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SUMMARY



The parental age of the broiler bird is known to exert a significant effect on embryo
hatchability and early chick survival. In order to increase chick yield to the broiler
industry, there is a need to procure hatching eggs at earlier stages of the hen’s
reproductive life. However reduced hatchability of eggs from young parents has
affected the economics of such a move and has thus led to the eggs from young parents
being discarded. Results to date have shown that there are extensive disturbances to

yolk lipid uptake and the subsequent assimilation of lipid by the embryonic tissues.

The present study was concerned with comparative changes in lipid and fatty acid
compositions of the subcellular lipid, together with aspects of tissue lipid metabolism

in embryos and neonatal chicks derived from mature and young parents.

Fertile eggs were obtained from Ross 1 broiler-breeder parent stock at twenty-three to

twenty-four and then again at thirty-seven to forty weeks of age.

Embryos and chicks from each parental group were randomly selected at predetermined
intervals during incubation and post-hatch development. Tissue organelles were
separated by standard techniques following suitable modification. Preparations for

electron microscopy were also made by standard techniques.

Lipid extraction and subsequent analyses of lipid moieties and fatty acids were
performed by a range of methodologies which included differential solvent extraction,
Thin Layer chromatography, Gas Liquid chromatography and High Performance Liquid
chromatography.
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As shown by electron microscopy, the mitochondria exhibited typical pleomorphism
throughout the embryonic and post-hatch periods. Absolute amounts of lipid associated
with the liver cytoplasm of embryos from mature parents increased dramatically over
the last week of incubation. In embryos from young parents, the lipid accumulation was

significantly less.

There was a rapid diminution in the levels of cytoplasmic lipid in the livers of chicks
of mature parents following hatching. By comparison, the rate of lipid loss was less
in the livers of chicks from young parents. The levels of lipid associated within the
membrane organelles were, throughout the embryonic and post-hatch periods,
consistently higher than within the cellular supernatant. Within the subcellular
fractions from embryos of young parents, the levels of lipid within the mitochondria

of the liver, heart and brain were higher compared with those from mature parents.

Phospholipids and free cholesterol were the major lipid fractions within the
mitochondria and microsomes. The phospholipids of the liver mitochondria and
microsomes from embryos of both parental groups, showed unique changes in their
saturated to polyunsaturated fatty acid pairings during the final week of incubation,
suggesting the differentiation in phospholipid turnover 'and associated changes in

membrane organelle stability and function.

Lipid and fatty acid changes in the heart organelles were very similar to those of the
liver, suggesting similar relative metabolic changes in spite of proportional differences
in both lipid and fatty acid compositions. The mitochondria of the brain were
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characterised by high levels of docosahexaenoic acid, whilst the levels of linoleic and

linolenic acids were exceedingly low.

Cholesteryl esters, in particular cholesterol oleate, comprised by far the bulk of the
supernatant fractions of the liver and heart. A marked increase in the relative
concentration of cholesteryl esters was observed within the liver during the final week
of incubation. By comparison, the brain supernatant displayed an exceedingly low
level of cholesteryl esters throughout the embryonic and post-hatch periods. The level
of cholesteryl esters and of cholesterol oleate in particular, decreased following

hatching.

The triglycerides of the liver uniquely showed, during the final week of incubation, a
very high concentration of docosahexaenoic acid, the level of which decreased rapidly
during the early post-hatch period. In contrast, the concentration of docosahexaenoic
acid within the triglycerides of the brain organelles was very low. A marked increase
in the relaﬁ?e concentration of triglycerides occurred in both the subcellular fractions
of the liver and heart following hatching, associated in particular with the rapid

reduction in cholesterol ester level.

A range of significant differences in both lipid and fatty acid compositions of the liver
and its organelles between progeny from mature and young parents was observed,
reflecting disturbances in lipid metabolism within the embryos from young parent

stock. Changes in the free cholesterol:phospholipid ratio in the liver mitochondria, in
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particular, are associated with alterations in fatty acid composition, suggesting

disturbances in membrane permeability and stability.

Although differences were noted in lipid and fatty acid compositions between the heart
and brain organelles of progeny from mature and young parent stock, their extent

appeared subordinate to those of the liver.

During embryonic development, there was an extremely high emphasis placed on the
accumulation of C20 and C22 polyunsaturated fatty acids. Investigations of their
protection, via alpha tocopherol, provided by the yolk, indicated that polyunsaturated
fatty acid accumulation within the tissues was not coincident with the required ’build
up’ in alpha tocopherol concentrations. Whereas polyunsaturated fatty acid levels were
maximal at day 15 of incubation, alpha tocopherol levels were maximal at day -19,
commensurate with their transport, via lipid assimilation, from the yolk sac membrane.
Observations in embryos from young parents, of polyunsaturated fatty acid to alpha
tocopherol accumulations, suggested an enhanced risk with respect to polyunsaturated

fatty acid protection.

Measurements of ‘free cholesterol accumulation within the brain during the final week
of incubation suggested that, during embryonic development, the brain was capable of
regulating cholesterol supply, via yolk absorption or synthesis, according to demand.
Differences observed in cholesterol and desmosterol accumulations within the brain of
embryos from young parent stock, implicated disturbances in the ability to regulate
cholesterol supply for brain development.
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The changes in lipid and fatty acid composition in both the embryonic and post-hatch
periods, within the subcellular organelles of the tissues, underline the important role
of lipid metabolism in neonatal development. Observed differences between progeny
from mature and young parent stock, indicate the possible involvement of alterations

in fundamental aspects of lipid metabolism in ultimate chick survival and livability.
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CHAPTER 1
GENERAL INTRODUCTION



The extent of the qualitative and quantitative lipid changes that take place in the
organelles of animal tissues during development is a question that remains largely
unresolved. In reviewing the available data, it is obvious that contradictions abound,
not least because of the wide variation in conditions under which the studies have been
performed. In spite of these reservations, it is apparent that changes which occur
within an organelle during development can still provide an insight into the
mechanistic nature of a range of metabolic features involved in the overall

differentiation of the cell.

Extensive studies have been undertaken on mammalian cells in culture with respect
to the lipid coniposition of membranes and their influence oﬁ membrane function.
Information on the involvement of essential fatty acids in electrolyte and non-
electrolyte transport systems has been obtained using artificial membrane systems
(Chen, Lund and Richardson, 1971). Studies have also shown that the permeability
properties of membranes can be markedly influenced by the fatty acid composition of
the phospholipids and in particular, by their degree of unsaturation (Gier De,
Mandersloot and Van Deenen, 1968; Berlin, Bhathena, Judd and Taylor, 1989);
expected proportional 'increases in fluidity ' did not necessarily occur when the
unsaturation of membranes was increased (Herring, Tatischeff and Weeks, 1980;
Stubbs, Tsang, Belin, Smith and Johnson, 1980; McVey, Yguerabide, Hanson and
Clark, 1981). Nevertheless, the findings were in general accord with the statement
(Chen et al., 1971) that phospholipids containing long-chain saturated fatty acids
formed tightly packed bilayers with relatively low permeability, as opposed to
phospholipids containing unsaturated fatty acids which produced more permeable

membranes due to the reduced attractive forces between adjacent lipid molecules.



Bretscher (1972) presented evidence of an asymmetric distribution of phospholipids in
red cell membranes. Such asymmetry was subsequently demonstrated within the
membranes of mitochondria (Marinetti, Senior, Love and Broadhurst, 1976; Nilsson
and Dallner, 1977; Crain and Marinetti, 1979; Krebs, Hauser and Carafoli, 1979;
Harb, Comte and Gautheron, 1981) and microsomes (Higgins and Dawson, 1977).
However, the extent of the asymmetric structures within the microsomal phospholipids
reported by different laboratories are conflicting (Nilsson and Dallner, 1977;

Sundler, Sarcione, Alberts and Vagelos, 1977; Bollen and Higgins, 1980).

The role of lipids in membrane structure and stability is well documented (see Lee,
1983; see Brenner, 1984; see Quinn, Joo and Vigh, 1989). The lipid bilayer of the
membrane can exist in two distinct physical states, a gel phase (equivalent to a solid)
in which the phospholipids are tightly packed with their fatty acyl chains fully
extended and a liquid crystalline phase (equivalent to a liquid-like state) in which
there is a considerable rotation about the carbon to carbon bonds of the fatty acyl
chains and lateral diffusion of the phospholipids within the plane of the membrane. In
the gel phase, the 'brittleness' of the membrane is such that the cell becomes
osmotically fragile (see Melchior, 1982) and for adequate functioning of the
membrane proteins it is necessary to maintain a fluid environment. Consequently, the
phospholipids must change to ensure that lipids are in the correct liquid crystalline
state at physiological temperatures. The required enthalpic change from an ordered,
condensed state to a fluid, expanded state known as phase transition, is generated by
rotamery of carbon to carbon bonds of hydrocarbon tails from an antiplanar (trans) to
a cylindrical (gauche) structure (Jackson, 1976). The phase transition is usually
preceded by a pre-transition stage at a lower temperature (Hinz and Sturtevant, 1972;
Sackmann, Triuble, Gaila and Overath, 1973). In most cases, as in phospholipid

mixtures, there is no sharp transition temperature, but rather a smooth change



between temperature limits (Thilo, Trauble and Overath, 1977; Garda and Brenner,
1982).

In addition to the length of the fatty acyl chains and the degree of unsaturation, the
temperature of transition between the gel and liquid crystalline phasic states depends
also on the class of phospholipid. As dictated by the presence of methyl groups,
phosphatidylcholines have lower transition temperatures than phosphatidyl-
ethanolamines (Vaughan and Keough, 1974). It is generally accepted that short chain
fatty acyl chains result in lower transition temperatures, although phospholipids
containing fatty acid chains shorter than myristic acid do not form stable bilayers (see

Lee, 1985).

Changes in the composition of the phospholipid bilayer, particularly if they involve
the unsaturated fatty acids with the cis-double bond at the centre of the chain (as in
oleic acid), favour the liquid crystalline phase and are of potentially great importance
to membrane function. The increase in lipid bilayer fluidity by cis unsaturated fatty
acids has been demonstrated using electron spin resonance (Seelig and Seelig, 1977).
However little work has been done to elucidate the relationships between lipid
composition and permeability in biological systems since large changes in the fatty

acid composition of the cell membranes are very difficult to control.

Nevertheless, studies on the effects of multiple unsaturation (Coolbear, Berde and
Keough, 1983) have shown that the introduction of the first double bond favours the
liquid crystalline phase; the introduction of a subsequent double bond, in either the
cis or trans- position, has less of an effect, whilst further bonds in fact tend to cause
a slight increase in transition temperature (Coolbear ez al., 1983). A trans-double
bond however, evokes less of a decrease in transition temperature (Sackmann et al.,

1973) than a cis-bond. The presence of a cis-double bond within the membrane



structure prevents the fatty acyl chain from assuming a completely extended
configuration but, being fixed structures, they introduce rigid elements in the
otherwise flexible hydrocarbon chain (Seelig and Seelig, 1977; Thulborn, Treloar and
Sawyer, 1978). The number of the rigid elements will clearly increase with the

degree of unsaturation of the fatty acid.

Lipid structural order in membranes at physiological temperatures depends also on the
free cholesterol and sphingomyelin content as well as the degree of saturation of the
phospholipid acyl chain (Kawato, Kinosito and Ikegami; 1978; Blitterswijk Van,
Van Hoeven and Van der Meer, 1981). The role of cholesterol in the cell membrane
is well documented (see Barenholz, 1984; see Yeagle, 1985a,b) but emphasis has
been placed on the dual effect this sterol has on the fluidity of the bilayer
(Ladbrooke, Williams and Chapman, 1968; Lippert and Peticolas, 1971; Oldfield
and Chapman, 1971). In the liquid-crystalline phase, cholesterol has a condensing
(ordering) effect on the packing of the phospholipids (Kawato et al., 1978) leading in
general to a reduction in membrane fluidity that is dependent on the molecular
species of the lipids involved (Demel, Jansen, Van Dijck and Van Deenen, 1977) and
their degree of fatty acyl unsaturation (Demel, Geurts van Kessel and Van Deenen,
1972), whilst in the gel phase, the ordered array of lipid acyl chains is fluidised in the
presence of cholesterol (Kawato ez al., 1978). Sphingomyelin not only exerts a 'lipid
ordering' effect (a process known as rigidifying), but has been shown to interact
preferentially with cholesterol (Demel er al., 1977) and may enhance lipid phase
separation into membrane domains of varying order (Blitterswijk Van ez al., 1981;

Blitterswijk Van, De Veer, Krol and Emmelot, 1982).



