mice 
in order to establish whether similar perturbations occur in 
plasma membranes as in microsomal membranes, and if so, whether 
altered plasma membrane composition contributes to the altered 
responsiveness of adipose tissue to hormonal stimulation.

4*”^*^* The effect of membrane lipid comnosition on basal and 
hormone stimulated adenylate cyclase activity.

In order to evaluate the possible effect of altered membrane 
composition on the poor hormonal stimulation of adenylate cyclase 
by catabolic hormones observed in the obese condition, it is 
worthwhile reviewing the literature on the effect of lipids on 
the basal and hormone stimulated activity of adenylate cyclase.

Although data between experimental groups is not always con­
sistent, considering the wide variety of animal sources from 
which data has been obtained, and also variations in experimental 
conditions used, it btcomes clear that a feature of this enzyme 
system is its high degree of sensitivity to both the fluidity
and lipid composition of its environment in the cell plasma mem­
brane .

Early studies with phospholipase treatments of membrane 
preparations resulted in changes in basal adenylate cyclase
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activity, hormone stimulation, or both (Pohl et al., 1971; 
Eabalcava and Rodbell, 197$)« In several studies, readdition 
of phospholipids resulted in restoration of basal activity or 
hormone stimulation to an extent that was dependant on the nat­
ure of the polar headgroup (Pohl et al., I97I; Levey, 1971;
Rethy et al., 1971). These workers established that phospho­
lipids were essential in the coupling process, and also to 
normal cyclase function, and that phospholipids were prefer­
entially associated with the hormone-receptor-cyclase complex.

Membrane perturbing agents have been shown to have a variety 
of effects on the adenylate cyclase system. Gorman and Bitensky 
(1970), first showed that short chain alcohols could selectively 
activate the glucagon-responsive adenylate cyclase in liver plas­
ma membrane, complimentary to the findings of Dehaye et al.,
(1978), who observed a similar effect of ethanol on the p-adren- 
ergic stimulated adenylate cyclase. Dipple and Eouslay (1978) 
demonstrated that benzyl alcohol activates both the glucagon stim­
ulated and uncoupled fluoride stimulated adenylate cyclase in rat 
liver plasma membrane. At higher concentrations, this agent inhib­
ited both activites, although the concentration required for onset 
of inhibition was quite different. Longer chain phenolic alco­
hols did not inhibit the uncoupled unit until higher concentrations 
were reached, when the coupled unit also became inhibited.

Since the aryl ring of benzyl alcohol only interacts with 
phospholipid headgroups, these authors postulated that the lipid 
annulus of the catalytic unit determines the activity of the 
uncoupled unit, a process overridden when coupling occurs to the 
glucagon receptor. Englehard et al., (1978) performed a series 
of experiments using mouse cells in culture. Cells were sup­
plemented with fatty acids and various phospholipid headgroup 
derivatives. These workers then correlated changes in plasma mem­
brane adenylate cyclase activity with changes in bulk cell phos­
pholipid composition. Since the bulk of membrane lipids contained 
in a 48,000 X g pellet are microsomal and mitochondrial in origin, 
difficulties arise in interpretation of their results in terms of 
plasma membrane perturbations by lipid supplementation.
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Increasing membrane PE/PC ratio by incubating cells with 
ethanolamine increased basal adenylate cyclase activity, but 
reduced NaP, PGE and PGE + GTP-induced stimulation over basal. 
Increasing membrane unsaturation led to further increases in 
basal activity in both choline and ethanolamine supplemented 
cells. Increasing the content of unsaturated fatty acids in 
cells with choline supplementation potentiated the PGE, stimu- 
lation of adenylate cyclase, while conversely, when cells were 
supplemented with ethanolamine there was a fall in the simula- 
tory effects of PGE.

Supplementing cells with choline and unsaturated fatty acids 
produced a increase in the for ATP of the adenylate cyc- 
lase, whereas ethanolamine and unsaturated fatty acid supplement- 
ation decreased the by 22$^^ These results suggest that PC 
and PE interact differently with the adenylate cyclase, and that 
unsaturated fatty acids modulate basal and hormone stimulated 
adenylate cyclase activity.

The polyene antibiotic, filipin has been shown to alter aden­
ylate cyclase activity in frog erythrocytes (Limbird and Lefko- 
witz, 1975) and in pigeon erythrocytes (Puchwein et al,, 1974)* 
Pilipin is an agent known to bind cholesterol in membranes, with 
high affinity.

Pilipin was found, in both systems, to uncouple the adenylate 
cyclase from the p adrenergic receptor occupied with agonist. No 
change in theL^]^dihydroalprenalol orisoproterenol specific 

binding was noted. Using perylene to probe the hydrophobic inter­
face, and aminonapthylsulphonic acid to probe the hydrophobic/ 
hydrophi^^ic interface, Puchwein et al. (1974) concluded that the 
f'ilipin-induced uncoupling effect took place in the hydrophobic 
region of the membrane. Cholesterol may thus be exerting a regu­
latory effect on adenylate cyclase, either directly, or more likely, 
by indirectly interfering with protein-lipid interactions.

More recently, Sinensky et al. (1979) have examined the wide 
range of cholesterol incorporated into mutated hamster overy cells, 
defective in the regulation of plasma membrane cholesterol content.
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Sinensky et al. (1979) found that decreasing membrane ohol- 
eeterol content decreased basal adenylate cyclase activity, while 
increasing membrane order and cholesterol content increases basal 
activity. Prom parallel BSR studies, Sinensky et al. (1979) 
concluded that this phenomenom was due to acyl chain ordering 
by cholesterol rather than to a direct cholesterol/adenylate 
cyclase interaction. Increased acyl chain ordering also led to 
a decreased NaP and PGE-stimulation, although the maximal pot­
ency of these agents was unaffected by acyl chain ordering.

Finally, Gidwitz et al. (1980) have compared adenylate cyc­
lase activities between normal and transformed chicken embryo 
fibroblasts. These two cell lines have different membrane comp­
osition. They found that transformed cells had both a higher EE/ 
PC ratio and also contained more unsaturation in the acyl chains 
than normal cells. A lower basal adenylate cyclase activity was 
also observed in transformed cells. Supplementing both cell 
lines with exogenous lipids demonstrated that increasing the PE/ 
PC ratio or the degree of unsaturation reduced basal activity of 
the adenylate cyclase.

These authors postulate from their studies on transformed 
cells that lipid composition may be modulating the effectiveness 
of the regulatory subunit to activate the cyclase enzyme. In 
view of this evidence for the effect of membrane composition on 
the regulation of adenylate cyclase activity, if similar changes 
occur in the adipocyte plasma membranes from obese mice as report­
ed for microsomes in Chapter then this altered lipid compo­
sition may provide an explanation for the altered characteristics 
of adenylate cyclase, observed in adipocyte plasma membranes from 
obese animals by Dehaye et al. (1978).

Since thyroid hormones exert an effect on the coupling 
efficiency between hormone-receptor complex and adenylate cyc­
lase, then altered membrane composition may also interfere with 
this locus of thyroid hormone action, as apparent resistance to 
thyroid hormones of the lipolytic system in ob/ob mice has been 
observed (Otto et al., 197^0*
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4*1•s• Effects of membrane lipid composition on insulin action.

There have been few studies reported on the effects of lipids 
on insulin stimulation of hexose transport. Recently, Amatruda 
and Finch (1978), have evaluated the effect of temperature on 
insulin-stimulated glucose transport and insulin binding. These 
studies demonstrate that the glucose transporter is sensitive to 
its lipid environment, since a thermal transition for gluocse 
uptake into isolated adipocytes occurred at a temperature where a 
phase separation occurred in the plasma membrane, as detected by 
ESR. Also, in the presence of insulin, thermal transitions for 
hexose uptake occurred at 37°C, such that a 1“C change in temper­
ature altered hexose transport by 30^. Such large thermally 
induced changes are likely to be mediated by protein-lipid inter­
actions, although no definite proof of this was apparent from 
their results.

Amatruda and Pinch (1979) also found that basal glucose 
transport was unaffected by incubation temperature. Insulin 
stimulated hexose transport was markedly increased at higher 
incubation temperatures. This was not mediated by increased 
insulin binding at high temperatures. Indeed, insulin binding 
at 37°C is only $0^ of that observed at 27®C, due to decreased 
numbers of binding sites. Binding affinity of the receptors to 
insulin at 25°C is also greater than at 37°C. Thus, the effic­
iency of hormone-receptor complexes to activate transporter units 
must be considerably greater at physiological temperatures than 
at reduced temperatures. Again, these changes in activating eff­
iciency of the insulin-receptor complex may be a result of mem­
brane viscosity changes, although evidence is scanty.

More recently, Pilch et al. (198O) demonstrated that fluid­
ising membranes by incorporation of cis unsaturated C^g fatty 
acids stimulated glucose transport in isolated plasma membranes 
to the same degree as prior incubation of the cells with insulin 
before membrane isolation. The effects of fatty acid fluidis­
ation and insulin treatment were not additive. The authors con­
clude that fluidisation of annular lipid surrounding the glucose 
transport protein may be involved in the mechanism of insulin
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action. This somewhat surprising result, although both interest- 
ing and controversial in the light of the findings by Cushman and 
Wardzala (198O), necessarily must be viewed with some caution, 
since the incorporation of 0.5 mol. ratio of fatty acid to phospho- 
lipid into membranes is highly unphysiological, and may seriously 
disrupt membrane architecture.

In this chapter some properties of adipocyte plasma membranes 
of lean and obese mice are examined. Adipocyte plasma membranes 
were isolated from lean and obese mice to investigate any compo­
sitional differences between the two groups that may give rise to 
altered membrane physical characteristics, as measured with 
fluorescent probes. Changes that occur in membranes from obese 
animals were correlated with changes in hormone stimulated aden­
ylate cyclase activity and insulin stimulated hexose transport 
into isolated cells. Housing animals at produces normalisa­
tion of core temperature to that of lean mice (Chapter )), and 
as it was of interest to examine the above mentioned parameters 
in animals housed at 54*C. Starvation causes a significant reduc­
tion of plasma insulin and glucose levels in obese mice (be 
Marchand et al., 1977)' Therefore, starving obese animals should 
help to determine if compositional changes in membranes from 
obese animals may be secondary to hyperinsulinaemia/hyperglycaemia.
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4*2, Results.

PBYSICAl STUDIES COMPONENTS.

4*2.a. Fluidity studies usin^ fluorescence polarisation by DPS 
labelled adipocyte plasma membranes from lean and obese
mice housed at different environmental temperatures.

Adipocyte plasma membranes from lean and obese animals 
housed at different environmental temperatures were labelled 
with DPH, and the fluorescence polarisation measured from 4°C 
to 40°C. Fig 4'1 shows the Arrhenius plot from membranes of 
animals housed at 25"C, and Table 4.1 summarises the results.

From Table 4.I it can be seen that obese imm^e adipocyte pl^iema 
membranes were significantly more fluid (P decreased) than those 
of lean.

The Arrhenius break temperature was also reduced in obese 
membranes, indicative also of a membrane component in a more 
fluid state. The flow activation energy was considerably 
reduced below the breakpoint in obese membranes, suggestive of 
a component in a more rigid or ordered state in obese membranes.

Above the breakpoint, the flow activation energy was little 
changed between obese and lean control adipocyte plasma membranes.

Similar results were obtained from lean and obese animals 
housed at 12*C (Table 4.I) a^d for lean animals housed at 4°C.
Since the body temperature of lean mice housed at 4*C is sim­
ilar to that of obese mice housed at 25»C, then changes in obese 
adipocyte plasma membrane fluidity are unlikely to be simply an 
adaption to a lower core temperature.

The data from Arrhenius plots of fluorescence depolarisation by 
DPH labelled adipocyte plasma membranes from lean and obese mice 
housed at 3400 is shown in Fig 4.2. The data from these plots 
is summarised in Table 4.1. This data demonstrates that the obese 
mouse adipocyte plasma membranes mormalise to lean values, when 
the mice are housed at )4"C. Housing temperature made little dif­
ference to lean adipocyte plasma membrane fluidity.
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/T°AxIO -3

Fig 4.1.
Arrhenius plot of fluorescence depolarisation hy DPH labelled
adipocyte plasma membranes from lean (o) and obese (o) mice
housed at 25°C (roow temperature).
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Pig 4.2. Arrhenius plots of fluorescence polarisation by DPH

labelled adipocyte plasma membranes from lean (•)
and obese (o) mice housed at 34°C.
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4.2.b. Fluidity studies using fluorescence polarisation by DPS
labelled liposomes of adipocyte bulk plasma membrane lipids
from lean and obese mice housed at different environmental
temperatures.

Adipocyte plasma membranes were prepared from lean and obese 
animals housed at 25°G and 54°C. Total membrane lipids were
extracted, and liposome suspensions prepared as described in Chap­
ter 2. The liposomes were labelled with DPH and the fluores­
cence polarisation measured. The Arrhenius plots generated from 
this experiment are shown in Figs 4*$ &nd 4*4* The data from 
these plots are summarised in Table 4*2.

From Table 4«2 it can be seen that when animals are housed
at 25*C, adipocyte plasma membrane lipids are more fluid than 
lean controls. The flow activation energy above and below the 
breakpoint was lower than lean conirols^ indicative of a compo- 
nent in a more ordered state in obese membranes.

Housing the animals at 34°C did not alter the fluidity or 
flow activation energy above the breakpoint in lean. Eowever, 
the breakpoint was shifted below zero. This suggests that at 
least one component of the membrane lipids in lean adipocyte 
plasma membranes is altered at this housing temperature, although 
this compositional alteration is not large enough to perturb the 
fluidity of either liposomes or native membranes.

Housing at 34“C produced a large decrease in adipocyte plasma 
membrane lipid fluidity, such that the membrane lipids were less 
fluid than lean when housed at 34^C. Again, this breakpoint was 
reduced to below zero in obese membrane lipids.

These results are quantitatively similar to those obtained 
with native membranes, since similar fluidity ratios were obtained, 
although the values of P are lower in liposomes compared to mem­
branes. Also, the values of the Arrhenius breakpoints were sim­
ilar in liposomes derived from adipocyte plasma membranes from 
animals housed at 25®C. This suggests that the phase separations 
observed at the breakpoint are to some degree dependant on protein-
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Fig 4.%
Arrhenius plots of fluorescence polarisation by DPH labelled
adipocyte plasma membrane extracted total lipid vesicles from
lean (•) and obese (o) mice housed at room temperature (25°C).
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Fig 4.4.
Arrhenius plots of fluorescence polarisation by DPH labelled
adipocyte plasma membrane extracted total lipid vesicles from
lean («) and obese (o) mice housed at 34°C.
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lipid. interactions, or to membrane aejimnetry. However, membrane 
proteins do not appear to be involved in the apparent increase in 
membrane fluidity observed in animals housed below 25°C,

4.2.0. Fluidity studies using fluorescence polarisation by DPE 
labelled liposomes of adipocyte bulk plasma membrane
phospholipids from lean and obese mice housed at differ-
ent environmental temperatures.

The major neutral lipid present in membrane lipid extracts is 
cholesterol, which exerts an ordering effect on membrane phospho- 
lipid acyl chains (Chapter^ ). Neutral lipids were removed from 
extracted membrane lipids by ThC and liposomes made from the 
remaining phospholipid fraction.

Polarisation studies on phospholipid liposomes from adipo­
cyte plasma membrane of lean and obese mice were performed to
assess the contribution of cholesterol (and other minor neutral 
lipids) to the observed changes in lipid fluidity in adipocyte 
plasma membranes from obese animals compared to lean. The 
Arrhenius plots obtained from these studies are shown in Figs 
4.5 and 4.6, The data from these plots is summarised in Table
4.).

Fluidity ratios, activation energies and breakpoints were 
similar to those observed in total membrane lipid liposomes. The 
values of P were lower, since the 'ordering' effect of cholesterol 
was absent in liposomes containing only the phospholipid fraction.

These results demonstrate that the dhanges :fn fluidity 
observed in membranes from obese animals reside in the phospho­
lipid fraction. When obese animals are housed at 34°C, their 
membrane phospholipids become less fluid than lean controls.

4.2.d. Fluidity studies on individual phospholipid classes from 
adipocyte plasma membranes of lean and obese mice housed
at 25=C.

Individual phospholipid classes were prepared from lean and
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Fig 4.5.
Arrhenius plots of fluorescence polarisation by DPH labelled
adipocyte plasma membrane extracted phospholipid vesicles from
lean (•) and obese (o) mice housed at 25"C.
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Fig 4.6.
Arrhenius plots of fluorescence polarisation by DPH labelled
adipocyte plasma membrane extracted phospholipid vesicles from
lean (•) and obese (o) mice housed at 34°C.
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FigJ^.
Arrhenius plots of fluorescence polarisation by DPH labelled
sonicated phosphatidylcholine vesicles from adipocyte plasma
membranes from lean (•) and obese (o) mice housed at 25°C.
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Pig 4.8.
Arrhenius plots of fluorescence polarisation by DPH labelled 
sonicated phosphatidylethanolamine vesicle from adipocyte 
plasma membranes from lean (•) and obese (o) mice housed at
25°C.
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Fig 4.9.
Arrhenius plots of fluorescence polarisation hy DPH labelled
sonicated sphyngomyelin vesicles from adipocyte plasma membranes
from lean (•) and obese (o) mice housed at 25°C.
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Fig 4.10.
Arrhenius plots of fluorescence polarisation hy DPH labelled
sonicated phosphatidylserine vesicles from adipocyte plasma
membranes from lean (•) and obese (o) mice housed at 25°C.
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Fig 4.11.
Arrhenius plots of fluorescence polarisation by DPH labelled
sonicated phosphatidylinositol vesicles from adipocyte plasma
membranes from lean (•) and obese (o) mice housed at 23°C.
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obese mouse adipocyte plasma membranes, as described in Chapter 2. 
Sonicated DPE labelled liposomes were then prepared, and the fluor- 
escence polarisation measured for each class. Arrhenius plots of 
this data are shown in Figs 4*7 to 4*11« Data from these plots
is summarised in Tables 4*4 and 4*5*

PC, PE, PS and PI were all more fluid from obese membranes 
compared to lean controls. SM, however was less fluid. The 
largest fluidity ratios were observed in PE and PS, with smaller 
changes in PI and PC.

In general, within each class of phospholipid, the more 
fluid component displayed the lower activation energy, suggest­
ing that increased fluidity was accompanied by insertion of a 
more rigid or more ordered component.

Breakpoints were only observed in SM and PS, indicating that 
these components may be involved in phase separatione observed in 
total phospholipids, total lipids and adipocyte plasma 
membranes. Little difference in the values of these breakpoints 
between SM or PS from lean and obese animals was observed. From 
these studies, it would appear that PE is the phospholipid which 
largely contributes to the observed increased fluidity of adipo- 
cyte plasma membranes from obese animals, as was observed in 
Chapter 3 for hepatic microsomal membranes.

ANALYSIS OF MEMBRANE COMPOSITION.

4.2.e. Measurement of Protein, Cholesterol and Phospholipid 
composition of lean and obese mouse adipocyte plasma
membranes.

Physical studies indicated that changes in the content of 
protein or cholesterol in adipocyte plasma membranes from obese 
mice was unlikely to be the cause of the observed fluidity 
increase in obese adipocyte plasma membranes. This was confirmed 
by measuring the total cholesterol and phospholipid to protein 
ratios in membrane preparations from the two groups of animals 
(Table 4.^^. No change was observed in either total cholesterol 
or total protein with respect to membrane phospholipid content.
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TABIiE 4.6.
Compositional analysis of adipocyte plasma membranes from lean 
and obese mice housed at

LEAR OBESE

Cholesterol (pmol./mg protein) 0.42 0.4J

Total phospholipid
(pmol./mg protein)

Phospholipid Composition Total)

1.20 1.20

Phosphatidylcholine 40.1 59.5

Phosphatidylethanolamine 27.1 27.5

Sphyngomyelin 16.1 16.5

Phosphatidylserine 10.1 10.0

Phosphatidylinositol, 6,5 6.6

Results are means of duplicate determinations on pooled membrane 
samples derived from 10 lean and 5 obese mice.
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Total cholesterol ie the sum of both free cholesterol and chol­
esterol esters. The latter was very low in adipocyte plasma mem-
branes from both groups of animals (<55^)« Since it is not pos­
sible to accurately determine such small amounts, total choles­
terol was measured.

The remainder of the neutral lipid fractions were examined 
qualitatively by TLC as described in Chapter 2. Chromatograms

from the two groups of 
animals, and visualised with DPH spray reagent. All neutral 
lipid subclasses described in Chapter 2 were present in both lean 
and obese lipid extract. Also, identical fluorescence intensity 
was observed between neutral lipid subclasses from membranes 
derived from each group of animals. It was concluded that there 
was no major differences between the neutral lipid fractions of 
adipocyte plasma membranes from lean and obese mice. Since the 
content of neutral lipids in membranes other than cholesterol is 
low, it is unlikely that small changes in the neutral lipid 
fraction not appar ent with such a simple, qualitative technique, 
contribute significantly to changes in membrane fluidity between 
the two groups of animals.

No change was observed between phospholipid subclass com­
position betweeen the two groups of animals.

It was concluded that there are no major compositional 
changes in the protein, phospholipid or neutral lipid fractions 
of obese mouse adipocyte plasma membranes that can account for 
the altered physical properties of these membranes.
4.2.f. GLG analysis of fatty acids derived from adipocyte bulk 

plaema membrane lipids from lean and obese mice housed
at 25«'C.

Fatty acid methyl esters were prepared from bulk lipid 
extracts from adipocyte plasma membranes from lean and obese 
animals, by transmethylation with sodium methoxide. The GbC 
spectra obtained are shown iq"^d^c4»7 the data is summar­
ised in Table 4«10"
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TABLE 4.7.
GLC spectra of fatty acid methyl esters derived from the total
lipid extract from lean and obese mice adipocyte plasma membranes.
Animals were housed at 25^^.

LEAN OBESE

12:0 1.5 2.9

14:0 4.9 5.0

l6:0 21.0 16.5

16:1 2.8 2.9

18:0 2).0 17.0

18:1 8.6 14.5

18:2 14.9 9.5

18:) 2.4 1.0

20:1 0.) ND

20:2 5.6 5.9

20:4 6.8 8.1

22:2 0.9 1.5

22:4 1.5 NB

22:6 7.7 18.0

Results are mean values from membranes derived from 10 lean and 
5 obese animals.
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Prom Table 4.7 similar changes are observed between lean and 
obese membrane fatty acids as were observed in microsomal fatty 
acids (chapter )). An increase in 22:6 with a concomitant decrease 
in 16;0 and 18:0 was observed, along with an increase in 18:1 and 
decrease in 18:2 in obese membranes. Thus, the observed fluidis­
ation of obese membranes is a result of increased 22:6 and 18:1.
The presence of increased 22:6 may be responsible for the observed 
decrease in flow activation energy in obese membranes (Chapter 5).

4.2.g. GLC analysis of fatty acids derived from adipocyte plasma 
membrane individual phospholipid classes from lean and

I  .................................................... ....... I I, II I T nr I -     i iiir ■iT ii • ■ T''   ' ' i..................— ----------------------------  ' '   

obese mice housed at 25*C.
Fatty acids from phospholipids isolated from lean and obese 

adipocyte plasma membranes were transmethylated with sodium meth- 
oxide and analysed by CLC. The fatty acyl methyl ester spectra 
for each phospholipid class is shown in Tables 4*8 and 4.9. The 
data from these tables is summarised in Table 4.10.

Since 70^ of the total adipocyte plasma membrane phospho­
lipids are PE and PC, then it is within these groups that any 
gross alterations in membrane fluidity would most likely be 
reflected. From Table 4.8* obese PC contains more 18:1, 20:4 
and 22:6, and less 14=0. The net effect of these alterations is 
shown in Table 4.10. Obese PC has a slightly reduced saturated 
fatty acid content, with a 1?^ increase in the number of double 
bonds per lipid molecule. This is in agreement with fluores­
cence studies on this lipid, since obese PC was found to be 
fluidised compared to lean.

PE, however, showed striking changes between the two groups. 
All saturated fatty acid classes were reduced, while all the 
major unsaturated species were elevated. The major change was 
substitution of 22:6 for 16:0 and 18:0. The net affect of these 
changes (Table 4.IO) was a 5)^ decrease in saturated fatty acids, 
with an 87^ increase in the number of double bonds per lipid 
molecule.

This observation agrees well with the large fluidity change 
observed in PE liposome by fluorescence studies.
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TABLE 4.8.
OLC spectra of fatty acid methyl esters from PC and PE isolated 
from adipocyte plasma membranes from lean and obese mice housed 
at 250c.

Phosphatidylcholine Phosphatidylethanolamine

Fatty Acid Lean Obese Lean Obese

12:0 1.3 T 1.3 1.3

14:0 5.6 T 6.5 0.7
16:0 21.6 23.1 26.3 14.4

16:1 3.1 2.2 0.2 3.0

18:0 15.4 17.2 18.9 9.2

18:1 10.4 18.7 8.2 10.7

18:2 22.9 18.1 8.5 12.4

18:3 2.8 ND 3.1 2.9

20:1 m) RD 1.2 T
20:2 3.3 3.2 1.5 T
20:4 5.0 6.8 13.1 18.1
22:2 2.2 1.2 0.2 T
22:4 3.2 M) 0.2 RB
22:6 3.2 9.5 10.6 28.3

Results are mean values from membrane phospholipids derived from 
10 lean and 5 obese animals.
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TABLE 4.9,
GLC spectra oC fatty acid methyl esters fr^m SM, PS and PI iso-
lated from adipocyte plasma membranes from lean and obese mice
housed at 25*C.

Fatty Acid Sphingomyelin Phosphatidyl-
serine

Phosphatidyl-
inositol

Phenotype LEAR OBESE LEAR OBESE LEAR OBESE

12:0 - - 2.5 1.4 5.9 5.1
(SphingD sine 

14:0) (50)* (50)* - - - -

14:0 RD 1.9 5.6 2.6 7.0 2.6
16:0 6.7 19.0 52.5 50.4 18.9 25.7
16:1 1.9 2.4 5.5 7.4 5.7 2.9
18:0 15.5 7.4 20.7 10.3 55.5 23.7
18:1 6.7 10.0 14.1 20.2 7.4 15.5
18:2 8.6 RP 5.2 5.0 2.0 5.2

18:3 RP RP RP RP 6.2 6.5

20:2 RD RP 4.6 5.2 RP RP
20:4 7.2 4.8 8.6 9.0 9.7 11.2
22:6 RP NP 5.5 10.5 7.8 7.8
24:0 5.8 4.8 RP RP RP RP

* Assumed from the known structure of 8M.
Results are mean values from membrane phospholipids isolated 
from 10 lean and 5 obese animals.
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TABLE 4.10.
Summary of GLC data for lipid extracts and phospholipids from 
lean and obese mouse adipocyte plasma membranes. Percent change 
in saturation and number of double bonds is compared between 
values obtained for 'Total lipid extract' and the mean values 
obtained for these parameters by summing the relative contrib­
utions of each phospholipid class ascribed as 'Total phospho­
lipid fraction'.

^0 Saturated Fatty Acids Pi bonds per 100 mol.

Source LEAN OBESE LEAN OBESE

Lipid Extract 50.7 41.4 136 190

PC 45.9 40.5 131 155

PE 54.4 25.6 154.9 289.4
SM 75.8 83.1 54.6 31.6

PS 59.5 44.7 101.6 145.0

PI 65.5 55.1 122.6 145.4

'Total Lipid 'Total phospho-
Extract' lipid fraction'

io decrease in saturated 
fatty acid content of obese 
membranes.

