Preface

More than half of the mass of the brain is lipid and, unlike most other tissues of the
body, the major proportion of the fatty acids associated with this lipid consists of specific
long-chain polyunsaturated fatty acids. It is a remarkable fact that these components and
their precursor fatty acids which are vital for the normal functioning of the brain, and yet
cannot be synthesised in the human body, tend to be in short and often inadequate supply
in the western diet; this situation is further frustrated by the slow rate of conversion of
the precursors into these fatty acids in a number of situations.

It is therefore not surprising that deficiences in the uptake or defects in the metabolism
of these constituents should be associated with impaired brain function; there is, in fact,
good evidence to suggest that this may contribute to retarded mental development in
early life, behavioral abnormalities and mental disorders including schizophrenia and
depression.

Likewise, alterations in the recycling and turnover of cholesterol and phospholipids,
major constituents of brain cell membranes, are also suggested to exert an influence on
brain function and may contribute, in part, to several conditions including Alzheimer’s
disease and personality disorders and violence.

A knowledge of the possible roles of lipids in the development of these conditions is
therefore of the utmost importance as a better understanding of the underlying causes of
the latter may contribute towards a means of prevention, amelioration and cure of these
most debilitating of medical disorders. The need for such investigations is particularly
timely in view of the rapid increase in the incidence of many of these disorders and the
prediction that mental disorders and particularly depression will be the major illness and
the greatest demand on health service resources in the next decade (WHO Report).

This volume presents a collection of chapters which provide evidence, including
that from very recent studies, for an association between brain lipids and disorders in
biological psychiatry, contributed by leading authorities in their respective fields.

I am most grateful to all of the authors for their contributions to this volume which
I hope will stimulate further interest and lead to increased research in this important
development area. It is also a pleasure to acknowledge the considerable advice and
encouragement given to me throughout the preparation of the volume by Dr Frank
Corrigan, especially with regard to the design of the book; without his guidance, the
book would have lacked much of its character.

E Roy Skinner
Aberdeen
February 2001
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CHAPTER 1

The role of docosahexaenoic acid in the
evolution and function of the human brain

David J. Kyle

Martek Biosciences Corp, 6480 Dobbin Rd.,
Columbia, MD 21045, USA, tel.: (410)-740-0081. fax: (410)-740-2985

1. Introduction

Docosahexaenoic acid (DHA) is a primary building block of the membranes of the human
brain and visual system. It is a highly unsaturated, very long chain polyunsaturated fatty
acid (PUFA) which is metabolically expensive to make and maintain as a membrane
component. DHA exhibits unique conformational characteristics that allow it to carry out
a functional as well as a structural role in biological membranes of high electrical activity.
The structural role involves an intimate association with certain membrane proteins such
as those, which have a specific seven-transmembrane spanning structural motif. Included
in these are the G-protein coupled receptors and certain ion conductance proteins,
which have critically important functions in cell signalling and metabolic regulation.
One functional role suggested for DHA involves specific control of calcium channels
by the free fatty acid, thereby representing an endogenous cellular control mechanism
for maintaining calcium homeostasis.

DHA is an ancient molecule. It has been exquisitely selected by nature to be a
component of visual receptors and electrical membranes in various biological systems for
600 million years. It is found in simple marine microalgae (Behrens and Kyle 1996), in the
giant axons of cephalopods, and in the central nervous system and retina of all vertebrates
(Bazan and Scott 1990, Salem et al. 1986). Indeed, in mammals it represents as much
as 25% of the fatty acid moieties of the phospholipids of the grey matter of the brain and
over 50% of the phospholipid in the outer rod segments of the retina (Bazan et al. 1994).
Aquatic environments are replete with plants, micro-organisms and animals which are
highly enriched in DHA and, during the period which coincided with the movement of
ancestral hominids to an ecological niche rich in DHA — the land/water interface — there
was a rapid expansion of the brain to body weight ratio. It has been speculated that it
was this movement to a DHA-rich environment approximately 200 000 years ago which
allowed the rapid development of the big brain of Homo sapiens (Broadhurst et al. 1998).
Supporting this concept, recent fossil discoveries have provided evidence that hominids
of 120000 to 80000 years ago were making extensive use of the marine food chain.

As a result of its fundamental role in neurological membranes of humans, the
clinical consequences of deficiencies of DHA, or hypodocosahexaenemia, range from
the profound (e.g., adrenoleukodystrophy) (Martinez 1990) to the subtle (e.g., reduced
night vision) (Stordy 1995). DHA also plays a key role in brain development in humans.
A specific DHA-binding protein expressed by the glial cells during the early stages of

1



brain development, for example, is required for the proper migration of the neurons from
the ventricles to the cortical plate (Xu et al. 1996). DHA itself is concentrated in the
neurites and nerve growth cones and acts synergistically with nerve growth factor in the
migration of progenitor cells during early neurogenesis (Ikemoto et al. 1997).

The pivotal role of DHA in the development and maintenance of the central nervous
system has major implications to adults as well as infants. The newly recognized,
multifunctional roles of DHA may serve to explain the long-term outcome differences
between breast-fed infants (getting adequate DHA from their mother’s milk) and infants
who are fed formulas which do not contain supplemental DHA (Anderson et al. 1999,
Crawford et al. 1998). In summary, DHA is a unique molecule, which is critical to normal
neurological and visual function in humans, and we need to ensure that we obtain enough
of it in the diet from infancy to old age.

2. The universality of DHA in neurological tissues
2.1. The building block of the neuro-visual axis

Although DHA is found throughout the body, the highest concentrations are found in the
membranes of neurological tissues. Indeed, it is the most abundant PUFA comprising the
phospholipid of the grey matter of the brain, representing over 30% of the fatty acids of
the phosphatidyl ethanolamine (PE) and phosphatidyl serine (PS}) in the neuron (Salem
et al. 1986). It is primarily concentrated in the synaptic plates and synaptosomes, but is
generally not found in high abundance in the myelin sheath. DHA is also associated with
the neurite growth cones where it has been shown to promote neurite outgrowth (Martin
1998). Concomitant with these high tissue concentrations, the observed functional roles
of DHA (Fig. 1) are primarily associated with tissues of high electrical activity.

The vertebrate retina is an extension of the neurological tissues and also contains a very
high level of DHA. The DHA is found in the highest concentration in the retina associated
with rhodopsin, the light transducing protein. This protein has a seven transmembrane
(7-TM) structural motif and is found in the layered membrane of the rod and cone outer
segments (Fig. 2). The DHA content of these membranes is the richest in the body and
there is a complex recycling mechanism that maintains these high levels in spite of a very
rapid turnover of the membranes themselves (Bazan and Rodriguez de Turco 1994). DHA
represents over 50% of the fatty acid moieties of the PE found in the rod outer segments
and many of these phospholipids are present as di-DHA phospholipids. During excitation,
the outer layers of the photoreceptor are shed, phagocytozed, and the membranes are
recycled to form new disks at the opposite end of the disk stack (Rodriguez de Turco
et al. 1997).

2.2. The biosynthesis of DHA
All fatty acids are synthesised by a biochemical mechanism involving the successive

extension of precursor molecules by 2-carbon increments. Unsaturated fatty acids are the
products of desaturase enzymes that act at specific positions in the acyl chain. Insertion



Neuronal Development
- dendrification (synapses)
- myelination

- neuronal migration - DHA
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- reduces triglycerides

Fig. 1. Overview of the functional roles of DHA in the human body.
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Rhodopsin

Fig. 2. Diagrammatic representation of the outer segment of a rod cell with the rhodopsin- and DHA-rich
membrane stacks. Expanded view represents the 7TM rhodopsin situated in a lipid bilayer with DHA-rich
phospholipids in the boundary region around the protein.

of double bonds at positions 12 and 15 of oleic acid, for example, requires A12- and
Al5-desaturases, respectively. Such desaturases which act near the methyl end of the acyl
chain are present in plants but not in mammals. Consequently, humans cannot synthesize
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Fig. 3. The omega-6 and omega-3 fatty acid biosynthetic pathways including the final steps of DHA synthesis
which take place in the peroxisome.

linoleic acid (LA, or C18:2 (A9.12)) or linolenic acid (LNA; or C18:3 (A9,12,15)) de
novo, and so these are referred to as the essential fatty acids. LA and LNA are readily
obtained from plants in our diet and are the parent molecules of the omega-6 and
the omega-3 families of fatty acids which include arachidonic acid (ARA) and DHA,
respectively (Fig. 3). It has been well documented, that most mammals have the ability
to synthesise all the fatty acids of the omega-3 and omega-6 pathways from these two
precursors (Greiner et al. 1997, Salem et al. 1996). Some species (e.g., cats and other
obligate carnivores) cannot synthesise DHA or ARA at all, and these fatty acids are
essential components in their diets (Salem and Pawlosky 1994). Mice and other vegetarian
species, on the other hand, are quite efficient at synthesising ARA and DHA from their
dietary precursors of LA and LNA. Humans are somewhat intermediate, and the fractional
synthetic rate is likely to be too slow to keep up with the requirements of the rapidly
developing brain during the last trimester in utero and the first few years of post-natal life
(Cunnane et al. 1999, Salem et al. 1996). Under these conditions (e.g., infancy), DHA
and ARA have been referred to as “conditionally essential” in humans (Carlson et al.
1994). This may also be the case in certain clinical pathologies and old age.