Modifications to the ratio of free cholesterol: phospholipid in the membrane
(Vanderkooi, Fischoff, Chance and Cooper, 1974; Cooper, Leslie, Shinitzky and
Shattil, 1978), or to the fatty acid composition, can be extensive enough to promote an
alteration in a range of functions. These include: membrane fluidity (King and
Spector, 1978; Burns, Luttenegger, Dudley, Buettner and Spector, 1979; Berlin et
al., 1989); membrane stability against certain conditions, for example, haemolytic
stress (Noble, Shand, Drummond and Moore, 1977; Shand and Noble, 1981a); many
cellular functions including carrier-mediated transport (Kaduce, Awad, Fontelle and
Spector, 1977; Burns et al., 1979; Yorek, Bohnker, Dudley and Spector 1984); the
properties of certain membrane bound enzymes (Engelhard, Esko, Storm and Glaser,
1976; Sinensky, Minneman and Molinoff, 1979; Pagano and Longmuir, 1985);
receptor binding (Axelrod, Wight, Webb and Horwitz, 1978; Ho and Cox, 1982;
Bar, Dolash, Spector, Kaduce and Figard 1984; Berlin et al., 1989); phagocytosis
(Lokesh and Wrann, 1984); endocytosis (Mahoney, Hamill, Scott and Cohn, 1977);
depolarisation-dependent exocytosis (Williams and McGee Jr, 1982);
chemotherapeutic cytotoxicity (Yoo, Chiu, Spector, Whiteaker, Denning and Lee,
1980; Yoo, Kuo, Spector, Denning, Floyd, Whiteaker, Kim, Kim, Abbas and
Budd, 1982); prostaglandin production (Denning, Figard and Spector, 1982; Kaduce,
Spector and Bar, 1982) and cell growth (Doi, Doi, Schroeder, Alberts and Vagelos,
1978; Spector, Kiser, Denning, Koh and Debault, 1979).

However alterations in the free cholesterol:phospholipid ratio can also lead to
compensatory adjustments that include for example, an increase in membrane
unsaturated fatty acid levels (Baldassare and Silbert, 1979; Rintoul, Chow and
Silbert, 1979). Such compensatory changes decrease the temperature for the phase
transition and thereby preserve the fluid state of the plasma membrane at physiological
temperatures (Untracht and Shipley, 1977; Baldassare and Silbert, 1979; Rintoul et
al., 1979).



Significant differences in membrane lipid composition and viscosity have been
produced by dietary means (Neudoerffer and Lea, 1967; Yao, Holman, Lubozynski
and Dyck, 1980; Innis and Clandinin, 1981; Tahin, Blum and Carafoli, 1981). Such
changes may be affected both directly and indirectly. Direct changes may simply
arise from dietary substitution of fatty acids with possible consequential effects on

lipid compositions and structures. Indirect changes are more difficult to delineate.

The membrane lipids of subcellular organelles, in particular the phospholipids, are
by their very nature susceptible to oxidative degeneration (Combs, Noguchi and Scott,
1975) and since they form non-aqueous environments within the cells, a fat soluble
antioxidant may be required to maintain membrane stability. Furthermore, biologicai
membranes contain active catalysts such as haemoproteiﬁs and non-haeme iron,
copper and manganese complexes, which enhance lipoperoxidation (Toyoda, Terao and
Matsushita, 1982) and oxidation of even a small portion of the unsaturated fatty acids in
the phospholipid bilayer may induce considerable and often irreversible damage to the

cells of many types of tissues (Bulkley, 1983; Marx, 1987).

In addition, cellular damage that may arise via the deterioration of barrier and matrix
function of the lipid bilayer and enzyme inactivation, can also be caused by the
products of lipid oxidation interacting with the biological material contained in the
cells themselves. Changes in the diet, such as an increase in polyunsaturated fatty
acids without commensurate protection from appropriate intakes of tocopherols and
other antioxidants, may in turn lead to or accelerate in vivo oxidation causing
potential damage (Hoffman, 1962; Peers, Coxon and Chan, 1981), especially under
unfavourable conditions such as large intakes of antioxidant substrate and high
temperature (Cillard, Cillard and Cormier, 1980). Toxic metabolites such as

hydrogen peroxide, superoxide, hydroxyradical and singlet oxygen, can also initiate



cellular damage to other pathways causing molecular disruption of nucleic acids and
proteins. The polymeric products formed via free radicals may lead to the formation
of intermolecu.laf cross linkages creating rigid sites within the membranes (see Mead
and Alfin-Slater, 1966). As an alternative mechanism to that provided by a synthetic
antioxidant, alpha (a) or gamma ( x) tocopherol can offer efficient protection against
autoxidation, although a-tocopherol is more effective than y-tocopherol (Wu, Stein
and Mead, 1979). In the case of free cholesterol, it has been shown that in responses
to ultra violet radiation, cholesterol epoxide, a known carcinogen, may be formed in

the skin (Black and Douglas, 1972).

Thus, although both polyunsaturated fz_ttty acids and cholesterol are considered to be
essential for the maintenance of normal biological function, their susceptibility to
peroxidation may, under certain circumstances, put their beneficial aspects at risk.
The effects of lipid modification on cellular function are consequentially very complex
and it is difficult to make any genéralisation or to predict how a particular system will
respond to a certain typé of lipid modification. Furthermore, as noted previously, a
number of inconsistencies in the observations so far make it difficult to draw any
conclusions as to how a system will react to any particular type of lipid modification.
Nevertheless, it would seem that many of the functional responses observed are
caused directly by changes in the structure of the membrane lipids which affect either
bulk fluidity or specific areas noted to be rich in lipids, or a combination of both
(Kamousky, Kleinfield, Hoover and Klausner, 1982). It has also been suggested (see
Spector and Yoreck, 1985) that the lateral mobility of the proteins, or their interactions
with other membrane components, may also be affected as a result of structural

changes in the conformation or binding abilities of the proteins to the lipid moieties.



Clearly, membrane lipids, in particular the phospholipids, need to be considered in
relation to their overall metabolism and not just in terms of an isolated role within the
membrane. The phospholipids of the plasma membrane for example, are important in
cell stimulation when phosphatidylethanolamine is transmethylated to phosphatidyl-
choline (Hirata and Axelrod, 1980) and turnover of phosphatidylinositol is increased
(Michell, Kirk, Jones, Downes and Creba, 1981).



CHAPTER 2
LITERATURE REVIEW



1 The nature and classification of lipids.

The term 'Lipid’ is used to describe a wide range of naturally occurring products and
their derivatives which are readily soluble in organic solvents but insoluble in water.
Nowadays, the term is restricted to fatty acids and their derivatives or metabolites (see
Christie, 1982). The principal lipid classes consist of fatty acid (long-chain aliphatic
monocarboxylic acid) moieties linked by an ester bond to an alcohol, principally the
trihydric alcohol glycerol, or by amide bonds to long chain bases. In addition, they
may contain other moieties for example, phosphoric acid, organic bases or sugars.
Lipids can be divided into two main groups; simple lipids which, when hydrolysed,
give one or two different types of product per molecule (for example, tri-, di- or
monoglycerides, esterified and unesterified (free) cholesterol, free fatty acids) and
complex lipids, which contain three or more hydrolysis products per molecule (for
example, phospholipids, sphingolipids). The terms 'neutral' and 'polar’ respectively

are used more often to define these classes (see Christie, 1982).

Since lipids are apolar, their dissolution in the aqueous environment of the plasma and
elsewhere in-the body is achieved through the formation of lipid-protein complexes
known as lipoproteins. In this form, the naturally hydrophobic lipids are able to be
transported from one body site to another. The nature of the lipid-protein binding is
poorly understood but nevertheless, methods have been devised for their division into
major discrete classes of families which possess both metabolic and compositional
distinctions (see Christie, 1982). The common division of the lipoproteins into high
density, low density and very low density fractions is indicative of the methods of
their isolation based on flotation by ultracentrifugation and electrophoresis (see

Perkins, 1975; see Kuksis, 1978; see Christie, 1982; see Christie and Noble, 1984).



2 The yolk lipids.

2.1 Deposition of the yolk lipid.

No dissertation of the biochemistry and nutrition of the avian embryo is possible
without a consideration of the starting point, namely the yolk. Extensive literature
exists that describes the yolk and its various components (see Romanoff and
Romanoff, 1949; see Gilbert, 1971; see Griminger, 1976). With the onset of laying,
the normal lipid patterns in the hen undergo considerable changes (Yu, Campbell and
Marquardt, 1976; Chapman, 1980). In the liver there is a dramatic increase in the
overall concentration of lipids which is accounted for, in particular, by an increase in
the level of triglycerides (Lorenz, Chaikoff and Entenman, 1938; Husbands and
Brown, 1965). Similar increases in the concentrations of phospholipids and free
cholesterol have not been observed, although kinetic studies have suggested that their
turnover within the liver is significantly increased (Taurog, Lorenz, Entenmann and
Chaikoff, 1944). The changes in plasma lipid concentration which precede egg laying
are associated with a dramatic rise in the concentration of the triglyceride-rich very
low density lipoprotein fraction, as a result of increased synthesis within the liver
(Kudzma, St. Claire, DeLallo and Friedberg, 1975) and reduced clearance from the
plasma (Bacon, Brown and Musser, 1973). There is little, if any change in the
concentrations of the low and high density lipoprotein fractions. These changes in
gross lipid levels are accompanied by alterations in fatty acid composition (Chung,
Ning and Tsao, 1966; Balnave, 1969), subsequently reflected in the yolk lipid fatty

acids.
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2.2 Separation of the yolk components.

The yolk contents show considerable inhomogeneity (see Gilbert, 1971; see
Griminger, 1976); a division of avian yolk into white and yellow components has
been recognised for a long time. The white yolk, which constitutes only about 1 to 2
per cent, is associated with the germinal disc and is thus deposited during early ovum
maturation. The majority of the yolk mass is therefore associated with the yellow
yolk and exists in the form of large floating spheres (25 to 150um diameter)
emulsified in a continuous aqueous-protein phase. Its deposition during the later
stages of ovum formation determines that it contains the majority of the yolk lipid,
whilst much smaller granules (up to 2um diameter) exist within the spheres and
aqueous phase (Bellairs, 1961; see Gilbert, 1971). The series of concentric layers of

the yellow yolk is merely representations of the cyclic rates of lipid deposition.

Almost all the yolk lipid is present as lipoprotein complexes and has an overall lipid:
protein ratio of about 2:1 (see Noble, 1987a). Low speed centrifugation produces a
sediment of the granular fractions which accounts for about 25 per cent of the total
yolk solid and 7 per cent of the total yolk lipid (see Cook, 1968; Gornall and Kuksis,
1973). Further separation of the granular fraction using electrophoresis or ion
exchange chromatography yields two high density lipoprotein fractions (the a and 8
lipovitellins) and a small amount of a low density triglyceride-rich lipoprotein.
Prolonged centrifugation at a much higher speed yields the vast bulk of the yolk lipid
(greater than 90 per cent) which is associated with the low density triglyceride-rich
fraction found within the large spheres (Gornall and Kuksis, 1973). This fraction has
been found to have a very similar structure to that of the mammalian very low density
lipoprotein (Gornall and Kuksis, 1973) and can be further subdivided by
centrifugation or gel filtration (see Griffen, Perry and Gilbert, 1984). A very small

amount of residual lipid may be recovered from the aqueous infranatant.
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3 Lipid metabolism in the chick embryo.

The average 60g chicken's egg contains 6g of lipid which is a major nutritional
component for the developing embryo, supplying both energy and essential nutrients.
During the development of the chick embryo, more than 90 per cent of the total
energy requirements is derived from fatty acid oxidation (see Romanoff, 1967; see
Freeman and Vince, 1974). The oxidative requirements and mechanisms of the
process have been shown to be similar to those for fatty acid oxidation in mammalian
tissues (Koerker and Fritz, 1970; Pugh and Sidbury, Jr., 1971) and are identiﬁable
from about the eighth day of incubation (Pugh and Sidbury, Jr., 1971). The extensive
availability of lipid substrates within the egg eliminates the need for lipogenesis which
thus, although detectable, remains very low during efnbryonic development

(Goodridge, 1968, 1973a, b; Joshi and Sidbury, Jr., 1976).