829^ 78^

^ increase in Pi bonds per
100 fatty acids of obese 
membranes.

1409^ 1409^
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The GLC fatty acid spectrum of SM was also in agreement with 
fluidity studies, since obese SM showed an increase in total sat­
urated fatty acid content (Table 4«10), elevated by about 10^, 
and a decrease in double bonds per lipid molecule of 42^« The 
major point of interest is that 16:0 was largely substituted for 
18:0 in obese SM. A reduction of 18:2 and 20:4 were the major 
contributors to the decreased fluidity of obese SM liposomes.

Obese mouse PS and PI both showed a decreased unsaturated fatty acid 
content and an increased number of double bonds per lipid mole­
cule (Table 4«10)« Again, these observations are consistent 
with the observed fluidity changes in obese mouse adipocyte 
plasma membrane PS and PI. Obese mouse membrane PS was fluid­
ised by increased 18:1 and 22:6, with a concomitant fall in 18:0. 
Obese mouse membrane PI was fluidised by an increase in 18:1 
and 20:4. Like obese mouse membrane PS, a fall in 18:0 content 
was observed. However, the overall fluidisation was less in PI 
than PS (Table 4*5) due to an increase in 16:0 content.

By comparison Tables 4*4 and 4*5 with Table 4*10, the
observed fluidity ratios between the phospholipids from lean and 
obese mouse adipocyte plasma membranes are in good agreement 
with both the degree of saturated species and the number of double 
bonds per lipid molecule within each phospholipid class.

Since the majority of the bulk fatty acid species reside on 
phospholipids within a biological membrane, then the summed rel­
ative contribution of each phospholipid to the total percentage 
unsaturated fatty acids and the number of double bonds per lipid 
molecule should be in the same ratios between lean and obese as 
those obtained for the total lipid extract. This manipulation 
provides a cross check that phospholipid recovery and trans­
methylation efficiency were similar between the two groups.
Tals\c4.i0 demonstrates that this was indeed the case.

These results demonstrate that PE is the major phospholipid 
species altered in obese adipocyte plasma membranes compared to 
lean controls. In this lipid, 22:6 is substituted for l6:0 and 
18:0. It is this change in the fatty acid composition of obese



-“1 /j.6"™

mouse adipocyte plasma membrane PE that accounts for the gross 
fluidisation observed in PE from obese membranes compared to 
lean controls.

ASPECTS OF MEMBRANE EnNCTION.

4«2.h.. Adenylate cyclase stimulation by isoprenaltne in adipose 
tissue membrane for lean and obese mice.

Adenylate cyclase activity was measured in crude adipose 
tissue plasma membrane preparations from lean and obese mice 
housed at 25*C and 34"C for 1 week. Since obese mouse adipocyte 
plasma membrane fluidity is normalized by housing at $4^G, it was 
of interest to determine the possible effects of this observation 
on the established defect in the adenylate cyclase system in 
obese mouse adipocyte plasma membranes, discussed in the intro­
duction.

The activity of adenylate cyclase from lean and obese animals 
housed at 25^0 and )4^C was measured under basal, NaF stimulated 
and Isoprenaline stimulated conditions. The dose-response curves 
for adenylate cyclase to isoprenaline are shown in Pig 4*12. The 
data from these experiments is summarised in Table 4*11* The 
reduced basal and p-agonist stimulated activity of adenylate 
cyclase in membranes from obese mice housed at 25^0 was confirmed 
in this study.

Basal adenylate cyclase activity was not substantially 
altered in membranes from either group of animals when housed 34°C
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Dose response curve adenylate oyolase activity in crude membrane 
preparations from adipose tissue of lean (#*) and obese (oo) 
mice housed at 25*0 (o #) and 34«C OO*).
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compared to housing at 25°C. Since basal activity was reduced to 
345^ of lean values in obese mouse adipocyte plasma membranes, 
this suggests that the catalytic efficiency of the enzyme in obese
membranes is reduced in the basal state. Further, as NaF- 
stimulated activities suggest a reduction of 33^ in the number of 
catalytic units per mg protein in membranes from obese animals, 
then it follows that to attain the relative basal activities 
recorded in Table 4*11» obese adenylate cyclase units must only 
be operating at efficiency compared to lean.

The dose-response curves of obese mouse adipocyte plasma
membrane adenylate cyclase to isoprenaline was shifted to the 
right compared to lean controls when animals were housed at 23*0. 
This data agrees well with the findings of Dehaye et al.,(l978). 
The agonist concentration necessary for both a threshold and 
half-maximal response was elevated in membranes from obese mice 
compared to lean controls. Maximal concentrations of isopren­
aline produced a smaller stimulation over basal activity in obese 
membrane compared to lean.

Housing at 34*0 produced substantial changes in these para- 
meters in obese mouse membranes, but no change was observed in 
lean membranes. A normalisation was observed in the threshold 
response of adenylate cyclase to isoprenaline in obese adipocyte 
plasma membranes from animals housed at 34*0. To achieve half 
maximal activation by isoprenaline of the adenylate cyclase in 
obese mice adipocyte plasma membranes, 1? times the concentration 
of isoprenaline is nesessary compared to lean controls. Housing 
at 34*0 reduces this to 7 times the isoprenaline concentration 
required for half-maximal activation of the cyclase of obese mem- 
branes over that of lean.

Maximal isoprenaline stimulation of adenylate cyclase was 
improved in obese plasma membranes by housing at 34*0, from 40^ 
of that of lean for animals housed to 23*0, to l^io of that of 
lean for animals housed at 34*0. Since basal activity was unaf­
fected by housing temperature and the NaF-stimulated activity 
was reduced by a similar degree in lean and obese animals, these
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results show that the efficiency of the hormone-receptor complex 
to activate adenylate cyclase was improved in obese membranes from
animalB housed at When the maximal agonist stimulated act­
ivity is expressed in relation to the NaF-stimulated activity, the 
obese agonist-receptor complex was able to recruit only 25.1^ of 
the total adenylate cyclase activity compared to 58.$^ in lean. 
When the animals were housed at 34‘*0, obese adipocyte plasma mem- 
brane agonist-receptor complex was then able to recruit 51.4^ of 
NaF“stimulated activity. Taken together, these results suggest 
that membrane fluidity affects either the number of p receptors 
and/or the coupling efficiency of the hormone-receptor-adenylate 
cyclase complex.
4*2.i. Insulin stimulated hexose transport into adipocytes iso-

lated from lean and obese mice housed at different environ­
mental temperatures.

2 groups of 5~7 week old lean and obese mice were housed at 
25'C or acclimatised to 34"C for 8-10 days. Basal and insulin 
stimulated 2-deoxy D-glucose (DOG) uptake was assessed in iso­
lated adipocytes as described in methods. Prior experiments were 
performed to evaluate the time course of uptake for 0.13mM DOG 
into lean and obese adipocytes. Uptake was linear in both lean 
and obese cells for at least 15 minutes. An assay duration of 10 
minutes was therefore chosen. Corrected data was expressed as 
total hexose uptake per min. per million cells, as a function of 
medium insulin concentration. Typical experimental plots are 
shown in Pigs 4*1) and 4*14* The data from these plots and sim­
ilar experiments is summarised in Table 4.12. Basal transport 
of DOG was found to be 2-fold increased into adipocytes from 
obese animals compared to lean, and was not affected by housing 
temperature in both groups.

The dose-response curve to insulin was shifted to the right 
in cells from obese animals housed at 25"C, the insulin ooncen- 
tration required for half-maximal stimulation being increased 
four-fold over that of lean. At concentrations of insulin that 
produced maximal DOG transport rates, the ability of insulin to 
elevate the relative number of transporter sites was similar
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Fig 4.14.
Insulin dose-response curves for 125pjy[ DOG uptake into isolated 
epididymal adipocytes from lean (•) and obese (o) mice housed at 
34°C. DOG transport was assayed at 35°C.
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Fig 4.1$.
Insulin dose-response curves for 125mM DOG uptake into isolated 
epididjrmal adipocytes from lean (•) and obese (o) mice housed at 
room temperature. DOG transport was assayed at 35°C.
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TABLE 4.12.
Summary of data obtained from doee-reeponse curvae for insulin 
stimulated DOG transport into adipocytes and insulin binding to 
isolated membranes. Both experiments were carried out on lean 
and obese animals houeed at 25°C and 34»C.

Lean 25*0 Obese 25°C Lean 54*0 Obese 54°C

^ max. stimu­
lation *(ng insulin ml"^)

0.15, 0.2, 
0.21

(5 exp.)
0.7, 0.7
(2 exp.)

0.22
(l exp.)

0.4, 0.26
(2 exp.)

Mean max. 
stimulation .(ng inaulin ml"^) 0.19 0.7 0.55

Maximal
stimulation
(Fold)

1.7, 1.68 
1.7

1.75, 1.60 1.54 1.66, 1.71

Mean maximal
stimulation
(Fold) 1.7 1.68 1.69

Specific
Insulin bound 
(f mol. mg" ) 1.95 0.76 1.90 1.85

Non-specific 
Insulin bound 
(f mol. mg"') 5.95 5.41 5.20 6.20

Specific as 
^ total 559^ 12^ 279^ 259&

Results are values obtained from tissue derived from 10 lean and 
5 obese mice.
* No. of experiments performed in brackets.
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between cells from lean and obese animals housed at 25®C and
)4"C. The maximal fold stimulation of DOG transport was around
1.6.

Sousing the two groups of animals at 54*0 produced a left­
ward shift in DOG uptake dose-response curve of obese adipocytes 
to insulin. No significant change was observed in the dose- 
response curve of DOG uptake to insulin in cells from lean animals
housed at 54°C.

This data suggests that obese adipocytes loose their insulin 
resistance when housed at 54"C. Freychet et al. (1972) have 
demonstrated that the rightward-shifted dose-response curve of 
DOG uptake to insulin is due primarily to a decreased number, 
but not affinity, of plasma membrane insulin receptors in obese 
mouse adipocytes. Insulin receptor number was therefore assessed 
by the total binding capacity of purified plasma membranes from 
lean and bbese mice incubated in the presence of 0.15mg ml"^ 
insulin. The results of this experiment are presented
in Table 4«12. Insulin binding was reduced in plasma membranes 
from obese mice housed at 25*C to only 40^ of the level observed 
in membranes prepared from lean mice. After housing at 54*C the 
binding to membranes of obese mice increased to that observed in 
the lean group. This result suggests that the normalised dose- 
response curve of DOG transport to insulin in cells from obese 
animals housed at 54*0 is due to an increase in the number of 
plasma membrane insulin receptors.

Plasma glucose was also measured in lean and obese mice 
housed at 25*0 and 54*C (Table 4.13). Plasma glucose was 
increased 2.5 fold in obese mice plasma compared to lean when 
housed at 25*0. When animals were housed at 54*0, plasma glu­
cose was reduced in both groups. However, the reduction in 
obese mouse plasma glucose was dramatic compared to lean. Plasma glu­
cose in obese mice was now only 1,5 fold in excess of lean 
values.

Plasma immuno-reaotive insulin (IHI) was also measured 
(Table 4.13). Plasma IBI was over 6 fold higher in plasma
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TABLE 4.13.
Plasma Immunoreactive insulin and plasma glucose concentrations 
in lean and obese mice housed at 25»C and

Sousing
Temp °C Lean Obese

Plasma Insulin 25 119 754
pSml"^

54 114 l6l

Plasma Glucose 25 11.5 28.4
(mM)

54 8.8 12.8

Results are derived from duplicate determinations on pooled 
blood samples from 4 animals.

from obese animals. Sousing at $4=C resulted in a large reduc­
tion of obese plasma IRI, with little change in lean plasma IRI. 
Obese mouse plasma IRI was only 1.4 fold elevated over lean 
controls when housed at ^4"C,

Sousing obese animals at 34^0 produced changes in adipocyte 
membrane fluidity, hexose transport into adipocytes, hormone 
stimulated adenylate cyclase activity, insulin receptor number
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in adipocyte plasma membranes and plasma IE.I and glucose concen­
trations. All of these factors may be inter-dependant.

4.2.j. Insulin-stimulated hexose transport into adipose tissue
in vitro from lean and obese mice. The effects of assay
temperature.

As adipocyte plasma membrane fluidity was altered in cells 
ftpm obese mice, the possible effects of this observation on the 
temperature-dependance of hezose transport was examined. In this 
experiment, hexose transport was assessed into tissue pieces 
rather than isolated cells. Results were expressed as stimula- 
tion of basal hexose transport by lOOpH ml"^ insulin.

Fig 4*15 shows the results of insulin stimulation of ^E-DOG 
uptake into adipose tissue pieces from lean and obese animals 
housed at 25*C over the temperature range 53"C-44*C, Between 
55-56*0, little difference was observed between lean and obese 
tissue with respect to insulin stimulated DOG uptake. This is 
in agreement with previous results with isolated adipocytes, in 
both experiments, stimulation was around 1.5 fold. At 57*0, an 
inhibitory action of insulin was actually observed in obese tissue, 
with little change in the response of lean tissue, although 
between 57-58°C, a significant reduction in insulin stimulation 
was observed. The apparent suppression of DOG transport by 
insulin was maintained in obese tissue to 59.5*0. At the higher 
incubation temperature of 45^C, insulin was without effect in 
obese tissue, while at 44.5*0, a significant stimulatory effect 
of insulin returned.

These results demonstrate differential responses of insulin 
stimulated hexose transport to temperature into adipose tissue in 
vitro between lean and obese animals, this phenomena may be a 
function of altered plasma membrane composition of adipocytes from 
obese mice compared to lean controls.
4.2.k, Effect of starvation on adipocyte plasma membrane fluid­

ity in obese mice housed at 25*C.

Starvation has been shown to reduce plasma IRI and glucose 
concentration in obese mice, and to improve insulin stimulated
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mg .4.1^'
3.stimulation of ^E-DOG transport by Insulin into adipose tissue 

pieces from lean and obese mice as a function of incubation temp­
erature.

Results are expressed as means ± S.E. from 4 different experiments, 
Each experiment utilized samples of tissue pooled from 4 mice.
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Fig 4.16. Arrhenius plots of fluorescence polarisation hy DPH 
labelled adipocyte plasma membranes from obese mice 
fed ad libitum (•) and starved obese mice (o).
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glucose transport into isolated adipocytes (introduction to this 
chapter). It was therefore of interest to examine the effect of 
a prolonged starve on obese mouse adipocyte plasma membrane
fluidity.

Arrhenius plots from fluorescence studies on adipocyte 
plasma membranes from obese mice starved for 2 weeks and for 
control obese mice fed ad lib. are shown in fig 4«16« The data 
from these plots is summarised in Table

Starvation increases the fluidity of obese mouse adipocyte
plasma membranes (Table 4.14). No major change in flow activ­
ation energy was observed, although there was a slight reduc- 
tion in the break temperature, consistent with the observed 
fluidisation of membranes from starved animals.

The results from this experiment suggest that the decrease 
in fluidity of obese mouse adipocyte plasma membranes observed 
when the animals were housed at 34^0, may not be secondary to 
reduced plasma IRI or glucose concentrations, since during starv-
ation these parameters are also reduced.
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4*5* Discussion.

4.3.a. Compositional changes in adipocyte plasma membranes from 
obese animals.

Experiments reported in this chapter on the composition of 
adipocyte plasma membranes, clearly demonstrate differences between 
the membranes of lean and obese animals. As with microsomal mem­
branes, adipocyte plasma membranes of obese mice are more fluid 
than those of lean mice. No differences were detected in the 
proportions of protein, cholesterol or phospholipid classes between 
the two groups, fluidity differences residing completely with the 
phospholipid fraction.

Fluidity measurements on individual phospholipid classes 
revealed that PE was very much more fluid from obese mice membranes 
compared to lean. Smaller changes were observed in PC, PS and PI.
gM, however, was less fluid from obese membranes. The increase 
in fluidity observed in PE accounts for the large difference in
fluidity observed in native adipocyte membranes in obese mice.

If mouse adipocyte membrane phospholipids are orientated 
asynimetrioally, as they are in mouse transformed fibroblasts 
(Fontaine and Sohroeder, 1979), with the amino containing phospho- 
lipids comprising the inner half of the bilayer (PE and PS) and 
the choline containing phospholipids comprising the outer half 
(PC and SM), then as was postulated for mdorosomes, this will 
result in asymmetric membrane viscosity, with the inner monolayer 
being considerably fluidised in obese adipocyte plasma membranes 
compared to lean. The outer monolayer may have similar viscos­
ities between the two groups, since PC and 8M displayed opposing 
fluidity changes in obese membranes. PE from obese animals was 
fluidised because l6;0 and 18:0 were replaced by 20:4 and 22:6,
As highly unsaturated PE has a low affinity for cholesterol 
(Demel et al., 1972) and the transbilayer distribuation of chol- 
esterol is likely to be dependent on its relative affinity for 
each monolayer (Demel et al,, 1977), the possibility arises that 
the asymmetric distribution of cholesterol may be different in 
adipocyte plasma membranes from obese animals. The net effect of
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this altered cholesterol aew^metry alone would be to increase the 
order of the outer monolayer and decrease that of the inner mono- 
layer in membranes from obese animals compared to lean.

Housing animals at 34“C normalised obese plasma membrane 
fluidity. This normalisation occurred in the phospholipid frao- 
tion of the membrane. Since P values, activation energies and 
the breakpoints of the Arrhenius plots derived from lean and obese 
mouse membranes housed at 34*C were identical, it is highly likely 
that the fatty acyl moieties of the phospholipids were similar 
between the two groups. Indeed this has recently been confirmed 
by French and York (unpublished observations).

4.3.b. Hormone stimulated adenylate cyclase activity in crude 
membrane fractions from lean and obese mice.

Adipose tissue from genetically obese (ob/ob) mice has been 
found to be relatively insensitive to the lipolytic actions of 
catecholamines (Enser, 1970; Yen et al^ 1972). The maz-
imum rise in intracellular oAMP in fat cells of obese mice due 
to catecholamine-stimulation in the presence of theophylline is 
Impaired (Dehaye et al., 1977), is the stimulation of adenylate 
cyclase in fat cell membrane preparations by p agonists (Laudat 
and Pairault, 1975; Dehaye et al., 1975). Shepherd et al. (1977) 
concluded from their experiments that the coupling between the 
hormone-receptor complex and the adenylate cyclase may be defect­
ive on obese mouse adipocytes. Studies by Dehaye et al. (1978) 
provided evidence for this hypothesis by observing the effects of 
the membrane perturbing agent ethanol on GTP stimulation of aden­
ylate cyclase in membranes from lean and obese animals, and these 
authors suggested that the lipid matrix of adipocyte plasma mem­
branes may be different in some way.

Bssults presented in this chapter on hormone stimulated 
adenylate cyclase activity in plasma membranes from lean and obese 
animals are consistent with the results obtained by Dehaye et al. 
(1978), demonstrating an impaired basal, NaF and hormone stimulated 
activity of adenylate cyclase from obese animals compared to lean. 
Also, concomitant with this observation is the altered phospholipid 
composition observed in membranes from obese animals. The large
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increase in the degree of unsaturation of PE may be responsible 
for the decreased hormone responsiveness of obese adipose tissue 
plasma membrane, as this observation is consistent with the data 
of Englehard et al., (1978) who also obtained reduced hormone 
stimulated adenylate cyclase activity in membranes enriched with 
unsaturated PE (4.1.d). These authors also found that increasing 
PE unsaturation gave rise to increased basal activities in their 
membranes. Basal activity of adenylate cyclase in obese mouse 
membranes is reduced over that of lean. This ^
due to a decreased number of cyclase units in obese mouse membranes, 
as shown by reduced activity in the presence of NaP. Another 
factor may be a decreased inner monolayer cholesterol content of 
obese mouse membranes, due to a lower affinity of cholesterol to 
long-chain polyunsaturated, fatty acids, as Sinensky et al. (l979) 
found that basal activity of the enzyme decreased with decreasing 
cholesterol content of hamster ovarian membranes. At first sight, 
these observations may seem at variance with the observation of 
Englehard et al. (l978) who observed an increased basal adenylate 
cyclase activity with increased unsaturated PE fatty acid content. 
However, unsaturation was increased with the insertion of 18:2 
in their experiments. This lipid interacts well with cholesterol 
(Chapter 5), and therefore the cholesterol content of the inner 
monolayer may increase after incorporation of 18:2 PE, this 
increaeing basal adenylate oyolaee activity.

Maximum p adrenergic stimulation of adenylate cyclase activ­
ity (when expreeeed ae percentage of basal activity) is similar 
in membranes derived from lean and obese animals. This observa­
tion is not consistent with previous work (e.g, Dehaye et al., 
1978) which uniformly demonstrates a reduction in this parameter 
in membranes from obese animals compared to lean. However, a 
repeat experiment performed more recently on mice from the South- 
ampton colony demonstrated a blunting of the percentage maximum 
(3 adrenergic stimulation of adenylate cyclase in membranes from 
obese mice compared to lean (Steer, York and Poat, unpublished 
observations). The reasons for this discrepancy are unclear at 
present.
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The concentrations of isoprenaline required to produce thres­
hold and half-maximal response are increased in obese mouse mem­
branes compared to lean. This could be due to the decreased coup­
ling efficiency of the hormone-receptor complex and adenylate 
cyclase postulated by Dehaye et al.,(l978)> or to a change in the 
binding kinetics of the.hormone to the receptor, or possibly both. 
Scatchard analysis of the |3 antagonist Dihydroalprenalol (daLP) 
binding to lean and obese mouse adipocyte plasma membranes by 
Gteer, Boat and York (unpubliehed) suggest that the maximal bind- 
ing capacity for DALP is reduced in obese membranes to JOfo of 
that of lean, with little change in the apparent Kjj for the ligand. 
This observation is unlikely to fully account for the 100-fold 
increase in isoprenaline concentration necessary to promote a thres­
hold response observed in obese membranes compared to lean, and 
therefore it seems likely that this phenomena may be due to a com­
bination of factors.

Housing animals at 54°C produced striking changes in the 
response of adenylate cyclase to isoprenaline in obese preparations, 
suggesting an improvement in hormone-receptor adenylate cyclase 
coupling efficiency. Threshold response in both lean and obese 
preparations of adenylate cyclase to isoprenaline was identical, 
although the dose-response curve was still shifted to the right 
in obese preparations. This can be accounted for by the observa­
tion of Steer, Poat and York (unpublished) who have observed a 
reduced binding capacity for DALP for obese membranes compared 
to lean when animals were housed at 54"C, This would suggest 
that decreased receptor number is not a large contributory factor 
to the observed poor hormonal stimulation of adenylate cyclase in 
membranes from obese mice, and that the major locus of adenylate 
cyclase hormonal stimulation resistance in this tissue lies in 
hormone receptor cyclase coupling in the membrane matrix.

Starvation of obese animals has been shown to reduce plasma 
insulin and glucose concentrations (Laudat and Pairault, 1975)» 
These authors have also demonstrated that the dose-response of 
adenylate cyclase for adrenaline is not altered in membranes from 
obese mice after a period of starvation, and therefore the blunted 
hormonal stimulation of adenylate cyclse to (3 agonists is not
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secondary to the diabetic state of obese mice. Starvation was
shown to potentiate the increased fluidity observed in membranes 
from obese animals. Thus, normalisation of obese mouse adipocyte 
plasma membrane fluidity to lean control values when animals are 
housed at 34°C is also unlikely to be secondary to the observed 
improvement in the diabetic condition of obese mice housed at 
this temperature.

These experiments provide"further evidence that the physical 
state of membrane lipids can influence hormone-receptor adenylate 
cyclase coupling, and that the altered lipid composition of obese 
mouse adipocyte plasma membranes may be at least partially respon- 
sible for the poor elevation of intracellular cAMP concentration 
observed in the presence of p agonists, in adipose tissue from 
obese mice.

4.$.c. Insulin stimulated hexose transport into adipocytes from 
lean and obese mice.

In 3-7 week old ob/ot mice, maximal response of DOG uptake 
into isolated adipocytes was similar to that observed in lean 
control cells. This finding is at variance with the findings of 
Czech et al. (1977) who observed only a small stimulation oj 3-0- 
methylglucose uptake by insulin into lean adipocytes, and very 
large stimulation in insulin stimulated 3-0-™GthylgluGose uptake 
into cells from obese animals. By 12 weeks of age, a complete 
reversal of this phenomena occurred, obese cells becoming refrac- 
tory to the effects of insulin, and lean cells becoming their 
most sensitive. We have tried to prepare cells from obese animals 
aged 12 weeks. The extent of cell lysis during the preparation 
is too great to yield interpretable results.

Insulin stimulation of DOG uptake into adipose tissue pieces 
from 12 week old lean and obese animals demonstrated that, below 
an assay temperature of 37*C, insulin stimulated DOG uptake was 
similar between the two groups of animals. As the core ten^era- 
ture of obese animals is below 37°C at housing temperatures of 
23''C, then no evidence is apparent from the data presented in 
this chapter to support the findings of Czech et al. (1977) that
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hexose transport in cells from obese mice becomes refractory to 
the effects of insulin at 12 weeks of age. However, as Czech et 
al. (1977) were using an incubation temperature of 57then it 
is possible that their apparent lack of insulin stimulation was 
caused by a higher than physiological temperature. These results 
on insulin stimulated hexose transport into lean and obese adipo­
cytes are consistent with the findings of Christophs et al. (1961) 
and Chlouverakis and White (1969) for glucose utilization by fat 
pads in lean and obese mice. These authors reported a similar 
percentage stimulation by insulin of glucose utilization for fat 
pads from both phenotypes. As transport is rate limiting for 
gluocse utilization (olefsky, 1977) it is likely that insulin is 
able to increase the numbers of plasma membrane transporters in 
obese cells to the same degree as lean.

A rightward shift in the dose-response curve of DOG transport 
to insulin, and a reduced binding capacity for insulin per mg mem­
brane protein, strongly suggest that the number of insulin recep­
tors per unit area of cell surface is reduced in cells from obese 
animals compared to lean, as has been observed by Preychet et al. 
(1972). Despite a receptor concentration per unit area of plasma 
membrane of approximately 50^ compared to lean controls, never­
theless, these receptors are able to activate proportionally the 
same maximal numbers of transporter units per unit area of plasma 
membrane in obese cells compared to lean. This is consistent 
with the concept that full receptor occupancy is not necessary 
for full expression of insulin action.

Housing animals at 34°C produced a rightward shift in the 
dose-response curve of hexose uptake to insulin in cells from 
obese mice, with no change observed in lean cells. The insulin 
binding capacity of membrhrves isolated from these cells was
increased to lean values. This is of interest, because Freyohet 
et al,,(l972) found that chronic food restriction, which normal-
ized body weight and drastically reduced plasma insulin and glu­
cose concentrations, did not appear to have any effect on the 
apparent low insulin receptor concentration in ob/ob mouse fat 
cell membranes. Tentatively, this may suggest that membrane
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fluidity may be regulating plasma insulin receptor concentration. 
This concept is supported by the observation of Amatruda and 
Pinch (1979) that reducing the incubation temperature form 57°C 
to 27°C resulted in a 50^ increase in the apparent number of 
receptors in plasma membranes.

It must be stressed that the binding data obtained in this 
study of insulin to plasma membranes is entirely preliminary as 
only a single concentration of labelled insulin was used. Although 
this does give some indication of the total binding capacity of 
membranes, as the affinity of receptors to insulin is not affected 
in the obese state (Preychet et al. 1972), nevertheless multi­
point Scatchard plots must be obtained to ascertain the correct 
relative numbers of receptors on plasma membranes.