The final step in the synthesis of DHA was believed to involve a A4-desaturation of the
omega-3 docosapentaenoic acid (C22:5 A7,10,13,16,19)(DPA), to produce DHA (C22:6
A4,7,10,13,16,19). After a long search for the elusive A4-desaturase, Sprecher and col-
leagues concluded that the synthesis of DHA actually involved a more elaborate pathway
(Voss et al. 1991). The omega-3 DPA (C22:5) is elongated to 24:5(A9,12,15,18,21), and
then desaturated with a A6-desaturase to form 24:6(A6,9,12,15,18,21). This fatty acid
is then transferred to the peroxisome where it undergoes one cycle of beta-oxidation to



form DHA (Fig. 3). A similar process can occur with the omega-6 pathway to form
22:5(A4,7,10,13,16), docosapentaenoic acid (n-6), when an animal is forced into a severe
omega-3 fatty acid deficiency (Green et al. 1997).

2.3. The role of DHA in membrane structure

The twenty carbon fatty acids of the omega-6 and omega-3 families such as ARA and
eicosapentaenoic acid (EPA) are the precursors for a family of circulating bioactive
molecules called eicosanoids. DHA, with twenty-two carbons however, is not an
eicosanoid precursor. On the other hand, DHA is the most abundant omega-3 fatty
acid of the membrane phospholipids that make up the grey matter of the brain. More
specifically, it is found in exceptionally high levels in the phospholipids that comprise
the membranes of synaptic vesicles (Arbuckle and Innis 1993, Bazan and Scott 1990,
Wei et al. 1987). It is preferentially taken up into the brain and synaptosomes (Suzuki
et al. 1997) and is also found in high concentrations in the retina (Bazan and Scott 1990),
cardiac muscle (Gudbjarnason et al. 1978), and certain reproductive tissues (Connor et al.
1995, Conquer et al. 1999). DHA, therefore, is thought to play a unique role in the
integrity or functionality of all of these tissues (Fig. 1).

Biological membranes are comprised of a phospholipid matrix and membrane proteins.
Both components play an important role in conferring specificity to that particular
membrane. For example, in the outer segments of the rod and cone cells of the retina
there are a series of pancake-like stacks of membranes in which the retinal-binding
protein, rhodopsin, is found (Fig. 2) (Bazan and Rodriguez de Turco 1994, Gordon and
Bazan 1990). Clandinin and colleagues recently demonstrated that the concentration of
rhodopsin in these membranes was dependent on the DHA content of the phospholipids
comprising those membranes (Suh et al. 1996). That is, the greater the DHA content, the
higher was the rhodopsin density (a characteristic that should define the light sensitivity
of the eye). On the other hand, if an animal is made omega-3 deficient and the DHA in
the retina is replaced its omega-6 counterpart (omega-6 docosapentaenoic acid — DPA;
C22:5 A4,7,10,13,16), the visual processing of the animal is compromised (Neuringer
et al. 1986). Since the existence of an additional double bond at the A19 position of an
otherwise identical molecule, has such a dramatic effect on the performance of a specific
organ (Bloom et al. 1999, Salem and Niebylski 1995), it is believed that DHA must play a
pivotal role in the “boundary lipid” of rhodopsin such that any alteration in the boundary
lipid results in a significant impact of its biochemical function (Fig. 2).

It appears that DHA is also found in close association with many other membrane
proteins of the 7-transmembrane motif (7-Tm) in addition to rhodopsin. These include
the G-protein coupled receptors which represent important cell signalling mechanisms.
Most of the neurotransmitter receptors also have a similar protein structural motif and
high concentrations of DHA are found in the membranes at the synaptic junction
between neurons. The observation that DHA levels appear to be correlated with
levels of certain neurotransmitters (e.g., serotonin) may be partially explained by the
requirement of certain DHA-containing phospholipids for the optimal performance of
the neurotransmitter receptors (Hibbeln et al. 1998a, Higley and Linnoila 1997). There is
a large literature on DHA deficits reducing memory and cognitive abilities in laboratory



animals from the early work of Lamptey (Lamptey and Walker 1976) to the most recent
work by Greiner (Greiner et al. 1999). Recent studies indicate that DHA also appears to
be a factor in the hippocampal acetylcholine activity (Young et al. 1998) suggesting its
role in the membrane facilitates signal transduction and, thereby, in cognitive function
(Minami et al. 1997).

2.4. The role of DHA in membrane function

DHA may play a greater role than simply a structural element in many biological
membranes. It may also modulate many important biochemical events that occur within
the cell itself. DHA has been shown to be involved in the regulation of certain genes
(Clarke and Jump 1994, Sesler and Ntambi 1998). The most commonly reported effect
of PUFAs, in general, is a decrease in the activity of liver enzymes involved in lipogenesis,
with a consequential lowering of circulating triglycerides (Fig. 1). Several clinical studies
have reported consistent results in triglyceride lowering with DHA supplementation alone
(Agren et al. 1996, Conquer and Holub 1996, Davidson et al. 1997, Innis and Hansen
1996). This is a reversible effect and dietary PUFA restriction can induce the expression
of lipogenic enzymes and increase triglycerides. In non-lipogenic tissues, PUFAs have
been reported to affect the Thy-7 antigen on T-lymphocytes, fatty acid binding proteins,
apolipoproteins A-IV and C-1II, the sodium channel gene in cardiac myocytes, acetyl-CoA
carboxylase in pancreatic cells, and steaoryl-CoA desaturase in brain tissue (Gill and
Valivety 1997, Sesler and Ntambi 1998). The stimulation of superoxide dismutase
by DHA and other PUFAs (Phylactos et al. 1994) represents a mechanism whereby
intracellular antioxidants may be stimulated. This is particularly important in neonatology
as infants which normally receive DHA from their mother (prenatally across the placenta,
or postnatally via breast milk) have a better antioxidant status than those infants fed a
formula without supplemental DHA and ARA. Breast-fed infants appear to be protected
from certain oxidant-precipitated pathologies such as necrotising enterocolitis (NEC)
(Crawford et al. 1998). This has been correlated with the higher levels of cupric/zinc
superoxide dismutase in the erythrocytes of breast-fed vs. formula-fed infants (Phylactos
et al. 1995). Consistent with a DHA-stimulation of antioxidant status is the recent
observation that feeding infants with a DHA/ARA-supplemented formula results in a
remarkable reduction of NEC from an 18% incidence to a mere 3% incidence in one
hospital setting (Carlson et al. 1998).

Finally, Leaf and colleagues have suggested that DHA may also play a role in calcium
channel regulation (Billman et al. 1997, Xiao et al. 1997). In assays using isolated cardiac
myocytes, DHA was shown to be effective in blocking calcium channels which had been
opened by ouabain treatment of the cells (Leaf 1995). Billman and colleagues (Biliman
et al. 1994, 1999) demonstrated that the number of fatal arrhythmias in a dog model of
sudden cardiac death could be significantly reduced if the dogs were pre-treated with high
doses of DHA. Rat (McLennan et al. 1996) and primate models (Charnock et al. 1992)
have also shown similar results. DHA may, therefore, have a secondary role in calcium
homeostasis in times of radical neuronal cell injury. Elevated intracellular calcium levels
would stimulate a calcium dependant phospholipase which, in turn, would cleave off
DHA from the DHA-rich phospholipids in the membranes. The high local concentration



of free DHA then closes off the calcium-channel, and the internal calcium levels drop.
Although other PUFAs may have similar effects, it is DHA, not EPA, that is enriched in
neurological and cardiac cells, and it is therefore more likely that DHA is the active
fatty acid in this endogenous control mechanism. Indeed, McLennan and colleagues
(McLennan et al. 1996) demonstrated that at low dietary intakes, DHA, not EPA, inhibits
ischaemia-induced cardiac arrhythmias in the rat.

3. DHA is an ancient molecule

For the first 2.5 billion years of life on this planet, the atmosphere was highly reducing and
contained very little molecular oxygen. Single cell life forms dominated by blue-green
algae existed in the proto oceans covering the planet. These algae utilised light energy
and reduced carbon and nitrogen sources for the production of more complex molecules
including proteins, carbohydrates and lipids. These lipids were rich in PUFAs, particularly
of the omega-3 family. The omega-3 family of fatty acids contain the most unsaturated
fatty acids used in biological systems. Generally, PUFAs are very sensitive to damage
by oxygen radicals, but the absence of oxygen in this ancient environment resulted in
little danger of these components being oxidised. The process of photosynthesis itself,
however, produced ever-increasing amounts of molecular oxygen with time, and the
atmosphere slowly became more oxidising. Due to the increase in atmospheric oxygen,
about 600 million years ago there appeared a new and more efficient biochemical
mechanism to produce cellular energy — oxidative metabolism. This new efficiency
resulted in an explosion of new phyla in the fossil record. Thus, the visual and nervous
systems of all species originated in an environment which was rich in very long chain,
omega-3 PUFAs, such as DHA.