The process of assimilation of the large concentration of yolk lipid during the last
seven days of incubation (Plate la b) is associated with some notable changes in tissue
lipid and fatty acid compositions (Noble and Moore, 1964, 1967a,b,c). Moreover,
recent investigations into the concentration changes of some of the major lipid classes
and their fatty acid compositions within the yolk complex and embryo have indicated
that enzyme activity, cellular morphology and ultrastructure of the yolk sac membrane
and tissues are directly linked to the changing extent and rate of yolk lipid
assimilation by the embryo and its subsequent catabolism (Noble and Shand, 1985;
Noble and Yafei, 1988; Yafei and Noble, 1990). Absorption of the yolk lipid forms
an indispensable part in the successful development and emergence of the chick; the
triglycerides act as the most important source of energy for the embryo and the
phospholipids provide essential constituents for tissue development and function.

Changes in the normal pattern of yolk lipid mobilisation, assimilation and utilisation,
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Plate 1
Chick embryos at days 13 and 19 of incubation
(1a and 1b respectively) showing the rapid growth of the

embryo and utilisation of the yolk during this period.
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brought about by nutritional and environmental circumstances, also reduce access to a
host of important nutrients, other than lipids, that are required for normal
development and survival and whose reduced uptake has been associated with an
increase in mortality (Moore and Doran, 1962; Noble and Moore, 1966; Balnave,
1970; Singh, Weiss and Naber, 1972; Donaldson, 1981; Kuhn and Logan, 1983;
Noble, Lonsdale, Connor and Brown 1986a; Noble, Shand, Connor and Brown,
1986b; Noble and Yafei, 1988; Yafei and Noble, 1990).

3.1 Development of the chick embryo.

With the onset of incubation, early embryonic development is mainly confined to the
migration and reorganisation of the cells within the germinal disc (see Romanoff,
1960). Subsequent division into the ectodermal, mesodermal and endodermal regions
is associated with the development of specific organs and tissues (see Romanoff,
1960; see Freeman and Vince, 1974). A more detailed description of the
development of the avian embryo is obtainable in standard texts (see Romanoff, 1960;

see Ede, 1978).

Although certain organs and tissues become differentiated from the fourth day of
incubation, it is not until about the tenth day that the embryo takes on a recognisable
appearance. In addition to the true embryonic tissues, there is an associated
development of specific extra-embryonic structures during development (see
Romanoff, 1960; Lambsoh, 1970; see Freeman and Vince, 1974), one of the primary
functions of which is to facilitate substrate availability and sustain metabolism within

the embryo.
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Major amongst these tissues is the yolk sac membrane. In addition to its central role
in overall yolk lipid assimilation, the yolk sac membrane is involved in a range of
vital yolk lipid metabolic changes prior to uptake by the embryo (Noble and Moore,
1967b; Noble and Connor, 1982; Noble and Shand, 1985). The yolk sac membrane
is ‘€ssentially two-layered, being composed of an outer mesoderm and an inner
endoderm which is continuous with the hind gut of the embryo (see Haller Von, 1958,
cited by Romanoff, 1960). After only four days of incubation, the yolk sac
membrane starts to undergo extensive vascularisation through the development of a
network of capillaries destined to become the definitive circulation. The rapidity in
the development and spread of the yolk sac membrane is such that, by the fifth day of
incubation, it completely envelops the yolk (see Freeman and Vince, 1974).
Although the yolk sac membrane is continuous with the endodermal cells of the
embryonic gastrointestinal tract, passage of any yolk material into the intestine is
prevented by a loop in the intestine which protrudes into the yolk until prior to
hatching (see Freeman and Vince, 1974). All the nutrients required by the embryo
must therefore be actively absorbed by the endoderm and transferred to the
mesodermal blood vessels for onward transport to the embryo proper (Lee, Stavitsky
and Lee, 1946; Taylor and Saenz, 1949).

3.2 Transfer of lipid from the yolk.

Unlike lipid assimilation in the small intestine of mammals, it has been established
both morphologically and biochemically that yolk lipid uptake by the surrounding yolk
sac membrane occurs through non-specific phagocytosis, a unique non-specific
engulfment of the yolk lipid droplets involving no extracellular digestion (Lambson,
1970; Plate 2). Although various lipolytic enzymes within the yolk have been

detected (Zacks, 1954), most of the evidence derived from investigations on the yolk
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Plate 2
Electron micrograph of the yolk sac membrane at day 15 of incubation
showing engulfment of the yolk material by the microvilli.
(see Noble and Cocchi, 1991)

L = lipid droplets



Plate 2



and its membrane during incubation supports the suggestion that there is no lipid
breakdown before embryonic uptake (Noble and Moore, 1964, 1967b,c). Recent
electron microséopic investigations (Noble and Yafei, 1988; Yafei and Noble, 1990)
have supported these findings. The suggestion that lipase and protease activities exist
in the endodermal cells of the yolk sac membrane, in order to facilitate the uptake

of the yolk lipoprotein (Zacks, 1954; Lambson, 1970), has not been proven.

The changing distribution of total yolk lipid between the contents and the yolk sac
membrane during incubation is shown in Figure 1. It can be seen that between-days
13 and 17 there is considerable relocation of the yolk lipid from the contents to the
membrane such that, by the seventeenth day of incubation, the yolk sac membrane
contains as much lipid as the yolk (Noble and Moore, 1967b). The role of the yolk
sac membrane in the uptake and temporary storage of the yolk lipid during incubation
can be seen in Table 1. During the last four days of development there is a substantial
decrease in the weight of lipid associated with the membrane, accompanied also by a
significant decrease in the lipid content of the dry matter (Noble and Moore 1967b).
This loss of lipid from the membrane coincides with a notable increase in the amount

of lipid in the embryonic tissues.
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Figure 1
The mean weights of total yolk (@), yolk contents (O) and

yolk sac membrane (A) during development (Noble, 1986).
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Table 1 Compositions of the lipid (per cent of total) present in the yolk contents
and yolk sac membrane at different stages of incubation (Noble and

Moore, 1967b).



4 Tissue lipid composition.

4.1 Lipids of the yolk.

4.1.1 The yolk contents.

The very nature of its mode of synthesis means that there can be no 'standard’ lipid
composition for the yolk of any avian species. In the case of the domesticated bird,
manipulation of the lipid composition of the diet is readily translated into effects on
yolk lipid composition, the effects of mono- and the more common polyunsaturated
fatty acids for example, are substantial (Wheeler, Peterson and Michaels, 1959;
Murty and Reiser, 1961; Summers, Slinger and Anderson, 1966; Donaldson, 1967).
Extremes of temperature can lead to a reduction in the overall total yolk lipid content
which are not accompanied by any alteration in yolk lipid composition (Kampen Van,
1983). Nevertheless, a high degree of uniformity in egg lipid composition has been
readily achieved by ensuring that the bird is provided with a stable environment, is of
an age for high reproductive capacity and receives a diet that is adequate in all the
necessary nutrients (Noble and Moore, 1964, 1967b). As shown from their plasma
origin (Yu et al., 1976), by far the principal lipid fraction of the yolk is triglyceride
(71 per cent of total yolk) which is accompanied by a substantial proportion of
phospholipid (22 per cent of the total lipid) and smaller amounts of free cholesterol (6
per cent). Unlike that observed in animal tissue, cholesteryl esters and free fatty acids
are only minor components (Noble and Moore, 1964; Noble and Moore, 1967b; see

Noble, 1986, 1987a).

As can be seen from Figure 2, the loss of total lipid from the entire yolk complex is
accounted for almost entirely by a reduction in the amounts of triglyceride and

phospholipid fractions (Noble and Moore, 1964, 1966, 1967b). In spite of the
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Figure 2
The mean weights of total lipid (@), triglyceride (a),
phospholipid (a) and cholesterol ester (O) in the yolk at

various stages of embryonic development (Noble and Moore, 1964).
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extensive loss of lipid during the last week of incubation, when expressed as
percentages of the total lipid, the concentrations of the triglycerides and phospholipids
show no significant changes (Moore and Doran, 1962; Noble and Moore, 1964,
1966, 1967b,c; see Noble, 1986). Low levels only of partial glycerides, free fatty
acids and lyso-phospholipids have been detected during the most intensive period of

yolk lipid uptake (Noble and Moore, 1964, 1966, 1967b; see Noble, 1986).

In the cholesterol ester, triglyceride and total phospholipid fractions, the fatty acid
compositions remain largely unchanged from that originally associated with the egg
when it was first laid. In all three lipid fractions, oleic acid is the major fatty acid
present (40-45 per cent of the total fatty acids), palmitic and stearic acids together
account for more than one third of the fatty acids and there is also a substantial
amount of linoleic acid (Noble and Moore, 1964, 1967b,c). Phosphatidylcholine and
phosphatidylethanolamine are by far the major components of the phospholipids and
are characterised by differing levels of palmitic and stearic acids; the relative
concentration of palmitic acid is highest in the phosphatidylcholine and lowest in the
phosphatidylethanolamine (Noble and Moore, 1966, 1967¢). Characteristically, there
are high levels of arachidonic acid in phosphatidylethanolamine, phosphatidylserine
and phosphatidylcholine, accompanied by relatively high levels of docosahexaenoic
acid in the phosphatidylethanolamine (Noble and Moore, 1966, 1967c). During the
last week of incubation there is a significant increase in the proportion of yolk
phosphatidylcholine relative to the phosphatidylethanolamine (Noble and Moore,
1967c). Concomitant changes in the contents of more saturated phosphatidyl-

ethanolamine species were noted (Noble and Moore, 1967c).

Extensive analyses on the stereospecific positional distribution of the fatty acids in the
triglycerides and phospholipids (Christie and Moore, 1972; see Christie, 1982) has

revealed their preferential location. In both the phosphatidylethanolamine and
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phosphatidylcholine the saturated fatty acids are predominantly associated with
position 1 and the unsaturated fatty acids with position 2, as is the case with most
animal tissues (Hawke, 1962; Kuksis and Marai, 1967; Holub and Kuksis, 1969;
Christie and Moore, 1972; see Strickland, 1973). Compared with the triglycerides of
animal tissues and even the major tissues of the hen herself, the yolk triglycerides
show a much greater difference in their fatty acid distributions between positions 1
and 3 (Brockerhoff, Hoyle and Wolmark, 1966). Although there are some similarities
between the arrangement of the fatty acids in the yolk triglycerides and phospholipids,
for example, 1-saturated-2-unsaturated species,’ there are also many notable
differences (Christie and Moore, 1970). In particular, the triglycerides have a

significant number of species with saturated fatty acids in positions 1 and 2.

Extensive studies have been made on the distribution and fatty acid profiles of the
lipids associated with the specific yolk lipoproteins (see Cook, 1968; see Cook and
Martin, 1969, see Gilbert, 1971; see McIndoe, 1971; Evans, Bauer, Bandemer,
Vaghefi and Flegal, 1973). The major yolk lipoprotein fraction, the triglyceride-rich
low density fraction, is very similar to that of mammalian plasma very low density
lipoprotein and consists of a non polar core of virtually pure triglyceride stabilised at
the lipid-aqueous interphase by a surrounding coat comprised of a mixture of

apoproteins, phospholipids and free cholesterol (Gornall and Kuksis, 1973).

However, the lipid:protein ratio, density and size of these triglyceride-rich
lipoproteins can vary considerably with changing physiological and dietary status
(Martin, Turner and Cook, 1959; Bacon et al., 1973; Evans, Flegal and
Bauer, 1975). In general, the lipid compositions of low density fractions 1 and 2 are
similar; high levels of triglycerides are associated with substantial levels of
phospholipid (25-30 per cent) in which the major components are phosphatidyl-
ethanolamine and phosphatidylcholine (Gornall and Kuksis, 1973; see Noble, 1987a).

18



The high density fraction can be separated into the o and B lipovitellins; they also
display similar lipid compositions, the major component being phospholipids, in which
the proportions of phosphatidylethanolamine and phosphatidylcholine are similar to
that in the triglyceride-rich low density fractions (Gornall and Kuksis, 1973). The
lipid composition of the triglyceride-rich low density fraction in the granules has not
béen characterised to any extent, but from the limited evidence available, seems to
have a composition similar to that of the low density fraction of the spheres (Gornall
and Kuksis, 1973).