Hormone stimulation of hexose transport was abolished in 
adipose tissue pieces from obese mice housed at 25®C at incuba­
tion temperatures of 57and above, but was relatively tempera­
ture insensitive in lean tissue. An explanation for such an 
event with the available data is not possible. However this 
phenomena may in some way be connected with the observations of 
Amatruda and Finch (1979) that a hormone mediated thermal trans­
ition occurs at 57°C. The altered lipid composition of obese 
mouse plasma membranes may in some way interfere with this process. 
The suggestions of Cushman and Wardzala (198O) that insulin may 
stimulate hexose transport by fusing submembranous transporters 
with the plasma membrane may also provide an explanation. It may 
be that the compositional differences observed in obese adipocyte 
membranes may inhibit the fusion process above 57“C. Whatever the 
reason for this observation, it is not physiologically important 
when obese animals core temperature is below 57“C. However when 
housed at 54°C, core temperature rises to 57°C (Chapter 5)* In 
this case, adipose tissue plasma membrane may become refractory 
to insulin stimulation. It may be this event that brings about 
normalisation of membrane fluidity, in order to return insulin 
sensitivitywhen obese animals are housed at
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4.3.d. ConoluBiona.
Adipocyte plasma membranes from obese mice are fluidised by

containing highly nnsaturated EE. When gross membrane fluidity 
is normalised to lean values by housing at )4"C, the poor hormonal 
responsiveness of adenylate oyolase in obese membranes improves. 
Housing animals at )4"C also produces a normalisation of the dose- 
response curve of hexcse transport to insulin, by increasing the 
membrane receptor concentration. These observation suggest that 
the altered membrane composition in the obese state contributes 
significantly to the poor hormonal responsiveness of adipose tis- 
sue in the obese state.
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5.1. Introduction.

5.1,a. Phospholipid As^metry in membranes.

In Chapter 4, it was established that the major phospholipid 
components of ob/ob mouse adipocyte plasma membrane are altered 
in comparison to lean controls. In order to evaluate the possible 
significance of these findings to the altered properties of these 
membranes in the ob/ob mouse, it is necessary to measure the phos­
pholipid composition of each half of the bilayer, so that the 
distribution of each phospholipid class within the bilayer can be 
predicted.

The orientation of proteins and carbohydrates within the 
membrane is maintained throughout the lifetime of these components. 
The orientation of these components within the bilayer is critical 
to their function. The polar nature of proteins and carbohydrates 
at the cell surface prevent their reorientation within the mem­
brane, since the energy of activation for the dehydration process 
necessary for polypeptides to diffuse through the hydrocarbon 
core of the membrane is very large. Lipids, however, exhibit a 
much smaller activation energy for transbilayer movement. However, 
the transbilayer movement of phospholipids (flip-flop) is relat­
ively slow, with half times in the order of days (De Kruyff and 
Wirtz, 1977) for stable liposomes. In contrast, in biological 
membranes this process is much faster, e.g. in bacterial membranes 
the half life of flip-flop of phospholipids is in the order of 
minutes. The presence of proteins within the bilayer is thought 
to be responsible for the shorter half life of flip-flop. For 
example, the presence of the transmembrane protein, glycophorin, 
in PC liposomes, increased the rate of flip-flop of lyso PC by 
100 fold (Van Zoelen et al., 197^), Thus, it may be expected that 
phospholipids would be randomly distributed between the two halves 
of the bilayer. However, as the membrane comprises phospholipids 
with different headgroups, it might be expected that flip-flop 
times for different phospholipids may be different.

Coupled with this, is the possibility that specific phospho­
lipids may have a greater affinity for proteins components selec­
tively located on one side of the bilayer, or alternatively, they
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may have a preference for the overall geometry of the particular 
bilayer half. The flip-flop proceee may then give rise to a 
dynamic segregation of phospholipids species within the membrane. 
Much evidence exists to suggest this is indeed the case. Phospho­
lipid aey^metry studies have been performed using a number of 
different techniques. The most convenient, and most widely used 
technique employs reagents that can react with the amino function 
of phospholipid head groups. Both PE and P8 are able to react with 
such reagents. Negative reactivity of oell membranes to such chem­
ical reagents need not necessarily imply the absence of the amino 
phospholipids in a monolayer. Hence, careful control experiments 
have to be performed to establish that all the amino phospholipids 
are available for derivatisation with the chemical reagent, pro­
viding they are exposed to it. Since the early work of Maddy (I964) 
phospholipid assymetry has been evaluated in a number of different 
cell types. Maddy (1964) first demonstrated that the amino phos­
pholipids in erythrocytes were not available for derivatisation 
by 4 aoetamddo-4' -i8othiocyano8tilbene-2,2'-di8ulphonate.

Trinitrobenaenesulphonic acid (TNBS) has been used as a non- 
permeant chemical derivatising reagtnt. Phospholipids exposed to 
this reagent are converted to their trinitrophenol derivatives 
(TNP-phospholipids). Assays with TNBS and amino phospholipids have 
demonstrated that the derivatisation process goes to completion 
(Marinetti and love, 197^).

Using TUBS to label amino phospholipids, it has been shown 
that only 12-18^ of the total PE, and none of the total PS was 
labelled in intact human platelets by this reagent (Schick et al., 
197^0" mouse LM cells TNBS reacted with only 4^ of the total
PE and 9^ of the total PS (Fontaine and Schroeder, 1979). These 
authors also demonstrated that 10-19^ of the total PE and 20^ 
of the total PS was labelled in isolated murine synaptosomes 
exposed to TUBS (Fontaine and Schroeder, 198O). Rothman and 
Kennedy, (1977) demonstrated that 99^ of the total PE of Bacillus 
megaterium membrane was labelled with TUBS. Prom these and other 
studies uaing derivatising reagents, phospholipase enzymes and 
immunological techniques it has become apparent that a high degree 
of phospholipid assymetry is a general feature of many membranes.
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In many membranes, the amino phospholipids PS and PE occupy the 
inner monolayer, and the choline containing phospholipids (PC and 
8M) comprise the outer monolayer.

TNBS reagent has been used to determine the phospholipid dis­
tribution in mouse adipocyte plasma membranes, and also to deter­
mine if any difference in phospholipid assymetry exists between 
adipocyte plasma membranes from lean and obese mice.
5,1.b, Use of n-N.N.N trimethylphenylamine 6-phenyl hexa-1,3,5-

triene (TADPS^l to investigate plasma membrane inner
monolayer fluidity,

Deuticke (1968) first observed that lipophilic anions and 
cations produced different alterations of shape in erythrocytes. 
Cations caused the cells to assume a 'cup-like' appearance, where­
as anions produced a characteristic 'crenated' appearance. Sheets 
et al. (1976) have interpreted this observation in terms of their 
bilayer couple hypothesis. Essentially, this hypothesis predicts that 
if the two halves of a membrane bilayer differ in their protein 
and lipid composition, then each half can respond differently 
(and independently) to membrane perturbations, A wide range of 
drugs, mostly negatively charged, are known to cause erythro­
cytes to crenate, and similarly positively charged drugs all cause 
erythrocytes to assume a 'cup'-shape. It has been proposed that 
all of these drugs bind with their hydrophobic regions in the bi­
layer hydrocarbon region, and their ionic headgroups at the surface. 
However, due to the extensive net negative charge of the inner half 
of the erythrocyte bilayer, due to the presence of PS, cationic 
drugs preferentially partitioned into and anionic drugs out of, the 
inner monolayer. If the adipocyte plasma membrane also contains 
a negatively charged inner monolayer, then positively charged 
fluorescent probes might preferentially partition to the inner 
surface, to give selective information concerning this region.
TAHPH^ was equilibrated into adipocyte plasma membranes by initial 
sonioation, and incubation for 2 hr in the dark under nitrogen at 
room temperature. Fluorescence polarisation was measured to deter­
mine if any difference in inner monolayer fluidity could be detec­
ted between lean and obese meuse adipocyte plasma membranes.



-176-

The success of this technique depends on demonstrating that 
the fluorescent probe is located in the inner monolayer. Lipo­
somes were therefore prepared of reconstituted inner and outer 
monolayers, and labelled with TADPH"^ in order to provide evidence 
that TAUPE'*' was monitoring the inner monolayer environment.

5.I.C, Fatty Acid localisation on phospholipids.

The major phospholipids of mammalian cell membranes contain 
2 fatty acid moieties. The exception to this is SM, where the 1- 
position of the glycerophospholipids is replaced by the hydro­
carbon chain (14 carbon atoms) of sphyngosine. In recent years, 
it has become apparent that the acyl moieties of the glycerophos­
pholipids are subject to considerable variation, and that phospho­
lipids from the same membrane systems can show an as^metric 
distribution of fatty acid classes between the 1 and 2 carbon 
atom positions of the glycerophospholipids. Miller et al., (1976) 
demonstrated that phospholipids isolated from goldfish intest­
inal microsomes contained a much higher percentage of unsaturated 
fatty acids at carbon atom 2 of PC and PE than that found at car­
bon atom 1. The degree of unsaturation astv^metry between carbon 
atom 1 and 2 was more marked in PE than PC. These authors also 
demonstrated that both carbon atoms 1 and 2 of PE and PC became 
more unsaturated by housing the goldfish at 6°C rather than 15°C. 
Housing at 6°C produced an increase in 22:6 and 20:4 at carbon atom 
2 of PE, and also the appearance of 22:6 at carbon atom 1 in this 
phospholipid. The changes in PC were less marked at carbon atom 
2 with only an increase in 20:4, but the similar appearance of 22:6 
at position 1 of PC was also observed in 6°C acclimated goldfish. 
Thus, positional as^Mmetry is regulated differently between phospho­
lipids of the microsomal membrane in goldfish in response to chang­
ing environmental temperature, and the major regulated fatty acid 
in this species is 22:6, which is substituted for the unsaturated 
species l6:0 and 18:0 in both PE and PC.

Hazel (1979) has performed similar studies on the trout liver 
phospholipid fraction. The major regulated fatty acid was again 
22:6 at the expense of 18:0 on cold acclimation. However, the 
carbon 2 position of PC was the acceptor site for 22:6. Both PE 
and PC demonstrated a high degree of unsaturation assymetry between
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the 1 and 2 positions. Virtually all of the polyunsaturated 
fatty acids were esterified at the 2 position, while the saturated 
and monoenoic fatty acids were located at position 1.

Sun and Horrocks (1968) demonstrated that mouse brain PE and 
PC contained a highly asummetric distribution of fatty acids. 
Virtually all of the saturated fatty acids were located at carbon 
atom 1. The positional assymetry of the fatty acids was more 
marked in PE compared to PC. Thus, positional as metry of the 
fatty acids can be varied by specific changes within phospholipids, 
which appear to be independant of other phospholipid classes with­
in the same membrane. In view of these considerations, the posi­
tional location of fatty acids in mouse adipocyte plasma membrane 
was assessed, in order to determine where the changes occurring 
within phospholipid classes from ob/ob mouse adipocyte plasms mem­
branes had taken place.
9.1. d. Function of sterols in membranes.
5.1. d(i).

Cholesterol is the major sterol found in mammalian cell mem­
branes. It is especially abundant in cell plasma membames, 
where its proportion varies between 0.^-1.) mole per mole phospho­
lipid. Cholesterol interacts strongly with other membrane com­
ponents such as phospholipids and proteins. Cholesterol-phospho­
lipid interaction has been extensively studied , but the exact 
nature of the interactions are not completely understood. X-ray 
and neutron defraotion studies have shown that cholesterol is 
largely immersed in the hydrocarbon core of the bilayer with the 
methyl chain terminus near the centre of the bilayer, and its 
p-hydroxyT group in the vicinity of the acyl carbonyl group of 
the phospholipid. Brockerhoff (1974) proposed that the sterol 
hydroxyl group and the phospholipid carbonyl group may be assoc­
iated in a 'hydrogen belt' with water, however, as yet no direct 
evidence for hydrogen bonding between the two groups has been 
found, although conversion of the $p-hydroxy to hydroxy group 
to form 3-a-epicholesterol abolishes cholesterol-phospholipid 
interaction (Demel et al., 1972). Thus, an orientated polar 
interaction is essential.
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Cholesterol also interacts with phospholipid acyl chains hy 
hydrophobic interaction. In the liquid crystalline phase, chol­
esterol reduces the mean molecular area of phospholipids and con­
siderably reduces molecular motion (Demel and De Kruyff, 1976).
The degree of this ordering effect depends on acyl chain length, 
and the degree of unsaturation as would be expected from a pre­
dicted hydrophobic interaction with phospholipids. A planar sterol 
structure is required for interaction, since the non-planar copro- 
stanol does not interact with phospholipids. Androstenol (lacks 
8-carbon atom side chain) also does not interact with phospholipids. 
Thus the unique structuring of cholesterol allows stable inter­
action with membrane phospholipids, increasing the degree of order 
within bilayer structures.

Although direct interaction of cholesterol with membrane pro­
teins is difficult to demonstrate, cholesterol has been shown to 
bind to myelin proteolipid apoprotein with high affinity (London 
et al., 1974)» and to be excluded from the lipid annulus of the 
Ca^^-ATPase (Warren et al., 1975)-However, cholesterol certainly 

modulates the activity of membrane proteins, e.g. adenylate cyc­
lase (see Chapter 4)« Whether this effect of cholesterol on pro­
teins is direct or indirect in each case is difficult to demon­
strate.

Apart from ordering membrane lipids and regulating the act­
ivity of some membrane proteins, the incorporation of cholesterol 
confers properties on the membrane as a whole. For example, chol­
esterol incorporation into liposomes of several phospholipids 
reduces the permeability of these phospholipids to water (Blok 
et al., 1977) aud small organic molecules such as glycerol and 
glucose (de Gier et al., 1969) and to cations (Vanderkooi and 
Martonosi, 1971). The reduced permeability has been attributed 
to increased packing and decreased mobility of the fatty acyl 
chains which result from the interaction of cholesterol with the 
phospholipids. The degree of cholesterol content has been shown 
to influence permeability in biological membranes. The permea­
bility of all the above molecules is reduced when the cholesterol 
content is increased in Hycoplasma laidlawii membranes (pe
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Kruyff et al., 1972). Also a reduction in Na"^ transfer was demon­

strated in guinea pig erythrocytes after dietary elevation of mem­
brane cholesterol (Kroes and Ostwald, 1971)« Thus, possibly a 
major role of cholesterol in plasma membranes of mammalian cells 
is perhaps to minimise the leakage of electrolytes and substrate 
molecules across the cell membrane.

Another important aspect of cholesterol incorporation into 
biomembranes is the effect of the sterol on lateral diffusion of 
membrane bound proteins. Using the technique of fluorescence 
recovery after photobleaching, Vaz et al. (1979) demonstrated 
that the mobility of the amphipathic apolipoprotein labelled with 
fluoresceine in egg PC bilayers was reduced 10 fold when the lipo­
somes contained 50?^ cholesterol. Within the lipid matrix of plas­
ma membranes there are postulated to be modulating proteins that 
collision couple with effector proteins (Rimon et al., 1978) the 
steady state activity of which may be governed by the ratio of 
coupled to uncoupled effector proteins. As the steady state con­
centration of the coupled species is likely to be governed by the 
rate constants for the coupling and the decoupling process, then 
in theory the activity of the effector protein could be a func­
tion of the diffusion coefficients of the two proteins within 
the membrane matrix, if the coupling process was rate limiting. 
Cholesterol, therefore, may have an important function in bio­
logical membranes in regulating diffusion controlled processes.

5.1.e, Cholesterol-phospholipid interaction and the organisation 
of cholesterol within biological membranes.

Rogers et al. (1979) have investigated the organisation of 
cholesterol within PC liposomes. From their studies with a fluor­
escent cholesterol analogue, they concluded that the sterol-lipid 
system was ordered in such a manner as to prevent sideways over­
lap of probe molecules, an event that would normally quench the 
probe fluorescence. As the cholesterol/lipid molar ratio of 1:1 
demonstrated little quenching of incorporated probe, it was post­
ulated that the most likely model for the organisation of this 
system was regions of sterol molecules arranged in rows, with rows 
of phospholipid running parallel to the rows of sterol. Studies 
by Demel et al. (1972) demonstrated little difference in the
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permeability properties of liposomes of cholesterol and a number 
of different fatty acid positional isomers of PC. Thus, the acyl 
chains of PC do not appear to be preferentially orientated toward 
cholesterol.

The fatty acid composition of PC can markedly influence the 
permeability of the liposomes. Cholesterol incorporation drastic­
ally reduces the permeability of these liposomes, liposomes perm­
eability being an indicator of the degree of condensation of the 
acyl chains by cholesterol (Demel et al., 1972). The ability of 
cholesterol to condense PC liposomes is high when the phospholipid 
contains one saturated and one unsaturated species of any kind 
(18:1, 18:2, 18:) or 20:4). However,1-palmitoyl,2-docosahexa- 
enoyl PC was not condensed at all by cholesterol incorporation. 
When liposomes contained PE with two unsaturated fatty acids of 
any kind except 18:1, the ability of incorporated cholesterol to 
condense these liposomes was poor (Dioleiyl PC, however is effect­
ively condensed by cholesterol). Decreased permeability of lipo­
somes has been shown to closely correlate with the Van der Vaals 
interaction forces between cholesterol and the acyl chains, as 
measured by chain mobility in the presence of cholesterol by a 
wide range of techniques (Demel et al., 1972). Therefore, it can 
be concluded that cholesterol/phospholipid interaction can be 
modulated by the fatty acid compositions of phospholipids. It is 
not known whether the degree of interaction modifies cholesterol 
organisation within bilayers.

As well as differential interaction between different PC
species, cholesterol also demonstrates preferential interaction
with different phospholipid classes. Egg PC has a lower affinity
for cholesterol than bovine brain 8M, as detected by Differential
Scanning Calorimatory (DSC) (Demel et al., 1977) and by liposome
partition studies by Lange et al., (1979). Doth 8M and PC were
found to have a higher affinity for PE by DSC (Demel et al., 1977).
In a later study by Van Dijck (1979), the affinity of PS for
cholesterol was found to be intermediary between SM and PC. In
equimolar mixtures of PE and PC, Cullis et al. (1978) established

31that cholesterol preferentially associates with PE, using P HMR
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and DSC. The variable affinities of cholesterol for different 
phospholipids first led Demel et al. (1977) to speculate that 
the as^t(\Tnetric distribution of phospholipids across the erythro­
cyte plasma membrane bilayer might result in an unequal distri­
bution of cholesterol between the two bilayer halves.

This concept is extended further in this chapter to include 
the hypothesis that membranes containing^unsatxirated fatty acids 
with a low affinity for cholesterol may also influence cholesterol 
compartmentalisation within the plane, and across the bilayer.

The techniques used to study cholesterol/phosphlipid interaction 
mentioned above become increasingly difficult to employ as the 
complexity of the lipid mixture under study increases. It was 
therefore decided to develop a technique utilizing a fluorescent 
probe to investigate the interaction with cholesterol of complex 
lipid mixtures. The validity of the method was assessed by meas­
urement of phospholipid systems already measured for cholesterol 
affintiy by classical methods. After establishing the composition 
of each monolayer of adipocyte plasma membranes from lean and 
obese mice, liposomes were reconstituted from extracted lipids of 
native membranes, and the cholesterol affinity for each monolayer 
was assessed, in order to estimate the effect of the altered fatty 
acid composition observed in obese mouse membranes on cholesterol 
interaction with phospholipids.

5*1»f. The use of fluorescent probes to monitor cholesterol/ 
phospholipid interaction.

(i) Use of Cholesta-5,7,9 triene-3-3-ol (CTO)

The comparison of the properties of this fluorescent sterol 
to those of cholesterol have been assessed by Rogers (1979). 
Comparison of the physical properties of the fluorescent sterol 
with cholesterol incorporated into PC bilayers were studied using 
chlorophyll a fluorescence and stopped-flow measurements of lipo­
some permeability to compare the interactions of the fluorescent 
sterol with PC to that of native cholesterol. Ro difference could 
be detected between either sterol, and it was concluded that the 
lipid interactions of the CTO probe were indistinguishable from 
that of cholesterol.
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Aqueous dispersions of CTO probe yield highly quenched fluor­
escence above the critical micelle concentration. The absorption 
spectra is also very different compared to those seen in organic 
solvent. The altered fluorescence and absorption properties can 
be attributed to micelle formation in which the probe experiences 
concentration quenching, Rogers et al. (1979) demonstrated that 
similar quenching could also occur in lipid bilayers using pery- 
lene as a fluorescent quencher. Resonance energy transfer between 
probe and perylene demonstrated that the planar moieties of the 
fluorophors could overlap in the bilayer, quenching the fluores­
cence of the probe. Since sterol nuclei are relatively planar, and 
that juxtaposition of the (3-faces of the molecules could result 
in 'sideways* overlap of the triene systems. Rogers et al. (1979) 
postulated that sideways overlap between probe molecules could 
occur in membranes and give rise to non fluorescent dimers or 
aggregates. Fluorescence quenching could further take place by 
resonance energy transfer between monomers and dimers. If chloro­
phyll ^ is used as a model for collisional quenching in PC bilayers, 
then fluorescence quenching due to deactivating collisions between 
excited and ground state chlorophyll a molecules takes place 
(Beddard et al., 1976) and the fluorescence intensity at any con­
centration of chlorophyll a would follow a Stern-Yolmer relation 
of the type;

N C*
where: is the intensity in the absence of quenching,

R is the observed fluorescence,
C is the molar ratio of the fluorophore, and 
C* is the molar ratio at which the fluoresence yield has 

fallen by half.
The Stern-Tolmer relationship describes the dynamic quenching pro­
cess for collisions between fluorophores that are randomly distri­
buted in a matirx with no preferred orientation preventing over­
lap of the molecular orbitals undergoing energy transfer. The 
quenching process for the incorporation of CTO probe does not fol­
low the Stern-Tolmer relationship. Indeed the SterR-Tolmer equation 
predicts that at a 1:1 lipid to probe molar ratio, the fluorescence 
intensity would be a factor of 24 smaller than at 500:1 lipid to



to probe molar ratio, whereas it is in fact only 3 times smaller 
(Rogers et al., 1979).

This observation, supported by fluorescent lifetime measure­
ments, demonstrates that cholesterol is ordered within PC lipo­
somes so as to prevent sideways overlap of the triene systems.
This ordering of PC/ cholesterol mixture is likely to arise at 
least in part from the strong interaction between cholesterol and 
phospholipid. If indeed this is the case, then it would be expec­
ted that the weaker the interaction between cholesterol and phos­
pholipid, the closer to a Stern-Volmer prediction of the quench­
ing process would occur experimentally, as was observed for 
chlorophyll ^ which does not appear to interact preferentially 
with, or be orientated by, phospholipids to any observable degree. 
Experiments were therefore designed to investigate the fluores­
cence quenching properties of the probe in lipid mixtures known 
to have varying affinities for cholesterol.

Measurements of CTO concentration dependant quenching as a 
method for probing cholesterol affinity has one disadvantage. It 
is possible that more than one quenching process may be operative. 
For example, resonance energy transfer can occur between excited 
probe monomers and ground state probe dimers over distances of 
between 10-100^%(Radley, 197^) as well as collisional energy trans­
fer. Therefore, in different lipid mixtures with the same affinity 
for cholesterol, there may possibly be different types of quench­
ing mechanisms oj erative. Therefore fluorescence intensity meas­
urements at different CTO probe concentrations may not necessarily 
reflect the interaction of CTO probe with phospholipid liposomes. 
Therefore a second method for probing cholesterol interaction with 
phospholipid liposomes by fluorescent sterols was performed, using 
the technique of fluorescence polarisation.

The degree of fluorescence polarisation (p) of the CTO probe 
is sensitive to the viscosity of its environment (Rogers et al., 
1979). Therefore the P values of CTO probe incorporated into phos­
pholipid liposomes should be dependant on cholesterol incorpora­
tion, as cholesterol is known to increase the viscosity of phospho­
lipid liposomes (Shinitzky and Inbar, 1976) by the ordering effect
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of cholesterol on the acyl chains. This ordering effect is reduced 
in liposomes of phospholipids of low cholesterol affinity, as shown 
by permeability studies (Demel et al., 1977). Therefore the abil­
ity of increasing cholesterol content in CTO labelled liposomes 
to alter the polarisation by the CTO probe may be a useful measure 
of cholesterol interaction with phospholipids.

Another factor influencing polarisation by CTO probe in phos­
pholipid liposomes, is depolarisation of fluorescence by the 
Forster effect. Forster (1948) first described the process of 
depolarisation of fluorescence by energy transfer between excited 
and ground state molecules. If energy transfer occurs freely 
between randomly distributed molecules in the lipid bilayer, then 
the depolarisation effect will be a function of fluorophore 
concentration. This is indeed the case with randomly distributed 
chlorophyll a as fluorescent probe, and experimentally determined 
values for concentrations of chlorophyll a that produce complete 
depolarisation of fluorescence agree well with predicted values 
from equations describing this process (Rogers et al., 1979).
Using CTO as probe, however, Rogers et al. (1979) found that even 
at very high probe concentrations, the fluorescence of this probe 
was still highly polarised. These authors attributed this phenom- 
enom to the organisation of cholesterol in PC bilayers consider­
ably reducing Forster energy transfer effects. Thus the net effect 
of increasing cholesterol concentration on the fluorescence polar­
isation of CTO labelled liposomes may be the result of 2 opposing 
effects;-
(a) the increase in P caused by increased microviscosity, and
(b) decreased polarisation caused by increased Forster energy 

transfer.
To minimise the influence of (b), CTO concentration was kept to 
the minimum required for reasonable fluorescence intensity measure­
ments, and was kept at constant concentration over the range 
of cholesterol/PC used in the fluorescence polarisation titration.
At the probe concentration chosen, Forster energy transfer effects 
are negligible in PC liposomes (Rogers et al., 1979).

This may not be the case for phospholipid mixtures with a 
"very low affinity for cholesterol. However, in such a situation
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increasing cholesterol concentration in CTO labelled liposomes 
should have less effect on probe polarisation than in liposomes 
with a higher affinity for cholesterol (if this technique is going 
to be of any use). Under these conditions, it might be expected 
that Forster energy transfer could occur more freely between probe 
molecules in a less ordered environment, thus reducing probe pol­
arisation, and this effect may be dependant on cholesterol/phospho­
lipid molar ratio. Thus, in liposomes of reduced affinity for 
cholesterol, the degree of probe polarisation may be reduced by 
one or both these effects. As both effects are additive, a reduced 
increase in probe polarisation by cholesterol in one phospholipid 
mixture compared to another should be the result of a reduced 
cholesterol/phospholipid affinity.

It was hoped that the combined results of CTO probe fluores­
cence and fluorescence polarisation would validate the use of 
fluorescent probes as a tool for probing the interaction of choles­
terol with phospholipid mixtures.

(ii) Use of 1,6, Diphenyl hexa 1,5,5 triene (DPH) to assess
cholesterol/phospholipid affinity.

DPH polarisation is extremely sensitive to the viscosity of 
its environment (Chapter 1). Therefore the effect of increasing 
cholesterol content on polarisation by DPH labelled liposomes 
was investigated. The dependance on the value of P obtained by 
increasing cholesterol content of different phospholipid mixtures 
was compared to results obtained using CTO as fluorescent probe, 
to validate the use to DPH in these studies.