The dominance of omega-3 fatty acids in the oceans still exists today, and these
fatty acids are still a requirement for reproduction and early development of all marine
species. Even the early terrestrial plant species (e.g., ferns, mosses) were dependent on
water and omega-3 PUFAs for reproduction. About 70 million years ago, new terrestrial
plant species appeared with “protected” seeds, eliminating the requirement for abundant
amounts of water for reproduction. The seeds of these new, flowering plants, were also
better adapted to life in the more oxidising terrestrial environment. Their lipids contained
less unsaturated fatty acids and were, thereby, more resistant to oxidative damage. These
fatty acids with fewer double bonds were dominated by the omega-6 family. As a result
of this change in fatty acid composition of available food sources, the evolving terrestrial
animal species had less omega-3 fatty acids and more of the omega-6 fats in their
diet. Consequently, in many terrestrial animal species, the omega-6 components, not the
omega-3 components became essential for reproduction (Crawford and Marsh 1995).
DHA, however, still remained the major component of the nervous system.

The abundance of omega-6 fatty acids and the dearth of omega-3 fatty acids in the
nutrition of terrestrial animals resulted in a great increase in the body weight to brain
weight ratios (the encephaliation quotient; EQ) (Crawford 1993). The mammalian brain
size, however, is generally still larger in relation to body size compared to the egg
laying amphibians, reptiles and fish. This enigma may be explained by the evolution of



the mammalian placenta. The placenta is an organ that concentrates specific nutrients
(e.g., DHA and ARA), and energy, from the mother and transfers these components
to her progeny in utero, to get them through a critical period of brain development.
In other words, the mammalian placenta robs the DHA accumulated by the mother in
an environment already poor in DHA, and provides an environment rich in DHA (like
the marine environment) for the developing offspring. The emergence of the vascularized
placenta, therefore, was required for the development of the larger brains of the mammals
in a terrestrial, omega-3 deficient environment.

As the body masses of the evolving terrestrial mammals increased, the EQ dropped off
precipitously due to the unavailability of the building blocks of the brain, namely DHA,
in the diet. These differences are so great, that the availability of DHA can be considered
as a limiting factor in the evolution of the brain. The marine mammals, on the other hand,
have a much larger EQ compared to terrestrial mammals of the same weight. This contrary
situation is likely due to the great abundance of the DHA in the marine food web relative
to the terrestrial food web. Although primates, like other mammals, also follow this rule
of the EQ, the single most important and somewhat perplexing exception is hominids.
This may point to a novel evolutionary pathway taken by the human primates.

4. The enigma of the modern human brain

The African savannah ecosystem has long been thought to be the origin of the
hunter/gatherer progenitor of man. Since man does not have the capacity to synthe-
sise DHA from the abundant omega-6 precursors in the environment, nor is omega-6
docosapentaenoic acid (DPA; the omega-6 version of DHA) used in its place, the
expansion of the human brain required a plentiful source of pre-formed DHA in the
diet. Crawford and colleagues have therefore proposed that Homo sapiens couid not have
evolved on the savannahs, but rather, the transition from the archaic to modern humans
must have taken place at the land/water interface (Broadhurst et al. 1998).

Australopithecus spp. existed for over 3 million years with a relatively small brain
(paleontological records indicate that the cranial capacity was only about 500 cm’). In a
span of only about | million years, however, the cranial capacity more than doubled to
about 1250cm?® as seen in H. sapiens (Broadhurst et al. 1998). This increase in brain
capacity took place with only minor changes in body weight. The sudden increase in the
EQ in the last 200 000 years can be explained by a dramatic change in the ecological niche
occupied by hominids from one poor in DHA to one rich in DHA. Such an ecological
niche could only be the land/water interface. The paleontological record supports this
speculation in that the earliest evidence for modern H. sapiens found in Africa are
associated with lake shore environments in the East African Rift Valley.

The concept of man as an aquatic ape has been based on other physiological enigmas
inconsistent with the slow Darwinian evolution of man on the savannahs of Africa. For
example, it is counterintuitive that an animal evolving in an arid region should lose water
at extraordinarily high rates by perspiration and through dilute urine as is the case for
H. sapiens. No other animals living in arid regions have such high rates of water and
salt loss. The erect posture of man is also of no benefit to hunting success in a savannah



environment. Indeed, it may be a significant detriment, as the most successful hunters
crouch, hide, and use stealth to capture their prey in such an open environment. Erect
posture would, however, emerge as a natural consequence of working in coastal water
to obtain food. These and other characteristics are more adaptive to a water environment
suggesting that H. sapiens may have evolved near water (Broadhurst et al. 1998, Crawford
1993). The association between the rapid increase in brain capacity and the occupation
of the land/water interface by early H. sapiens reflects of the dramatic influence of brain
specific nutrition on the evolutionary process. It is not likely that H. sapiens evolved
a large, complex brain, and then began to hunt for the nutritional components for its
maintenance. Rather, the large brain was more likely to have developed as a consequence
of the abundant availability of the building blocks for that structure (e.g., DHA). In
this case, brain specific nutrition was a driving force of evolution (Crawford and Marsh
1995).

5. Clinical consequences of hypodocosahexaenemia

In order to help understand the critical importance and biochemical function of DHA
in the brain, we have asked the question — what are the physiological manifestations of
sub-optimal levels of DHA, or hypodocosahexaenemia? This is a particularly important
question as we recognise that the present Western diet contains dramatically less DHA
than the diets to which our species evolved. We are no longer living exclusively at the
land/water interface, and we are no longer eating the DHA-rich dicts that allowed our
large-brained hominid ancestors to evolve. Is this a problem?

5.1. Animal models

Animal studies have demonstrated that when using a feeding regimen completely devoid
of omega-3 fatty acids, the brain DHA levels are dramatically reduced. It is replaced
with the omega-6 counterpart, n-6 DPA. Under these conditions, animals have more
difficulty with learning tasks (Fujimoto et al. 1989). The first demonstration of a
behavioral disturbance was self-mutilation in Capuchin monkeys (Fiennes et al. 1973).
It is impossible to say if the self-mutilation was the specific result of brain deficits, or
secondary to other responses. Visual function is also adversely affected by subnormal
levels of DHA in the brains and/or the retinas of animals that have been maintained on
an omega-3 deficient diet (Neuringer et al. 1988). Even long-term behavioral changes may
be associated with deficiencies of DHA early in life during the critical periods of brain
development. Higley and co-workers (Higley et al. 1996a,b) demonstrated that infant
Rhesus monkeys who are fed their own mother’s milk (a dietary supply of DHA) and who
are nurtured by their mother for the first three months of life, were less aggressive, less
depressed in adolescence, and always achieved a much higher social rank as adults when
compared to animals who were raised with a peer group and fed a formula missing DHA.
This behavioral change was shown to be related to a depressed level of brain serotonin
(measured by cerebral spinal fluid 5-hydroxy indol acetic acid, or 5-HIAA levels) which
carried over from infancy to adulthood. This was a remarkable finding since the only
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differences between the two groups was the feeding regimen and the mother’s nurturing
for the first 3 months of life. After that time, all monkeys were treated the same. There
is recent evidence in support of a similar role for DHA in the reduction of stress-induced
aggression in humans (Hamazaki et al. 1996).

The biochemical basis for such long-term effects of an early DHA deficiency insult may
be partially explained by the recent work of Heinz and co-workers (Xu et al. 1996). A fatty
acid binding protein with a very high specificity for DHA was shown to be expressed at
high levels by ghial cells in mice early in the development of the brain. Furthermore, if
this DHA binding protein was neutralised by an antibody, the neurons did not migrate
normally from the ventricles to the cortical plate during brain differentiation. Later in
life, this protein is not expressed at high levels except in the case of acute brain injury.

5.2. Clinical manifestations in human brain function

There are many different human neuropathologies that are associated with reduced
levels of DHA. Children diagnosed with attention deficit hyperactivity disorder (ADHD)
have subnormal serum levels of DHA and ARA (Burgess et al. 2000). Furthermore,
the lower the blood levels of DHA in these children, the more prevalent were the
hyperactivity symptoms. The appearance of ADHD in epidemic proportions in the
US in the last twenty years coincides with the increasing usage of infant formulas
containing no supplemental DHA. Indeed, Burgess and co-workers further reported that
the ADHD group of children were much more likely to have been formula-fed than breast-
fed, and the control group were much more likely to have been breast-fed than formula-fed
(Stevens et al. 1995). McCreadie (McCreadie 1997) also recently showed that formula
feeding (lack of early DHA supplementation) is also a significant risk factor for the later
development of schizophrenia or schizoid tendencies. Like the infant rhesus monkey data
of Higley (Higley and Linnoila 1997), a DHA deficiency at an early, but critical stage of
neurodevelopment, may have significant long-term behavioral consequences.