4.1.2 The yolk sac membrane.

Although the lipid composition of the membrane bears a greaf similarity to that of the
yolk contents over the incubation period, it does display some notable changes as time
of hatch approaches. Paramount amongst them is an accumulation of cholesteryl
esters (increasing to some 4 per cent of total lipid by hatching) with a concomitant
decrease in the levels of free cholesterol (Noble and Moore, 1964, 1965a, 1966,
1967b). As in the case of the yolk contents, triglycerides and phospholipids comprise
by far the major lipid components of the yolk sac membrane throughout the incubation
period (Noble and Moore, 1967b). The triglyceride: phospholipid ratio remains
largely unchanged and similar to that of the yolk contents (Noble and Moore, 1967b;
see Noble 1986, 1987b). Within the phospholipids of the membrane, there is a
progressive decrease in the proportions of phosphatidylcholine relative to
phosphatidylethanolamine which occurs through the selective absorption of

phosphatidylethanolamine (Noble and Moore, 1967¢).
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Associated with these lipid changes are notable alterations in fatty acid composition.
Thus, the accumulation of cholesteryl esters is accounted for by an increase in the
level of cholesterol oleate (Noble and Moore, 1967b). The membrane phospholipids
display higher levels of arachidonic and docosahexaenoic acids with concomitant
decreases in the proportions of oleic and palmitic acids (Noble and Moore, 1965b,
1967c). The selective distribution of fatty acids in the phosphatidylethanolamine is
similar to that of most animal tissues in which stearic acid in position 1 is associated
with arachidonic acid or docosahexaenoic acid in position 2 (Noble and Moore,
1967¢c). With the exception of the C18 polyunsaturated fatty acids, no obvious
changes in the fatty acid composition and positional distribution of the triglycerides in
the yolk sac membrane have been found (Noble and Moore, 1964, 1967b). The
suggestion that there is a preferential absorption of triglycerides containing higher
levels of polyunsaturated fatty acids (Isaacks, Davies, Fergusson, Reiser and Couche,

1964) has not been confirmed (Noble and Moore, 1964, 1967b).

4.2 Plasma lipids.

The absorption of yolk lipid is associated with increasing lipid levels within the
plasma of the embryo. Between days 13 and 18 there is a continuous increase in
plasma lipid concentration with a slight fall in levels as time of hatch approaches (see
Schjeide, 1963; Yafei and Noble, 1990). Initially, the increase in lipid level is
largely accounted for by an accumulation of triglyceride-rich very low density
lipoprotein. However, as incubation proceeds, the level of triglyceride in this
lipoprotein is decreased and that of cholesteryl esters increased such that, just prior to
hatching, cholesterol ester accounts for more than half of the total lipids present (see
Schjeide, 1963; Yafei and Noble, 1990). The low density and the high density
lipoprotein fractions also show enhanced cholesterol ester levels as incubation

proceeds, but to a lesser extent.
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Changes in the fatty acid composition of the plasma are also observed throughout the
incubation period, the most significant change being the marked rise in the proportion
of oleic acid (see Schjeide, 1963). This rise in oleic acid levels can be directly
attributed to the appearance of cholesterol ester in which the proportion of oleic acid is
unusually high (Noble, Connor and Smith, 1984; Yafei and Noble, 1990). Although
there are immunological similarities between the plasma lipoproteins of the embryo
and its parent (Schjeide, Rieffer, Kelly and Alaupovic, 1977), in terms of the lipid
composition, the lipoproteins within the plasma of the embryo between days 13 and 21
of incubation bear little resemblance to those of the parent or those of the yolk.
Alterations in the lipoprotein patterns of the embryonic plasma have been shown to
subsequently affect tissue lipid uptake (Paris, Samuel, Jacques, Gache, Franchi and

Aichaud, 1978; Schjeide, Kelley, Schjeide, Milius and Alaupovic, 1980).

4.3 The liver.

One of the most unusual features of the tissue lipid changes that occur in the embryo
during development is that shown by the liver. By day 19 of incubation, the liver
accounts for 5 per cent of the total lipid present in the embryo (see Noble 1986) but as
can be seen from Table 2, its composition bears no resemblance to that of the lipid
absorbed from the yolk (Noble and Moore, 1964, 1965a, 1966; Wood, 1972).
Whereas, the lipid absorbed from the yolk consists mainly of triglycerides,
phospholipids and free cholesterol, the accumulation of lipid during the last week of
development in the liver is mainly accounted for by esterified cholesterol (Moore and
Doran, 1962; Noble and Moore, 196‘4;:19_65a; Wood, 1972; Noble, et al., 1984,
see Noble, 1986; see Noble, 1987b). Cholesteryl esters accumulate to such an extent
that, by day 19 of incubation, they comprise 80 per cent of the total lipid of the liver
and 30 per cent of the dry matter (Moore and Doran, 1962; Noble and Moore, 1964,
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CE

Day of incubation

13

21

21 || 13

21

Lipid concentration
mg per liver

Lipid distribution
%

Fatty acid
composition
wt % of total

Palmitic

Palmitoleic

Stearic

Oleic

Linoleic

Linolenic

Arachidonic

Docosahexaenoic

Table 2

week of incubation (Noble and Moore, 1964, 1966).

Lipid and fatty acid compositional changes in the liver during the last




1966; see Noble, 1986, 1987b). The triglycerides and phospholipids which normally
dominate the lipids in any liver tissue, barely rise in concentration and at hatching,
account for approximately 1 and 7 per cent respectively of the total lipid present

(Noble and Moore, 1964, 1966; see Noble, 1987b; see Noble and Cocchi, 1991).

Phosphatidylcholine is the major phospholipid fraction in the liver, its level never
exceeds 55 per cent of the total phospholipids and shows a decline towards the end of
the incubation period (Noble and Moore, 1967a, Wood, 1974). The proportion of
phosphatidylethanolamine remains constant at about 30 per cent of the total
phospholipid and that of phosphatidylserine at about 12 per cent (Noble and Moore,
1967a). Phosphatidylinositol is absent from the yolk and must be synthesised in the

embryo.

The fatty acid composition of the liver phospholipids are characteristically different
from that of the yolk at all stages of development; the phospholipids of the liver
exhibit an unusually higher level of arachidonic acid compared with the yolk (Noble
and Moore, 1964, 1965b, 1967a,c; Wood, 1974). The most pronounced changes in
the fatty acid composition of the liver phospholipids during embryonic development
occur in the phosphatidylcholine fraction and involve alterations to both saturated and
unsaturated acids (Noble and Moore, 1967a, Wood, 1974; Abad, Bosch, Munico and
Ribera, 1976). During incubation there are alterations in the concentration of specific
intramolecular fatty acid pairings, in particular, the gradual replacement with age, of
1-palmitoyl-2 arachidonyl by 1-stearoyl-2-linoleoyl and 1-stearoyl-2-docosahexaenoyl
species (Noble and Moore 1967a; Wood, 1974; Abad et al., 1976). It has been
suggested (Noble and Moore, 1967a) that these changes may be associated with
alterations in the activities of the two principal metabolic pathways involved in the
synthesis of phosphatidylcholine. In common with very much earlier conclusions

(Hevesy, Levi and Rebbe, 1938; Budowski, Bottino and Reiser 1961), these later
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analyses (Noble and Moore, 1967a; Wood, 1974; Abad er al., 1976) confirmed that
at some stage during the transfer from yolk to embryo, extensive hydrolysis and

resynthesis of the phospholipids occur following yolk assimilation.

A feature of the accumulated cholesteryl esters is their very high content of oleic acid,
some 70-75 per cent by weight of the total long chain fatty acids present (Moore and
Doran, 1962; Noble and Moore, 1964, 1966). A surprising feature of the liver
triglycerides is their unusually high concentration of docosahexaenoic acid during the
final week of incubation (Noble and Moore, 1964). At day 13 of incubation., the
level of docosahexaenoic acid in the triglyceride fraction is very much greater than in

the phospholipid fraction with which the fatty acid is usually associated.

4.4 The bile.

The biliary lipids of the chick embryo show a unique pattern when compared with
other animal species (see Portman, Osuga and Tanaka, 1975; Noble and Connor,
1984). Of the total lipid present, phospholipids account for less than half and there
are substantial proportions of both cholesterol ester and triglyceride. During the final
week of incubation, the proportion of cholesteryl esters increases significantly and that
of the triglyceride decreases. The relative proportions of phospholipid and free
cholesterol remain virtually unchanged (Noble and Connor, 1984). Associated with
these lipid changes are notable alterations in fatty acid composition. In particular, the
accumulation of cholesteryl esters is associated with increasing levels of oleic acid.
In common with other animal species, the biliary lipids of the chick embryo contain a
high proportion of linoleic acid but there are substantial levels also of arachidonic

acid (Noble and Connor, 1984).
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4.5 The muscle.

The major lipid fractions of the heart and skeletal muscle of the embryo are
phospholipids and free cholesterol (Hsiao and Ungar, 1969; Wood, 1972; Kent,
Schimmel and Vagelos, 1974). Studies on the heart tissue have shown that major
changes occur in the triglyceride levels during embryonic development; these are
associated with a concomitant reduction in the levels of cholesterol ester (Wood,
1972). The major components of the phospholipid fraction in the muscles are
phosphatidycholine and phosphatidylethanolamine, both of which contain high levels
of C20 and C22 polyunsaturated fatty acids (Kent ez al.; 1974; Wood, 1974;
Boland, Chyn, Roufa, Reys and Martonosi 1977; Nakagawa, Waku and Ishima,
1982). Phosphatidylcholine displays significantly lower levels of palmitic acid
throughout the incubation period compared with phosphatidylethanolamine (Wood,
1974). The levels of saturated and monoenoic fatty acids of the heart phospholipids
remain unchanged as development progresses. However, there is a dramatic increase
with embryonic development in the proportion of arachidonic acid and a decrease in
the level of docosahexaenoic acid (Nakagawa ez al., 1982). These changes are
associated in the main with the phosphatidylethanolamine fraction, but also occur to a
lesser extent in the phosphatidylcholine (Nakagawa et al., 1982). The decrease in the
proportion of docosahexaenoic acid correlates well with the decrease in heart cell
mitotic index as the time of hatch approaches (see Romanoff, 1960). The relative
concentration of linoleic acid increases in the heart phosphatidylcholine as

development progresses (Wood, 1974).

As the time of hatch approaches, the lipid content of the skeletal muscles decreases,
mainly through a reduction in the level of triglyceride (Hsiao and Ungar, 1969).
Although the phospholipid composition remains relatively unchanged during

development, there are significant alterations in fatty acid composition (Boland ez al.,
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1977). Between the twelfth day of incubation and hatching, the concentrations of
palmitic and arachidonic acids decrease and that of linoleic increases (Boland ez al.,

1977).

4.6 The eye and brain.

The major lipid fractions of the chick embryo brain are phospholipids and free
cholesterol (Wood, 1972). As incubation proceeds, an increase in the concentration
of free cholesterol is accompanied by high levels of polyunsaturated fatty acids of the
n-3 and n-6 series in the phospholipid fraction (Miyamoto, Stephanides and Bernsohn,
1967; Gonzalez-Ros and Ribera, 1980; Bordoni, Cocchi, Lodi, Turchetto and
Ruggeri, 1986; Anderson, Connor, Corliss and Don 1989; Noble and Cocchi,
1989a; Anderson, Connor and Corliss, 1990). Although the brain displays a
relatively stable lipid composition, determinations over the incubation period
(Miyamoto et al., 1967; Gonzalez-Ros and Ribera, 1980; Bordoni er al., 1986) have
shown a specific accumulation of phospholipids, rich in polyunsaturated fatty acids,
to occur particularly at around the twelfth day of incubation and associated with a

build-up of polyneural discharges.

Lipids play an important role in the membrane structures of mitochondria, nuclei,
synaptic vesicles and myelin in both the white and grey matter (see Chapman, 1972).
The lipid classes vary from one structure to another; for example, unusual lipids
such as the cerebrosides are typical constituents of myelin, whereas gangliosides are
_ typical of synaptosome membranes (see Chapman, 1972). Overall, the brain
phospholipids are characterised by extremely high but varying levels of phosphatidyl-
ethanolamine and phosphatidylserine (Wood, 1974). Phosphatidylethanolamine
contains much higher levels of C20 and C22 fatty acids compared with phosphatidyl-

choline. Phosphatidylserine, like that of the liver and heart, contains high levels of
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palmitic and stearic acids, which together account for 60-70 per cent of total fatty
acids. In addition, the brain phosphatidylserine is characterised by its high level of

docosahexaenoic acid.