For DPH, the value of P is related to the microviscosity of 
the hydrocarbon matrix; using the formula of Shinitzky and 
Barenholz (1978)

0.46 - P
An’interact!on index' can be calculated from titration slopes 

of polarisation versus cholesterol:phospholipid molar ratio, and 
is suggested to be defined as:-

ijy® = x-] - X2 mol poise -1

'll - h;
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where the microviscosity of the liposomes at cholesterol;
phospholipid molar ratios X2) respectively, and x^>X2.

The calculated value for igy describes the number of moles of 
cholesterol required to raise the viscosity of 1 mole of phospho­
lipid by 1 poise at 37°C, and is suggested to be a measure of the 
affinity of cholesterol for phospholipid acyl chains.

5.1.g. Evaluation of the value of the flow activation energy
obtained from Arrhenius plots of fluorescence polarisation
in terms of molecular structure.

In Chapters 3 and 4, it was suggested that membranes derived 
from obese mice contained components that were more 'ordered', 
based on evaluation of the flow activation energy parameters of 
fluorescence polarisation experiments. This concept, based on 
absolute reaction rate theory applied to flow processes by Kauzmann 
and Eyring (1940) was validated for DPH polarisation by Shinitzky 
and Inbar (1976). These authors observed the effect of cholesterol 
on^E for various liposomes, and showed a decrease in with 
increasing cholesterol content. This is in accordance with the 
concept of a reduction of both the unit flow volume and the aver­
age length of the segments participating in the flow process within 
the hydrocarbon matrix as cholesterol concentration is increased. 
These thermodynamic conclusions have been supported by a variety 
of other techniques, for example cholesterol has been shown to 
reduce the moleculr volume of phospholipids by monolayer film com­
pression techniques (Gams, 1966). However, interpretation of 
differences in^E between different phospholipids and phospholipid 
mixtures is considerably more diffecult, and even more so in hetero­
genous lipid mixtures. Adipocyte plasma membranes from lean and 
obese mice, for example, display different flow activation energies, 
and yet have similar cholesterol content. Although this observ­
ation could be due to any number of factors, the large difference 
in the unsaturation of PE between membranes from lean and obese 
animals may be involved. To investigate the possible dependence 
of ^E on fatty acid composition of phospholipids, Arrhenius plots 
of DPH polarisation of a variety of different PE liposomes has 
been examined.
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5.2. Results.

5.2. a. Phospholipid assymetry of adipocyte plasma membranes from
lean and obese mice.

5.2.a. i) Effect of 2,4,6-trinitrobenzene8ulphonic acid (TRBSl 
on adipocyte viability.

Glucose utilization as a measure of cell viability was asses­
sed by the conversion of glucose into in isolated
adipocytes from lean and obese mice. The effect of preincubation 
with TNBS buffer for 35 minutes on ^^COp production is shown in 
Table 5.1. The results suggest that although there was a reduc­
tion in glucose utilization of about 30^ ir the two groups 
treated with TRBS, nevertheless the cells remained viable. Visual 
inspection of cells at the end of the incubation with TRRS buffer 
suggested that TKBS treatment did not enhance cell breakage in 
cells fVom either lean or obese mice. Membranes from broken cells 
were removed in the washing procedure after derivitization, and 
therefore would not affect results. A degree of cell lysis was
observed in cells f±om obese anaimals, but not lean, after incuba-

14tion for 1 hour with U- glucose, but again there appeared to 
be no difference in the degree of lysis in cells from obese animals 
that had been treated with or without TNBS.

These results are consistant with the observation of Eontain 
and Schroeder (1979) who observed a 20^ decrease in activity of 
mouse LM cell Ra^/K^-ATPsse activity after incubation with TNRS. 
Thus cell viability, as measured by glucose transport and oxidation, 
is not seriously impaired by treatment of lean and obese mouse 
adipocytes with TNBS.
5.2.a. ii) Reaction times for the aminophospholipids with TKBS.

PE and PS comprise 28^ and 10^, respectively of the total phos­
pholipid fraction of adipocyte plasma membranes. Because these 
phospholipids do not form bilayer structures in the presence of 
Ca^^ (Cullis and De Kruyff, 1979).they were mixed individually or 
together with PC such that the amino phospholipid:PG ratio in the 
resulting bilayer vesicles was as the in vivo situation. Reaction 
times were investigated (fig 5.l) for TNBS derivitisation under
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Table 5.1. Rates of glucoee convereion. by adipocytes isolated
fr^m lean and obese mice after ^reincubation in buffer
± 1.5mM TRB8.

D- U-^^C glucose conversion
(pmole/lO^ cells/hr) to ^^^0^

Lean Obese

Control buffer 
1.5mM TRBS buffer 
^ reduction in Glucose 
utilization by TNB8.

25.1
18.1 
27.9

20.5
15.8
52.0

Results are values obtained from pooled tissue from 10 lean and 5 
obese mice.
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Fig 5.1. (a) Time course of derivatisation of 50nmole8 PE in
liposomes of PE and PC (50:54 mole/mole).

(b) Time course of derivatisation of 50nmole8 PS in 
liposomes of PS and PC (5:20 mole/mole).

(c) Time course of derivatisation of 50nmole8 of 
(PE + PS) in liposomes of PE, PS and PC 
(5:1:1 mole/mole/mole).
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theee hypothetical eituatione i.e. when EE only or PS only or 
PE/PS mixtures were located in the outer monolayer of native mem- 
hranes exposed to the reagent.

It can he concluded that PE is entirely derivitised in 4 
minutes and PS by 12 minutes under conditions where each was the 
sole amino phospholipid occupying the outer monolayer exposed to 
the reagent. The derivatisation of each phospholipid species is 
independant of the presence of the other, as a mixture of the two 
amino phospholipids yielded a time-course of derivatisation that 
approximated to a theoretical hyperbola obtained from the mean 
relative optical density contributions of each lipid class.

Thus, in a model membrane system, TNBS is able to completely 
derivatise the amino phospholipids in 12 min, at 29°C.
5«2,a« iii) Chromatography of adipocyte plasma membranes exposed 

to TNPS from intact cells; and from membranes assoc­
iated with TKBS buffer.

Lipids were extracted from adipocyte plasma membranes pre­
pared from intact adipocytes that had been exposed to TNB5 and 
also from isolated plasma membranes that had been subsequently 
sonicated with TM3S buffer, and re-sedimented after the addition 
of a stop-reagent. E&tracted lipids from the two groups of mem­
branes from lean and obese mice were chromatographed as described 
in Materials and Methods along with commercially prepared stan­
dards of PE and PS, and also TNP-derivatives of these lipids pre­
pared as previously described.

After development of the chromatogram, TEP-derivatives of 
the phospholipids, co-migrating with the standard TNP phospholipids 
were identified as yellow spots on the chromatogram. Very small 
( tinmole) amounts of TNP phospholipids could be detected visually. 
Other non-derivatised phospholipids were detected by DPE spray 
reagent, and the relative proportions of all phospholipids were 
determined as described in Materials and Methods. The results 
of these determinations are reported in Table $.2.

When plasma membranes were sonicated into TEBS buffer, 100^ 
of membrane PS and about 9)^ membrane PE was available for deriv-
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atisation by TNB8. These reeulte are in agreement with Fontaine 
and Sohroeder (1979) who enggeet that residual PE unavailable for 
derivatisation by TNBS may be tightly associated with membrane 
proteins. Plasma membranes from adipocytes exposed to TEBS buffer, 
however, demonstrated that in plasma membranes from both pheno­
types PS was unavailable for derivatisation by TNBS, and most (97^) 
of PE was also unavailiable for derivatisation. These results 
suggest that the amino phospholipids occupy the inner half of the 
bilayer in adipocyte plasma membranes from lean and obese mice.

5.2«b. Analysis of the positional location of fatty acyl groups
within PC and PE derived from adipocyte plasma membranes
from lean and obese mice.

Phospholipase A2 was utilized to remove the fatty acyl moiety 
at carbon atom 2 of the glycerophopholipid under study. The 1- 
acyl lysophospholipid was then separated by TIC, and the fatty 
acid remaining at postion 1 was then trans-esterified and analysed 
by GLO. Tables 5.),and 5.4 tabulate the results of this experi­
ment. The composition of the 2-aoyl moieties was calculated from 
the difference in composition of the acyl moieties of the phos­
pholipid and the lysophospholipid, and these results are also inclu­
ded in the tables.

In both phospholipids, from both phenotypes, the fatty acids 
on the 1 position of the glycerol skeleton were more saturated 
than those at the 2 position, in agreement with published data, 
(see Miller et al., 197^0* from adipocyte plasma membrane 
was more saturated at the 1 carbon position of the glyoerooholine, 
and little difference was observed in the fatty acid spectrum at 
this position between PC from lean and obese mouse plasma membrane 
(Table 5«3)* The fatty acids at the 2 carbon position, however, 
displayed a marked difference between the two phenotypes. Satur­
ated fatty acid content was reduced, 18:1 and LCFDFA increased 
(Table 5,$). Thus, the 2 carbon position of obese mouse adipo­
cyte plasma membrane PC was more unsaturated than that of lean 
(Table 5.5). Similar, although more exaggerated, changes were 
observed in PE (Table 5*4)' Again, fatty acids at carbon atom 
position 1 were little changed between the two phenotypes. Bow-
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Tatle 5.3. Patty acid composition of 1 acyl and 2 acyl lyso PC 
from lean and obese mouse adipocyte plasma membrane,

Patty Acid Compoeition total)
LEAN OBESE

PC 1-LY80 PC 2.-LY80 P^ PC 1-LYSO PC 2-LYSO PC*
12:0 1.3 1.3 1.3 T 1.9 0
14:0 5.6 1.2 10 T 1.3 0
16:0 21.6 33 10.2 23.1 36.7 9.3
16:1 3.1 4.3 1.7 2.2 6.6 0
18:0 15.4 21.3 9.3 17.2 23.7 8.7
18:1 10.4 13.6 7.2 18.7 13.6 21.8
18:2 22.9 3.4 40.4 18.1 3.0 31.2
18:3 2.8 2.8 2.8 ND ND ND
20:2 3.3 1.7 4.9 3.2 1.0 3.4
20:4 3.0 2.1 7.9 6.8 2.9 10.7
22:2 2.2 1.3 3.1 1.2 0.7 1.7
22:4 3.2 0.9 3.3 ND 1.0 0
22:6 3.2 ND 6.4 9.3 1.4 17.6

* Calculated by subtraction of 1 acyl fatty acids from total
phospholipid fatty acids.

Data represents lipids obtained from pooled tissue from 10 lean 
and 9 obese mice.
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Table 5*4« Patty aoid composition of 1 acyl and 2 acyl PE from 
lean and obese mouse a&inocyte plasma membrane.

Fatty Acid Composition total)

LEMT OBESE

EB 1-LY80 EE 2-LYSO EE* EE 1-lYSO EE 2-LYSO EE*

12:0 1.3 1.1 1.4 1.3 0.7 1.65

14:0 6.5 0.8 10.96 0.7 1.3 0.2
16;0 26.50 33.5 17.5 14.4 2).7 4.4
16:1 0.2 6.3 0 3 4.6 1.2
18:0 18.9 24.8 11.7 9.2 26.6 0
18:1 8.2 19.6 0 10.7 18.) 2.6
18:2 8.5 3.6 12.1 12.4 8.8 13.9
18;) 3.1 0.5 5.1 2.9 5.9 0
20:0 1.2 1.0 1.3 T 1.1 0
20:2 1.5 1.7 1.3 T 1.1 0
20:4 13.1 3.7 20.4 18.1 2.9 28.9
22:2 0,2 1.0 0 T 1.6 0
22:4 0.2 1.6 0 im 1.0 0
22:6 10.6 0.85 18.4 28.) 2.4 47.2

* Calculated by subtraction of 1 acyl fatty acids from total 
phospholipid fatty acids.

Data represents lipids obtained from pooled tissue from 10 lean 
and 5 obese mice.
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ever, carbon atom 2 position fatty acids were altered to quite a 
considerable degree in PE from obese mouse membranes (Table 5.4)« 
Saturated fatty acids were almost totally absent from position 2, 
and an impressive increase in 22:6 was observed.

Thus, the phospholipids from mouse adipocyte display marked 
positional assymetry in the distribution of unsaturated carbon 
bonds (Table 9.5).

The fluidisation observed in phospholipids from adipocyte 
plasma membranes of obese animals is achieved by the esterifica­
tion of LCPDEA's at carbon atom 2 of the phospholipids, in place 
of saturated fatty acids (Table 5*5), 20:4 was increased at carbon 
atom 2 similarly in both PC and PE. Eowever, the relative incr­
ease in fluidity observed for PE compared to PC in lipids from 
ob/ob mice arises flom the increase in esterification of 22:6 at 
carbon atom 2 of PE.

5.2,c. Use of p trimethylphenylamine 6 phenyl hexa-1,5,5-
triene (TADPS^l to probe adipocyte plasma membrane
fluidity.

As the inner monolayer of a membrane is more negatively 
charged than the outer monolayer then assuming that the bilayer 
couple model of Sheetz and Singer (1974) applies to TADPH^, as 
it does to other cationic drugs, TADPE^ should partition into the 
inner monolayer.

y-TADPE was incorporated into adipocytic plasma membrane iso­
lated from lean and obese mice as previously described (Chapter 2). 
The fluorescenoe polarisation by probe labelled membranes was 
measured from 0oC-40=C, and the Arrhenius plots from this study 
are shown in Pig 5.2.

TADPE incorporation probed an environment that was consider­
ably more fluid in obese membranes compared to lean controls. 
Although in practise the location of TADPE^ is difficult to prove, 
no phase separation was apparent using TADPE^ as probe, whereas 
phase separations were apparent in native membranes from lean and 
obese mice labelled with DPE (Chapter 4). TADPE^ is sensitive to
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Fig 5.2. Arrhenius plots of depolarisation of fluorescence hy 
TADPE^ labelled adipocyte plasma membranes from lean 
(•) and obese (o) mice.
Membranes were derived from adipose tissue for 8 lean 
and 4 obese mice.
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the gel to liquid crystalline phase transition of dimyristoyl PC 
(chapter 2) and also to phase separations observed in 8M/PC lipo­
somes (Fig 5.))' These observations suggest that TADPS^ is not 
located in regions containing lipids that undergo thermal phase 
separations in native adipocyte membranes. As phase separations 
were absent in lipid mixtures comprising the inner monolayer (sec­
tion 5'2.d.) from lean and obese mice adipocyte plasma membranes, 
it is likely that TAPPH^is probing the inner monolayer when 
incorporated into native membranes.

Flow activation energies for TADPH^ and DPH probing of native 
membranes are different, and therefore the response of these two 
probes to changes in the viscosity of their environment are dif­
ferent. Because of this, fluidity ratio determinations are not 
comparable between polarisation measurements obtained with the two 
probes.

One solution to this problem is to convert polarisation dif­
ferences (measured with the same probe) between two membrane sys­
tems into the temperature span that represents the polarisation 
difference. This can directly be interpolated from the Arrhenius 
polarisation plots, and is the temperature at which the more 
fluid membrane has the same viscosity as the less fluid membrane 
has at

TADPH probing of adipocyte membranes demonstrates that the 
obese mouse membranes would have to be cooled from 37*0 to 25.5*0 
(a difference of 11.5^C) to achieve the same fluidity as that 
observed in lean membranes at 57*C. Eowever, with DPE probing of 
adipocyte plasma membranes, a temperature difference of 5.5*0 is 
observed (Ohapter 4). This suggests that TADPE^ is located in a 
lipid region more fluid than DPH. This observation is consistent 
with a fluidized inner monolayer of obese mouse adipocyte plasma 
membranes compared to lean controls in the native membrane. TADPH^^ 
equilibrated into liposomes of reconstituted outer and inner mono­
layers from lean and obese mouse adipocyte plasma membrane lipids * 
demonstrated that this probe was capable of detecting fluidity 
differences in complex lipid mixtures (Table 5.6) in a similar 
manner to BPE. The fluidity difference observed in reconstiuted 
* This is explained more fhlly in section 5.2.d.
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Vt°K X 10“^

5»3» ATrliGnius plots of depolarisation of fluorescence by 
TADPH"^ labelled liposomes of Egg PC and Bovine Brain 
SM (2:1 mole/mole)
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inner monolayer lipoeomee from lean and obese mice was strikingly 
similar to that observed in native membranes.

This study provides further evidence for the altered fluidity 
assymetry of obese mouse adipocyte plasma membranes compared to 
lean controls.
5,2,d. Fluidity studies on reconstituted lipid vesicles comprising

the inner and outer monolayers of adipocyte plasma membranes
from lean and obese mice.

For these studies the m^lar ratio of cholesterol to phospho­
lipid of each reconstituted monolayer was assumed to be identical 
between lean and obese membranes and also an equal symetrical dis­
tribution between outer and inner monolayer was assumed. Recon­
stituted liposome of outer monolayer phospholipids comprised 
PC:8M:Chole8terol in molar ratios 2:1:1.1 and inner monolayer 
liposomes, EB:PC:P8:Chole8terol, 3:1:1:1,8" These molar ratios 
were calculated on the basis of as^nmetry studies performed in this 
chapter, with the assumption that the inner monolayer phospholipid 
content was 30^ of the total phospholipid content of the membrane, 
and that PC was present as the only other phospholipid species in 
the inner monolayer with PE and PS. Cholesterol was added to a 
total Cholesterol to phospholipid molar ratio of O.36, (established 
for the native membrane in Chapter 4), in both inner and outer 
monolayer model systems, as its relative distribution is unknown 
at the present. As the location of PI is unknown,this phospho­
lipid was not included in these studies. The reconstituted lipo­
somes were labelled with DPE, and the fluorescence polarisation 
measured from 2=C-40°C. The results of this study are shown in 
Figs 5.4 and 5.$, and the results are summarised in Tables 3«7 and 
3.8. Experiments with reconstituted outer monolayer liposomes 
(Fig 5«4) demonstrated that lipid mixtures from obese mouse mem­
branes were more fluid than those of lean, although the fluidity 
ratio was substantially lower than for whole membrane lipid mix­
tures. The influence of both SM and Cholesterol on PC fluidity 
was also investigated (Table 5*7)« Mixing SM with PC reduced the 
fluidity ratio, as expected as SM was found to be more viscous 
from obese mouse membranes. The presence of cholesterol in PC 
mixtures did not produce the same reduction in fluidity ratio 
observed with SM.
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Pig 5*4* Arrhenius plots of fluorescence depolarisation by DPH 
labelled liposomes from reconstituted outer monolayer 
lipids from adipocyte plasma membranes from lean (#) 
and obese (o) mice.
Data represents lipids derived from 10 lean and 5 obese 
mice.
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Fig 5«5» Arrhenius plots of fluorescence depolarisation hy DPH 
labelled liposomes from reconstituted inner monolayer 
lipids from adipocyte plasma membranes from lean (•) 
and obese (o) mice.
Data represents lipids derived from 10 lean and 5 obese 
mice.
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An anomaly observed in this experiment was that the breakpoint 
in outer monolayer model lipid mixtures was lower in liposomes from 
lean compared to those from obese mice (Table 5.7), whereas in nat­
ive membranes, and lipid extracts, the reverse is true. The explan­
ation for this paradox is not clear at present. Thus, this experi­
ment suggests that the outer monolayer is more fluid in adipocyte 
plasma membranes from obese animals, but is less fluid than the 
total membrane lipid extract.

Liposomes modelling the inner monolayer of adipocyte plasma 
membranes from obese mice were considerably fluidized compared to 
those from lean (Fig 5.5)' fluidity ratio was greater than
that observed for whole membrane lipid extracts (Table 5J9), and 
the flow activation energy was reduced. These observation sup­
port the concept that the inner monolayer is more fluid in adipo­
cyte plasma membranes from obese mice compared to lean controls.
The reduced flow activation energy is a factor that appears to be 
associated with more fluid phospholipids, and is likely to be 
associated either with a decreased saturated fatty acid content or 
an increased LCFDFA content of phospholipids.
5.2,e. The use of chole8ta-5,7,9-triene-5-6-ol (CTO) to determine

the incorporation of cholesterol into liposomes of varying
phospholipid composition.

Liposomes containing commercially prepared phospholipids of 
different classes were assessed for their ability to form ordered 
mixtures with cholesterol. CTO probe was used as a fluorescent 
cholesterol anlaogue, and titrations were performed of fluores­
cence intensity against molar ratio probe:phospholipid (0.1-0.6 
mole mole ^). At 0.6 mole mole ^CTO, the optical density of the 
liposomes suspension did not exceed 0.5. (inner filter and self 
absorbtion effects become significant in decreasing the fluores­
cence yield at an 0D>0.575, (Rogers, 1979)). For all phospholipids 
under study except RE, the fluorescence yield was proportional to 
probe concentration (Fig 5.6) over the range of probe concentrations 
studied. The difference in slopes of the plots (Table 5.9) sug­
gest that CTO probe is interacting in a different manner %ith phos­
pholipids of different classes. The slope of the fluorescence 
titration for PE (Fig 5.6) is biphasic. The slope of this titra­
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tion is recorded in Table 5*9 that between 0.2-0.6 molar ratio 
cholesterol to PE, Assuming that a decreasing rate of increase 
of fluorescenoe intensity between liposomes of different phospho­
lipid classes is caused by an increasing concentration quenching 
effect, then the slopes of these plots may reflect the ability 
of CTO and phospholipids to form ordered arrays so as to prevent 
the sideways overlap of triene system of the probe. The order­
ing ability of the phospholipids and phospholipid mixtures is 
therefore SM>PS>PE/PS/PC>PC>>PE (Table 5*9). This series 
compares favourably to the affinity of cholesterol for the phos­
pholipids, 8M>PS>PC>>PE observed by Demel et al. (1977) using DSC 
techniques.

That the slopes of these plots were a reflection of the 
degree of concentration quenching of CTO probe within the lipo­
somes matrix, and not a function of differing quenching mechan­
isms, was supported by polarisation studies performed in the 
same manner as the previous investigation. The concentration of 
CTO probe was kept constant, and the cholesterol content of dif­
ferent phospholipid liposomes was varied between 0-0.8 mole per 
mole phospholipid. At each titration point, the polarisation by 
the CTO probe was measured at 57°C. The results of these studies 
are shown in Pig 5.7* Each experiment was repeated twice and the 
mean values of the slopes of these plots were determined. This 
value represents the relative increase in polarisation produced 
by incorporation of a unit amount of cholesterol (/\P). These 
results are summarised in Table 5*10. was found to decrease 
in liposome classes in the same order as that found for fluores­
cence intensity studies, i.e. PC/8M>PE/PS/PC>PS»PE. Choles­
terol/polarisation titrations were also measured for liposomes 
containing Dilauryl PE/PS/PC and 1-aoyl, 2-doco8ahexaenoyl 
PB/PS/PC (Fig 9*^)* P for these studies (Table 5*10) wae found 
to decrease for different PE species in the order Hen Egg PE> 
Dilauryl PE>>1-acyi, 2-doco8ahexaenoyl PE.

The increase in polarisation of the probe caused by increas­
ing cholesterol concentration is the result of increasing the 
viscosity of the liposomes by the addition of cholesterol within



Pig 5»6. Plots of fluorescence intensity against concentration of 
the fluorescent cholesterol analogue, Cholesta-5,7»9- 
triene-5-p-ol in phospholipid liposomes at
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Fig 5.7» Plots of fluorescence polarisation of Cholesta-5,7,9- 
triene-3-(3-ol labelled liposomes against increasing 
cholesterol concentration at 37°C.
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any one phospholipid mixture. A smaller value ofwill tend to 
indicate that cholesterol has less influence on the acyl chain 
mobility of the phospholipids in one liposome type compared to 
another. If this reduced ability of cholesterol to increase the 
degree of order of the acyl chains is related to reduced cholest­
erol/phospholipid ordering within the liposomes, then depolaris­
ing influences of Forster energy transfer may also influence the 
value of ^ P.

The results of this study serve to suggest that fluorescent 
techniques may be useful in probing the organisation of choles­
terol/phospholipid mixtures, simply by observing the relative 
changes of fluorescent properties of an incorporated probe with 
increasing cholesterol/phospholipid ratio. As the fluorescent 
probe used here is an analogue of cholesterol, it is hoped that 
fluorescent measurement gives direct information about the envir­
onment of cholesterol, and hence its association with phospho­
lipid acyl chains in the liposome matrix. The ability of differ­
ent phospholipids to cause changes in fluorescence properties of 
incorporated probe closely parallel affinity sequences of choles­
terol for phospholipids, measured by DSC (Demel et al. 1977), 
and therefore this technique may be very useful in probing affin­
ities of cholesterol for complex lipid mixtures,

5-2.f. The interaction of cholesterol with various phospholipids
and phospholipids derived from lean and obese mouse adi­
pocyte plasma membranes measured by DPH polarisation.

The validity of the use of fluorescent probes in elucidating 
cholesterol-phospholipid interaction has been described. Further 
supportive evidence for this technique is described using DPH as 
viscosity probe. The ability of cholesterol to increase the vis­
cosity of liposomes can be sensitively probed by DPH polarisation. 
The possible use of DPH was evaluated on a series of commercially 
prepared phospholipids for comparison with data obtained using 
CTO probe, and DPH was also used to assess the interaction of 
cholesterol with liposomes of various phospholipid mixtures 
obtained from lean and obese mice.

Commercially available phospholipids were assessed for their 
ability to interact with varying concentrations of cholesterol
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in sonicated liposomes as described in Materials and Methods using 
DPS as a viscosity probe. The results of this study are shown in 
Figs 5*10 and 5.11, and the interaction indices of these phospho­
lipids (Table 5.1l) suggests that the affinity for cholesterol of 
these phospholipids is SM)PS5PC5>EE, in close agreement with pub­
lished data for studies employing differential scanning calorimetry 
to probe phospholipid-cholesterol interaction (Demel et al., 1972).

Phospholipids from commercial sources were combined to form 
liposomes that represented model systems for examining the choles­
terol interaction with native adipocyte membrane inner and outer 
monolayers. From the previous study investigating the amino phos­
pholipid distribution in lean and obese mouse adipocyte plasma 
membranes, the outer monolayer was represented by PC/SM (2:1 mole/ 
mole) and the inner monolayer by PE/PS/PC (5:1:1 mole/mole/mole/). 
The buffers used in this study approximated to the ionic composi­
tion of the extracellular fluid for PC/SM mixtures and the cyto­
solic ionic composition for PE/PS/PC mixtures (Table 5.1l). When 
liposome models for the inner and outer monolayers of adipocyte 
plasma membranes were prepared from commercially available phos­
pholipids, there was no apparent difference in their interaction 
with cholesterol. Substituting dilauryl PE for egg PE in PE/PS/PC 
inner monolayer liposomes had little effect on the interaction 
of these liposomes with cholesterol. However, when 2-doco8ahexa- 
enoyl PE (Synthesis described in Materials and Methods) was 
substituted for Egg PE, the interaction of cholesterol with these 
liposomes was reduced, suggesting that 22:6 interacts less well 
with cholesterol than either 18:1 (major fatty acid on 2 position 
of Egg PE) or 12:0 (on position 2 of dilauryl PE). Liposomes 
containing only 2-Doco8ahexaenoyT PE were found to exhibit a very 
low interaction with cholesterol (Table 5.11).