There is also a correlation between depression and low levels of circulating DHA.
A possible mechanism for this relationship was suggested by Hibbeln, who reported a
correlation between plasma DHA content and levels of 5-HIAA in the cerebral spinal
fluid of healthy adults (Hibbeln et al. 1998a). That is, the higher the serum DHA levels,
the higher were the serotonin levels as measured by CSF 5-HIAA. Interestingly, Hibbeln
also showed that the opposite was true for violently aggressive patients (Hibbeln et al.
1998b). Although not a controlled intervention, a world-wide, cross cultural comparison
of the incidence of major depressive episodes and dietary fish intake (this reflects dietary
DHA intake as fish represents the primary source of DHA) indicated that there is a
highly significant ( p < 0.0001) negative correlation between fish (DHA) consumption and
frequency of major depression (Hibbeln 1998). Once again, the greater the DHA intake,
the lower was the frequency of major lifetime depressive episodes. Hibbeln also showed a
similar correlation between fish (DHA) in the diet and postpartum depression in women.

Controlled dietary intervention studies are presently underway and preliminary data
appear to support the epidemiological findings described above. A supplementation study
in patients with bipolar disorder using oils rich in both DHA and EPA resulted in a
remarkable improvement, and significant delay in the recurrence of symptoms (Stoll
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et al. 1999). In an unrelated study, women were given DHA supplements immediately
after birth, and a significant improvement in Stroop assessments of concentration were
observed after 12 weeks compared to a placebo-treated control group (Jensen et al. 1999).
Women in the latter study that had a Beck Depression Inventory (BDI) assessment of
greater than 10 at 2 weeks postpartum, also exhibited a significant reduction in the BDI
by 8 weeks in a post-hoc analysis, compared to a placebo treated control group.

Several other neurological pathologies have been reported to be associated with
hypodocosahexaenemia. These include schizophrenia (Glen et al. 1994, Laugharne et al.
1996), senile dementia (Kyle et al. 1999), and tardive dyskinesia (Vaddadi et al. 1989).
In the latter case, Vaddadi and co-workers demonstrated that the symptomology of
tardive dyskinesia was most severe in individuals with the lowest DHA levels and
that supplementation with omega-3 PUFAs, including DHA, significantly improved
this condition. The brain tissues of patients who were diagnosed with Alzheimer’s
Dementia (AD) were found to contain about 30% less DHA (especially the hippocampus
and frontal lobes) compared to similar tissue isolated from pair-matched geriatric controls
(Prasad et al. 1998, Soderberg et al. 1991). In a 10-year prospective study with about
1200 elderly patients monitored regularly for signs of the onset of dementia, a low serum
phosphatidylcholine DHA (PC-DHA) level was a significant risk factor for the onset of
senile dementia (Kyle et al. 1999). Individuals with plasma PC-DHA levels less than 3.5%
of total fatty acids (i.e., the lower half of the DHA distribution), had a 67% greater
risk of being diagnosed with senile dementia in the subsequent 10 years compared to
those with DHA levels higher than 3.5%. Furthermore, for women who had at least one
copy of the Apolipoprotein E4 allele, the risk of getting a low score on the minimental
state exam (MMSE) went up by 400% if their plasma PC-DHA levels were also less
than 3.5%.

Finally, certain types of peroxisomal disorders may represent the most profound
examples of DHA deficiency found in neurology (Martinez 1991, 1992). Since the last
step of DHA biosynthesis requires peroxisomal function, diseases such as Zellweger’s,
Refsums’s, and neonatal adrenoleukodystrophy which are characterised by peroxisomal
dysfunction, are accompanied by a severe DHA deficiency. Preliminary findings of
Martinez and colleagues indicate that the development of some of these progressive
neurodegenerative diseases can be arrested if DHA is reintroduced into the diet at an early
stage (Martinez et al. 1993). Much of the neurodegeneration is manifest in a progressive
demyelination which, until now, was thought to be irreversible. Martinez and co-workers
(Martinez and Vazquez 1998) have recently reported that not only do symptoms improve
upon treatment of certain of these patients with DHA, but magnetic resonance imaging
data indicate that the brain begins to re-myelinate once DHA therapy is initiated.

5.3. Clinical manifestations in human visual function

Visual tissues are an extension of the tissues of the central nervous system and there
are several visual pathologies which are also associated with abnormally low levels of
circulating DHA. These include retinitis pigmentosa (Hoffman et al. 1993), long chain
hydroxyacyl-CoA dehydrogenase deficiency (LCHADD) (Harding et al. 1999), macular
degeneration, and even dyslexia (Stordy 2000). Individuals with dyslexia generally
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also have a poor night vision. In one DHA supplementation study with dyslexic
adults, significant improvements in dark adaptation (night vision) in a DHA (and EPA)
supplemented group were demonstrated compared to an unsupplemented control group
(Stordy 1995). More recently, Gillingham has reported results from a supplementation
study using DHA alone in patients with LCHADD (Gillingham et al. 1999). This
disease results in a very low level of circulating DHA in the plasma, and these patients
progressively go blind. Supplementation with DHA not only arrested the visual decline
in 90% of these patients, but it has actually resulted in significant improvements in their
visual function. A similar improvement in visual indices has been reported by Martinez
in patients suffering visual losses associated with peroxisomal disorders (Martinez 1996).
Outcomes in patients with retinitis pigmentosa and macular degeneration are the subjects
of ongoing clinical intervention trials.

6. DHA and neurodevelopment in infants

Perhaps at no time in our life history is adequate DHA nutrition more critical than during
first few years of life. The massive amount of brain development that takes place in the
growing foetus during pregnancy and by the infant over the first two postnatal years
requires special dietary delivery mechanisms for DHA and ARA. In utero, the human
placenta nearly doubles the proportions of DHA and ARA from the maternal blood stream
to pass them on to the growing foetus. Specific DHA transport mechanisms pumping
DHA across the placenta underscores the developmental need for this component by the
foetus. During the period of gestation, the DHA status of the mother declines as she draws
on her internal pools of DHA to provide this essential component to the growing foetus
(Al et al. 1995). Once the baby is born, the mother continues to draw down her reserves
of DHA providing the infant with DHA through her breast milk.

Infants who are fed infant formulas with no supplemental DHA or ARA have
dramatically altered blood and brain chemistries compared to infants who are fed breast
milk which provides a natural supplement of both DHA and ARA (Table 1). The blood
of a formula-fed infant will contain less than half of the DHA of the blood of a breast-fed
baby (Carlson et al. 1992, Uauy et al. 1992). Brain DHA levels of formula-fed babies can
be as much as 30% lower that those of breast-fed babies (Byard et al. 1995, Farquharson
et al. 1995). Thus, feeding an infant a formula without supplemental DHA and ARA as the
sole source of nutrition puts that infant into a deficiency state relative to a breast-fed baby.
This may be especially problematic for the pre-term infant whose brain is still developing
and who is no longer receiving DHA in high concentrations from the mother across the
placenta (Crawford 2000, Crawford et al. 1998). Since the brain lipid binding protein
responsible for proper neuronal development and migration has a specific requirement
for DHA (Xu et al. 1996), an inadequate supply of DHA to the growing foetus in utero,
and to the infant postnatally, could affect the normal migration patterns during this crucial
period of development.

Many studies have attempted to assess the consequences of such a DHA deficiency in
the blood and brain of formula-fed infants by comparing the long-term mental outcomes
of breast-fed vs. formula-fed babies (Florey et al. 1995, Golding et al. 1997, Horwood
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and Fergusson 1998, Lanting et al. 1994, Lucas et al. 1992). A meta-analysis of these
studies has clearly established that even after all the confounding data, including socio-
economic status, sex, birth order, efc., have been taken into account, there is still a small,
but significant advantage (3—4 1Q points) for the breast-fed babies when measured by
standard 1Q assessment, general performance tests (Anderson et al. 1999) or long-term
neurological complications (Lanting et al. 1994).

A large number of clinical studies have now also compared biochemical, neurological
and visual outcomes of both term and preterm babies fed either formulas containing
supplemental DHA (and ARA), or standard infant formulas. Although these have all
been relatively small studies (up to a few hundred babies per study), in every single
case the standard formula-fed infants exhibited an altered blood chemistry reflected
in significantly low DHA and ARA levels than breast-fed or DHA/ARA-supplemented
formula-fed babies (Table 1). Furthermore, in most cases developmental delays in visual,
or mental acuity were also detected with the standard formula-fed babies (Table 1).
Where these differences were observed, they were always overcome in babies who were
fed DHA/ARA-supplemented formulas. In the most recent of these studies, a 7 point
improvement in the Baily Mental Development Index (MDI) was seen in infants fed
formulas supplemented with DHA and ARA over those infants receiving standard formula
(Birch et al. 2000). It is interesting to note, however, that the DHA-fortified formula-fed
babies were never better off than the breast-fed babies were. Rather, it was the deficit
caused by the standard formula feeding that was overcome by the supplementation of the
formula with DHA and ARA.