The fatty acids also change from one region of the brain to another. Thus,
phospholipids from the grey matter display a greater proportion of polyunsaturated
fatty acids compared with the myelin fraction (see Chapman, 1972).  The brain cells
and organelles contain only trace amounts of linoleic and linolenic acids (Wood, 1974;
Anderson et al., 1989; Noble and Cocchi, 1989a; Anderson et al., 1990) and studies
have shown that arachidonic and docosahexaenoic acids are the preferred fatty acids
for the differentiation and multiplication of the cells and neuromediation (see
Neuringer, Anderson and Connor, 1988; Anderson et al., 1989, 1990). With the
exception of sphingomyelin, the phospholipids show only minor changes in their fatty
acid composition during incubation; the most significant change is in the level of
docosahexaenoic acid which decreases rapidly as time of hatch approaches (Wood,
1974). It has been suggested that this abrupt decrease in docosahexaenoic acid levels
is accounted for by a significant turnover of this acid at the time of hatch (Wood,

1974).

The eye, in common with other nerve tissues such as the brain, also requires a specific
lipid and fatty acid composition for functional development. As in the case of the
brain, an accumulation of free cholesterol during incubation is accompanied by high
levels of phospholipids containing large amounts of the polyunsaturated fatty acids of
the n-3 and n-6 series (Zalenka, 1978; Alejandre, Marco, Ramirez, Segovia and
Garcia-Peregrin, 1984; Rintoul, Creed and Conrad, 1984; Bordoni et al., 1986;
Anderson et al., 1989; Noble and Cocchi, 1989a; Anderson et al., 1990). In
contrast to the brain, high levels of polyunsaturated fatty acids are discernible in the

eye from about day 10 of incubation, but their concentrations rapidly decline from

26



the sixteenth day of incubation and are coincident with the first behavioural response
to light (Bordoni er al., 1986). Studies have shown that exposure of the egg to light
during the incubation period seems to affect the synthesis and subsequent

concentration of essential phospholipids within the eye (Noble and Cocchi, 1989a).
4.7 The lung.

The lung of the chick embryo, like that of mammals, is rich in phospholipids. In spite
of the fairly uniform rate of lipid increase in the lung during incubation (Petrik and
Riedel, 1968; Tordet and Marin, 1976; Hylka and Doneen, 1982), there is a specific
accumulation of phospholipids around the eighteenth day. The major phospholipid
throughout incubation is phosphatidylcholine which comprises about half of the total;
individual levels of sphingomyelin, phosphatidylethanolamine, phosphatidylserine,
phosphatidylinositol, lysophosphatidylcholine and phosphatidylglycerol are all very
much lower. The rate of synthesis of phosphatidylcholine remains higher than the
other phospholipids during incubation and at day 18, that is, just prior to
respiration, there is a marked increase in phosphatidylcholine levels, together with
sphingomyelin (Tordet and Marin, 1976; Compton and Goeringer, 1981; Hylka and
Doneen, 1982). The accumulation of phosphatidylcholine is dependent to a large
extent on the synthesis of the disaturated component, dipalmitoyl phosphatidylcholine
(Tordet and Marin, 1976; Hylka and Doneen, 1982). Thus, the contribution of the
phospholipid species to total lung concentrations in the chick embryo is similar to that
occurring in mammalian species in which the overall lipid composition and its
biosynthesis are directly related to the production of surfactant. However, unlike the
mammalian embryo in which choline incorporation provides the major pathway of
phosphatidylcholine synthesis, in the embryonic chick, both choline incorporation and
the methylation of phosphatidylethanolamine function similarly throughout incubation

(Compton and Goeringer, 1981).
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4.8 The adipose tissue.

Extensive pads of subcutaneous tissue develop during the second half of the incubation
period. These deposits occur particularly in the ventral, thoracic and thigh regions
(Langslow and Lewis, 1972). With the approach of hatching, there is a sharp increase
in the lipolytic activity associated with the pads (Langslow, 1972), a feature which
becomes maximised immediately after hatching and the rapid utilisation of the

deposits.

5 Metabolism.

5.1 Cholesterol metabolism.

During development, the compositional changes which occur within the yolk and
embryonic tissues and the subsequent accumulation of very large amounts of
cholesterol oleate in the liver, indicate a specific role for free cholesterol in the
absorption and assimilation of yolk lipid. Since the lipids of the yolk contents contain
low proportions only of cholesteryl esters with very much lower levels of oleic acid
(Noble and Moore, 1967b) than subsequently deposited in the liver (Noble and
Moore, 1964, 1966; Noble et al., 1984), direct assimilation of yolk cholesteryl esters
and incorporation into the liver is unlikely. The accumulation in the yolk sac
membrane of cholesteryl esters displaying levels of oleic acid similar to that found
subsequently in the liver (Noble and Moore, 1964, 1967b), the presence of oleic acid-
rich cholesteryl esters in the plasma draining the yolk sac membrane (see Schjeide,
1963; Yafei and Noble, 1990) and the role of the yolk sac membrane in the assembly
of the lipoprotein complexes (Lambson, 1970; Yafei and Noble, 1990), all implicate

the yolk sac membrane as the source of the cholesteryl esters.
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A comparative analysis has been made of the accumulation and synthesis of
cholesteryl esters in the yolk contents, yolk sac membrane and liver during the last
week of incubation (Noble et al., 1984). In contrast to the yolk contents, the liver and
yolk sac membrane both showed abilities to synthesise, in vitro, appreciable quantities
of cholesteryl esters from free cholesterol (Noble er al., 1984). The presence of an
active cholesterol esterifying system within the yolk sac membrane was also indicated
from measurements of the net changes in the relative proportion of cholesteryl esters
before and after incubation (Noble et al., 1984). Associated with the in vitro lipid
change were notable differences in the pattern of fatty acids that were incorpo.rated
into the cholesteryl esters of the liver and yolk sac membrane. The fatty acid pattern
of the cholesteryl estcrs.synthesised by the yolk sac membrane displayed a very high
level of oleic acid and was almost identical to that of the cholesteryl esters which
accumulated in the liver (Noble ez al., 1984). The cholesteryl esters synthesised in
vitro by the liver displayed a very much lower level of oleic acid incorporation (Noble

et al., 1984).

There is overwhelming evidence therefore, to substantiate the idea that the hepatic
accumulation of cholesterol ester is associated with, or derived from, its synthesis in
the yolk sac membrane. Some ability of the liver to make a contribution through its
own ability to synthesise cholesteryl esters must exist (Noble et al., 1984). Other than
the brain, where cholesterol synthesis is very active and accounts for about 90 per cent
of the total cholesterol content (Connor, Johnston and Lin, 1969; Svanberg, 1970;
Jain, Lindahl and Svanberg, 1972; Wong and Lennarz, 1982), yolk assimilation

satisfies almost all the cholesterol requirements of the embryonic tissues.
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The fact that the yolk sac membrane is the major site of lipoprotein synthesis and
assembly prior to passage into the embryo, together with the relatively high
concentration of cholesterol oleate in the lipids of the embryonic plasma (see Schjeide,
1963), suggests that the functional role of cholesteryl esters is in the maintenance of
the structure and stability of the lipoproteins, specifically involved in yolk lipid
transfer (see Noble, 1987a). Indeed, studies have shown that an important function of
cholesterol ester synthesis is in the maintenance of particle stability and large
lipoprotein complexes (Vandenheuval, 1962). The build up of cholesteryl esters in the
liver as incubation proceeds would represent therefore, an accumulation of remnant
lipoproteins following yolk lipid uptake by the embryonic tissues. The ability of the
" yolk sac membrane to synthesise cholesteryl esters, in particular cholesterol oleate,
coincides with the period of intensive redistribution of lipid between yolk contents and
membréne (Noble and Moore, 1967b; Noble et al., 1984). The increasing ability of
the liver during incubation to synthesis cholesteryl esters containing a more
conventional spectrum of fatty acids, agrees with the finding that there is a rapid
dissolution of accumulated cholesterol oleate following hatching (LeGoff and

Marquie, 1980).
5.2 Polyunsaturated fatty acid metabolism.

An important feature in the lipid accumulation of the chick embryo is the extensive
difference between the patterns of the major C18, C20 and C22 polyunsaturated fatty
acids of the yolk contents compared with those of the yolk sac membrane and the
embryonic tissues. High levels of linoleic acid are consistently present in the
phospholipids but between the yolk contents, yolk sac membrane, plasma and
embryonic tissues, the proportions of C20 and C22 polyunsaturates increase
substantially (Donaldson, 1964; Noble and Moore, 1964, 1965b, 1967a,b,c; Bordoni
et al., 1986; Anderson et al., 1989, 1990); for example, whereas during the final
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week of incubation arachidonic acid accounts for some 3 and 7 per cent respectively
of the total fatty acids of the phosphatidylcholine and phosphatidylethanolamine
fractions of the yolk contents (Noble and Moore, 1967c; see Noble, 1987b), the level
of arachidonic acid in the same fractions of the liver exceeds 20 per cent (Noble and
Moore, 1967a; see Noble, 1987b), particularly during the early part of yolk
mobolisation. The relative concentration of docosahexaenoic acid in the liver
phospholipids is also higher than in the phospholipids of the yolk contents. The
triglycerides of the liver and to a lesser extent of several other major tissues, also
contain unusually high levels of docosahexaenoic acid; in most instances, the levels
of docosahexaenoic acid are significantly higher than within the phospholipids (Noble
and Moore, 1964).

One of the major roles for the yolk sac membrane in yolk lipid assimilation is in the
supply to the embryo of a range of polyunsaturated fatty acids at concentrations which
cannot be provided by the parent bird via the original yolk. Investigations concerning
the role of the yolk sac membrane on the lipid composition of the embryonic tissues
(Noble and Shand, 1985) have identified appreciable 4 6-desaturation activity and the
conversion of linoleic acid to arachidonic acid in both the yolk sac membrane and
liver (Table 3). The membrane exhibited a particularly high level of linoleic acid
conversion in the early stages of yolk lipid absorption (Noble and Shand, 1985).
With the approach of hatching, desaturation activity in the membrane decreased but

was increased within the liver (Noble and Shand, 1985).

Since the majority of the embryonic phospholipid arises through resynthesis (Hevesy
et al., 1938; Budowski eral., 1961, Noble and Moore, 1967a; Wood, 1974;
Abad er al., 1976), the presence of an active desaturation system in the yolk sac

membrane (Noble and Shand, 1985), presents an opportunity to considerably
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Liver Yolk sac membrane

Days of incubation 15 17 19 15 17 19
Linoleic desaturation

(pmol/2hr per mg 11.1 13.9 15.7 28.1 6.11 7.92
protein x10?) +0.96 +0.79 +1.68 || +4.93 +0.88 +1.32
Stearic desaturation

(pmol/2hr per mg 61.7 19.3  20.9 39.5 31.4 17.2
protein x10?) +6.88 +2.95 +4.08 [H11.2 +1.59 +0.48

...Table 3 The A 6- and A 9-desaturase activities of the liver and yolk sac

membrane during the last week of development (Noble and Shand,
1985).



enhance the arachidonic acid level of the absorbed lipid. In the case of
docosahexaenoic acid, its accumulation in the embryonic tissues is accounted for both
by desaturation of C18 precursors and also by the preferential absorption of yolk
phosphatidylethanolamine species that are particularly rich in the acid (Noble and
Moore, 1967b,c). There does not appear to be any preferential absorption from the
yolk contents of phospholipid species rich in arachidonic acid (Noble and Shand,
1985). The presence of extensive A 9-desaturation activity and the conversion of
stearic acid to oleic acid has also been identified in the yolk sac membrane. Such a
process would undoubtedly make a considerable contribution to the oleic acid
requirements of the cholesterol esterification process (Noble and Shand, 1985; see

Noble, 1987b).