These results suggest that the presence of 22:6 on PE can 
affect the cholesterol interaction with the monolayer as a whole. 
When 22:6 PC was substituted for Egg PC to model outer monolayers, 
an increase in the interaction index was observed (Table 5.11).
This suggests that 22:6 is capable of modifying the cholesterol 
affinity for the outer monolayer. The reduction in cholesterol 
affinity for model outer monolayers,by incorporation of 22:6 PC 
was not as great as incorporation of 22:6 PE in model inner mono- 
layer lipid mixtures; despite a greater molar ratio of PC to
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Fig 5.10. Plots of fluorescence polarisation of DPH labelled
phospholipid liposomes against increasing cholesterol 
concentration at 57°C.

fifiosUSSuS. fY\/i\cur TX*^K c-^l-cyftrol h) 'f>h^s^koUf>\d.



-215-

Fig 5«11« Plots of fluorescence polarisation of LPH labelled
phospholipid liposomes against increasing cholesterol 
concentration at 37“Co
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Table $.11. Cholesterol interaction indices (ix?) various 
phospholipids and phospholipid mixtures at 37°C
measured by DPS fluorescence polarisation.

Lipid Molar Source Buf- ^$7
ratio fer

SM Bovine Brain A 0.24
PC Hen Egg A 0.50

PC/SM 2:1 Hen Egg/Bovine Brain A 0.45
2-(22:6) PC/SM 2:1 Synthetic/Bovine Brain A 0.65

PS Bovine Brain C 0.31
PE Hen Egg B 2.5
PI Soya Bean C 1.1

2-(22:6) PE Synthetic B 3.5
PE/PS/PC
1,2 (12:0)

3:1:1 Hen Egg/Bov. Br./Hen Egg B 0.46

PE/PS/PG " Synth./Bov. Br./Han Egg B 0.45

2 (22:6) PE/PS/PC ff u B 1.89

Results are mean values of 2 experimeuts.
Buffer A - lOOmM RaCl, 20mM KOI, ImM CaClp, lOmM Tris pE 7.4 

at 37°.
Buffer B - lOOmM KOI, 20mM NaCl, lOOpM CaClg, lOmM Tris pH 7.4 

at 37°.
Buffer C ~ IOOihM KCl, 20mM Had, 1mM EDTA, lOmM Tris pH 7.4 

AT 37°.

total phospholipid than PE to total phospholipid (Table 5.11).
This observation may be due to PE having a lower affinity for 
cholesterol than PC, and suggests that 2-doco8ahexaenoyl PE has the 
lowest affinity for cholesterol of any of the naturally occurring 
phospholipids.
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Table $.12. Cholesterol interaction indices phospholipid
mixtures from lean and obese mouse adipocyte plasma
membranes measured by DPH fluorescence depolarisation
at 37°C.

hipid Molar Ratio Source Buffer ^37
PC/SM 2:1 Lean mice A 0.51
PC/SM 2:1 Obese mice A 0.52

PE/PS/PC ):1:1 Lean mice B 0.68
PE/P8/PC d:1:1 Obese mice B 1.57

Results are values from 1 experiment.
Phospholipids were prepared from pooled adipocytes from 20 lean 
and 10 obese mice.
Buffers are those described in Table 5-11.
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Liposomes prepared from phospholipids isolated from lean 
and obese mouse adipocyte plasma membranes were reconstituted to 
model the inner (PE/PS/PC, 3:1:1) and outer (PC/SM, 2:1) mono- 
layer of the native membrane, as determined in section 6.1, and 
the cholesterol interaction index (izy) was measured by DPH 
polarisation. The results from this study are shown in Table 5.12, 
PC/SM mixtures from both lean and obese mice adipocyte plasma 
membranes displayed a higher i^y than Hen Egg/Bovine Brain SM 
mixtures, but were not different from each other. Lean and obese 
mouse PE/PS/PC mixtures, however, displayed a marked difference. 
Obese mouse lipid mixtures requiring 2.3 times as much cholesterol 
to raise the viscosity of these liposomes by 1 Poise as do those 
from lean mice adipocytes.

Thus, the inner monolayer of obese mouse adipocytes has a 
lower aifinity for its endogenous cholesterol than does the inner 
monolayer of lean mouse adipocyte plasma membrane. The outer 
monolayers, however, appear to have an equal affinity for endog­
enous cholesterol from lean or ocese mouse adipocyte plasma mem­
brane .

5*2.g. Investigations into the influence of the fatty acyl compo­
sition of PE on the flow activation energy of PPH labelled 
liposomes.

In order to elucidate some general rules relating the value of 
the ±low activation energy to molecular structure, Arrhenius
plots of fluorescence polarisation by DPH labelled liposomes were 
plotted for a number of different PE species. ^E was obtained 
from Arrhenius plots ot these results (Table 5.13).

Low A E values were obtained for dilauryl PE (DLPE), mouse 
brain synaptosomal PE and docosahexaenoyl PE (dePE), indicating 
a hi^ degree of order within these systems. Mixing equimolar 
proportions of DLPE and DHPE gave ^E an intermediary value between 
AE for each component, suggesting that a value of AE in lipid 
mixtues may be an averaged value for each component. Dipalimtoyl 
PE (DPPE) undergoes a gel to liquid crystalline phase transition 
at 41°C, therefore this lipid exists in the gel phase over the 
assay temperature range. Equimolar mixtures of DPPE and DHPE
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Tatle 5»12. Flow activation energies (Ae) of various PE liposomes 
labelled with DPH.

Phospholipid Source Flow Activation
, _1. Energy (kcal mol )

PE Hen Egg 13.5
DLPE * Synthetic (Sigma) 5.70

PE E Coli 12.8
PE Soya Bean 13.2
PE Lean mouse Adipocyte 9.05
PE Obese mouse synaptosome 5.48

DHPE Synthetic 5.25
DHPE/DLPE (1:1)* Synthetic/synthetic 4.58
DPPE/dHPE (1:1) Synthetic/synthetic 12.9

DLPE - 1,2,dilauryl PE
DPPE - 1,2,dipalmit^oyl PE
DHPE - 1 acyl, 2 docosahexaenoyl PE
Temperature ranges were 2°C-40°C except * which was 12°C-40°C.
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increased from that obtained with DHPE. As gel phase lipid 
is highly ordered, this observation indicates that general rules 
concerning the relationship of to molecular structure cannot be 
applied when gel phase lipid exists within liposome systems. How­
ever, as only SM is the only phospholipid that contains some gel 
phase lipid over the normal assay range, this factor may not be 
important in interpretation of data using mammlian biological mem­
brane lipids, E Goli EE, Soya bean EE and Hen Egg EE all had a 
relatively high /yE. All these EE species contain mainly 1- 
saturated 2-un8aturated fatty acyl species.

Therefore the substitution of docosahexanoic acid for oleic 
acid (main position 2 fatty acid on E Coli PE and Soya bean PE) 
results in a marked change in_/\E. As this species is increased 
in obese mouee membranes it is likely that this fatty acid con­
tributes to the consistent changes in /^E observed in phospholipid 
liposomes, lipid extract liposomes and membrane vesicles from obese 
mice compared to those from lean controls.



5.3* Discussion

5.3 • Organisation of the lipids of adipocyte plasma memPrane.

Studies with the non-permeant amino group derivatising 
reag'cnt TKBS, revealed that in the amino phospholipids, adipo­
cyte plasma membranes from both lean and obese mice are unavail­
able for derivatisation. Parallel control experiments support 
the concept that these phospholipids are located in the inner 
monolayer of the phospholipid bilayer. As the localisation of 
PI is unknown, the approximate phospholipid distribution in the 
adipocyte plasma membrane can be calculated assuming equal PI in 
each bilayer half (Pig 5*12). Thus, the adipocyte plasma membrane 
phospholipids are asymmetrically oriented vectorially in the 
adipocyte membrane, this asijwmetry of the amino phospholipids is 
in close agreement with several other reports using TUBS as deriv­
atising reagent. Shick et al.,(l976) evaluated the lipid sided­
ness of human platelets, and showed that only 12-18^ of the total 
PE was accessible to TUBS and that PS was not labelled. In a 
murine cell line, TEBS reacted with only 4% of PE and 5^ of the PS. 
(Fontaine and Schroeder, 1979)- Asynsmetry has also been invest­
igated in isolated sealed synaptosome vesicles from mouse brain 
by Fontaine et al., 1980. These authors demonstrated that 10-19^ 
PE and 20^ PS were available for reaction with TNBS, and therefore 
the majority of the amino phospholipids occupy the inner monolayer 
of right-side-out synaptosomal vesicles.

-221 a-

Although the factors causing the generation of trans-bilayer 
phospholipid asymmetry are unclear at the present, Fontaine et al. 
(198O) have demonstrated that neither plasma lipoprotein phospho­
lipid exchange processes or sequential head group methylation of 
selective monolayer PE molecules are necessary events in the 
generation of transmembrane phospholipid asymmetry. As 'flip-flop* 
times for phospholipids in membranes are comparatively short com­
pared to the lifetime of the membrane, then the maintainance of 
a phospholipid asymmetry must require that either phospholipids 
interact preferentially with asy^Tiietric membrane proteins, or that 
the presence of certain species of phospholipids in membrane regions 
is thermodynamically favourable. Evidence exists for both postu­
lates. Many membrane proteins interact specifically with certain
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phoapholipid olaaees. (This has been discussed in Chapter 3) 
and it has been proposed that the phospholipid assymetry of eryth­
rocyte plasma membrane is maintained by the cytosolic submembrane 
microfillamentous protein, Spectrin (Saest et al., 1977). De 
Kru ff and Baken (l978) provided evidence that the negatively 
charged phospholipid, phosphatidic acid is rapidly translocated 
to the inner half of vesicles of PE, with the exchange of PC from 
inner to outer monolayer. Negatively charged phospholipids have 
been suggested to preferentially reside in the inner monolayer due 
to their molecular volume (De ErUA^ff and Baken, 1978).

The composition of the fatty acyl chains themselves may also 
result in phospholipid as^wmetry. It has been demonstrated that 
a greater percentage of unsaturated PE acyl groups were present 
in the inside monolayer of both murine LM cell plasma membrane 
(Fontaine and Sohroeder, 1979) murine synaptosomal membranes 
(Fontaine et al., 1980). This may arise as a result of the observed 
preferential orientation of certain fatty acyl/head group combin­
ations for different bilayer halves (Yeagle et al., 1976; De 
Kru ff and Baken,1978).AslEeukl]^3contain more unsaturated fatty 
acids than PC and SM, this may provide some of the driving force 
for the observed assymetry of these phospholipids. In conclusion, 
phospholipid assymetry in membranes may be a result of both the 
interaction between the fatty acyl chains and the phospholipid head- 
groups, and also from the preferential interaction of different 
phospholipid classes with oriented proteins. However, the lack of 
any observable difference in phospholipid assymetry between lean 
and obese mouse adipocyte plasma membrane suggests that gross 
changes in the fatty acid composition of phospholipids observed in 
ob/ob mouse membranes does not alter the transbilayer phospholipid 
composition.

Studies with the inner monolayer fluorescent probe TADFE^, 
support the concept that the inner monolayer of membranes from 
obese animals is more fluid than the lean controls. Although this 
evidence by itself is not conclusive, other experiments have been 
initiated to probe the viscosity characteristics of the outer 
monolayer of native membranes, and thus it is hoped that a high
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degree of experimental coneietenoy will validate the concept of 
differing monolayer fluidities apparent from membrane aminophoepho- 
lipid labelling experiments.

Saving established that the gross membrane architecture does 
not appear to be altered in adipocyte membrane from obese animals 
compared to lean controls, more specific identification of the 
gross fatty acid compositional changes observed in Chapter 4 

between the phospholipids isolated from plasma membranes from lean 
and obese mice revealed that carbon atom 2 of the glyoerophospho- 
lipid backbone contained variable quantities of long chain poly­
unsaturated fatty acids 20:4 and 22:6 (iCPUFA). Variable LCPDFA 
content was observed between similar phospholipid classes from 
each phenotype, and also between different phospholipid classes 
from the same phenotype, in agreement with results from phospho­
lipids from goldfish (Miller et al., 1976) and trout (Hazel, 1979). 
These authors also found that 22:6 was the major regulated LCPHFA 
on cold acclimation of these species, and carbon atom:2 was the 
major acceptor site for LCPOFA. In goldfish intestinal miorosomes, 
PE was the major regulated phospholipid on cold adaption, whereas 
in trout liver, PC was the major regulated phospholipid. In the 
development of obesity in the ob/ob mouse, it is PE that undergoes 
the largest increase in ICPUPA compositional change in the adipo­
cyte plasma membrane. These observations suggest that the insertion 
of LCPUPA's at carbon atom 2 of phospholipids may have an 
important regulatory function on membrane related processes.

Phospholipid fatty acid composition and cholesterol
interaction.

Fluorescent probes were used to investigate the interaction 
between cholesterol and phospholipids within the membrane bilayer. 
Studies reported in this chapter strongly support the use of these 
probes to investigate the interaction of cholesterol with complex 
lipid mixtures. The variability of cholesterol to interact with 
different lipid mixtures reported here are in agreement with DSC 
studies and further supports the concept of Demel et al., (1972) 
that membranes may contain regions of variable cholesterol content.

Using DPH as a probe for cholesterol-phospholipid interaction.
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it was apparent that there was no apparent difference in the inter- 
action between cholesterol in model inner and outer monolayers of
the adipocyte plasma membrane. This observation suggests that the 
low affinity of pure PE for cholesterol is overcome when it is 
mixed with other phospholipids to comprise the inner monolayer of 
adipocytes and other similarly asymmetric membranes. However,
Demel et al. (1977), using differential scanning calorimetry pre­
sented evidence that cholesterol preferentially associated with 
phospholipids other than PE in PE lipid mixtures. DSC 
studies, however, do not provide specific information about the 
cholesterol interaction with a lipid mixture as a whole. Thus, 
the transbilayer asymmetric distribution of cholesterol proposed 
by Demel et al. (1977) to result from altered interaction between 
cholesterol and different phospholipid classes within the mono- 
layers is not supported by our observations. A number of studies 
have investigated the effect of fatty acid composition on 
cholesterol-phospholipid interaction. Demel et al. (1972) sug­
gest from small molecule permeability studies into phospholipid 
liposomes, that cholesterol is unable to interact with liposomes 
of 1-palimtoyi, 2-dooo8ahexaenoyl PC. In contrast, all other natu- 
rally occurring lecithins examined by these workers interacted 
well with cholesterol,was measured by reduction in permeability.

A comprehensive study by Gosh and Tinoco (l972) of the con­
densing effect of cholesterol on 1-palimtoyl and l-steroyl sub­
stituted lecithins, with naturally occurring mono, di, tri and 
tetraenoic unsaturated species of carbon atom 2 of the phospho­
lipid gave similar results using monolayer pressure-area studies 
to the permeability studies of Demel et al. (1972). All the nat­
ural lecithins were well condensed by cholesterol, although the 
condensing effect of cholesterol on both 1-palimtoyl and l-stearoyl 
PC was reduced when the 2 position was occupied by arachidonic 
acid (20:4) instead of mono, di or trienoic acids.

The studies of Demel et al. (l977) suggesting that 22:6 is 
different from other naturally occurring fatty acids in its abil- 
ity to interact with cholesterol is extended further here. 22:6 

is present in animal phospholipid species, and its presence is 
found to be altered both by temperature acclimation and also in the
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obeae condition. Its presence in certain phospholipids within the 
bilayer may result in non-random distributions of cholesterol within 
monolayers, postulated by Demel et al. (1977), and may result in 
an assymetrio distribution of cholesterol between the two bilayer 
halves.

In order to assess the effect of the presence of 22:6 (docosa- 
hexaenoic acid) on phospholipid cholesterol interaction, 1-acyl 
2-docosahexaenoyl PC and PE were synthesised. Using these lipids 
in monolayer models of inner and outer halves of the plasma mem­
brane demonstrated that the presence of 22:6 in PC/SM mixtures 
reduced the affinity of this lipid mixture to cholesterol. How­
ever, the presence of 22:6 in PE/PS/PC liposomes resulted in a 
drastic reduction of the affinity of these liposomes to cholesterol. 
When phospholipids from lean and obese mice were reconstituted to 
model the outer and inner bilayer halves of the adipocyte plasma 
membrane, little difference in the affintiy of lean and obese mouse 
membrane outer monolayer mixtures with cholesterol could be demon­
strated. However, lipid mixtures fiom obese mouse inner monolayer 
had a much reduced affinity for cholesterol compared to lean con­
trols. It is suggested that the presence of increased 22:6 at 
the 2 carbon position of PE in obese mouse adipocyte plasma mem­
branes is responsible for this observation. In vivo, the reduced 
affinity for cholesterol in the inner bilayer half may result in 
a more random distribution of cholesterol in the plane of the inner 
monolayer in obese mouse membranes compared to lean, and also a 
different transbilayer asymmetry may result between the two pheno­
types.

5')'). Rationale for the relationship between fatty acid unsat­
uration and cholesterol interaction.

It is becoming clear that in many membranes, fatty acyl 
groups are not randomly located within bilayers, but are prefer­
entially located within certain phospholipid classes and on spec­
ific carbon atoms of the glyoerophosphoryl moieties (see intro­
duction for references). As the phospholipid classes themselves 
are segregated within the bilayer, it can be concluded that mem­
branes contain a high degree of molecular organisation and $
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dimensional segregation. Membrane organisation exists in a dynamic 
equilibrium, and this equilibrium position can be locally modified 
by the presence of proteins or cholesterol for specific metabolic 
purposes. The biological membrane is also highly adaptable, the 
composition and content of each phospholipid component can be 
varied by the cell in order to modify either the overall function 
of the membrane or to modify the activity of specific target pro­
tein components within the cell membrane. There is little doubt 
that this process is highly influenced by the fatty acid species 
esterified to the phospholipids, although little attention has been 
given to the question of why such a wide range of fatty acids are 
esterified to phospholipids.

Over recent years, it has been established that in most animal 
membranes, the majority of phospholipids present must be in the 
liquid crystalline phase to maintain correct membrane function. 
(Chapter 1). In order to achieve this, the presence of at least 
one unsaturated fatty acid must be present, as disaturated phospho­
lipids are in the gel phase over the temperature range experienced 
by animals. The presence of saturated species on phospholipids 
may also be necessary, for phospholipid interactions with proteins 
(Lee, 1976) and also for the regulation of membrane fluidity.
Indeed, the two most common phospholipid types found in many animal 
membranes are either 1-palimtoyl, 2-oleoyl phospholipid or 1-stearoyl, 
2-oleoyl phospholipid (Hilditch, 1956). Saturated fatty acids at 
the carbon-1 position may be important for the interaction of phos­
pholipids with cholesterol when they contain di, tri or tetra enoic 
fatty acids at their 2 carbon position (Demel et al., 1977).

The presence of a cis unsaturated bond in fatty acids of phos­
pholipids gives rise to a 'kink' in the hydrocarbon chain, which 
expands the mean molecular area of phospholipids. The angle between 
the limbs of the hydrocarbon chain form an angle of about 110° for 
oleic acid (Fig 5*13»a) when all the sigma carbon bonds were fully 
extended (trans configuration) (cis A ^18:1 (trans)). Above the 

gel to liquid crystalline phase transition, the molecule under­
goes rotation about sigma carbon bonds, and the molecule can rear­
range, with, for example, a sigma bond in the gauche configuration 
at A^^, thus cis A ^ (^'^ gauche) 18:1 (trans) (Fig 5.13.b) can be
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stabilised in this configuration hy hydrophobic interaction with 
cholesterol, reducing the mean molecular area occupied by phospho­
lipid and cholesterol in the absence of condensation. It is 
unlikely that cholesterol can interact with cis 18:1 (trans) 
(Fig 5.1$.a) as cholesterol does not interact with 9 carbon acyl 
phospholipids (joos and Demel, 19^9)* Thus the presence of 18:1 
in phospholipids renders them liquid crystalline over a large 
temperature range and it also allows the phospholipid to be effect­
ively condensed by cholesterol. Indeed, 1-stearoyl, 2-oleoyl PC/ 
cholesterol mixtures occupy the smallest mean molecular area of 
any naturally occurring phospholipid (Table 5*14)• This phenomena 
reduces the permeability of phospholipid bilayers by 80^ (Table 
5.14)j and thus 18:l/cholesterol content of membranes can effect­
ively regulate permeability of membranes to small molecules.

The introduction of a second cis pi bond into oleic acid to 
form cis 18:2 (trans) (linolenic acid) (Fig 5»13*c)
expands the mean molecular area of phospholipids still further 
(Table 5*14) with a concommitant doubling of small molecule perme­
ability. Cholesterol is able to effectively condense 18:2 con­
taining phospholipids, such that a reduction in permeability sim­
ilar to that with 18:1 phospholipids, is observed, although the 
percentage reduction in molecular area by cholesterol is not as 
great (Table 5.14). Assuming that the molecule must be stabilised 
by cholesterol such that its mean molecular volume is reduced, 
then shielding of the bulky pi orbitals of the double bond sys­
tem from the surface of the molecule interacting with cholesterol 
must take place. It is suggested that this occurs by rotation of 
the methylene bridge carbon atom between the two cis pi bonds, 
such that the pi bond axis are out-of-plane and spiralled.
Thus, all that is required for a planar surface to be generated 
for interaction with cholesterol on the lipid molecule is the form­
ation of a sigma gauch bonds at , and it is the
resulting structure that has the lo\^t molecular volume.

Cholesterol/fatty acid hydrophobic Van der Waal's interaction 
is not permanent, and these intermediate structures are continually 
dissociating and reforming. In a heterogenous mixture of lipids,
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the degree of interaction with any one lipid class will depend on 
the affinity of cholesterol for the favourable interacting surface 
of each lipid, and also the activation energy of the rearrangement 
process necessary to generate the correct conformation to occur 
within the lipid molecule. If these factors are reduced as the 
number of cis pi bonds increases then the presence of 18:2 in 
particular classes of phospholipid in certain areas within the 
membrane may result in local reductions of cholesterol. 18:2 may 
also serve to increase permeability of the membrane, and also to 
increase the fluidity of certain phospholipids relative to each 
other.

Elongation and desaturation of 18:2 results in the production 
of cis ^5,8,11,14^ zo;4-Ct^<^As) (arachidonic acid) (Fig 5*13«e)*
Despite an increase in the number of pi bonds, the ability of

reUHvic.(i^cholesterol to condense phospholipids containing 20:4 is^^mchanged 
compared to 18:2 (Table 5.14) although cholesterol is not able to 
modify the permeability of 20:4 containing phospholipids as effect­
ively as 18:1 and 18:2 (Table 5.14), possibly because the mean 
molecular area of this lipid is larger than either 18:1 or 18:2.

In order to explainthe ability of cholesterol to interact
with this lipid, the CPICmodel of arachidonic acid is presented 
in Pig 5.14. As with 18:2, if all the methylene bridge sigma 
bonds are rotated clockwise, then a linear, compact structure 
results generating a surface for interaction with cholesterol, and 
a low molecular volume. Arachidonic acid, therefore may confer 
similar properties on a phospholipid as described for 18:2, except 
that these properties may be more extreme with 20:4, as it is 
more fluid at given temperatures (more highly expanded)« Because 
the may be higher for the rearrangement process, cholesterol 
may interact with 18:1 and 18:2 in preference to 20:4 in mixtures 
of these lipids. The presence of a cis A ^ Pi bond in 20:4 
provides support for the concept that cholesterol interaction with 
18:1, 18:2 and 18:3 is not due solely to the presence of the sat­
urated 0-8 hydrocarbon segment between the carbonyl ester carbon 
atom and cis A Thus the presence of 20:4 in membranes may allow 
a fine adjustment of membrane fluidity and in addition it may
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alter the permeability of the membrane through its possible effects 
on cholesterol segregation. Another role of membrane associated 
20:4, is for precursors of prostaglandin synthesis. Membrane 
bound phospholipase A2 can quickly mobilize 20:4. Therefore 20:4 
stored in membranes is a reservoir of precursors for these import­
ant metabolic regulators.

The W-5 series of fatty acids found in membranes arise from 
the parent 18:3 fatty acid, although the presence of this fatty 
acid in mammalian membranes is low. The properties of this lipid 
differ little, and are intermediate between 18:2 and 20:4, and 
therefore need not be discussed. The major product of desatura­
tion and elongation of 18:3 is cis ^4»7»10>15>1 > 9 22:6 (docosa- 
hexaenoic acid). This lipid when present in phospholipid liposomes 
is Kcxnjij by cholesterol (Table 5* 14) and
the permeability of these lipsomes to small molecules is not affec­
ted by cholesterol. It was established in this chapter that chol­
esterol had a very low affinity for phospholipids containing 22:6, 
and that the increase in 22:6 in obese mouse adipocyte PE reduced 
the affinity of the inner monolayer phospholipids to cholesterol 
compared to inner monolayer lipids of lean control animals.

The CPK model of 22:6 in Fig 5.14 is presented to suggest a 
reason for this property. The presence of six methylene bridged 
pi bonds converts the molecule into a helix, with the pi bonds 
spiralling around its axis. This structure cannot rearrange, and 
is structurally rigid compared to all other naturally occurring 
fatty acids in the lipid-crystalline phase. Therefore cholesterol 
cannot condense this structure, nor can it interact with it (Fig 
5.14) as the helical structure of this molecule prevents any hydro- 
phobic interaction with planar molecules like cholesterol. Thus, 
22:6 is a special lipid, having a highly ordered secondary struc­
ture, a large molecular volume, with poor packing ability and 
interaction with cholesterol. 22:6 may also interact poorly with 
non-specific hydrophobic regions of membrane proteins, but there 
may be membrane proteins with special binding sites for this 
uniquely structured lipid. All of these factors suggest that 22:6 
may be involved in the regulation of membrane related processes.
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Fig Isomeric configurations of fatty acyl groups a) cis A ^
oleic acid (trans) b) cis A ^ (j&^^gauch) oleic acid 
(trans) c) cis linoleic acid (trans) d) cis

gauche) linoleic acid (trans) e) cis 
^^9,12 ^ ^14 ga,^^he) linoleic acid with rotated Pi 
methylene bridged sigma bonds, f) cis 
arachidonic acid (trans)* Isomeric configurations in 
brackets refer to sigma carbon-carbon bonds.
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(>

GO

Fig 5.14. CPK^odels of A) 1-steroyl, 2~docosahexaenoyl PE inter­
acting with cholesterol at the 2-docosahexaenoyl pos­
ition and B) docosahexaenoic acid (i) and arachidonic 
acid with clockwise rotated Pi methylene bridged 
sigma bonds(ii).
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5.3.4. Role of 1-acyl 2 dooosahexaenoyl PE and cholesterol dis­
tribution in the regulation of membrane procesees,

FE has only a small zvitterionic head group. For this 
reason the headgroups can he tangentially to the plane of the 
hilayer (Phillips et al., 1972) so that PE can pack closer with 
other PE molecules than can other phospholipids such as PC, whose 
bulky headgroups increase the molecular area of these molecules. 
Therefore the packing ability of PE monolayers is more sensitive 
to changes in fatty acid composition of the side chains compared 
to PC. Increasing inner monolayer 22:6 may alter the architecture 
of the phospholipid matrix to an extent that may affect the act­
ivity of membrane bound enzymes. Their activity may also be influ­
enced by the increased fluidity of membranes high in 22:6.