Although the majority of the studies listed in Table 1 underscore the problem associated
with standard formula feeding, there were some exceptions of note. In one study (Auestad
et al. 1997), the level of DHA supplementation used in their DHA-supplemented formula
group was only 0.12%. This level represents the lowest level in the range of breast milk
DHA levels (0.1%—-0.9%) which the authors quote, and far less than the supplementation
levels recommended by an Expert Committee of the FAO/WHO!. Most of the other
intervention studies shown in Table | used DHA and ARA doses that were more
physiological. The second study (Horby Jorgensen et al. 1998) did report a trend toward
improvement in the visual outcomes of babies fed a DHA-supplemented formula over the
standard formula, but the sample size was too small for it to attain statistical significance.

Recent studies by Lucas (Lucas et al. 1999) and Makrides (Makrides et al. 2000)
have begun to clarify the importance of the complex lipid form of delivery of DHA
and ARA to the infant. DHA and ARA are naturally delivered to the infant in breast
milk as a triglyceride. The Lucas study provided DHA and ARA in a phospholipid form
(egg yolk) and they reported no differences in Bailey MDI between supplemented and
unsupplemented infants. Makrides compared DHA delivered as a triglyceride to DHA
delivered as a phospholipid in the same study and found a 6 point higher MDI score in
the infants receiving the triglyceride form compared to the egg yolk. In fact, there was
no significant difference in MDI scores between breast-fed babies and those receiving
the triglyceride form of DHA, whereas the babies receiving the phospholipid form of

! Report #57 of a Joint Expert Consultation of the Food and Agriculture Organization and the World Health
Organization (Rome, October 1993) entitled Fats and Oils in Human Nutrition.



Table 1
A comprehensive list of clinical intervention trials using infant formulas supplemented with DHA and ARA
in comparison to standard formulas and breast-fed babies®

Study® PUFA Size (n) Are babies’ blood lipids Are functional outcomes
source normalized with DHA/AA? normalized with DHA/AA?
DHA AA Visual Neurological
Preterm
(1) egg 29 Yes Yes not tested not tested
(2) fish 32 Yes Yes not tested not tested
(3) fish 51 Yes Yes Yes not tested
4) SCO 16 Yes Yes not tested not tested
(5) SCO 43 Yes Yes not tested not tested
(6) egg 41 Yes Yes not tested not tested
(7) fish 59 Yes Yes Yes not tested
(8) SCO 284 Yes Yes no difference not tested
(9) SCO 91 Yes Yes not tested not tested
(10) SCO 287 Yes Yes not tested not tested
(i egg 119 Yes Yes not tested not tested
Term
(12) egg n.g. Yes Yes not tested not tested
(13) egg 90 Yes Yes not tested Yes
(14) egy 22 Yes Yes not tested not tested
(15) fish 55 Yes Yes Yes not tested
(16) egg 58 Yes Yes Yes not tested
(17) fish 131 Yes Yes not tested not tested
(18) SCO 113 Yes Yes not tested not tested
(19) egg 197 Yes Yes no difference no difference
(20) fish 67 Yes Yes no difference not tested
(21) egg 123 Yes Yes not tested not tested
(22) egg 44 not given not given  not tested Yes
23) SCO 108 Yes Yes not tested Yes
(24) fish 56 Yes Yes No difference not tested

“ In all studies the babies’ blood DHA and ARA levels were significantly lower with standard formula feeding
compared to breast feeding and in many cases the neurological and visual functional outcomes were also poorer.
The table addresses the questions of whether DHA/ARA supplemented formulas can return the babies’ blood
lipids or functional outcomes to normal as defined by the breast-fed babics (the gold standard). Sources of
DHA and ARA supplementation for the formulas include fish oil, egg yolk lipid and single ccll oil (SCO).
(n.g.) data not given.

b References: Preterm Infants: 1. Koletzko et al. (1989) 2. Clandinin et al. (1992) 3. Hoffman et al. (1993)
4. Carnielli et al. (1994) 5. Foreman-van Drongelen et al. (1996) 6. Boehm et al. (1996) 7. Carlson et al. (1996)
8. Hansen et al. (1997) 9. Clandinin et al. (1997) 10. Vanderhoof et al. (1999) 11. Carlson et al. (1998).
Term Infunts: 12. Kohn et al. (1994) 13. Agostoni et al. (1995) 14. Decsi and Koletzko (1995) 15. Makrides et al.
(1995) 16. Carlson and Werkman (1996) 17. Innis and Hansen (1996) 18. Gibson et al. (1997b) 19. Auestad
et al. (1997) 20. Gibson et al. (1997a) 21. Bellu (1997) 22. Willatts ct al. (1998) 23. Birch ct al. (1998)
24. Horby Jorgensen et al. (1998).
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DHA scored significantly lower than the breast-fed babies and were not different from
the unsupplemented formula-fed babies.

Many of the studies shown in Table 1 also reported that the developmental delays
eventually “caught-up” after some time. However, it is not clear whether there was a
true normalisation of the function, or if the tests were simply no longer sensitive for the
stage of development for which they were being used. Thus, unsupplemented formula-fed
babies may be at a significant disadvantage because of the DHA deficiency in the brain
and eyes during this early period of life.

As the result of the need for supplemental DHA and ARA by infants who are not
receiving their mother’s milk, several organisations have made recommendations that
all infant formulas contain supplemental DHA and ARA at the levels normally found
in mother’s milk. Of particular importance was the recommendation by a joint select
committee of the Food and Agriculture Organisation and the World Health Organisation
which drew on the expertise of nearly fifty researchers in this field, and concluded that
adequate dietary DHA was also important for the mother postnatally, prenatally and
even preconceptually. More recently, another consensus conference recommended that
to meet the requirements of a growing infant, infant formulas should contain 0.35%
of lipid as DHA and 0.5% of lipid as ARA (Simopoulos et al. 1999). Both of these
bodies also pointed out the importance of maintaining an adequate DHA supply to the
mother during pregnancy and the latter groups suggested that this could be met with
300 mg DHA/day. The clinical data and subsequent recommendations have resulted in
the replacement of many of the older standard infant formulas around the world with
new formulas supplemented with DHA and ARA at the same levels as found in breast
milk.

7. Conclusions

DHA is a molecule that is found universally in neural and visual tissues in all animals so
far studied. We suggest that this is no accident of biology, but rather the result of specific
biochemical and physical attributes of this highly unusual fatty acid. It likely had its origin
in the single cell life inhabiting the primordial proto-oceans when the atmosphere was
primarily reducing. Later, it remained as the fundamental building block of all tissues
with electrical activity. Its availability in sea and lacustrine foods may have been a key
factor in the rapid expansion of the brain capacity of early Homo species.

As a result of its functional importance, and as a consequence of man’s limited ability to
synthesise DHA de novo, we have become dependant on the availability of dietary DHA
for the optimal development of the brain. Several disorders of the neuro/visual axis have
been correlated with low levels of tissue DHA and intervention trials have demonstrated
that repletion of the diet with DHA can ameliorate these conditions. Early data in the
area of depression, or mood disorders, and in certain visual disorders, suggest that dietary
repletion can significantly improve the morbidity associated with these conditions.

Perhaps the most important issue today concerning DHA and brain development,
however, relates to the appropriate feeding of infants. Breast milk represents the optimal
nutritional source for a growing infant and it provides DHA and ARA for the development
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of the baby’s brain. Until recently, artificial infant formulas did not contain any
supplemental DHA. The neurological outcomes of formula-fed babies has consistently
been found to be poorer than that of breast-fed babies. New data on the importance of
specific DHA binding proteins for proper neuronal migration during brain development,
and animal studies describing profound long-term differences in neurotransmitter levels
as a consequence of early nutrition, are providing biochemical explanations for these
early observations. As a result of these new data and recommendations by expert panels,
standard infant formulas are being replaced by ARA and DHA-supplemented formulas,
thereby providing formula-fed babies with a nutritional composition closer to mother’s
milk and one that provides better nutrition for the brain.
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CHAPTER 2

The effects of n-3 fatty acid deficiency
and its reversal upon the biochemistry
of the primate brain and retina

William E. Connor and Gregory J. Anderson

The Division of Endocrinology, Diabetes and Clinical Nutrition, Department of
Medicine, 1465, Oregon Heualth Sciences University, Portland, Oregon 97201

1. Introduction

The importance of dietary fatty acids in the structure and functioning of the brain and
retina cannot be overemphasized (Connor et al. 1990). Membrane lipids constitute 50—
60% of the solid matter in the brain (O’Brien 1986), and phospholipids are quantitatively
the most significant component of membrane lipids (Crawford and Sinclair 1972). A
major proportion of brain phospholipids contain long chain polyunsaturated fatty acids
of the essential fatty acid classes, n-3 and n-6 (Crawford et al. 1976, O’Brien et al.
1964). These fatty acids usually occupy the sn-2 position of brain phospholipid molecules.
Docosahexaenoic acid (22:6 n-3, DHA) is the predominant polyunsaturated fatty acid
in the phospholipids of the cerebral cortex and retina. The primate brain gradually
accumulates its full complement of DHA during intrauterine life and during the first year
or more after birth (Clandinin et al. 1980a,b). DHA or its precursor n-3 fatty acids must be
provided in the diet of the mother and infant for normal brain and retinal development.