Studies have shown that there is a considerablé similarity with mammalian species in
the overall relationship between the polyunsaturated fatty acids supplied by the mother
and those accumulated by the developing embryo (Noble and Moore, 1967a,b,c; see
Noble, 1980, 1981a; Noble, Shand and Christie, 1985; see Noble and Cocchi, -
1989b). Both avian and mammalian species display a similar discrepancy in the
range and concentration of the major polyunsaturated fatty acids able to be supplied by
the mother and those required by the embryo (Noble and Moore, 1967a,b,c; see
Noble, 1980, 1981a; Noble er al., 1985; see Noble and Cocchi, 1989b). In the
case of the mammal, the need for higher levels of C20 and C22 polyunsaturated fatty
acids is satisfied through the metabolic intervention of the placenta, that is, the
specialised tissue that separates the maternal and foetal circulations (see Noble,
1980; Shand and Noble, 1979, 1981b, 1983). The synthesis of longer chain
polyunsaturated fatty acids is undoubtedly in response to a specific requirement for

membrane development and specialised tissue growth during the embryonic period.
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6 Lipid changes in the residual yolk and liver after hatching.

In spite of the extensive absorption of yolk lipid by the chick embryo during the final
week of incubation, some 28 per cent of the yolk lipid still remains unabsorbed at
hatching (Noble and Ogunyemi, 1988, 1989). Following hatching, there is a rapid
uptake of the residual yolk such that by day 5 to day 6 after hatching, only a very
small amount remains (Entenman, Lorenz and Chaikoff, 1940; see Romanoff,
1960; Noble and Ogunyemi, 1988, 1989). The suggestion that the absorption of
the majority of the lipid involves the endodermal release, via the yolk sac membrane,
directly into the circulation of the chick by a process analogous to that which has
occurred during embryonic development, is widely supported (Bellairs, 1963;
Lambson, 1970; see Freeman and Vince, 1974; Kusuhara and Ishida, 1974).
Histological observations on the chick have revealed the presence of high activities
within the yolk sac membrane of enzymes necessary for absorption, suggesting the
continuation of endodermal involvement well after hatching (Kusuhara and Ishida,
1974). However, there is also evidence for the direct expulsion of the remnant yolk
material through the yolk stalk into the gastrointestinal tract, leading to a rapid
regression of the yolk sac membrane and its function (see Romanoff, 1960). Recent
observations (Noble and Ogunyemi, 1988, 1989) imply that the actual mechanism
lies somewhere between these two suggestions. Following hatching, the remnant yolk
complex displays a marked accumulation of cholesteryl esters and C20 and C22
polyunsaturated fatty acids (Noble and Ogunyemi, 1988, 1989), features
characteristic of lipid accumulation within the yolk sac membrane (Noble and Moore,

1967b; Noble and Shand, 1985; see Noble, 1987b).

Growth of the liver after hatching is accompanied by a substantial accumulation of
lipid and extensive changes in fatty acid composition away from that associated with

embryo development (Noble and Moore, 1964, 1966, 1967a). The very high level
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of cholesteryl esters present in chick embryonic livers (Noble and Moore, 1964,
1966; see Noble, 1987b) rapidly diminishes and is replaced by triglycerides and to a
lesser extent, phospholipids (Noble and Ogunyemi, 1988, 1989). Furthermore,
this alteration in lipid composition is accompanied by a sharp decline in
polyunsaturated fatty acids within the triglycerides and phospholipids (Noble and
Ogunyemi, 1988, 1989), indicative of the marked change in lipid metabolism of the
liver, in order to cope with the chick's independent existence and the new demands

being imposed upon the liver from the lipid now being absorbed from the diet.

7 The effect of parental age on lipid metabolism.

The effect of parental age on hatchability and early chick survival is well documented
(McNaughton, Deaton and Reace, 1978; Garwood and Lowe, 1982; Shanawany,
1984). In the broiler industry, in order to increase chick yield from each hen,
attempts are made to take eggs from very young birds. However, low hatchability
and a reduction in early chick survival presents a considerable problem. Recent
investigations with broiler-breeder stock (Shanawany, 1984) have shown that chick
weights, minus residual yolk, from eggs of the same weight, were significantly
lower from twenty-eight week-old parents when compared with embryos from mature
parents. Further studies have revealed that the effect of flock age on hatchability and
chick survival is associated with distinctive changes in the normal pattern of yolk
mobilisation and utilisation, together with changes in aspects of metabolism of
assimilated lipid within the tissues (Noble er al., 1986a,b; Noble and Yafei, 1988;
Yafei and Noble, 1990). Towards the end of incubation, the amount of lipid
associated with the yolk and yolk sac membrane in birds from very young parents was
greater than that of the embryos from mature parents and there was a much greater
proportion of lipid still remaining within the yolk contents (Noble et al., 1986a). At

day 19 of incubation the amount of lipid associated with the extrahepatic tissues in
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these embryos was also very much reduced (Noble et al., 1986a). From the evidence
available on gross lipid concentration and composition, it was concluded that embryos
from the young parents were being denied access to sufficient yolk lipid for normal

development during the final week of incubation (Noble er al., 1986a).

Subsequent electron microscopic studies (Noble and Yafei, 1988; Yafei and Noble,
1990) on the lipid transfer and accumulation during the last week of incubation,
confirmed such conclusions; low levels of plasma low-density lipoproteins and an
alteration in the relative proportions of the major plasma lipid fractions were
associated with the reduced lipid accumulations (Yafei and Noble, 1990). Associated
with overall compositional changes, there are marked changes in oxidation of the
assimilated lipid (Noble et al., 1986b). Thus, whereas in the embryos from mature
parents, hepatic oxidation of the lipids was maximum at the tenth day of incubation
and decreased sharply thereafter, in the embryos from young parent stock, oxidation
remained high throughout (Noble ez al. 1986b).

8 Lipids of the subcellular organelles.

It is clear from the above that of all tissues of the chick embryo, the liver displays by
far the greatest change in lipid composition during development (Noble and Moore,
1965a, 1967a; see Noble, 1986). As in other animal systems, the role of the liver
is essential in all aspects of lipid metabolism (Goldman, Chaikoff, Reinhardt,
Entenman and Dauben, 1950; Ranney, Chaikoff and Entenman, 1951). The
possibility exists therefore, that unique and specific changes in liver lipid composition
during embryonic development may have some effect on overall lipid metabolism.
The intimate association of lipids and subcellular components may well involve a lipid

effect at the subcellular level.
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8.1 The mitochondrial lipids and metabolic function.

It is a well documented and accepted fact that the mitochondria are the power house of
the cell (see Lehninger, 1964). Here are localised the enzymes of the citric acid cycle
'~ and the complex enzyme system involved in electron transmission and the subsequent
release of energy in the form of high energy phosphate. Plate 3 shows a transmission
electron micrograph of a mitochondrion demonstrating its structural homogeneity.
As can be seen, the structure consists of pairs of membranes which give the
appearance of packed sheaves or stacks of lamellae. Sometimes the membranes are
branched; often, they are straight or swirled and occur in stacks or heaps, and
frequently surround small vesicles. Each pair of membranes and the space' they
enclose averages about 140A in width, with the space accounting for about half of
this. Studies on negatively stained mammalian and plant mitochondria (Parsons
1963a,b, 1965, Parsons, Bonner and Verboon, 1965) have consistently shown a
central group of membranes with tubular or vesicular projections, partly overlapped
by a membrane sheet without any projections. The membrane subunits are located on
the matrix side of the inner membrane (Fernandéz-Mordn, 1963; Parsons, 1963a,b;
Fernandéz-Mor4n, Oda, Blair and Green, 1964) and consist of a head, 90 A in

diameter, and a stem, 35 to 45 A wide.

Stephens (1965) has prepared a series of electron micrographs of chick embryo liver,
which show very clearly the extreme hydration of early embryonic mitochondrial
matrix material. Moreover, in the young embryo, this matrix material appears to
have large ' holes ' or areas of almost complete electron transparency and with age,
the matrix material becomes more uniform and dense (Stephens, 1965). It has been
suggested (Goldho, 1968) that the apparent absence of matrix material in the young

mitochondrion may account for the very low proteiﬁ: lipid ratios found in the early
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Plate 3
Representative mitochondrion (M) from the chick embryo liver (13-day-old).
Within the mitochondrion, the inner membrane forming the shelf-like cristae (c) '
clearly divides the organelles into two compartments. The inner and
outer mitochondrial membranes are regularly aligned.

(Yafei, personal communication)
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embryo and may indicate mitochondrial membranes of an unusually high lipid content.
The finding of a relatively high protein: lipid ratio in post-hatching chicks has been
explained by Goldho (1968) on the basis of two possibilities. Firstly, because most
of the mitochondrial lipids are membrane bound and the contribution of the matrix is
largely protein (sée Lehninger, 1964), it is possible that at the post-hatching stage of
development, liver mitochondria may have a large amount of matrix but relatively
poor cristae development, as compared with liver mitochondria at the adult stage and
secondly, that the mitochondrial membranes themselves may be relatively rich in
protein at the post-hatching stage and may contribute to the high protein: lipid ratio of

the whole mitochondrion.

The findings reviewed by Ball and Joel (1962) on mammalian tissue, ~augment the
observations made by Goldho (1968) that the early liver mitochondrial membranes of
chick embryos have a comparatively higher lipid content compared with that of adult
birds. Furthermore, these results on chick liver mitochondria (Goldho, 1968)
support the suggestion that a low protein: lipid ratio is a feature typical of primitive
types of vertebrate membranes such as the newly synthesised coated pinocytosis
vesicles of the avian oocyte (Schjeide, Galey, Grellert, Sanlin, De Vellis and Mead,
1970). Recent studies using transmission electron microscopy (Yafei, personal
communication), support these observations and in addition suggest that the
morphology of the mitochondria varies with the age of embryo. In thirteen day-old
chick embryos, the liver mitochondria were tubular and somewhat flattened in shape;
the cristae were well developed and abundant in number (Plate 4a), but as
development proceeded, the mitochondria took on a more spherical appearance; the
number of cristae however, remained high (Plate 4b). Cautious interpretation of
these results is necessary however, since the shape of the mitochondria may be an
artifact of the preparation techniques used (see details in Yafei and Noble, 1990), or a

function of the angle of orientation by the microscope.
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Plate 4a
Representative mitochondria (M) from the livers of 13-day-old chick embryos.
The mitochondria are tubular in shape; the cristae (C) are abundant

and well developed. (Yafei, personal communication).

Plate 4b
Representative mitochondria (M) from the livers of 19-day-old chick embryos.
The mitochondria are spherical in shape; the cristae (C) are abundant

and well developed. (Yafei, personal communication).
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The data in the literature on the lipid composition of the particulate matter derived
from mitochondria are scant since most studies have been carried out on the intact
mitochondria. Furthermore, in spite of recent studies on the effect of diet on
subcellular components of the chick liver (Rogel and Watkins, 1987), in general,
there is very little information available on the composition of mitochondria in chick
tissues; almost all the data have been obtained with mammalian species. The data are
able to provide some information about the lipid composition of the mitochondrial
membrane and the localised deposition of the lipid components (Harel, Jacob and
Moulé, 1957). Comparisons of the data are difficult due to the wide variation of the
conditions under which the studies were made. Variations, for example, exist
between species (Richardson, Tappel and Cruger 1961; Getz, Bartley, Lurie and
Notton, 1968) and within a species due to diet (Blomstrand and Svensson, 1974;
Dewailly, Nouvelot, Sezille, Fruchart and Jaillard, 1978; He¢y and He¢lmer,
1979; Innis and Clandinin, 1981; Tahin er al., 1981); age (Nohl and Kraemer,
1980; Vorbeck, Martin, Long, Smith and Orr, 1982); external temperature
changes (Cannon, Polnaszek, Butler, Eriksson and Smith, 1975; Cherqui, Cadot,
Senault and Portet, 1979) and the tissues from which the mitochondria were isolated
(Getz et al., 1968; Tahin er al., 1981). However, the evidence concerning the
effect of age on mitochondrial lipid composition in various animal tissues is
conflicting (Miller and Cornatzer, 1966; Jakovcic, Haddock, Getz, Rabinowitz
and Swift, 1971; Grinna, 1977; Nohl and Kraemer, 1980; Vorbeck et al.,
1982).

The levels of phospholipids reported to be present in the total lipids of rat liver
mitochondria range from 50 to over 90 per cent (Harel er al., 1957; MacFarlane,
Grey and Wheeldon, 1960; Schwartz, Dreisbach, Barrionuevo, Kleschick and>
Kostyk, 1961). Thus Slater (1957), in a review on muscle mitochondria, reported

that 79 per cent of the lipids of rat heart sarcosomes were phospholipids, whereas for
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pig heart sarcosomes, a corresponding value of 91.3 per cent was found (Marinetti,

Erbland and Stotz, 1958).