As the half time of flip-flop of cholesterol between the two 
bilayer halves is short (Backer and Davidowicz, 1979), it is not 
unreasonable to assume that the equilibrium distribution of chol­
esterol between the two bilayer halves will be in the ratio of the 
relative partition coefficients for cholesterol and lipid matrix. 
Increasing inner monolayer 22:6 content may cause a repartitioning 
of cholesterol such that a net transfer of cholesterol from the 
inner to the outer half may occur. This is illustrated in a flow 
diagram (Fig 5*13)* This event may in itself cause a further 
increase in fluidity of the inner monolayer, with a concomitant 
decrease in its fluidity, and a condension of the outer monolayer. 
This factor may influence the activity of outer monolayer enzymes, 
and also reduce the permeability of the outer monolayer to small 
molecules and ions. These factors may significantly contribute to 
the altered membrane processes observed in the ob/ob mouse.
5*3*5. Flow Activation Energy of 22;6 phospholipids.

Throughout chapters 3 and 4, the interpretation of the flow 
activation energy (/\E) results obtained from native membranes, 
extracted lipids and phospholipids labelled with DPR assumed that 
lipids fiom ob/ob mouse membranes contained a more 'ordered' ccmn 
ponent. Experiments with PE liposomes demonstrate that the pretts- 
qnoe of 22:6 reduces /\E to values observed in PE from ob/ob mice. 
These results can now be rationalised in terms of the structure
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of 22:6. The rigid secondary structure of this lipid results 
in a reduced number of degrees of freedom for molecular inter­
action with other acyl groups, and therefore reduces the volume 
of a flowing segment labelled with DPH.
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5.5. . Conclusions.
The results presented in this chapter identify the phospholipid 

1-acyl, 2-docosahexaenoyl PE as the major phospholipid contributing 
toward the fluidisation of obese mouse adipocyte plasma membranes. 
This phospholipid is present in the inner monolayer of the plasma 
membrane. Evidence has been presented that the inner monolayer is 
more fluid in membranes from obese mice compared to lean controls.
The presence of 22:6 PE in the inner monolayer results in an altered 
cholesterol affinity for the monolayer as a whole. This factor 
may result in the inner plasma membrane monolayer from ob/ob mice 
adipocytes containing regions of random phospholipid/cholesterol 
mixtures or perhaps domains of homogenous lipid pools. These fac­
tors may cause an increased partitioning of cholesterol into the 
outer half of the plasma membrane.

The rationale for the poor interaction of 22:6 with cholesterol 
has been interpreted in this thesis from space-fitting models con­
structed for each lipid class. The presence of more than four methy­
lene bridged pi bonds causes a high degree of steric hinderance 
within the molecule. This factor causes 22:6 to adopt a rigid heli­
cal structure. This structure is unique in naturally occurring 
fatty acids, preventing interaction with cholesterol and decreasing 
the packing ability of phospholipids. Phospholipids containing 
this fatty acid may be involved in the regulation of membrane- 
bound enzyme activity. Evidence has been presented in Chapter 4 
that the adenylate cyclase/hormone receptor coupling efficiency may 
be regulated by the presence of 22:6 PE. Recently, Emilsson and 
Gudbjarnason (have observed that chronic exposure of rat heart to 
noradrenaline increases PE docosahexaenoic acid by 25^, further 
indicating a regulatory role for this lipid in the expression of 
catecholamine resistenace.

The possible increased cholesterol content of this outer mono- 
layer may result in reduced ionic permeability of membranes con­
taining 22:6 PE in the inner monolayer, possibly resulting in 
reduced ionic pumping, altered outer monolayer enzyme activity, 
and reduced lateral mobility of membrane proteins.
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The postulated reduced lateral mobility of enzymes in the 
outer monolayer of membranes from obese mice may help to explain 
the impaired hormonal stimulation by (3 adrenergic receptors of 
the adenylate cyclase in adipocytes from these animals. If 
lateral diffusion of the |3 receptor within the plane of the 
membrane is a rate limiting step in the activation process of 
adenylate cyclase, then an increase in outer monolayer viscosity 
would be expected to decrease the number of p receptor/adenylate 
cyclase coupled species.
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CHAPTER 6.

IMESTIGATIOMS IHTO 

THE PHYSICAL PROPERTIES

AND COMPOSITION 

OF VARIOUS CELL MEMBRANES 

MOM DEAN, OBESE. HYPERTHYHOID

AND STARVED MIMALS.
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6.1. Introduction.
6.1. a. Fluidity changes in various membranes from oTo/ob and lean

mice.

In chapters 3 and 4 it was established that there are gross 
compositional pertubations in the hepatic ER and adipocyte plasma 
membrane of obese mice. The fluidisation of PE, with the inser­
tion of LCPUPA's at position 2, result in a fluidised inner mono- 
layer of the adipocyte plasma membrane. This perturbation may 
give rise to a redistribution of cholesterol between the two hal­
ves of the bilayer. These factors are likely to produce altered 
lipid-protein interactions, and may be responsible for the poor 
coupling efficiency between the (3 receptor and the adenylate cyc­
lase enzyme observed in obese mouse adipocyte plasma membrane.

This information warrants the expansion of this investiga­
tion to other tissue membranes of lean and obese mice, to estab­
lish whether metabolic abnormalitiies observed in other tissues of 
ob/ob mice can be related to compositional changes within cell 
membranes.

i) Brain synaptosomes.

The brains of ob/ob mice have a reduced mass, reduced neur­
onal size in most areas of the brain (Bereiter and Jeanrenaud,
1979), a decrease in the total number of brain cells (Van der 
Kroon and Speijers, 1979) and an increase in hypothalamic cate­
cholamine content (Borden et al., 1976). All these observations 
are consistent with congenital hypothyroidism (Van der Kroon and 
Speijers, 1979). Hypothyroidism has been shown to influence 
the coupling efficiency of the p receptor-adenylate cyclase sys­
tem by an as yet unidentified plasma membrane perturbation 
(Malbon, 1980). Experiments were therefore carried out to exam­
ine if obese mouse brain synaptosomal membranes have an altered 
lipid composition compared to lean controls, that may have contrib­
uted in utero to impaired brain development.

ii) Pancreas.

Hyperinsulinaemia is a factor associated with many different 
types of obesity. The metabolic events leading to the hyperins-
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ulin secretion are unclear. Studies by York and Bray (l972) 
demonstrated that Ventro—medial hypothalamic (VMH) lesioned rats 
that normally develop obese hyperinsulinaemic syndrome did not 
do so if p cell function was destroyed pre-operatively. This 
suggests that hyperinsulinaemia contributes significantly to the 
maintainance of the obese state in A/MH lesioned animals. Bray et 
al, (1981) have conclusively demonstrated that the hypersecretion 
of the VMII lesioned rat is mediated via the autonomic nervous sys­
tem (ms). The ANS input to the pancreas comprises the cholin­
ergic parasympathetic and the adrenergic sympathetic, both of 
which modulate a, p and A cell secretions (Samols et al.,198l).
The p cell insulin output is stimulated by Acetelycholine and 
inhibited by catacholamines (both circulating and from the sympa­
thetic Ah'S).

The exaggerated insulin secretion by ob/ob mice p cells may 
therefore be mediated by an altered response of the p cell to the 
ANS, or more specifically to a reduced suppression of insulin secre­
tion by catecholamine resistance of the p cells. If the impaired 
coupling efficiency of hormone-receptors and adenylate cyclase 
exists in the p cell plasma membrane, as it does in the adipocyte 
plasma membrane, then p cell plasma membrane lipids may be involved 
in this process. A preliminary study was therefore carried out 
to exaimine the fluidity of isolated pancreatic cell plasma mem­
branes, although as the ratio of p cells to total cells Is low in 
whole pancreatic cells digests, the interpretation of data from 
this study in terms of p cell function is difficult.

iii) Muscle.

. Muscle is the largest organ of the mammal. In the ob/ob 
mouse a dramatic reduction in insulin sensitivity and responsive­
ness has been observed in vitro (Genuth et al., 1971). A defect 
has been observed in muscle of ofc>/ob kvu’cc- , insulin
receptor number and basal glucose utilization (he Marchand-Brustel, 
1978). Chan and Dehaye (1981)also found that adrenaline did not 
stimulate glucose transport into muscle from db/db mice, while 
significantly stimulating glucose entry into control mice muscle. 
These authors found that insulin sensitivity of muscle was not
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altered in young dd/db mice, and suggest that all factors distal 
to glucose transport and phosphorylation are not impaired in 
young db/db mice. They further suggest that the impaired glucose 
utilization of young db/db mouse muscle resides solely at the 
glucose transport level, i.e. at the sarcolemmal membrane. Al­
though direct comparisons cannot be made between the db/db and 
ob/ob mouse muscle, nevertheless many metabolic defects are common 
to both. It was therefore of interest to examine the fluidity of 
lean and ob/ob mouse sarcolemmal membrane, to ascertain if an 
altered sarcolemmal lipid composition could be involved in the 
altered basal and catecholamine stimulated hexose transporter 
systems observed in the db/db mouse muscle.

iv) Salivary Gland.

Salivary gland has a high degree of ANS input. Evidence 
has been presented by Bray et al. (198I) that VMH lesioning rgd- 
'A.cfi-s sympathetic activity of the AhS, and this was connected 
with atrophy of the salivary gland. Salivary gland is also atro­
phied in ob/ob mice compared to lean controls, despite their 
increased demand for saliva, due to their hyperphagia. Again, 
the possibility must be considered that neurotransmitter resis­
tance of secretory cells in the salivary gland could account for 
these observations in the absence of any defect in sympathetic 
tone. Salivary gland may also be a model system for brown fat 
tissue, as both have a high AffS supply to enable these tissues to 
respond immediately to environmental stimuli. Brown fat, like 
salivary gland, is atrophied in ob/ob mice, despite an increased 
demand on thermogenic tissue in these hypometabolic animals. 
Therefore, salivary gland plasma membrane fluidity was examined 
in order to assess the likelyhood of membrane composition being 
involved in the possible resistance to catecholamine neurotrans­
mitters postulated for these two tissues.

v) Liver.

Decreased insulin and glucagon binding has been observed in 
hepatic plasma membranes from ob/ob mice. Of interest is that 
inhibition of fatty acid synthesis by vasopressin is absent in 
ob/ob mice, despite a normal vasopressin inhibition of glyco- 
genolysis ( Hems and Ma, 1976 ). Although the mechanism for
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this process is unknown, ion fluxes, possibly across the plasma 
membrane, may be involved (York and Bray, 197$). Hepatic plasma 
membrane was examined from lean and obese mice, and the fluidity 
of these membranes was assessed. Hlasma membranes were also pre­
pared from animals housed at $4°C in order to ascertain whether 
housing temperature affected hepatic plasma membrane composition, 
as was observed for adipocyte plasma membrane in the obese animal.
vi) Erythrocyte.

The obese mouse is hypercholesterolaemic (York and Bray, 
1979). The erythrocyte is anucleate, and unable to control its 
plasma membrane lipid composition, and therefore the obese mouse 
erythrocyte plasma membrane may contain more partitioned choles­
terol than those from lean animals, which may decrease the fluid­
ity of erythrocyte plasma membranes. This hypothesis was evalu­
ated by measuring the fluidity of purified erythrocytes obtained 
from both phenotypes. Diabetes is known to result in a more vis­
cous erythrocyte plasma membrane (Baba et al., 1979) and therefore 
the erythrocyte plasma membrane phospholipid extract fluidity of 
lean and obese mice was also assessed, to examine if the diabetic 
syndrome of ob/ob mice affected the erythrocyte membrane phospho­
lipids.
vii) Mitochondria.

Mitochondria isolated from ob/ob mouse livers have more res­
piratory chain enzymes, and also have an increased respiratory 
chain activity than lean controls (Katyare and Howland, 1977). 
Mitochondria are known to alter their degree of respiratory effic­
iency in response to thyroid status. Hulbert, (1976) has pro­
posed that this is at least partially achieved by the alteration 
of the inner membrane phospholipid composition, and this author 
has provided impressive corelation between thyroid status and 
the degree of unsaturation of the inner mitochondrial membrane. 
Mitochondrial respiratory efficiency declines with decreasing 
plasma thyroid hormone concentration, and the inner membrane 
phospholipids become more saturated. The increased respiratory 
efficiency observed in ob/ob mouse hepatic mitochondria demon­
strates that the proposed functional hypothyroidism of ob/ob
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animals (joosten and Van der Kroon, 1974) does not operate at the 
mitochondrial membrane level. However, if the hypothesis that 
mitochondrial inner membrane fluidity can be related to mitochon­
drial efficiency in the lean and ob/ob mouse, then inner mitochon­
drial membrane lipids from ob/ob mice should contain relatively 
unsaturated phospholipids compared to lean controls. Inner mito­
chondrial membrane lipids were extracted for fluidity studies to 
investigate this hypothesis from ob/ob and lean control mice.
6.1.b. Other animal models of obesity.

Thusfar, it has been established that there is a good case 
for the altered physical state of the plasma membrane observed in 
the adipocyte of ob/ob mice contributing to the poor hormonal res­
ponse of the cell. In this chapter, this concept is extended to 
other cell types in the ob/ob mouse, and also to the genetically 
obese (fa/fa) rat, first described by Zucker and Zucker (1961). 
Demonstration that membrane changes occur in other models of obe­
sity will establish that such changes are involved in either the 
expression or as a result of the obese condition, and not simply 
a manifestation of the ob geneo Adipocyte plasma membranes and 
brain synaptosomal membranes from the fa/fa and lean control Zucker 
rats were studied for comparison with results obtained with the 
same membranes from ob/ob and lean control mice.
6.I.C. Plasma membrane and metabolic efficiency of cells.

Obesity is a disease characterised by excessive storage of 
energy, and in several animal models has been shown to be the 
result of an increased metabolic efficiency. The mechanisms where­
by animals can regulate their metabolic efficiency are obscure, but 
the role of hormones and target cell sensitivity or maximal res­
ponse to these hormones may play an important role. If the cell 
plasma membrane composition can alter the cellular responsiveness 
to hormones involved in regulating metabolic efficiency, then 
similar changes in plasma membrane composition observed in the 
ob/ob mouse may be observed under varying metabolic conditions 
characterised by an increase in metabolic efficiency, e.g. both 
starvation and obesity. Giacobino and Chemlar (1977) demonstrated 
that the adipocyte plasma membrane, the mitochondrial membrane



—24^~

and the microsomal membrane of rat adipocytes, demonstrated 
drastic changes in fatty acid composition when the rats were 
fasted. In all three membranes these was an increase in the 
degree of imsaturation of the fatty acids with substitution of 
LCPIIPA for 16;0 when isolated from fasted animals. The fatty acid 
spectrum from adipocyte plasma membranes from fasted rats was 
strikingly similar to the results presented in Chapter 4 for obese 
mouse adipocyte plasma membrane. It should be noted that the 
uncellular prokaryote Tetrehymena pyroformis also increases its 
membrane fatty acid unsaturation considerably^when added to nut­
rient-free media (Wo^a et al., 198O), suggesting that the observed 
membrane changes may be a significant general feature of adaption 
by organisms to starvation. The effects of starvation on lean 
(Ob/?) mouse adipocyte plasma membrane fluidity was therefore 
examined, to ascertain if starvation could mimic changes in mem­
brane fluidity observed in obese littermates.

Metabolic rate of animals is known to be under the control 
of thyroid hormones (Garrow, 1968). Hyperthyroidism results in 
elevated basal metabolism and weight loss. Conversely, hypothy­
roidism results in weight gain and a fall in metabolic rate 
(Garrow, 1978). ^yroid hormones may be involved in the decreased 
metabolic rate observed in starvation, as studies by Palmblad et 
al. (1977) have demonstrated a $0^ fall in serum triiodothyromine 
(T^) and two fold increase in serum reverse triiodothyromine (rT^) 
in starving humans. Plasma T^ concentration is elevated under 
long-term cold-stress conditions when heat production is of para­
mount importance. This is achieved by an acceleration of meta­
bolic rate (Jansky, 1973)* There also has been some evidence that 
the obese mouse may be functionally hypothyroid (joosten and Van 
Kroon, 1974) as these authors demonstrated many similarities 
between the metabolism of the ob/ob mouse and hypothyroid animals. 
Furthermore, ob/ob mice do not survive cold stress to"the same 
degree as thin littermates (Trayhurn et al., 1976). Thus, it 
would appear that thyroid hormones may be involved in the regu­
lation of metabolic efficiency such that energy and thermic hom- 
eostatis can be achieved.
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An important site of action of thyroid hormones is there mod­
ulation of catecholamine action in a variety of tissues including 
heart (Wildenthal, 1974)» liver (Malbon et al., 1978a) and adipose 
tissue (Malbon et al., 1978b). The degree of potentiation of 
catecholamine-induced lipolysis is correlated to thyroid status 
(Reckless et al., I978)in this tissue. Thyroid hormones have been 
shown to improve the impaired catecholamine stimulated lipolysis 
observed in adipose tissue from ob/ob mice (Otto et al., 1978) and 
hypothyroid rats (Malbon et al., 1978b). Malbon et al. (1978b) 
have demonstrated that intracellular hormone stimulated cAMP 
concentration of rat adipose tissue is directly correlated with 
thyroid status.

The possible loci of action of thyroid hormone at the cell 
plasma membrane level may therefore be:-
a) Modulation of the number, or affinity of a (inhibitory) or 

p (excitatory) adrenergic receptors.
b) Modulation of adenylate cyclase activity by an increase in 

the number of units or affinity for its substrates.
c) Modulation of either or both of the phosphodiesterase enzymes 

(cytosolic high Km or membrane bound low Km).
d) Modulation of the efficiency of coupling between p adrenergic 

receptors and adenylate cyclase units.

Malbon (1980) demonstrated that thyroid status has no effect 
on the number of p receptors, but does alter the affinity of the 
receptor for p agonists in rat fat cells, increasing thyroid 
status producing an increase in binding affinity for p agonists. 
This phenomena may be important in vivo for setting the threshold 
of lipolysis to catecholamine stimulation. It does not have any 
bearing of the blunted maximal response of adipose tissue to cate­
cholamines in hypothyroidism or the elevated maximal response 
observed in hyperthyroid states. The modulation of a-receptor 
activity by thyroid hormone is controversial at the moment (Grill 
and Rosenquist, 1975; Reckless et al., 1976).

Adenylate cyclase activity has been found to be independant 
of thyroid status. Caldwell and Pain, (1971) demonstrated similar 
activities in basal cyclase activities in euthyroid and hyperthy-
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Substrate availability for adenylate cyclase has been dis­
counted by Caldwell and Fain (1971)« They postulated that accumu­
lation of cAMP in fat cells from T^ treated rats could be due to 
increased availability of ATP to the cyclase. However, T^ treated 
rat adipocytes contained less ATP than did cells from euthyroid 
controls. 'This would suggest that ATP availability is not rate 
limiting.

Neither the membrane-bound (Malbon et al., 1978b) or the cyto­
solic (Caldwell and Pain, 1971) phosphodiesterase activities are 
altered by thyroid status. Thus, it is clear from the above con­
siderations that the major aspect of the regulation of adenylate 
cyclase by thyroid status has yet to be elucidated.

The role of thyroid hormone in modulating the coupling 
efficiency between hormone-receptor complex and cyclase has recently 
been discussed by Malbon (198O). In the absence of any other mech­
anism for the observed contingency of hormone stimulated adenylate 
cyclase activity on thyroid status, this author suggests that a 
protein or lipid component within the membrane is responsible for 
this observation.

roid rat adipocytes. Armstrong and Stouffer (1974) demonstrated

similar basal activities in euthyroid and hypothyroid rat adipocyte
ghosts. Furthermore, Malbon et al. (l978h) demonstrated no change

in the maximal sodium fluoride stimulated cyclase activity in hypo­
thyroid rats compared to euthyroid controls.

In view of the observed effects of membrane fluidity on hormone- 
stimulated adenylate cyclase activity described in Chapter 4, and 
the similarity between hormone-stimulated lipolysis in obesity and 
hypothyroidism, an experiment was performed to elucidate the 
effect of hypothyroidism on adipocyte plasma membrane fluidity.
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6.2, Results
Fluidity studies on lean and obese mouse hepatic plasma 
membranes from animals housed at 25°C and ?4=C.

Bepatic homogenates contain organelles from a heterogeneous 
population of cells, comprising hepatocytes.Kupffer cells, bile 
canalicu^i, sinusoidal endothelial cells and fat storage cells. 
The plasma membrane fraction will contain membranes derived from 

these cell types. Although livers from obese animals are 
unlikely to contain these cells in the same proportions as livers 
from lean animals, preliminary investigations were carried out on 
entire livers.

Memcrane purity was assessed by measurement of total cardio- 
lipin contenb (inner mitochondrial membrane phospholipid marker) 
for mitochondrial contamination, and NADB-cytochrome c reductase 
(in the presence of KGB) activity was used as an enzymic marker 
for ER. From these criteria, lean and obese mouse hepatic plasma 
membranes contained 12-19^ contamination by these organelles (data 
not shown). As purity was similar between the two groups, further 
subfractionation was not attempted.

Bepatic plasma membranes were prepared from lean and obese 
animals housed at 29°C and ^4°C for 1 week. Fluorescence polar­
isation by BFB-labelled membranes was measured from 2°C-40oc.
The Arrhenius plots derived from measurements of membranes
from animals housed at 29«G are shown in Fig 6.1. Table 6.1 
summarises the results.

Obese mouse hepatic plasma membranes are more fluid than 
unose of lean at both housing temperatures. Bo breakpoint was 
detected in plasma membranes from obese mice. As the flow acti- 
vation energy was close to that observed in lean membranes above 
the breakpoint, then it is likely that the breakpoint is below 
2°C in Arrhenius plots from obese mice plasma membranes, consis- 
tant with the more fluid membrane. Bousing at ^4*0 produced a 
rise in the breaktemperature in obese membranes with little 
change in tnat of lean, indicating that at least one component 
became less fluid in plasma membranes from obese animals housed 
at 34°C. The fluidity of both lean and obese membranes was
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Vt°K X 10-3

Pig. 6.1. Arrhenius plots of fluorescence depolarisation by 
DPH labelled liver plasma membranes from lean (#) 
and obese (o) mice housed at 25°C.
Date represents values for membranes derived from 4 
animals in each group.
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slightly reduced by housing at )4^C, although it is not possible 
to assess whether this is significant on one preparation. However, 
the flow activation energies above the breakpoint of the DPH label­
led plasma membranes were reduced from both groups when housed at 
^4*C, consistent with the incorporation of a more ordered component 
in both groups of membranes from animals housed at 34°C.

These results demonstrate that hepatic plasma membranes are 
more fluid from obese mice compared to lean controls, and that 
housing at 34*C does not have the same fluidising effect on hepa­
tic plasma membranes from obese mice as adipocyte plasma membranes, 
although at least one component of membranes from both phenotypes 
becomes more ordered when animals are housed at 34°C.

6.2.b. Fluidity studies on lean and obese mouse hind limb muscle 
sarcolemmal membrane lipid extract.

Pure sarcolemmal membranes were prepared as described in 
Materials and Methods from 20 lean and 20 obese mice. Yields of 
sarcolemmal membrane were extremely low (-750pg membrane protein). 
Because of this, it was necessary to check an enzyme marker for 
plasma membrane against values published in the literature. 
Na^/K^-ATPase activities in these membranes was found to be higher 
in two different preparations than those reported in the litera­
ture for rat sarcolemmal membrane (data not shown). It was con­
cluded that the final membrane suspension from muscle consisted 
of highly purified sarcolemmal vesicles. Unfortunately, the pau­
city of material precluded further characterisation of sarcolemma.
A lipid extract was labelled with DPE and the fluorescence polar­
isation measured from 2*C-40=C. The Arrhenius plots from this 
experiment are shown in fig 6.2, and the data is summarised in 
Table 6.2.

Obese mouse sarcolemmal membrane was more fluid than that od 
lean mice and was characterised by the reduction in breakpoint 
temperature. Flow activation energies were similar between lean 
and obese mouse membranes both above and below the breakpoint. 
The results of this study indicate an altered lipid composition 
of the sarcolemmal membrane of obese animals.
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\/ToK X 10-3

Pig 6.2. Arrhenius plots of fluorescence depolarisation hy DPH 
labelled liposomes derived from extracted sarcolemmal 
lipids from lean (#) and obese (o) mice.
Data represents values for membranes derived from 20
lean and 20 obese mice.
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studies on the inner mitochondrial membrane and
its individual phospholipids from lean and obese mouse
liver.

Mitoplast vesicles were prepared from the 17,000 X g mito­
chondrial fraction of lean and obese mouse liver homogenates, 
as described in Materials and Methods. EE, EC and Ch were ob- 
tained from lipid extracts of the mitoplasts by TLC. Fluores­
cence polarisation of DEE labelled liposomes derived from lipid 
extracts was measured from 4=0 to 4O0C, and khe Arrhenius plots
from this experiment are shown in fig 6.3 and the results are sum-
marised in Table 6.3.

Obese mouse inner mitochondrial membrane was more fluid 
than lean controls, and a reduction in the Arrhenius breakpoint 
was observed, with little change in the flow activation energy.
The fluidity of the three major phospholipids isolated from obese 
mouse inner mitochondrial membrane were studied by TEH polarisa­
tion (Table 6.3). Each phospholipid class was more fluid from 
obese mouse mitochondrial inner membrane compared to lean controls. 
The minor pnospholipids, SM and PI were not recovered for analysis. 
Thus, the mitochondrial inner membrane in obese animals contains 
phospholipids that have more fluid acyl chains than do lean con­
trols. Cardiolipin is the most fluidised phospholipid measured, 
and it is this phospholipid that is found to be tightly and spe- 
cifically bound to the respiratory chain enzymes, MDH dehydro­
genase (Heron et al., 1977) and cytochrome oxidase (Awasthi et
al., 1970).

Zlatdity studies on erythrocyte plasma membranes and
membrane phospholipids from lean and obese mice.

Erythrocytes contain no internal organelles, and therefore 
the plasma membrane is prepared pure, with only haemoglobin as a 
major contaminant. This protein is water-soluble, and the haem 
moiety does not fluoresce at 430nM, it does not interfere with 
fluorescence studies with DEE. Membranes were prepared, and 
fluorescence depolarisation by DEE-labelled membrane vesicles 
was measured from 2°C-40'>C. The results from this study are 
shown in ^4Ac6.4, and summarised in Table 6.2. Erythrocyte plasma
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Pig 6.5. Arrhenius plots of fluorescence depolarisation by DPH

labelled liposomes derived fhom lean (.) and obese (0)
mouse liver mitochondrial inner membrane.
Data represents values for membranes derived from 20
lean and 20 obese mice.
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Vt°K X 10"^

Fig’ 6.4. Arrhenius plots of fluorescence depolarisation hy DPH 
labelled erythrocyte plasma membranes from lean (•) and 
obese (o) mice^
Lata represents values for membranes derived from 4 lean
and 4 obese mice.
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membranes,from obese animals are less fluid tlian lean controls.
The break temperature of the Arrhenius plot was increased in comp­
arison to lean controls. Also, the flow activation energy of 
obese preparations was considerably reduced below the breakpoint. 
All these factors suggest that the erythrocyte plasma membrane 
from obese animals is more ordered compared to lean controls. How­
ever, when the total phospholipid extract of lean and obese mouse 
erythrocyte plasma membranes was analysed, it was found that phos­
pholipid vesicles were more fluid from obese mouse erythrocyte 
membranes compared to lean controls. Fluorescence depolarisation 
by DPH labelled vesicles of individual phospholipid classes (PE 
and PC) recovered from the total lipid extract by TLC, revealed 
that PE was more fluid from obese mouse erythrocyte plasma mem­
branes compared to lean controls, whereas PC was not altered be­
tween the two groups.