In our previous reports, we have shown that infant rhesus monkeys born from mothers
fed an n-3 fatty acid-deficient diet and then also fed a deficient diet after birth developed
low levels of n-3 fatty acids in the brain and retina and impairment in visual function
(Neuringer et al. 1984, 1986, Connor et al. 1984). The specific biochemical markers of
the n-3 deficient state were a marked decrease in the DHA (22:6 n-3) of the cerebral
cortex and a compensatory increase in n-6 fatty acids, especially docosapentaenoic
acid (22:5 n-6). Thus, the sum total of the n-3 and n-6 fatty acids remained similar, about
50% of the fatty acids in phosphatidylethanolamine and phosphatidylserine, indicating
the existence of mechanisms in the brain to conserve the polyunsaturation of membrane
phospholipids as much as possible despite the n-3 fatty acid deficient state.

In this chapter, we report the results of two experiments in which we fed an n-3 fatty
acid-rich repletion diet to n-3 deficient monkeys at two different time points: At birth
(monkeys with prenatal deficiency) and at 12 to 24 months of age (prenatal and postnatal
deficiency). In the first experiment in the newborn monkeys, the fatty acids of the brain
were only partially assembled and repletion was attempted by feeding 18:3 n-3 (linolenic
acid). In the second study in juvenile monkeys, as detailed below, the brain had time to
reach biochemical maturity. Repletion of the n-3 fatty acid deficiency in the immature
brain might be expected to occur more readily than in the mature brain.
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In the second study, juvenile rhesus monkeys who had been fed an n-3 fatty acid
deficient diet since intrauterine life were repleted with a fish oil diet rich in the n-3 fatty
acids, DHA and 20:5 n-3 (eicosapentaenoic acid, EPA). In both studies the fatty acid
composition was determined for the lipid classes of plasma and erythrocytes and for the
phospholipid classes of frontal cortex samples obtained from serial biopsies and the time
of autopsy. From these analyses, the half-lives of DHA and EPA in the phospholipids of
plasma, erythrocytes, and cerebral cortex were estimated. In both groups of monkeys, the
n-3 fatty acid deficient brain rapidly regained a normal or even supernormal content of
DHA with a reciprocal decline in n-6 fatty acids, demonstrating that the fatty acids of the
cortex turned over with relative rapidity under the circumstances of these experiments.
Noteworthy is the fact that despite the different maturities of the brain at these two time
points in development (birth and the juvenile state) and the use of two different diets,
soy oil (containing 18:3 n-3) and fish oil (containing DHA and EPA), repletion of the
n-3 fatty acid state seemed to occur similarly.

2. Study 1: Reversal of prenatal n-3 fatty acid deficiency

Five adult female rhesus monkeys were fed a semi-purified diet low in n-3 fatty acids
for at least 2 months before conception and throughout pregnancy. The resulting infants
were then fed a repletion diet, adequate in n-3 fatty acids, from birth until three years of
age. The detailed composition of these semi-purified diets (Portman et al. 1967) is shown
in Table 1. Safflower oil was used as the sole fat source for the deficient diet because it
has a very low content of linolenic acid (18:3 n-3), 0.3% of total fatty acids and a very
high ratio of n-6 to n-3 fatty acids (255 to 1). Soy oil comprised the repletion diet fed
after birth as a liquid semi-purified formula. It had an excellent ratio of n-6 to n-3 fatty
acids (7 to 1) and supplied linolenic acid (18:3 n-3) to the deficient infant monkeys at
7.7% of total fatty acids.

The fatty acids of the plasma, erythrocytes and cerebral cortex were then determined
sequentially from birth onwards. In order to evaluate the degree of brain repletion,
biopsies of the frontal cerebral cortex were obtained at 15-60 weeks of age from the
prenatally n-3 fatty acid deficient monkeys as previously described (Connor et al. 1990).
Biopsies constituted 15-30 mg samples of pre-frontal cortex gray matter obtained through
a small burr hole in the frontal bone of the skull under thiamytal anesthesia (25 mg/kg).
No behavioral or neurological changes were noted after the biopsies. A total of
3—4 biopsies were performed on each monkey. All monkeys were killed at 3 years of
age. The plasma, erythrocytes, brain and retina were collected for analysis. The methods
of biochemical analysis were as reported previously (Connor et al. 1990).

As this study was designed to determine the long-term effect of an exclusively “prenatal
n-3 fatty acid deficiency”, the infant monkeys were subsequently fed a soy oil control
diet from birth to termination at 3 years of age. Feeding an n-3 fatty acid deficient to
pregnant rhesus monkeys produced a severe n-3 fatty acid deficiency in infant monkeys
at birth. The deficiency at birth was severe in all tissues examined, but was particularly
pronounced in the plasma (Table 2). Plasma n-3 fatty acids, including DHA, were depleted
by 86% relative to control. Although 22:5 n-6, the classic indicator of tissue n-3 fatty
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Table 1
The fatty acid composition of the experimental diets (% of total fatty acids)

Fatty acid Prenatal n-3 fatty  Prenatal control diet  Postnatal control Fish oil repletion

acid deficient diet (n-3 fatty acid and repletion diet diet to n-3 fatty
(safflower oil) adequate) (soy oil) (n-3 fatty acid acid deficient
adequate)® (soy oil) animals

16:0 7.1 10.7 10.7 15.8

18:0 2.5 42 4.2 3.1

Saturated 10.0 16.4 16.4 27.7

18:1 (n-9) 13.3 23.7 23.7 13.0

Monounsaturated 13.8 242 24.2 28.4

18:2 (n-6) 76.0 53.1 53.1 1.7

20:4 (n-6) - - - 1.1

Total (n-6) 76.5 53.4 534 3.6

18:3 (n-3) 0.3 7.7 7.7 0.7

20:5 (n-3) - - - 16.4

22:6 (n-3) — - - 11.0

Total (n-3) 03 7.7 7.7 34.2

n-6/n-3 255.0 7.0 7.0 0.1

* Fed at birth to both the control infants and the n-3 fatty acid prenatal deficient infants.

acid deficiency, was only mildly increased in the plasma at birth, the depleted n-3 fatty
acids in plasma were mostly substituted by palmitic acid (16:0). After 3 years consuming
the soy oil diet, the formerly n-3 fatty acid deficient monkeys showed no signs of the
deficiency in the plasma fatty acid composition. In fact, plasma n-3 fatty acids returned
to normal within 4 weeks of birth [6.0 +2.4% vs. 6.1 & 1.2 (control). To be commented
on subsequently was the marked decline in plasma DHA after birth in the control monkeys
fed the soy oil diet, which supplied only the precursor fatty acid 18:3 n-3. Their mother
had received the same soy diet during pregnancy. Erythrocyte fatty acids responded to
the intrauterine n-3 fatty acid deficient diet in a fashion similar to plasma fatty acids.
At birth, however, the depleted n-3 fatty acids were substituted mostly by the long-chain
n-6 fatty acids, 22:4 n-6 and 22:5 n-6. After eight weeks of the soy oil diet, the n-6 fatty
acids had declined greatly and the n-3 fatty acids in erythrocytes had recovered to control
values (Fig. 1). At 3 years of age only a trace of the deficiency remained. Note also in
Fig. 1 the marked decline in the DHA of the control monkeys, from 13.7% of total fatty
acids at birth to 6.3% at 10 weeks of age, the same level of DHA found in the repleted
monkeys also fed soy oil. This decline in blood DHA levels is also seen in human infants
fed a standard formula containing soy oil as a source of the n-3 fatty acid linolenic acid
but not seen in infants fed human milk or formulas enriched with DHA (Austed et al.
1997).

The phospholipids of newborn infant brain and retina, normally highly enriched in
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Table 2
The fatty acid composition of plasma phospholipids from prenatally n-3 deficient monkeys at birth and after 3
years of repletion with a soy oil diet (% of total fatty acids, mean+SD)

Fatty acid Deficient diet Control diet Repletion diet Control diet
(safflower oil) at (soy oil) at birth (soy oil) after 3 yr  (soy oil) after 3 yr
birth (n=4) (n=06) n=3) (n=3)
16:0 30.24£2.7 16.3+£11.3 18.0+1.3 16.7+0.2
18:0 15.6+0.4 16.4+2.6 16.6+2.4° 21.24£0.9°
Saturated 47.1£3.0° 333499 35.8+4.0° 39.3+0.9
18:1 9.0+0.9 10.2+2.7 7.840.3 7.6+0.4
Monounsaturated 10.8+1.9 11.3+3.1 89+1.3 9.0+0.9
18:2(n-6) 21.6+4.4 23.1+64 37.6+7.2° 38.6+2.3°
20:4(n-6) 13.6+4.7 14.4+4.8 6.61t4.4 5.8+1.50
22:4(n-6) 1.0+0.5 0.5+04 0.7+0.3 0.4£0.1
22:5(n-6) 1.8+0.6* 0.4+0.3 0.840.320 0.1+0.1
Total (n-6) 40.3+4.5 43.9+6.6 49.440.4° 47.6+0.3
18:3(n-3) 0.1+£0.2 0.3+0.4 1.140.7° 0.4£0.1
22:5(n-3) 0.140.1 0.6+0.3 0.8+0.4 1.0+0.2
22:6(n-3) 1.540.5% 10.2+£6.4 1.7+1.3 1.54+0.9"
Total(n-3) 1.6£0.7° 11.1£6.3 4.0+2.8 34+£1.4°

* Different from control at respective age, P <0.03.
P Different from birth for respective diet, P < 0.03.