The availability of data on the phospholipid composition in mammalian mitochondria
have served to emphasise the paucity of results available for the chick embryo.
Studies have shown that the ratio of phosphatidylethanolamine to phosphatidylcholine
in rat liver mitochondria is generally higher than in other membranous components
(Getz er al., 1968; Colbeau, Nachbaur and Vignais, 1971; Khandwala and
Kasper, 1971; Zambrano, Fleischer and Fleischer, 1975) and especially higher
than in the microsomes of the rat liver (Getz et al., 1968; Colbeau ez al., 1971,
Zambrano et al., 1975), sheep liver and kidney (Getz ez al., 1968). Notable
exceptions include the ovine placental tissue where the mitochondria have a lower
amount of phosphatidylethanolamine (plus phosphatidylglycerol), compared with the

microsomal fraction (Shand and Noble, 1984).

The levels of phosphatidylinositol and phosphatidylserine in mitochondria are
generally lower than in other membranous components (Colbeau ez al., 1971;
Khandawala and Kasper 1971; Zambrano ez al., 1975) and the amount of
sphingomyelin varies with the type of tissue (Getz et al., 1968; Shand and Noble,
1984). Compared with other membranes, mitochondrial phospholipids are usually
rich in diphosphatidylglycerol (Getz et al., 1968; Dennis and Kennedy, 1972;
Zambrano et al., 1975) which has a strong affinity for the divalent cations calcium
and magnesium (Nielson, 1971), suggesting that it may exist in the form of salts or
chelation complexes with cations. This suggestion is reinforced by evidence that the
phospholipids play a physiological role in the passive binding of cations (Jacobus and
Brierley, 1969; Scarpa and Azzone, 1969). Analysis of the fatty acid composition
of diphosphatidylglycerol has revealed an extraordinarily high percentage of

unsaturated fatty acids (about 90 per cent), due mainly to the high level of linoleic
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acid (Colbeau et al., 1971). Evidence has been presented to show that the major
portion of mitochondrial diphosphatidylglycerol (75- 90 per cent) is located on the
matrix side of the mitochondrial inner membrane (Nilsson and Dallner, 1977;

Krebs et al., 1979; Harb er al., 1981).

The results obtained for the preferential distribution of phosphatidylcholine however,
vary (Nilsson and Dallner, 1977; Krebser al., 1979; Harb et al., 1981).
Studies have shown that the majority of phosphatidylethanolamine is located on the
matrix side of the inner membrane (Marinetti ef al., 1976; Krebs et al., 1979),
whereas studies on pig heart mitochondria (Harb et al., 1981) have revealed that 20
to 30 per cent of the phosphatidylethanolamine is buried in the inner membrane and is
therefore not accessible to the phospholipases. Similarly, Nilsson and Dallner (1977)
found 85 per cent of total phosphatidyinositol to be protected against phospholipase A,
in rat livers. In the inner mitochondrial membrane, the rate of lipid transition is
extremely slow (Rousselet, Colbeau, Vignais and Devaux, 1976). The ratio of
phosphatidylcholine to phosphatidylethanolamine for outer membranes is generally
high, (3 per cent) approaching that found in both mammalian and avian microsomes
(Ward and Pollak, 1967; Getz et al., 1968), whereas for inner membranes, the
proportions are lower and similar to that of whole mitochondria (Lévy and Sauner,

1968; Stoffel and Schiefer, 1968; McMurray and Dawson, 1969).

Mitochondrial lipids are particularly rich in polyunsaturated fatty acids. Their levels
in relative proportion vary with tissue and thus, whereas linoleic and arachidonic
predominate in heart and liver (Palmer, Schmid, Pfeiffer and Schmid, 1981; Tahin
et al., 1981), docosahexaenoic acid is the principal component in the brain (Tahin ez
al., 1981). Contradictory evidence exists concerning the fatty acid distribution in
mitochondrial membranes. The fatty acid compositions of the outer and inner

mitochondrial membrane lipids were similar in rat liver (Stoffel and Schiefer, 1968;
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Colbeau et al., 1971) and guinea pig liver (Parkes and Thompson, 1970), suggesting
that the minor differences in chain length and degree of unsaturation could be due to
the phospholipid pattern, rather than the spacial distribution of fatty acids in the
mitochondrial membranes and that each phospholipid had a distinctive fatty acid
composition more or less similar in all membranes. In contrast to these observations,
the finding of increased amounts of unsaturated fatty acids in the inner mitochondrial
membranes of rat liver (Huet, Lévy and Pascaud, 1968) and pig heart (Comte,
Maisterrena and Gautheron, 1976) has been described. The outer membranes are
three-fold richer in total phospholipids and six-fold richer in cholesterol than the inner

membranes, based on protein (Lévy and Sauner, 1968; Parsons and Yanu, 1967).

Areas of specific contact between the inner and outer mitochondrial membrane have
never been characterised nor have they been isolated. Nevertheless, studies on
phospholipid transfer in mammalian (Parkes and Thompson, 1970) and yeast cells
(Daum and Paltauf, 1984) indicate that cytosolic proteins are able to catalyse a
transfer of diphosphatidylglycerol between cellular membranes. The exchange of
phospholipid species between the mitochondria and other cellular components is well
recognised in a range of animal species (Wirtz and Zilversmit, 1968; McMurray and
Dawson, 1969; Wirtz and Zilversmit, 1969); In particular, this exchange appears
to involve the outer membrane (Wojtczak, Baranska, Zborowski and Drahota,
1971), although the evidence for this is conflicting (Blok, Wirtz and Scherphof,
1971; Sauner and Lévy, 1971; Wojtczak et al., 1971).

Usually, the level of sterols in mammalian mitochondria is low (Spiro and McKibbin,
1956; Schwartz et al., 1961); exceptions include mitochondria from the gastric
mucosa of several animal species (Sen and Ray, 1980), from rat heart (Palmer et al.,
1981) and from ovine placental tissue (Shand and Noble, 1984), all of which contain

increased amounts of cholesterol.
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Triglycerides have been detected in rat liver mitochondrial membranes (Colbeau et
al., 1971) in spite of the fact that neutral glycerides are not considered to be

structural elements of biological membranes.

Functions of the mitochondrial lipids.

The functions of mitochondrial lipids are described in detail in several review articles
(see McMurray, 1973; see Daum, 1985). Their functions are too numerous to be
mentioned in entirety but nevertheless, the following few examples are an attempt to
summarise the present knowledge available on the role of mitochondrial lipids and

highlight their importance.

Studies, mostly undertaken on bovine heart, have confirmed that changes in the
mitochondrial lipid pattern have a marked effect on respiration and energy production.
It has been shown that exposure of submitochondrial particles to phospholipases
impairs both the rate of oxidation and phosphorylation (Burstein, Loyter and
Racker, 1971a,b). The inhibitory effect of phospholipase A, (where possible, the
standard Enzyme Commission abbreviations for those enzymes mentioned in the text,
are nofed'in the Abbreviation's section) was prevented or reversed by bovine serum
albumin, only when the enzyme concentration was low (Burstein ez al., 1971a,b).
With respect to the role of phospholipids in mitochondrial function, it has been
shown that their binding to unilamellar liposomes led to a decrease in electron
transfer activity, which could be attributed to an increase in the average distance
between integral proteins in the fused membranes (Schneider, Lemasters, Hochli and

Hackenbrock, 1980a,b; Schneider, Lemasters and Hackenbrock, 1982).
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Lipids influence the activity of mitochondrial enzymes both in vivo and in vitro. The
activities of certain enzymes, most notably succinoxidase and segments of various
multienzyme systems were almost totally inactivated when the mitochondria were
depleted of phospholipids (Brierley, Merola and Fleischer, 1962); activities were
restored by the addition of micellar suspensions of mitochondrial phospholipids and
were accompanied by phospholipids binding to the lipid depleted membranes
(Brierley er al., 1962). Several different phospholipids have been shown to be
capable of restoring cytochrome c¢ oxidase activity with their effectiveness differing
according to their affinity and degree of specificity for the enzyme (Robinson, Strey
and Talbert, 1980). Evidence has been presented to show thét the oligomycin-
sensitive adenosine triphosphatase binds diphosphatidylglycerol (Santiago, Lopéz-
Moratalla and Segovia, 1973) and phosphatidylserine (Brown and Cunningham,
1982). An inhibition of oligomycin-sensitive adenosine triphosphatase activity has
been attributed to the presence of phosphatidylethanolamine (Brown and

Cunningham, 1982).

Certain phospholipids have been found to promote enzyme activity (Bruni, Van Dijck
and De Gier, 1975; Pitotti, Dabbeni-Sala and Bruni, 1980); chain length and
degree of unsaturation of the fatty acid present were also shown to be important
(Bruni ez al., 1975; Pitotti et al., 1980). Acyl Coenzyme A: Sn-glycerol-3-
phosphate acyltransferase activity in rat liver was found to be inhibited by
diphosphatidylglycerol (Kelker and Pullman, 1979), whereas other enzymes such as
mitochondrial P-450 were activated (Hall, Watanuki, Degroot and Rouser, 1979;
Lambeth, 1981). The enzyme D-3-hydroxybutyrate has a strong affinity for
phosphatidylcholine which is necessary for maximum activity (Isaacson, Deroo,
Rosenthal, Bittman, MclIntyre, Bock, Gazzotti and Fleischer, 1979). The activity
of D-3-hydroxybutyrate was enhanced by unsaturated fatty acids, whereas cholesterol

had an inhibitory effect (Sekuzu, Jurtshuk, Jr. and Green, 1963; Gotterer, 1967,
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Leévy, Joncourt and Thiessard, 1976). The results from several studies involving
the use of synthetic phosphatidylcholine analogues (Isaacson ez al., 1979) and
plasmalogens (Grover, Slotboom, De Haas and Hammes, 1975) suggest that the
hydrophobic moiety of phosphatidylcholine is essential for lipid-protein interaction;

specificity for the diacylglyceride does not exist.

Lipids also influence the stability and osmotic behaviour of mitochondria. Enrichment
of media with free sterols by in vitro incubation with plasma lipoproteins has been
shown to lead to an increased stability of rat liver mitochondria (Graham and Green,
1970). Furthermore, under conditions of severe hypotonic shock, the outer
membrane of normal mitochondria ruptured in contrast to the outer membrane of
cholesterol-enriched mitochondria, which remained intact. Mild hypotonic shock also
had less effect under conditions of cholesterol enrichment (Graham and Green,
1970). However, conflicting evidence is provided by McLean-Bowen and Parks
(1982) in studies on yeast mitochondria. Osmotic stability of yeast mitochondria was
little influenced by their sterol content, although the plasma membranes from the
same strains were more fragile when sterol deficient (McLean-Bowen and Parks,

1982).

Bovine heart mitochondria, depleted of phospholipids by treatment with organic
solvents, not only lost their osmotic characteristics, but their ability to bind cations
(Scarpa and Azzone, 1969). These functions were restored upon the addition of

phospholipids, especially phosphatidylethanolamine (Scarpa and Azzone, 1969).

An influence of mitochondrial lipids on ion transport and permeability has also been
demonstrated (Burstein et al., 1971a; Pfeiffer, Schmid, Beatrice and Schmid,
1979; Palmer and Pfeiffer, 1981). Partial restoration of calcium ion translocation

was achieved by addition of egg phosphatidylcholine or large amounts of bovine
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serum albumin to bovine heart mitochondria deficient in phospholipids (Burstein et
al., 1971a). Whereas ion transport in rat liver mitochondria was unaffected by the
introduction of unsaturated fatty acids (Pfeiffer er al., 1979), in yeast strains
deficient in fatty acid desaturase, the ability for active cation transport was lost when
the concentration of fatty acids decreased beyond a certain level (Haslam, Spithill,
Linnane and Chappell, 1973). In addition, the coupling of phosphorylation to
respiration was lost and there was an increase in passive permeability of mitochondria

to protons (Haslam et al., 1973; Haslam and Fellows, 1977).

Observations on artificial membranes using X-ray diffraction (Rand and Sengupta,
1972) have noted that lipids can affect the membrane structure, phase behaviour and -
lipid-protein interaction. Diphosphatidylglycerol for example, can undergo phase
transitions in the presence of polyvalent cations (Rand and Sengupta, 1972; Cullis,
Verkleij and Ververgaert, 1978; see Verkleij, 1984) and as a consequence, may

induce a change in the permeability properties and thus affect ion transport.