The increase in fluidity of the phospholipid extract from 
obese mouse erythrocyte membranes is thus probably due to a more 
fluid state of PE. The increase in fluidity was^accompanied by a 
reduction in the Arrhenius breakpoint, oaJL the flow activation 
energy was unaltered.

The disparity of a decrease in fluidity of native membrane 
but an increase in fluidity of extracted phospholipids in the 
ob/ob mouse may possibly result from an increase in cholesterol 
levels associated with obese mouse erythrocyte membranes. Obese 
mice are hypercholesterolaemic (sa\wo/v 1973), and there­
fore more cholesterol may partition into erythrocyte plasma mem­
branes. Erythrocytes are enucleate and therefore unable to regu­
late their membrane composition.
6.2.Bo Fluidity studies on uncharacterised plasma membrane lipid 

fractions from lean and obese mouse pancreatic cells and
salivary gland.

A collagenase digest of pancreas yields a heterogeneous 
population of islet, acinar and epithelial cells, all of which 
sediment at very low centrifugal force. Salivary gland homogen­
ates contain organelles derived from epithelial cells (basket 
cells) serous and mucous cells. 17,000 X g supernatants of
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Pig 6.5. Arrhenius plots of fluorescence depolarisation Toy 
DPH labelled pancreatic plasma membranes from lean 
(•) and obese (o) mice housed at 25°C.
Data represents values for membranes derived from 4 

animals in each group.
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Vt°K X 10“^

Fig 6.6. Arrhenius plots of fluorescence depolarisation by DPH

labelled liposomes derived from extracted salivary gland
cell plasma membranes from lean (§) and obese (o) mice.
Data represents values for lipids derived from salivary
gland cell membranes from 4 animals in each group.
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homogenates from lean and obese mouse pancreatic cells and salivary 
gland yielded an isopycnic plasma membrane fraction with 9^ Ficoll/ 
8.^^ sucrose. No attempt was made to characterise the resulting 
membrane fractions in terms of yield or purity, the absence of cardio- 
lipin in the TLC analysis of extracted lipids suggests that there 
was no major mitochondrial contamination.

Lipid extracts from lean and obese mouse salivary gland and pan­
creatic cell plasma membranes were labelled with DPH, and Arrhenius 
plots of fluorescence depolarisation studies are shown in figs 6.5 
and 6.6. The results are summarised in Table 6.4.

Both salivary gland and pancreatic cell plasma membranes were 
more fluid from obese mice compared to lean controls, although 
Arrhenius breakpoints and activation energies were similar between 
the two groups of membranes. As membranes used in this study were 
derived from a heterogeneous population of cell types which may not 
necessarily be in the same ratios between lean and obese, interpret­
ation of this data is made somewhat more difficult. However, the 
magnitudes of the fluidity changes in lipids from the two tissues 
from obese mice were similar to those observed for other homogeneous 
plasma membranes, and therefore it is possible that all cell types 
in each tissue from obese mice have more fluid plasma membranes.
6.2.f. Fluidity studies on brain synaptosomal plasma membranes 

and phospholipids isolated from lean and obese mice, and
the GLC analysis of the fatty acid composition of these
phospholipids.

Purified nerve terminal synaptic membrane vesicles (synapto- 
somes) were prepared from lean and obese mice as described in Mat­
erials and Methods, ^n extra gradient purification step in the 
preparation of these vesicles removed the major part of the mito­
chondrial and myelin contamination present after preparation by 
the normal procedure. TLC analysis of the membrane fraction demon­
strated a very low cardiolipin content, suggesting the minimal of 
mitochondrial contamination. Myelin has a very high microviscosity, 
due to a high cholesterol content (Humsby, 1978) and therefore the
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Fig 6,7. Arrhenius plots of depolarisation of fluorescence by
DPH labelled brain synaptosomal membrane vesicles from 
lean (•) and obese (0) mice.
Data represents values for membranes derived from 4 
animals in each group.
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greater the purity of a synaptosomal fraction, the lower will be 
its viscosity. The microviscosity of lean and obese samples of 
synaptosomal membranes was reduced after additional purification, 
by a small but significant degree (data not shown). Also, after 
additional purification, mitochondria and myelin fractions were 
clearly visible on the discontinuous gradients.

Ensymio marker assays are currently underway to assess the 
exact degree of purity of membranes prepared using the modified 
purification procedure.

The fluorescence polarisation by DPE labelled synaptic 
vesicles was measured, and the Arrhenius plots from this study 
are presented in Pig 6,7. The results are summarised in Table 
6.6. Obese mouse synaptosomal membranes are more fluid than 
lean controls, although the breakpoint was higher than that of 
lean. The flow activation energy below the breakpoint was lower 
in obese membranes, although little change was apparent in the 
flow activation energy above the breakpoint in synaptosomal mem­
branes of obese mice.

PC and PE were extracted from lean and obese mouse synapto­
somal membranes and the Arrhenius plots of fluorescence depolar­
isation by DPH labelled liposomes are shown in Pig 6,8 for PC 
liposomes and Pig 6.9 for PE liposomes. Samples of these lipids 
were analysed for fatty acid content (Table 6.7).

Extracted PC liposomes from obese mouse synaptosomal mem­
branes were less fluid than those from lean controls. Prom the 
GhC data, obese mouse PC contained a higher percentage saturated 
fatty acids, and also a smaller average number of double bonds per 
fatty acid molecule. This observation accounts well for the 
decreased fluidity of obese mouse PC. PE from obese mouee synap­
tosomal membranes was considerably fluidized compared to lean 
controls. Indeed, the fluidity ratio of obese to lean PE was the 
highest recorded in these studies. GiC analysis of the fatty 
acid composition of lean and obese mouee synaptosomal PE revealed 
that both 22:6 and 20:4 were increased from obese mouse synapto-
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'i/T°K X 10“^

Pig 6.8. Arrhenius plots of depolarisation of fluorescence hy

DPH labelled brain synaptosomal PC liposomes from lean
(•) and obese (o) mice.

Data represents values for membranes derived from A
animals in each group.
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Vt°K X 10"^
iig 6.9* Arrhenius plots of depolarisation of fluorescence hy

DPH labelled brain synaptosomal PE liposomes from lean
(•) and obese (o) mice.

Data represents values for membranes derived from 4
animals in each group.
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Table 6«7« GLC spectra of fatty acids from PE and PE derived from 
lean and obese mouse brain synaptoeomee.

Phospholipid fatty acids total)
PC PE

Patty Acid Lean Obese Lean Obese

16:0 32.9 41.7 16.9 8.2
16;1 ND ND 2.7 T
18:0 9.4 12.2 17.6 7.9
18,1 2$.3 19.6 23.6 13.2
18:2 2.9 7.2 3.5 1.0
18:3 1.5 2.6 2.7 T
20:0 M) ED 2.7 ED
20:1 14.9 5.5 1.1 6.4
20:3 3.1 3.8 9.6 1.0
20:4 8,6 3.7 6.1 26.5
22:3 hD ED 4.7 ED
22:6 3.4 3.0 8.8 23.3
24:1 ND ED T 6,0

^ saturated fatty 42.3 53.9 37.2 16.1
acids

pi bonds per 100 112.6 103.5 162.6 288.4
molecules

Data represents values for membranes derived from 4 animals in 
each group.



somal membranes, while l6:0, 18:0 and 18;1 were decreased. The 
net effect of these substitutions was to decrease the total per­
centage of saturated fatty acid in obese mouse synaptosomal PE 
to less than 50^ of that present in lean, and also to increase 
the average number of Pi bonds per lipid molecule by 1.8 fold. 
Again, these observations agree well with fluorescence data.

The flow activation energies of the more fluid PE species 
was lower than the flow activation energy of the less fluid PE, 
consistent with the conceptof thehCPPPA's being more ordered than 
other fatty acids in the liquid-crystalline phase.

Thus, mouse brain synaptosomal membranes display similar 
characteristics to the adipocyte plasma membrane. As synapto­
somal membrane bilayers have assymetric phospholipid distribu­
tion, with PE on the inside and PC on the outisde (Pontaine et al.,
1980), this is likely to result in a transbilayer fluidity as- 
symetry in obese mouse brain synaptosomal membranes.

studies on adipocyte plasma membranes, and brain
synaptosomal membranes from the genetically obese Zucker
rat (fa/fa) and lean control rats (Fa/?).

......*.........
Adipocyte plasma membranes from genetically obese Zucker rats 

and their lean littermates were prepared by the normal method. 
Membranes were labelled with DPH, and the fluorescence polarisation 
measured between 4°C-40oC. The Arrhenius plots from this experi­
ment are shown in Fig 6.10 and the daia is summarised in Table
6.8. Eat brain synaptosomes were also prepared in an identical 
fashion to mouse brain synaptosomes. These membranes were then 
labelled with DPH, and the fluorescence polarisation measured from 
0=C-40°G (lig 0.11). PC and PE were isolated by TEC from a lipid 
extract of the synaptosomal membranes. Samples were taken of
these lipids for GDC analysis, and the results are shown in Table
6.9.

Adipocyte and synaptosomal plasma membranes from obese rats 
were more fluid than lean controls, with lower Arrhenius breakpoints. 
Plow activation energies were similar between membranes from lean 
and obese animals, although the flow activation energies tended
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Pig 6.10. Arrhenius plot of depolarisation of fluorescence by

DPH lablelled adipocyte plasma membranes from lean (#)
and obese (o) Zucker genetically obese rats.

Data represents values for membranes derived from 2
animals in each group.
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7t°k X 10'

Fig 6.11. Arrhenius plot of depolarisation of fluorescence by

DPH labelled brain synaptosomal membranes from lean
(«) and obese (o) Zucker genetically obese rats.

Data represents values for membranes derived from 4
animals in each group.
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Fig. 6.12. Arrhenius plot of depolarisation of fluorescence hy

DPH labelled brain synaptosomal PE liposomes from lean
(•) and obese (o) Zucker rats.

Data represents values for membranes derived from 4
animals in each group.
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Table 6.9. GLG spectra of fatty acids derived from PC and :FB 
derived from lean and obese rat brain synaptosomee,

Phospholipid fatty acids total)
PC

Patty Acid Dean Obese Dean Obese

16:0 21.9 27.5 14.4 12.4
16:1 ED ED 1.7 1.8
18:0 41.0 34.0 17.0 11.6
18:1 10.1 12,0 18.9 16.6
18:2 11.2 9.2 2.0 2.0
18:3 1.1 2.6 2.0 0.9
20:1 10.7 9.$ 2.3 5.8
20:3 ED ED ).9 0.8
20:4 3.9 5.4 12.7 18.4
22:3 T T 3.9 4.8
22:4 ED T 3.7 ED
22:3 ND ED T T
22:6 T T 12.9 22.0
24:1 ED ED 4.7 2.4

^ unsaturated fatty 62.2 61.3 31.4 24
acids

Pi bonds per 100 62.2 69.3 199.3 235.7
molecules

Data represents values for membranes derived from 4 animals in 
each group.
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to be lower above the breakpoint, consistent with observations on 
obese mouse membranes. Fluidity ratios were similar to those 
obtained for lean and obese mouse membranes.

PE and PC were extracted from lean and obese rat synapto­
somal membranes, and the data from the Arrhenius plots of fluor- 
escence depolarisation by DPH labelled liposomes is summarised in 
Table 6.8. The Arrhenius plot from measurements on PE liposomes 
is shown in Fig 6.12. Samples of these lipids were analysed by 
GLC for fatty acid content (Table 6.$). Phospholipids from synap- 
tosomal membranes from lean and obese rat demonstrated similar 
changes to those observed from mice, although the differences 
were less exaggerated. No difference could be detected in the 
fluidity at 37°C between lean and obese rat synaptosomal PC and 
this observation is supported by the GLC data for those phospho- 
lipids, since little difference was discemable in the percentage 
unsaturated iatty acid content, although the number of double 
bonds per molecule was slightly increased in obese rat synapto­
somal PC. Extracted PE, however, was considerably more fluid 
from obese rat synaptosomes compared to lean controls, and demon- 
strated a reduced flow activation energy. The GLC data for this 
phospholipid demonstrate increased 22:6 and 20:4, and reduced 16:0 
and 18:0 in obese rat PE compared to lean.

The resulus from this study demonstrate that increased mem­
brane fluidity, and fluidised PE is a general feature of at least
two animal models of genetic obesity, and therefore altered mem­
brane fluidity assymetry may be a general feature of the obese 
condition, and may therfore be instumental in the wide range of 
cell mernorane anomalies observed in mammalian obesity.

'Jhe effect of starvation and hypothyroidism on mouse
adipocyte plasma membrane fluidity.

Plasma membranes were prepared from lean mice that had been 
starved for 48 hrs, and from animals made hypothyroid with 0.03^
PTU in their diet for 10 days. The ability of this dietary regi- 
men to induce hypothyroidism has been assessed by Shimomura et 
al. (1981). Membranes were labelled with DPH, and the fluorescence 
polarisation measured from 4°C-40°C. The Arrhenius plots fhom
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Vt°K X 10-3

Fig 6.13. Arrhenius plots of fluorescence polarisation by DPH 
labelled membranes from control (h) , starved (•) and 
hypothyroid (o) mice.
Data represents values obtained from membranes of 4 
mice in each group.
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these studies are shown in Fig 6.1$ and the data from these plots 
is summarised in Table 6.10.

Starving mice and PTU-induced hypothyroidism in mice induces 
a fluidisation of the adipocyte plasma membrane, although the 
effect of starvation was apparently greater than the effects of 
hypothyroidism. A reduction in the Arrhenius breakpoint was also 
observed after starvation and PTb induced hypothyroidism, hypo­
thyroidism inducing a greater change than starvation. Flow acti­
vation energies below the breakpoint were reduced by hypothyroid­
ism and starvation.

Thus, all of these changes observed in the form of the 
Arrhenius plots of fluorescence depolarisation by DPE after induc- 
tiori of hypothyroidism and starvation in lean animals are similar 
bo changes that occur in the Arrhenius plots from adipocyte plasma 
membranes isolated from obese mouse membranes.



6.3. P-lscussion

.Studies on brain synaptosomal membranes from lean and
obese mice.

Brain synaptosomal membranes from ob/ob mice are more fluid 
than those from lean controls. Fluidity studies on isolated 
phospholipids from the membranes also demonstrated a large inc­
rease in both fluidity and LCPUFA incorporation suggesting that 
the change in membrane fluidity results from the changed phospho­
lipid composition. The fluidity of PE was much increased, and 
that of PC unchanged, in phospholipids isolated from membranes 
from ob/ob mice compared to lean controls. Fontaine et al. (198O) 
have calculated that pure rat brain synaptosomal membranes are 
comprised of about 44/ PC and 38/ PE. Pux'thermore, these authors 
demonstrated that only 10-15/ of the PE resided in the outer 
monolayer of these membranes. Assuming mouse brain synaptosomal 
membranes are similarly assymetric with respect to the localis­
ation of the major phospholipid components PC and PE, then 
clearly a massive fluidity assymetry exists in membranes from 
obese animals, much greater than that observed for adipocytes.
A large increase in 22:6 was observed in synaptosomal PE from 
obese mice. As the inner synaptosomal monolayer contains a 
large amount of PE, the cholesterol affinity for this monolayer 
is likely to be low, and thus there may be an increase in outer 
monolayer cholesterol in obese mouse synaptosomes (Chapter 5) 
compared to lean controls, assuming equal cholesterol content of 
these membranes. Thus, the permeability to ions and small mole­
cules may be decreased in ob/ob mouse synaptosomes, and thus ion 
pumping may be reduced in these membranes. Indirect support for 
this concept has been provided by Sun and Sun (197.'!). These 
workers studied the lipid composition and activity of the 
Na /k ATPase in isolated synaptosomes from normal and essential 
fatty acid deficient mice. The amount of 22:6 was substantially 
reduced in PE from synaptosomal membranes of EFA-deficient 
animals, and the activity of the Na^/k^ ATPase was significantly 
elevated. The reduced unsaturation of EFA deficient mice synapto- 
somes is unlikely to elevate the specific activity of Na^/g^
ATPase units, as Kimmelberg and Papahadjopoulos (1974) have 
observed that the activity of solublised ATPase was increased

-281-
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when nneatnrated fatty aoide were added to the preparation. 
Although Sun and Sun, (1974) did not compare cholesterol content 
of EPA and control mice aynaptoeomal membranes, it is possible 
that the increase in activity of the ATPase results in an increase 
in the permeability of Na+ and E+, possibly caused by a net 
transfer of cholesterol fhom the outer to the inner monolayer, 
when inner monolayer 22:6 was reduced by EFA deficiency.

Reduced ionic pumping in brain synaptosomes of ob/ob mice 
18 also supported by the observation that Na^/K^-ATP ase activ­
ity is low in other tissues of ob/ob mice (York et al., 1978;
Lin et al., 1978), and that increased neurotransmitter levels 
have been observed in hypothalamus, telencephalon and brain stem 
of ob/ob mice (Lorden et al., 1976). The reuptake of
transmitter from the synaptic cleft into the pre synapse is the 
major^control of synaptic activity, the reuptake process is a 
Na /K -ATPase-dependant process (iwatsuka et al., 1970). Thus 
a low activity of this enzyme in ob/ob mouse synaptosomes may 
contribute to the altered hypothalamic control of pituitary 
function observed in the ob/ob mouse (Chapter I).

Increased synaptosomal fluidity in ob/ob mice may impair 
the 0 receptor/adenylate cyclase coupling efficiency in these mem­
branes as it possibly does in adipocytes. Although the role of 
CAMP in the functioning of neuronal activity is unclear at present, 
nevertheless the presence of large levels of adenylate cyclase in ^ 
synaptosomes and the wide range of agents that stimulate this 
enzyme via receptor molecules suggest a functional significance 
for this nucleotide in brain (Daly, 1977). Thus, poor receptor/ 
adenylate cyclase coupling efficiency in brain synaptosomes of 
ob/ob mice may also contribute to their altered pituitary function.

Impaired cAMP production in response to neurokransmitter 
secretion in the hypothalamus of ob/ob mice may also contribute 
to the postulated changes occurring in this region of the brain 
in ob/ob mice (Dray and York, 1979) sueh as impaired satiety 
centre function, thermoregulatory function and fertility control.
All three processes are disturbed in the ob/ob mouse (Chapter l).
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Pancreatic cell plasma membrane in lean and ob/ob mice.
Bray and York (l979) have suggested that the autonomic 

nervous system (ANS) is involved in the expression of ventro­
medial hypothalamic (VMH) obesity (autonomic hypothesis). This 
has been extended by Bray et al. (l98l) to conclude that sympa- 
tnetic tone is reduced in both the p cell and salivary gland in 
7MH obese rats, and thus factor largely contributes to both the 
hyperinsulinaeinia and reduced salivary gland size in these 
animals. The ob/ob mice is also hyperinsulinaemic and has 
reduced salivary gland size, aud therefore reduced sympathetic 
tone may contribute to the hyperinsulinaemic syndrome of the 
ob/ob mouse. Sympathetic stimulation of the p cell of ob/ob 
mice may be furtner blunted if the increased fluidity of pan­
creatic cell plasma membranes observed in this chapter leads to 
impaired stimulation oi adenylate cyclase by catecholamines.
This postulate is based on the possibility that the p cell mem­
brane is disturbed in the same manner as in the adipocyte plasma 
membrane. Thus, rt is possible that the change in membrane 
fluidity could be fundamental to the increase in insulin secre­
tion in the ob/ob mouse.

Noradrenaline from the sympathetic nerve terminals (Camp- 
field and Smith, 198O) and adrenaline from the adrenal medulla 
(Beard and Porue, 1$U0) inhibit insulin release in response to 
glucose and amino acids, either by direct inhibition of insulin 
output from secretory granules within the p cell, or by inhib­
ition of the glucose signal for insulin secretion, or probably 
through both mechanisms (Fig 6.14.0). The parasympathetic nerv­
ous system, via acetyi choline, has been shown by Campfield and 
Smith (198O) to stimulate insulin secretion. Again this effect 
may be either direct or indirect (Fig. 6.14.0). Further the 
acetylcholine stimulation itself is under inhibitory control by 
sympathetic ANS, although the inhibitory influence of the para­
sympathetic ANS on the sympathetic ANS inhibition of insulin 
release is weak (Campfield and Smith, 1$80). Thus in the p 
cell of ob/ob mice (Fig 6.14b) poor receptor-cyclase coupling 
would result in a reduction in the adrenalin/noradrenalin
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effects of insulin secretion in response to glucose, amino acids, 
and parasympathetic stimulation, and hyperinsulinaemia would 
result. The lipid fluidity of the p cell plasma membrane may 
therefore contribute to the hyperinsulinaemic syndrome of 
ob/ob mice.

Mkecle cell plasma membrane fluidity in lean and ob/ob
mice.

Sarcolemmal membrane lipid extracts from ob/ob mice demon­
strate an increased fluidity compared to lean controls. This 
observation may help to explain the results of Chan and Dehaye 
(1981) who observed that adrenalin did not significantly stimu­
late glucose transport into muscle from db/db mice, whereas a 
signiiicant stimulation was obtained for lean controls. The 
role of catecholamines in the regulation of fed state metabolism 
is underrated at the present time. Rowe et al., 1981, have 
demonstrated that plasma noradrenaline levels rise in a dose- 
dependant fashion to plasma insulin content independently of 
blood glucose concentrations. This elevation in catecholamines 
18 due to an increase in sympathetic activity. The plasma cate­
cholamine conoentrakion remains elevated after cessation of 
insulin secretion in the post-absorbative phase of feeding.
Thus, the impaired catecholamine stimulated basal uptake of glu­
cose into muscle of db/db mice observed by Chan and Dehaye (I98l) 
may contribute to the impaired glucose clearance in the animal. 
Thus, impaired glucose clearance in the db/db and ob/ob mouse 
may result from the observed increased fluidity of the sarco- 
lemmal membrane reducing the coupling efficiency between p 
receptor and adenylate cyclase.

In uhe ob/oD mouse, the muscle tissue is insulin resistant 
and has a reduced basal glucose uptake. The decreased basal 
glucose uptake is not secondary to hyperinsulinaemia or hyper- 
glycaemia as Cuendot et al.,(lgY6) have demonstrated that reduced 
basal uptake of 2-deoxy-gluco8e in soleus muscle of ob/ob mice 
18 observed by 4 weeks of age, (when the animals are still normo- 
glycaemic) and is not improved after starvation or streptozotocin
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treatment. Both these reduce Blood insulin and glucose in ob/oh 
inice„ In Chapter 4 it was established that glucose transport 
may possibly be impaired into adipocytes in ob/ob mice due to 
altered membrane characteristics. The increased fluidity of 
sarcolemmal membrane may contribute to this phenomenon.

6.3.4* Salivary Gland plasma membrane fluidity in lean and 
ob/ob mice.

The reduced size of salivary glands in ob/ob mice suggests 
reduced sympathetic stimulation of this tissue by the ANSo 
However, the observation that the plasma membrane of cells from 
this tissue are more fluid from ob/ob mice than from lean con­
trols raises the possibility that ob/ob mouse salivary gland may 
not be as responsive to catecholamine neurotransmitters as lean 
controls, and this itself may cause atrophy. Salivary gland may 
be a model for brown adipose tissue (BAT), in that both tissues 
are heavily supplied by AES, and both tissues are atrophied in 
ob/ob mice, dispite an increased demand for both saliva and 
thermogenesis. The quantity of BAT in ob/ob mice is actually 
three times greater than lean controls, but the protein content 
is only 0.66 that of lean controls (Girardier and Seydoux, 1981) 
hence the metablic mass is reduced, although the triacylglycerol 
content is markedly elevated.

BAT occurs at multiple sites in mammals, is highly inner­
vated by the AHS, and is unique in its ability to sustain heat 
production on stimulation by the AMS for long periods of time.
Its role in thermogenic homeostasis in rodents in cold stress is 
well established (Lindberg, 1976). As sympathetic activity is 
increased in response to insulin (Rowe et al., 198I), the thermic 
output of BAT may be expected to increase following insulin 
release, and this may be involved in the elevated thermic output 
of animals following a meal (Garrow, 1978). Dietary induced 
thermogenisis (BIT) (long term thermogenic response to elevated 
food uptake) also involves chronic stimulation of the sympa­
thetic nervous system (by mechanisms unknown), to activate BAT 
thermogenesis (Rothwell and Stock, 1979). Thus, BAT may be use­
ful to an animal as a thermic organ and as a regulated energy 
shunt. BAT activation results in a decrease in the efficiency
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of energy ■utilisation, and therefore accelerates the oxidation of 
energy substrates. This ability of BAT first led Himms-Hagen 
(1979) to speculate that BAT may be involved in the maintainance 
of energy balance in mammals, and that obesity in ob/ob mouse 
may result from a malfunction in this tissue. This concept has 
been supported by Girardier and Seydoux (1981) who found that 
BAT was not activated by electrical stimulation in ob/ob mice to 
anything like that observed in lean control animals. This obser­
vation suggests that the impaired response of BAT to electrical 
stimulation may contribute to the impaired thermoregulatory 
thermogenesis and the impaired response to catecholamines in 
these animals (Trayhurn and James, 1978).

The observations of Girardier and Seydoux (1981) suggest 
that BAT in ob/ob mice is functionally disconnected from the AH'S.
This is not due to a decrease in the number or affinity of (3 
receptors (Girardier and Seydoux, 1981), therefore, a post recep­
tor defect seems likely. Although BAT plasma membrane was not 
isolated, the observation that salivary gland plasma membrane was 
more fluid from ob/ob mice points to a potential plasma membrane 
defect in BAT,possibly at the level of neurotransmitter resistance.

The acute response to noradrenaline has been studied with 
isolated brown adipocytes. Within 1 s of noradrenaline binding, 
a partial depolarisation of the plasma membrane occurs (Seydoux 
and Girardier, 1978), and intracellular cAMP levels rise to a 
maximum after 3O-I8O sec (Pattersson and Vallin, 1976). Eight 
different protein kinases are stimulated by cAMP (Knight and 
Skala, 1977) in BAT, the role of these proteins is not understood, 
however the induction of lipolysiS observed in catecholamine bind­
ing in this tissue is almost certainly controlled by proteinkinase, 
as it is in other tissues (Hewsholme and Start, 1975).

The nature of the regulation of mitochondrial function in 
this tissue by cAMP and the extent to which the lipolytic and 
respiratory responses of this tissue are interdependant is unkno'wn. 
However, it is clear that a plasma membrane defect reducing the 
coupling efficiency between p receptors and adenylate cyclase may 
be involved in the poor response of this tissue to stimulation by the 
AHS.
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6.3.5« Mitochondrial function in the ob/oTo mouse.

Liver mitochondria from oh/oh mice are capable of a higher 
rate of ATP synthesis than lean controls (Katyare and Howland, 
1978). However, ADP/O ratios and the degree of respiratory con­
trol was identical at each phosphorylation site in mitochondria 
from the two phenotypes. The increase in oxidative phosphoryl­
ation rates observed in mitochondria from ob/ob mice was largely 
due to an increase in respiratory chain enzymes, although the 
ratio of the oxidation rates in mitochondria from obese and lean 
mice was always greater then the respective cytochrome content 
ratio,of their mitochondria (Katyare and Howland, 1978). In vivo, 
the ATP/adP translocator in the inner mitochondrial membrane may 
be the rate limiting step in state 5 respiration (Pfaff et al., 
1969), and therefore an increase in activity of this enzyme may 
account for this observation. Thus, the increase in fluidity 
observed in the inner mitochondrial membrane from ob/ob mice does 
not appear to influence the efficiency of either phosphorylation 
or respiratory control under the experimental conditions used by 
Katyare and Howland (1978) compared to lean control. However, 
the activity of the ADP/ATP translocator is very sensitive to the 
physical state of its environment (Pfaff et al., 19^9), "the act­
ivity of the enzyme doubling over a 5°C temperature increase.
Thus, the increase in fluidity of the ob/ob mouse inner mito­
chondrial membrane may be influencing the activity of the ALP/aTP 
exchange process, such that state 5 respiration rates may be 
greater in mitochondria from ob/ob mice.