16 I e

& control

% Total fatty acids
®

Fig. 1. Repletion of n-3 fatty acids in

erythrocytes of prenatally n-3 fatty acid

deficient monkeys fed a control diet for

0 10 20 30 156 3 years after birth. Solid diamonds: control
Age (weeks) values.

DHA, were severely depleted of DHA and other long-chain n-3 fatty acids after the
pregnant monkeys had been fed the deficient diet. For the most part, the n-6 fatty
acid 22:5 n-6 substituted for DHA. After three years on the repletion diet, DHA in
the phosphatidylethanolamine (PE) of the frontal cortex increased from 3.5% of total
fatty acids to 26.6% (control at 3 years was 23.0%). These monkeys showed only a
trace of n-3 fatty acid deficiency with the possible exception of continued low DHA
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Fig. 2. (a) Repletion of docosahexaenoic
acid (DHA) in brain PE of prenatally
n-3 fatty acid deficient monkeys fed
a control diet for 3 years after birth.
Data at 15-60 weeks are from brain
biopsies. Solid diamonds: control values.
(b) (b) Disappearance of 22:5 n-6 in brain PE
of prenatally n-3 fatty acid deficient
monkeys fed a control diet for 3 years after
. . . . . X birth. Data at 15-60 weeks are from brain
0 20 40 60 80 100 120 140 160 180 biopsies. Solid diamonds: control values.
Age (weeks) *P =002 vs. 0-week control.
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control 4

in phosphatidylethanolamine of the retina, but still displayed elevated levels of 22:5 n-6.
In this case, recovery was substantial but may have been incomplete. The data for DHA
of phosphatidylserine in brain was similar with an increase from 5.1% of total fatty acids
to 30.5% after the repletion diet.

Recovery from n-3 deficiency in the brain was relatively rapid. Serial brain biopsies
of recovering infants revealed that 22:6 n-3 levels in brain phosphatidylethanolamine had
returned to control values by the time of the earliest point sampled, namely 15 weeks of
age (Fig. 2a). On the other hand, levels of 22:5 n-6 in brain phosphatidylethanolamine
did not decline to control values until 30 weeks (Fig. 2b). At 15 weeks of age the level
of 22:5 n-6 in brain PE was still more than two times greater than control values and it
took about 25 weeks for this n-6 fatty acid to decline to control values (Fig. 2b). The lag
in the fall of 22:5 n-6 is noteworthy.

3. Study 2: Repletion of n-3 fatty acids in deficient juvenile monkeys

Juvenile rhesus monkeys who had developed n-3 fatty acid deficiency since intrauterine
life and had been maintained on the same deficient diet for 10-24 months after birth
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Fig. 3. The time course of mean fatty acid changes in plasma phospholipids after the feeding of fish oil. Note
that reciprocal changes of the two major n-3 (EPA and DHA) and the major n-6 (18:2) polyunsaturated fatty
acids occurred as n-3 fatty acids increased and n-6 fatty acids decreased. The concentrations of these fatty acids
in the plasma phospholipids of monkeys fed the control soybean oil and safflower oil diet from our previous
study (Neuringer et al. 1986} are given for comparison. Expressed as percentage of total fatty acids, DHA in
control monkeys was 1.1+0.7%; EPA, 0.240.1%; 18:2 n-6, 39.6:£2.3%. In deficient monkeys, DHA was 0%,
18:2 n-6, 36.7£0.7%.

were then repleted with a fish oil diet rich in the n-3 fatty acids, DHA and 20:5 n-3
(eicosapentaenoic acid, EPA). The fatty acid compositions were determined for the
lipid classes of plasma and erythrocytes and from the phospholipid classes of frontal
cortex samples obtained from serial biopsies and at the time of autopsy. From these
analyses, the half-lives of DHA and EPA in the phospholipids of plasma, erythrocytes, and
cerebral cortex were estimated. The deficient animal rapidly regained a normal or even
supernormal content of DHA with a reciprocal decline in n-6 fatty acids, demonstrating
that the fatty acids of the blood and the gray matter of the brain turned over with relative
rapidity under the circumstances of these experiments.

The establishment of the n-3 fatty acid deficiency was documented by the biochemical
changes, electroretinographic abnormalities, and visual acuity loss, as described previ-
ously in these monkeys before repletion (Neuringer et al. 1984, 1986, Connor et al. 1984).
Beginning at 10 to 24 months of age, the five juvenile monkeys were then given the
same semi-purified diet with fish oil replacing 80% of the safflower oil as the fat source.
The remaining 20% safflower oil provided ample amounts of n-6 fatty acids as linoleic
(18:2 n-6) at 4.5% of calories.

Changing from the n-3 fatty acid-deficient diet (safflower oil) to the n-3-rich diet (fish
oil) increased the total plasma n-3 fatty acids greatly, from 0.1 to 33.6% of total fatty
acids (Fig. 3). EPA, which was especially high in the fish oil, contributed the major
increase, from zero to 22.1%, and represented 66% of the total n-3 fatty acid increase.
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Fig. 4. The time course of mean fatty acid changes in crythrocyte phospholipids after the feeding of fish
oil. Note that reciprocal changes of the two major n-3 (EPA and DHA) and the two major n-6 (18:2
and 20:4) polyunsaturated fatty acids occurred as n-3 fatty acids increased and n-6 fatty acids decreased.
The concentrations of these four fatty acids in the erythrocyte phospholipids of monkeys fed the control
soybean oil and the deficient safflower oil diet from our previous study (Neuringer et al. 1986) are given
for comparison. Expressed as percentage of total fatty acids, DHA in control monkeys was 1.7+0.9%;
EPA, 0.5£0.1%; 20:4 n-6, 15.4+£0.5%; 18:2 n-6, 25.7+1.0%. In deficient monkeys, DHA was 0.2+0%;
EPA, 0%; 20:4 n-6, 18:2+1.3%; 18:2 n-6 25.2+0.4%.

DHA increased from 0.1 to 8.3% and 22:5 n-3 from zero to 2.1%. A major reciprocal
decrease occurred in the n-6 fatty acid linoleic acid, which was reduced from 54.3 to
9.2% of total fatty acids while total n-6 fatty acids fell from 65.4 to 15.5%. The change
in arachidonic acid, however, was relatively small, from 6.4 to 5.5%. These changes were
certainly manifest as early as 2 weeks after repletion and were completed by 6-8 weeks.
The restored fatty acid values then remained constant until autopsy.

The four major plasma lipid fractions (phospholipids, cholesteryl esters, triglycerides,
and free fatty acids) exhibited similar changes in response to the fish oil diet. In the
phospholipid fraction, the n-3 fatty acids increased from 0.4% to 34% in the fish oil diet.
EPA increased from zero to 19%, accounting for 55% of the total increase. Linoleic acid
reciprocally decreased from 36 to 5% and total n-6 fatty acids from 48 to 12% of total
fatty acids. In cholesteryl esters, n-3 fatty acids increased from 0.2 to 36%. An increase in
EPA from zero to 31% accounted for 86% of the increase, a much greater proportion than
in phospholipids, whereas DHA only increased from zero to 4%. The decline in n-6 fatty
acids from 77 to 23% was largely accounted for by a decrease in linoleic acid from 73
to 17%. Similar changes were seen in the triglycerides and free fatty acid fractions.

The major unsaturated fatty acids of the phospholipids of erythrocytes from before fish
oil feeding to the time of the last cortical biopsy (after 12-28 weeks of fish oil feeding)
are displayed in Fig. 4. The total n-3 fatty acids increased from 1.3% to 31% of total
fatty acids after the fish oil diet. EPA and DHA had similar increases, from 0.2 to 14%
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Fig. 5. The time course of fatty acid changes in phosphatidylethanolamine of the cerebral cortex of five juvenile
monkeys fed fish oil for 43—129 weeks. As DHA increased, 22:5 n-6 decreased reciprocally. Levels of DHA and
22:5 n-6 in phosphatidylethanolamine of the frontal cortex of monkeys fed control (soybean oil) and deficient
diets from a previous study (Neuringer et al. 1986) are given for comparison. DHA and 22:5 n-6 in control
monkeys were 22.34+0.3 and 1.44+0.3% of total fatty acids, respectively. DHA and 22:5 n-6 in the deficient
monkeys were 3.8£0.4 and 18.3+2.5%, respectively.

for EPA and from 0.2 to 13% for DHA. In erythrocytes the n-6 fatty acids showed a
significant decrease which occurred reciprocally. Arachidonic acid fell from 18 to 6%
and linoleic acid declined from 24 to 7%. The n-3 fatty acids (EPA, DHA) after the
fish oil feeding increased greatly from almost zero to about 14% of total fatty acids.
The fatty acid composition of erythrocytes reached a new steady state by 12 weeks after
fish oil feeding and remained constant until autopsy, but marked changes in fatty acid
composition were already extensive after 2 weeks of the repletion diet.