The presence of very high amounts of polyunsaturated fatty acids in mitochondrial
membranes and the tendency to maintain a high degree of unsaturation under most
circumstances, support the concept that polyunsaturated fatty acids play an important
role in the maintenance of structural integrity of the membranes. Direct evidence for
the disruption of the mitochondrial membrane during fatty acid deficiency has been
demonstrated (Levin, Johnson and Albert, 1957; Hayashida and Portman,

1960a,b).
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8.2 The microsomal lipids and metabolic function.

Unlike mitochondria, the term 'microsomes' does not refer to a discrete cytoplasmic
organelle. It is an operational term which denotes the particulate fraction that
sediments upon centrifugation at speeds in excess of 10, 000g (see Duve De, 1964;
see Reid, 1967). Thus, the term microsomes often refers to the mixture of
membranous elements present either as separate entities, or as complexes. These
structures are derived from the smooth (or agranular) and the rough (or granular)
endoplasmic reticulum. During chick development, the rough-membrane fréction
contains more than 60 per cent of the proteins, ribosomal nucleic acid and
phospholipids of the microsomes; glucose 6-phosphatase is present mainly in the
rough-membranes, whereas adenosine triphosphatase is found predominantly in the

smooth-membrane fraction (Pollak and Ward, 1967).

As for the mitochondrial studies, the chemical composition and the enzymic activities
of microsomes are mainly confined to mammalian species (Dallner, Siekevitz and
Palade, 1966a,b; Getz eral., 1968; Giusto and Bazan, 1979; Tahin ez al.,
1981; Cook, 1982; Shand and Noble, 1984; Innis, 1986); little data are
available for the chick. Depending upon conditions of separation, microsomal
fractions can exhibit a range of structural and biochemical properties; additionally,
features that include age (Schjeide, Prince, Nicholls and Wanamacher, 1973;
Garcfa-Gonzalez, Alejandre, Garcia-Peregrin and Segovia, 1986a; Bordoni, Biagi,
Turchetto and Hrelia, 1988), type of tissue (Getz er al., 1968), diet (Tahin et al.,
1981; Garcia-Gonzalez, Alejandre, Garcia-Peregrin and Segovia, 1986b; Rogel
and Watkins, 1987) also have an effect. As in the case of the mitochondria, the

microsomes of the early chick embryo have been shown to display a considerably
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low protein: lipid ratio and there is an increase in the level of unsaturated fatty acids

towards hatching (Boland, Martonosi and Tillack, 1974).

The percentage composition of the major phospholipid classes in the chick liver
microsomes (Ward and Pollak, 1967) agrees well with the results obtained for livers
from a selection of mammalian species (Dallner er al., 1966a,b; Getz er al., 1968).
Microsomes generally have a high concentration of phosphatidylcholine, the
proportion being somewhat greater than that displayed by either the whole tissue or
mitochondria (Ward and Pollak, 1967; Getz et al., 1968; Shand and Noble, 1984).
The concentration of phosphatidylethanolamine is similar to that of whole tissue (Getz
et al., 1968; Shand and Noble, 1984) and, in general, higher than the
mitochondria (Getz et al., 1968). The concentration of sphingomyelin varies,
depending on the species and type of tissue but is in general low (Getz et al, 1968),
notable exceptions being the microsomes from ovine placental tissue (Shand and
Noble, 1984), sheep brain (Getz et al., 1968) and chick livers (Ward and Pollak,
1967).

Substantial data exists with respect to the phospholipid composition of the rough and
smooth microsomal fractions in mammals (Glaumann and Dallner, 1968; Bollen and
Higgens, 1980). The limited data available for the chick embryo (Ward and Pollak,
1967) would indicate that distribution differences exist between the smooth and rough
microsomes, in particular the former, showing markedly lower levels of

phosphatidylcholine and higher levels of sphingomyelin.

Studies on the liver of chick embryos have shown that the amount of the membranous
endoplasmic reticulum present increases considerably from day 6 of incubation
(Karrer, 1960; Pollak and Shorey, 1967; Pollak and Ward, 1967). Transmission

electron microscopic studies (Schjeide er al., 1973) have shown that the microsomes
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of liver cells of chick embryos at ten days of incubation, are morphologically similar
to those present after hatching, thatis, they consist predominantly of rough-
endoplasmic reticulum. As hatching approaches, distinct morphological changes have
been observed in the endoplasmic reticulum. Thus, the lumen becomes distended and

free ribosome clusters become sparce (Schjeide et al., 1973).

Qualitative changes in both neutral and complex lipid moieties have been observed in
a selection of tissues during embryonic development in a range of animal species
(Ward and Pollak, 1967; Glaumann and Dallner, 1968). As in the case of the
mitochondria, it has been shown that the importance of the polyunsaturated fatty acids
is bound up in metabolic function and particular fatty acid combinations (Palmer ez

al., 1981; Tahin eral., 1981).

Functions of the microsomal lipids.

Studies, mainly undertaken on mammalian systems, have shown that the endoplasmic
reticulum is the site for the elongating fatty acid enzymes and the A9-, 46-, 45- and
A 4-desaturases involved in the synthesis of polyunsaturated fatty acids (Cook, 1982;
see Brenner, 1984). Assembled to the Nicotinamide Adenine Dinucleotide
(reduced)-cytochrome b microsomal electron transport chain, they play an important
part in the control of the polyunsaturated fatty acid composition of the microsomes
and therefore, on the function of fatty acid dependent structures, in particular
membrane fluidity. There is evidence to suggest that alterations in microsomal
membrane fluidity, brought about by changes in desaturation activity, antagonised
membrane structure and function by activating or deactivating double bond
production (Brenner, Garda, De Gémez Dumm and Pezzano, 1981; Castuma and
Brenner, 1983). However, there was no uniformity in the pattern and mechanism

through which this occurred. In contrast, the major rate controlling enzymes in
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cholesterol biosynthesis and its subsequent conversion to cholesterol ester seemed to
be controlled in vivo by independent mechanisms which did not appear to be modified
by the physical properties of the microsomal lipid (Innis, 1986). A specific
phospholipid requirement for glucose-6-phosphatase activity has been demonstrated in

rat liver microsomes (Duttera, Byrne and Ganoza, 1968).

Studies have suggested that the phospholipids may play an important part in the
binding of certain enzymes to the microsomal membranes (Ward and Pollak, 1967)
and in the transportation of enzymes and other components (Martonosi, Donley and
Halpin, 1968; Boland et al., 1974). The components of the electron transport
system are also dependent on phospholipids (Jones and Wakil, 1967). The activities
of certain enzymes, most notably Nicotinamide Adenine Dinucleotide (reduced):
cytochrome ¢ oxidoreductase, for example, were reduced by the removal of the
majority of the phospholipids (Jones and Wakil, 1967). An investigation into the
lipid requirement for fatty acid, hydrocarbon and drug hydroxylations has shown that
the transfer of electrons from Nicotinamide Adenine Dinucleotide Phosphate (reduced)
to the haemoprotein (P-450) was dependent on the microsomal phospholipids (Strobel,
Lu, Heidema and Coon, 1970). Moreover, there was a specific requirement in this

mechanism for phosphatidylcholine (Strobel et al., 1970).
Information on the molecular structure of lipid is lacking. Nevertheless, thé

complex interactions of lipids in the microsomes with other essential biochemical

components have been detailed (see McMurray, 1973; see Brenner, 1984).
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8.3 Cytosolic (Homogenate and Supernatant) lipids in the cellular supernatant.

There is a considerable paucity of information available on the homogenate and
supernatant fractions of chick embryo livers; as in the case of the mitochondria and
microsomes, most of the studies have been confined to mammalian systems (Getz et
al., 1968; Shand and Noble, 1984). Analysis of the supernatant fraction from the
same tissue revealed very high levels of cholesteryl esters and triglycerides compared
with the homogenate, whilst a lower proportion of phospholipids was noted (Shand

and Noble, 1984).

Recent studies on chick embryos have shown that towards the end of incubation,
large cytoplasmic globules accumulate in the liver (Noble, Yafei and Tullett, 1988;
Yafei and Noble, 1990). Analysis of the globules (see Schjeide, 1963) has shown
them to contain a very high level of oleic acid-rich cholesteryl esters which, towards
the end of the incubation period, account for more than 80 per cent of the total lipid

present.

Studies on ovine placental tissue (Shand and Noble, 1984) have shown that the
homogenate, like that of the mitochondria and microsomes, displayed a high
proportion of phospholipids (Shand and Noble, 1984). In contrast to the
mitochondria and microsomes, the level of cholesteryl esters was considerably higher
in the homogenate fraction (Shand and Noble, 1984). The main lipid component
reported to be present in both the homogenate and supernatant fractions of various
mammalian tissues is phospholipid, the major moiety of which is phosphatidylcholine

(Getz et al., 1968; Shand and Noble,1984).
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9 Polyunsaturated fatty acids, peroxidation and function in tissue metabolism.

Tissue and subcellular components containing high levels of polyunsaturated fatty
acids are highly susceptible to autoxidation. Lipid peroxidation can be stimulated in
isolated cells or tissues and in suspensions of intracellular organelles by a variety of
procedures, such as the addition of transition elements, ascorbic acid, cysteine and
glutathione (Hunter, Gebicki, Hoffsten, Weinstein and Scott, 1963; Hunter,
Scott, Hoffsten, Gebicki, Weinstein and Schneider, 1964a; Hunter, Scott,
Weinstein and Schneider, 1964b; McKnight and Hunter 1966). The presence in the
brain and liver of substantial levels of transition elements and polyunsaturated fatty
acids, renders them susceptible to continual damage. In addition, the vulnerability of
the brain is increased because it has a low antioxidant level and is surrounded by
cerebral spinal fluid containing limited iron binding capacity (Stocks, Gutteridge,
Sharp and Dormandy, 1974; see Halliwell and Gutteridge, 1985).

The process of lipid peroxidation can be quite specific depending upon the particular
inherent structure of the membranes. There are nevertheless, general phenomena
intrinsic to any membrane structure rendering them open to peroxidation. Few studies
have been devoted to the peroxidation of lipids in the mitochondria and microsomes,
but the reaction kinetics of lipid peroxidation have been detailed (see Logani and
Davies, 1980; see Vladimirov, Olenev, Suslova and Cheremisina, 1980; see
Frankel, 1982, 1985). In summary, lipid peroxidation is a free-radical-mediated
process which leads to the degradation of polyunsaturated fatty acids to a complex
variety of products (see Mead, 1976; see Esterbauer, 1982). Amongst the studies
on lipid peroxidation in biomembranes, most have centred on peroxidative reactions

of arachidonic acid which can result, both in alterations to membrane structure and
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function and also interference in the synthesis of derived compounds such as the

prostaglandins and leucotrienes (see Esterbauer, 1982).

Most of the data on the oxidation of lipids in subcellular membranes have involved
studies on mammalian systems. The rate of lipid peroxidation in biological
membranes is dependent on the rate of diffusion and collision of radicals and other
interfering agents with the fatty acid chains in the lipid bilayer. Although
peroxidation is greatly influenced by lipid bilayer fluidity, studies have shown that
the transition temperature of the microsomal membranes is relatively constant. Thus,
their phospholipids are in a fluid state within a reasonable range of temperatures

(Mabrey, Powis, Schenkman and Tritton, 1977; Brenner et al., 1981).

Another aspect of the influence of membrane structure on lipid peroxidation which is
of significance to the mitochondria and microsomes, is the presence of substrates
with catalytic properties, for example, haemoprotein and non-haeme iron, which
promote the susceptibility of polyunsaturated fatty acids to peroxidation. The action
of these 'chaotrophic agents' on mitochondria is through activation of lipid
peroxidation and subsequent alteration in membrane structure (Hunter ez al., 1963;
1964a,b; McKnight and Hunter, 1966; Hanstein and Hatefi, 1970; Hatefi and
Hanstein, 1970). Studies on the possible cyclic activation of mitochondrial
respiration have shown that ferrous salts did not initiate oxygen uptake in
mitochondrial suspensions which had been given «-tocopherol to prevent lipid
peroxidation (Olenev, Suslova and Vladimirov, 1974); this was attributed to
autoxidation of ferrous ions with molecular oxygen. However, ferric ions did
activate respiration, although the effect was one-tenth as high as that observed when
calcium ions were added (Olenev et al., 1974). Studies on the binding and reduction
of iron by the mitochondrial respiratory chain have revealed a possible mechanism of

peroxidation control through mechanisms involving the action of ferric ion<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>