The degree of unsaturation of mitochondrial membrane lipids 
is known to vary with both thyroid (Hulbert, 1978) and nutritional 
status (Giacobino and Chmelar, 1977). Starvation and hyperthy­
roidism increasing the total percentage unsaturation of the fatty 
acids of mitochondrial membranes. Thyroid hormones increase both 
the specific and total activity of mitochondrial respiratory chain 
enzymes (Hulbert, 1978). Thus, membrane lipid fluidity may be an 
adaption to provide a greater ATP synthesising capacity under 
conditions of accelerated metabolism in hyperthyroidism, and pos­
sibly to sustain the increased lipid synthesis of obese mouse 
livers. In starvation, perhaps it is simply an adaption to econ­
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omise on mitochondrial protein.

Similar fluidity changes have been observed for BAT mito­
chondrial membranes by French and York (unpublished observations) 
as have been reported in this chapter for hepatic mitochondria. 
The contribution of BAT to non-shivering thermogenesis is high 
(Foster and Frydman, 1979), and its role in themoregulatory 
thermongenesis has been discussed by James and Trayhurn (1981). 
The lower expenditure of food energy on thermoregulatory thermo- 
gensis in ob/ob mouse determined by James and Trayhurn (I98l) 
is thought to lead to increased metabolic efficiency in these 
animals. As the activation of BAT by the sympathetic nervous 
system is severely blunted in ob/ob mice housed at 29*C (Girard- 
ier and Seydoux, 1981) tha possible contribution of a fluidized 
inner mitochondrial membrane to the poor response of BAT in ob/ob 
mice to noradrenaline release by the ANS should be considered.

Mitochondrial inner membrane dehydrogenases donate electrons 
to molecular oxygen via the respiratory chain enzymes. Since the 
respiratory chain is composed of resistive electron carriers, 
then induction of net directional electron transport requires 
that potential energy be dissipated through each resistive element 
in the chain. Electron potential energy is transduced into kin­
etic vectorial proton translocation out of the mitochondria. If 
the conductance of the membrane to protons is low, energy is 
conserved as electrostatic charge separation (membrane potential, 

across the membrane. Since this charge is not dissipated 
a steady state is reached. The generated membrane potential 
inhibits electron transport, as it is sufficient to drive pro­
tons back through the proton translocators at a rate which equals 
the rate of respiration driven proton extrusion, and thus, no 
net electron transport occurs. can be dissipated by proton
translocators that are coupled to ATP synthesis. Thus, in the 
absence of any other dissipation mechanism, electron transport 
is said to be tightly coupled to ATP synthesis. In practise, the 
membrane is slightly leaky to protons, thus reducing 
The energy given to ion-pair separation during genesis of the mem­
brane potential is dissipated as heat on charge neutralisation.
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Electrons flow down the respiratory chain as is not now
at eqnilihrinm with the redox potential of the electron donator/ 
acceptor couple. In the absence of ATP synthesis, the mitochondria 
are in state 4 respiration. Clearly, the value of ^ifS'^'j^deter- ^ 

mined by the proton conductance leakage of the membrane, deter­
mines respiration rate, and thus electron transport in the
respiratory chain becomes rate-limiting. Reducing further
has no effect on respiration rate, and the mitochondria is said 
to be 'uncoupled' when all respiratory control is lost.

BAT mitochondria differ from mitochondria from other tissues 
in that they possess a symport anion uniporter within the mem­
brane matrix, and OH ions can be extruded from the mitochondrial 
matrix, thus neutralising (Nicholls, 1979)» reduced,
respiratory control is lost, and electron transport results in 
heat generation. In the presence of substrate and oxygen, BAT 
mitochondria are capable of producing large quantities of heat.
BAT adipocytes are tightly packed with mitochondria and triacyl- 
glycerol and the tissue is also well inervated with sympathetic 
nerve endings. The mechanism by which the activity of the anion 
uniporter is controlled, such that under non thermogenic condi­
tions, BAT mitochondria are subject to respiratory control, is 
unclear. The primary event in activation of BAT is the binding 
of noradrenaline to the brown adipocyte plasma membrane receptor.
The intracellular cAMP level is elevated (section 6.3.5) increas­
ing lipolysis and NADH concentration. The plasma membrane is 
depolarised, resulting in an increase of cytosolic Ca"*”^ (Heder- 
gaard, 1980). It has been suggested that there are two events 
that contribute to the conduction of mitochondrial thermogenesis.
The anion uniporter of BAT mitochondria have been shown to be 
regulated by a 32,000 M.W.protein (Heaton et al., 1978). This pro­
tein, associated with the mitochondrial inner membrane, inhibits 
the anion uniporter when it binds purine nucleotides at the outer 
surface of the inner membrane. The amount of purine nucleotide 
binding, and the proportion of the 32,000 mtr protein correlates 
well with the thermogenic capacity of the tissue (Desautels et al., 
1978). On exposure to cold there is an immediate increase in 
GBP binding in mitochondria from BAT through an unmasking of
^ nt<;ptkafco<^ c<rv\.h-ol ov-tr . 4k (Xt&rlrcuri
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existing binding sites. This is followed after 24 hrs by an 
increase in the 52,000 protein.

Hogan and Himms-Hagan (198O) have demonstrated that GDP 
binding of BAT mitochondria from obese mice was only 30% of that 
in lean controls, although no change was observed in the amount 
of 32,000 M..W.protein in their BAT mitochondrial inner membranes. 
When the mice were acutely cold exposed at 4°C, lean mice mito­
chondria increased GDP binding whereas obese mice did not, and 
subsequently died. These changes mirror the poor thermogenic 
ability of BAT from ob/ob mice tissue and its failure to ’switch 
on' on cold exposure (Girardier and Seydoux, I98I).

Thus this work raises the possibility that a level of con­
trol is operating on the prevention of the uncoupling process in 
BAT mitochondria from ob/ob mice. This inability to 'switch on' 
thermogenesis in BAT from ob/ob mice is not due to a lack of 
thermogenic potential by this tissue, as when the animals were 
adapted to less severe cold (14°C), BAT from ob/ob mice gradually 
increases its thermogenic capacity and an increase in the level 
of GDP binding in their BAT mitochondria was observed (Hogan and 
Himms-Hagan, 1980).

The relationship of the purine nucleotide binding protein to 
the anion uniporter is unknown, except that purine nucleotide 
binding regulates the effective proton conductance of the inner 
mitochondrial membrane (Hicholls, 1979). The number of anion 
uniporters in BAT mitochondria may not significantly alter res­
piration rate per se. For example, Hicholls (1979) has demon­
strated that in cold adapted guinea pig BAT mitochondria, the 
effective proton conductance of the inner membrane is consider­
ably in excess of that required to merely avoid respiratory con­
trol and that 30% inhibition of membrane conductance had no 
effect on respiration, although ^iiH"^ doubled. The stoichiometry 
of inhibitory protein and anion uniporter is unknown. Thus, it 
is impossible to predict whether or not the reduction in GDP 
binding in BAT mitochondria from ob/ob mice is directly coupled 
to a possible reduced anion uniporter concentration (and even if 
it is whether this will effect the degree of uncoupling) or



whether it is reduced simply because the tissue is in a refrac­
tory state, due to a metabolic block. In other words, reduoed 
GDP binding protein and the unmasking event on cold exposure need 
not represent an inability to reduce A till to a level necessary 
to escape respiratory control in mitochondria from ob/ob mice.

It is possible to speculate that an increased requirement 
for this inhibitory 32,000 M.Vytprotein in active, uncoupled mito­
chondria is necessary in order to exert maximum control over 
mitochondria in this state. However, the purine nucleotide con­
tent of the matrix is unlikely to vary (Hicholls, 1979). A pos­
sible role for the purine nucleotide binding protein is that it 
regulates mitochondrial respiration under conditions of varying pH 
(Nicholls, 1979). This author has shown that the affinity of the 
regulatory protein for GDP is highly pH dependant. In highly act­
ive thermogenic BAT, the effective proton conductance of the mem­
brane and the ATP-ase content of the membrane are low (Hicholls, 
1979). Thus, the ability of these mitochondria to synthesise ATP 
may fall due to ApH^ being reduced to a level thermodymanically 
unfavourable for ATP synthesis. Substrate level phosphorylation 
does not contribute significantly to ATP synthesis under these 
conditions (llicholls and Bernson, 1977). Thermogenic BAT has a 
high ATP requirement for substrate activation, for normal meta- 
Dolic requirements of the cell, and also for the high ATP-
ase activity required to maintain the increased plasma membrane 
depolarisation of BAT adipocytes. Thus, as intracellular phosphate 
levels rise due to ATP hydrolysis, so the pH falls inhibiting the 
anion uniporter, raising A|TH to a value where ATP synthesis can 
proceed.

-292-

Thus, it IS possiole that the increase in GDP binding protein 
in mitochondria is a function of the necessity for greater control 
of AmH"^ in highly active uncoupled mitochondria. Reduced GDP 
binding in the mitochondria ol ob/ob mice BAT may represent a 
deliberate de-repression of anion uniporter activity, in order to 
increase the thermogenic activity of this refractory tissue 
(Girardier and Seydoux, 1981), metabolically blocked at some stage. 
Expression of new binding sites for GDP in mitochondria of lean
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mice cold exposed, may be a secondary event to thermogenic induc­
tion. Because thermogenesis is not induced in tissue from ob/ob 
mice exposed to cold, the GDP binding sites need not be increased.

These considerations pose the important question of what 
mitochondrial components are responsible for the poor thermogenic 
activity of BAT in ob/ob mice. The activity of BAT can be modu­
lated by starvation, BAT activity decreasing in lean and increas­
ing in oc/ob mice, such that the levels of activity are comparable 
(Girardier and Seydoux, 1$8l). Thus, the mechanisms for alter­
ation of BAT activity in ob/ob mice are intact, however the set­
ting of these mechanisms are inappropriate to the animals require­
ment of the tissue. Thus, whatever the nature of this regulatory 
component, it would be expected to be changed between the two 
phenotypes. Also itEdmmld change in response to starvation, and 
other conditions where the activity of BAT changes, such as cold 
adaption, (Hogan and Himms-Hagan, 1980) and thyroid status, 
(Eicquier et al., 1976). As ob/ob mice have a fluidised inner 
mitochondrial membrane compared to lean controls, it is possible 
tnat regulation of BAT mitochondria through such variable nutri­
tional, hormonal and environmental influences may be mediated by 
a lipid component of the mitochondrial inner membrane.

As well as fluidity differences in the mitochondrial inner 
membrane of ob/ob mice compared to lean controls, Giacobino and 
Chmelar (1977) have demonstrated that fatty acid unsaturation in 
the phospholipids of mitochondria in starved lean rats is decreased. 
Eulbert (1976) has demonstrated that mitochondrial fatty acid 
unsaturation is highly dependant on thyroid status. Ricquier et 
al. (1975) have demonstrated that cold adaption leads to large 
changes in the total phospholipid content, the ratio of phospho­
lipid classes and the fatty acid composition in BAT mitochondria.

Thus, the phospholipids themselves may be regulating the
activity of the anion uniporter. This suggestion has some sup­
port from the observation that fatty acids are powerful uncouplers
of respiratory control in BAT, but much less so in liver mito­
chondria (Heaton and Hicholls, 1976), although both liver and BAT
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mitochondria bind fatty acids with the same affinity (Nicholle, 
1979). Interestingly, this uncoupling of BAT by high concentra­
tions of fatty acids occurs by a mechanism independant of the 
purine nucleotide sensitive pathway (Nicholls, 1979). Fatty acids 
in vivo generated by stimulation of triacyiglycerol lipase activity, 
however, are not physiological uncouplers (Bleber et al., 1975).

It is postulated here that a phospholipid moiety may be 
associated with the anion uniporter, such that the physical state 
of the lipid exerts control over its OS" conductance. The alter- 
ation of the fatty acid classes on the regulatory phospholipid 
may be involved in the altered response of BAT under various nut­
ritional, hormonal and environmental conditions.

It is interesting to speculate further on the possible role 
of a lipid moiety in the regulation of the uniporter. Could it 
function as a thermal switch? The flux through a metabolic pathway 
IS usually under control by a negative feedback process operating 
from the final end product of the pathway. In this case, the end 
product of BAT mitochondrial respiration is heat. For sufficient 
heat flow from the brown adipocyte to the blood plasma to occur 
in order to effect the extraordinary heat output of BAT under 
thermogenic conditions, the mitochondrial membranes may encounter 
temperatures several degrees above normal physiological tempera­
tures. In order to prevent thermal denaturation of mitochondrial 
components, it may be necessary to prevent excessive heat produc­
tion. This could occur by either increasing GDP binding, or per­
haps the regulatory lipid postulated here might reach a critical 
fluidity and inhibit the anion uniporter conductance. If the 
fluidity of this hypothetical regulatory lipid is altered, then 
the temperature at which the onset of inhibition of the uniporter 
may change. This may help to explain why the activity of BAT 
mitochondria varies with the phospholipid composition of the mitoc­
hondrial membrane,

BAT in ob/ob mice is not activated by ANS stimulation,
(Girardier and Seydoux, 1981) or cold stress (Bogan and Blmms- 
Bagen, 1981). The fluidity of the mitochondrial inner membrane
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is vastly increased compared to lean controls (French and York,
unpublished). Therefore, these mitochondria may 'switch off' at 
a temperature little different from physiological, resulting in 
blunted thermogenesis. Thus ob/ob mouse mitochondria may exhibit 
a high degree of respiratory control. Also they may have a lower 
mitochondrial GDP binding protein content in order to try to over- 
oome respiratory control. With a 'faulty' lipid thermostat, it 
is clear cold exposure may not effect a thermogenic response.

Although this hypothesis may explain the observed adaptions 
of BAT activity in normal animals, another mechanism must also 
prevent the thermogenic response in ob/ob mice, during chronic 
cold stressed conditions, their body temperature falls, and yet 
their BAT apparently does not switch on. This could be due to a 
very much depressed switching temperature, or a failure of some 
other mechanism. It has been suggested that a plasma membrane 
defect may inhibit the cAMP accumulation and possibly the mem­
brane depolarisation effects of noradrenalin, hence reducing 
thermogenesis in the ob/ob mouse BAT. Recently, Thurlby and 
Trayhurn (1980) have observed that the sympathetic nervous vaso- 
dilatory reflex in BAT was much reduced in the ob/ob mouse.
This could also inhabit thermogenesis by decreasing oxygen supply 
to this tissue.
6.3.6. Fluidity changes in the erythrocyte in ob/ob mice.

The ob/ob mouse erythrocyte plasma membrane is less fluid 
than that of lean controls. As the phospholipid fraction was more 
fluid from ob/ob mice, it can be assumed that either more protein 
or cholesterol was present in the plasma membrane of ob/ob mice.
As ob/ob mice are hypercholesterolaemic, and erythrocytes are 
enucleate and are therefore unable to regulate their membrane 
composition, it seems likely that the observed decrease in fluid­
ity was due to a higher membrane cholesterol content. PE isolated 
from ob/ob mice membrane was more fluid than PE from lean control 
membranes, conversely, PC was less fluid. As the erythrocyte 
plasma membrane has PC and PE assymetrically organised within the 
bilayer (Chapter 3) a different fluidity assymetry must exist 
between the membranes from the two phenotypes.
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Baba et al. (1979) observed a decreased erythrocyte fluidity 
in human diabetics, which may possibly be due to increased chol­
esterol content or reduced phospholipid fluidity. This remains 
to be elucidated.

6.3.7. Fluidity changes in liver plasma membrane in lean and 
obese mice.

Liver plasma membranes from ob/ob mice are more fluid than 
lean controls, and this was not corrected by housing at 54°C.
Liver plasma membranes from ob/ob mice bind less insulin and glu­
cagon than lean controls, but this may be due to down regulation 
mechanisms in the presence of increased hormone concentration 
(Bray and York, 1979).

Studies by French and York (unpublished) have demonstrated 
that the observed fluidity changes occurring in the liver plasma 
membrane from ob/ob mice resides in the phospholipid fraction.
These workers have observed that the fatty acid composition of PE 
is similar from the two phenotypes. However, PC and SM were fluid­
ised from ob/ob mice membranes compared to those from lean controls, 
Patty acid analysis revealed that the fluidisation of obese mouse 
PC and SM resulted from an increase in 22:6 incorporation. If 
the hepatic plasma membrane is assymetrically oriented in a sim­
ilar manner to other membranes, then the outer half of the bilayer 
will be considerably more fluid in ob/ob mouse hepatic plasma 
membranes compared to lean controls.

Compared to most metabolically important tissues in the ob/ob 
mouse, the liver does not appear to have man^gross funcional 
defects. Two exceptions to this are first, an impaired response 
of hepatic protein turnover rate oy-ob/ob mice to dietary manip­
ulation (Miller et al., 1979) which may be secondary to the persis­
tant hyperinsulinaemia in the ob/ob mouse. Secondly, livers from 
ob/ob mice display a lack of inhibition of fatty, acid synthesis 
by vasopressin, despite a normal vasopressin inhibition of glyco- 
genolysis (Hems and Ma, 1976). This factor may well result from 
altered membrane composition, as vasopressin is thought to act via 
phosphatidyl inositol metabolism. Phosphatidylinositol modulates 
intracellular calcium ion fluxes (Kirk and Michell, 1981).
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As the oh/ob mouse hepatic plasma membrane fluidity did not 
normalise to lean values on housing the animal at 34°C! it is clear 
that liver plasma membrane metabolism differs from that of tne 
adipocyte, and suggests that changes in plasma membrane fluidity 
are not just a manifestation of generalised elevation in desatu- 
rase enzyme activities, but specific biochemical adaptions spec­
ialised to each cell surface.
6.3.8, Changes in membrane fludity in response to starvation and 

hypothyroidism.
Giacobino and Chmelar (1977) have demonstrated that adipocyte 

plasma, microsomal and mitochondrial membranes all fluidise in 
response to starvation. This was confirmed, at least in the plas­
ma membrane, in both lean and ob/ob mice. Thus, starvation is 
capable of eliciting the same responses in the plasma membrane as 
obesity. As basal metabolic rate falls both in starvation and 
obesity (Garrow, 1978), fluidisation of membranes may be involved 
in energy conservation at the cellular level cy mechanisms discus­
sed in this chapter.

Hypothyroidism also results in a fluidisation of the plasma 
membrane in lean mice. This observation is consistent with the 
observations of Malbon (I98O) that hypothyroidism in rats results 
in a reduced adenylate cyclase coupling efficiency in adipocyte 
plasma membrane. Indeed, the altered component in the membrane 
matrix proposed by Malbon (198O) to account for these observations 
may well be a fluidised lipid.

The fall in metabolic rate observed in hypothyroid states 
(Garrow, 1978) may thus be mediated by the same mechanism, at the 
cell plasma membrane level, as starvation and obesity. Indeea, tne 
observations of Palmblad et al. (1977) suggest that the observed 
fluidisation of the adipocyte membrane may in fact be secondary 
to hypothyroidism in starvation, since in this condition a 30^
fall in serum T^ was observed in starving humans.3

The effects of thyroid status on mitochondrial membranes, 
however are different in both starvation and obesity. The data 
of EuTbert et al. (1976) for rat, clearly demonstrates that increas­
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ing plasma from hypothyroid to hyperthyroid states linearly 
increases the degree of hepatic mitochondrial membrane unsatura­
tion in rats over a spectacularly wide range of fluidity. Con­
versely, in starvation, levels are reduced (Palmblad et al,, 
1977), however the rat adipocyte mitochondrial membranes become 
more unsaturated. These points serve to illustrate the complex- 
ity of metabolic adjustment to different hormonal, nutritional 
and pathological states in animals.

6.3.9* Other animal models of obesity.
In Chapter 4, it was observed that the GTC-ohese mouse hepa­

tic microsomes contained more LCPUFA than lean non-obese animals, 
and this was interpreted to suggest that the observed fluidisation 
of the ob/ob mouse microsomal fraction was a consequence of 
obesity and not a manifestation particular to the ob gene. This 
concept is further extended to include studies on the obese rat 
(fa/fa). Both adipocyte plasma membrane and synaptosomal mem­
branes were more fluid in this animal model of obesity. Indeed, 
the changes in phospholipid composition of synaptosomal membranes 
in the fa/fa rat mirrored those observed for the op/ob mouse, 
only the changes were not as acute as for the ob/ob mouse, which 
is consistent with the milder degree of obesity observed in the 
fa/fa rat (Bray and York, 1979). The similar changes in the fluid­
ity of PE and PC in rat synaptosomal membranes suggest that the 
cholesterol segregation hypothesis discussed in Chapter 5 also 
operate in the fa/fa rat, as Fontaine et al., 19^0 have observed 
a high degree of PE/PC assymetry in rat synaptosomes. Thus, 
membrane fluidity changes observed in ob/ob mice apply to other 
models of obesity and may therefore be an intergral part of the 
expression of the obese syndrome.
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6.5.10. Conclusions.

The results in this chapter serve to illustrate the wide 
range of membrane changes that occur in animals in response to 
pathological, hormonal, nutritional and environmental conditions. 
Furthermore, results presented in this Chapter support the con­
cept that membrane metabolism is altered in the obese condition, 
and that many of the gross metabolic lesions observed in the ob/ob 
mouse can be rationalised by considering the metabolic impact of 
altered membrane related processes and the metabolic interdepen­
dence of each tissue. A flow chart is presented in Fig 6.I3. to 
illustrate this point. The details of this chart are consider­
ably speculative, and doubtless will require extensive modifica­
tion in the light of future work. The enzyme defect in the ob/ob 
mouse is postulated to either interfere with the hypothalamic 
control of a circulating factor controlling membrane metabolism 
or to alter the responsiveness of the target cells to this fac­
tor.

The change in membrane composition may give rise to reduced 
cell membrane permeability, and reduced hormonal responsiveness 
is postulated to enhance insulin secretion from the ^ cells of 
the pancreas, resulting in hyperinsulinaemia; this syndrome 
results in insulin resistance of the tissues. This factor coupled 
with reduced glucose uptake and utilisation by the muscle promotes 
hyperglyceamia, and also impaired protein metabolism. Impaired 
hormonal stimulation of adenylated cyclase by catecholamines, and 
also impaired mitochondrial function in BAT results in a reduced 
thermogenic capacity of this tissue. The reduced energy require­
ment due to impaired thermogenic pathways, transmembrane ion 
pumping and protein turnover of tissues from the ob/ob mouse 
results in increased metabolic efficiency of the whole animal.
When the animal is fed ad libitum, energy utilisation is less 
than total energy intake. The positive energy balance created 
by this situation gives rise to energy storage as fat. Some of 
the mechanisms described on the flow diagram (6.I3) for the 
expression of the obese syndrome are postulated to be involved 
in the normal biochemical adaption of the tissues to starvation 
conditions. Some of these factors may be mediated by thyroid 
hormone status. Finally, the reduced responsiveness of BAT
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the ties^^e to catecholamine stimulation may directly result 
in impaired cold induced thermogenesis in the ob/ob mouse.

It is concluded that the cell plasma membrane phospholipids 
have an important regulatory role in adjusting the cellular 
responsiveness to circulating hormones, and may ultimately influ- 
ence energy balance in the whole animal.



Fig 6,15. Flow diagram to illustrate some of the biochemical
events occurring within the tissues of the ob/ob mouse 
that may give rise to the obese hyperglycaemic syn­
drome. Metabolic events that also occur in the normal 
adaption of the tissues to starvation conditions are 
enhanced in yellow.
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Chapter 7.

Pinal Discaesion
The central aim of this project was to undertake a compara­

tive study of cell membranes from genetically obese and lean con­
trol mice. Compositional changes were observed in various cell 
membranes from ob/ob mice, and an attempt was made to correlate 
this finding with the altered behaviour of certain membrane 
related metabolic processes occurring in the ob/ob mouse.

The results presented in this thesis strongly support a 
causal link between membrane composition and impaired metabolic 
events occurring within cell membranes in the ob/ob mouse. From 
this tenet, a hypothesis has been developed that suggests that 
biochemical alterations in the cell membrane phospholipids cause 
many of the membrane related changes that are characteristic of 
the ob/ob mouse. Similar membrane changes have also been observed 
in the genetically obese rat and hence may be a general feature 
of the obese condition. Membrane compositional alterations also 
have been shown to occur in mice under different hormonal, nutri- 
tinal and environmental conditions. The possibility therefore, 
arises that the cell membrane composition may be strictly control­
led in order to regulate processes involved in energy and thermo­
regulatory homeostasis in animals. Thus, starvation induces 
compositional changes in mammalian cell membranes that metabolic- 
ally adjust the tissues for efficient energy utilisation. If 
this metabolic adjustment for starvation conditions occurs when 
the animal has a normal dietary intake, the dietary energy in 
excess of that required for heat production, tissue maintainance 
and normal growth can only be stored, and is deposited largely 
as fat.

Identifying the metabolic process responsible for the alter­
ations in membrane phospholipid composition is clearly vital to 
the understanding of obesity, partly because it is an obvious area 
for pharmacological manipulation, but mainly as it facilitates 
studies which eventually will lead to the identification of the 
primary defect in this form of genetic obesity.
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It has also come to light in the course of this project that 
docosahexaenoic acid metabolism has an extremely important role 
in the biochemistry of mammalian biomembranes. Indeed, it is 
suggested that this rather unique fatty acid regulates the effic­
iency of energy utilisation in individual cells, and may also be 
involved in governing the responee of membrane bound enzymes to 
metabolic regulators such as hormones.

Docosahexaenoic acid is the end product in the desaturation 
and elongation of the essential dietary component, linolenlc acid, 
and thus the results presented in this thesis identify an import­
ant metabolic role for this compound. Hitherto, the reasons for 
the requirement of linolenic acid by mammals has been obscure, 
because deficiency experiments have only been performed in labor­
atory animals that are well fed and kept at a constant environ­
mental temperature. It is suggested here that docosahexaenoic 
acid metabolism contributes to the biochemical changes that occur 
in mammals in response to changing nutritional and environmental 
conditions. Obesity, then may result in a disturbance of linolenic 
acid metabolism, such that the biochemistry of the tissues is not 
properly adjusted for the animals nutritional status.

Of particular concern is the possible underestimation of the 
nutritional requirements of this fatty acid for starving people.
It has been proposed in this thesis that the increase in effic­
iency of energy utilization observed in starving animals may be 
mediated by an increase in cell plasma membrane docosahexaenyl 
phospholipids. Although the catabolism of docosahexaenoic acid 
is slow, nevertheless a gradual decline in membrane content must 
occur during starvation. When this happens, the body tissues 
energy conserving mechanisms themselves may become less efficient. 
This observation may be of particular importance if, prior to 
starvation, dietary intake of linolenio acid was low. Thus, 
essential fatty acid deficiency during chronic starvation may act­
ually accelerate weight loss. This point serves to illustrate 
the importance of understanding the biochemical mechanisms that 
control energy balance.