Dramatic changes in the fatty acids of the frontal cortex were detected within 1 week
after the fish oil diet was given as demonstrated in the individual data in the frontal lobe
biopsy specimens from five juvenile monkeys. All four major phospholipid classes of the
brain underwent extensive remodeling of their constituent fatty acids. The data in Fig. 5
is for the fatty acids of phosphatidylethanolamine from each of the five experimental
monkeys. By 12-28 weeks, the total n-3 fatty acids increased from 4 to 36% of total
fatty acids (Connor et al. 1990). The major increase was in DHA, from 4 to 29%, while
EPA and 22:5 n-3, another n-3 fatty acid found in fish oil each increased from zero to
almost 3%. To be emphasized, as will be discussed later, is the apparent conversion of
EPA to DHA in the brain. The total n-6 fatty acids reciprocally decreased from 44 to 16%
of the total fatty acids, with the major reduction occurring in 22:5 n-6, from 18 to 2%,
and 22:4 n-6, from 12 to 4%. There was also a moderate decrease of arachidonic acid
from 12.8 to 8.9% of total fatty acids. Again, a major remodeling of the phospholipid
fatty acids from n-6 to n-3 fatty acids was evident.

In the phosphatidylserine (PS) fraction, the total n-3 fatty acids also increased greatly
from 4.8 to 36% of total fatty acids with DHA increasing from 5 to 32%. Total n-6 fatty
acids decreased from 38 to 11%. Again, the major and reciprocal decrease was in 22:5 n-6,
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from 20 to 4%. In the phosphatidylinositol (PI) fraction, total n-3 fatty acids increased
form 3 to 18%, while n-6 fatty acids decreased from 43 to 25% and 22:5 n-6 decreased
from 11 to 0.7%. Although the content of n-3 fatty acids in phosphatidylcholine (PC) is
relatively small even in the normal brain, this fraction also showed an increase in the n-3
fatty acids from 0.4 to 5.1% after fish oil feeding. Unlike PE and PS, the fish oil feeding
did not decrease the arachidonic acid levels in PI and PC.

In summary, fish oil feeding resulted in reciprocal changes in the levels of n-3 and
n-6 fatty acids in the phospholipids of cerebral cortex. The two major 22-carbon n-3 and
n-6 fatty acids, DHA and 22:5 n-6, were responsible for the greatest changes. Figure 5
plots the changes in these two fatty acids in phosphatidylethanolamine, plus the analogous
values for juvenile monkeys fed a control (soybean oil) diet and deficient (safflower oil)
diet from our previous study (Neuringer et al. 1986). In control monkeys the DHA and
22:5 n-6 contents of frontal cortex were 22.3+0.3 and 1.4 +0.3% of total fatty acids
respectively, whereas in deficient monkeys they were nearly the reverse, 3.8 +0.4% DHA
and 18.3+£2.5% 22:5 n-6 (Neuringer et al. 1986). Reflecting the high content of the
long chain n-3 fatty acids of fish oil, the DHA content of cerebral cortex in the fish oil
monkeys became even higher than in the soybean oil-fed control monkeys (29.3 + 2.6 vs.
22.3+0.3%, p <0.025).

4. Turnover of fatty acids in various tissues

Using the serial data for the cerebral cortex, plasma, and erythrocytes, we constructed
accumulation and decay curves for several key fatty acids in these tissues, which provided
gross estimates of their turnover times after fish oil feeding to n-3 fatty acid-deficient
monkeys (Table 3). For cerebral cortex, a steady state was reached after 12 weeks of fish
oil feeding for DHA, but 22:5 n-6 took longer to decline to the low levels found in the
cortex of control animals. The half-lives of DHA in cerebral phospholipids ranged from
17 to 21 days: 21 days for phosphatidylethanolamine, 21 days for phosphatidylserine,
18 days for phosphatidylinositol, and 17 days for phosphatidylcholine. The corresponding
values for 22:5 n-6 in these same phospholipids were 32, 49, 14 and 28 days, respectively.
The half-lives of linoleic acid, EPA and DHA in plasma phospholipids were estimated
to be 8, 18, and 29 days, respectively. In the phospholipids of erythrocytes, linoleic acid,
arachidonic acid, EPA and DHA had half-lives of 28, 32, 14 and 21 days, respectively.

5. Discussion

5.1. General

Before 1940 it was generally considered that phospholipids, once laid down in the
nervous system of mammals during growth and development, were comparatively static
entities. However, later studies using (**P)orthophosphate showed that brain phospholipids
as a whole are metabolically active in vivo (Dawson and Richter 1950, Ansell and
Dohmen 1957). In the present study, by following the changes in phospholipid fatty acid
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Table 3
The turnover of fatty acids in various tissues

Fatty acid Half-life (days)

DHA EPA 22:5 n-6
Plasma phospholipids 29 18
Erythrocyte phospholipids 21 14

Cerebral cortex

Phosphatidylethanolamine 21 32
Phosphatidylserine 21 49
Phosphatidylinositol 18 14
Phosphatidylcholine 17 28

composition, we have demonstrated that an n-3 fatty acid-enriched diet can rapidly reverse
a severe n-3 fatty acid deficiency in the brains of primates. The phospholipid fatty acids
of the cerebral cortex of juvenile monkeys are in a dynamic state and are subject to
continuous turnover under certain defined conditions.

The observed changes in fatty acid composition could be the result of a complete
breakdown and re-synthesis of cortical phospholipids or a turnover of only the fatty acids
in the sn-2 position, which has the higher proportion of polyunsaturated acyl groups.
Turnover of fatty acids in the s#-2 position is well known, and i1s commonly referred to
as deacylation/reacylation (Corbin and Sun 1978, Fisher and Rowe 1980). This process
could have an important role in maintaining optimal membrane composition without the
high-energy cost associated with de novo phospholipid synthesis.

The reversibility of n-3 fatty acid deficiency in the monkey cerebral cortex was
relatively rapid in our study. Effects of fish oil feeding were seen within 1 week after
its initiation. By that time, DHA in the phosphatidylethanolamine of the cerebral cortex
had more than doubled. The DHA concentration in phosphatidylethanolamine reached
the control value of 22% in 6-12 weeks after fish oil feeding. We and others have
demonstrated that the uptake of DHA and other fatty acids occurs within minutes after
their intravenous injection bound to albumin (Anderson and Connor 1988). Furthermore,
DHA is taken up by the brain in preference to other fatty acids (Anderson and Connor
1988). In contrast to the rapid incorporation of DHA, 22:5 n-6 only decreased from 23%
to 20% during the first week. This asymmetry may indicate that DHA did not exclusively
displace 22:5 n-6 from the sn-2 position of brain phospholipids.

In the present study, the half-life of DHA of phosphatidylethanolamine in cerebral
cortex was similar to the half-lives of DHA in plasma and erythrocyte phospholipids,
roughly 21 days. These data suggest that the blood—brain barrier present for cholesterol
(Pitikin et al. 1972, Olendorf 1975) and other substances may not exist for the fatty acids
of the plasma phospholipids because of the relatively rapid uptake of plasma DHA into
the brain. The mechanisms of transport of these fatty acids remain to be investigated.

Similar reversals of biochemical deficiencies of n-3 fatty acids or of total essential
fatty acids have been studied in the rodent brain under somewhat different experimental
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conditions (Trapp and Bernson 1977, Walker 1967, Sanders et al. 1984, Youyou et al.
1986, Homayoun et al. 1988, Odutuga 1981). In a study by Youyou et al. (1986), complete
recovery from the n-3 fatty acid deficiency, as measured by an increase of DHA and a
decrease of 22:5 n-6, required 13 weeks as compared to 6-12 weeks in our monkeys.
There were major differences between this study and ours, which may be responsible
for the different recovery rates observed. Most importantly we fed monkeys fish oil,
which is high in DHA and EPA, whereas they fed young rats soy oil, which is lower in
total n-3 fatty acids, and contains only the precursor of DHA, linolenic acid (18:3 n-3).
The in situ biosynthesis of DHA from 18:3 n-3 may be a rate-limiting factor because
of low desaturase activity, and also because the precursor 18:3 n-3 is oxidized much
more readily than DHA (Leyton et al. 1987). Dietary 18:3 n-3 is also less effective
in promoting biochemical recovery in n-3 fatty acid deficient chicks than dietary DHA
or EPA (Anderson et al. 1989). Indeed, in our repletion studies reported here, dietary
18:3 n-3 was also much slower than dietary EPA/DHA in achieving repletion. By four
weeks after beginning repletion with EPA/DHA, the erythrocyte and brain already showed
substantial recovery. On the other hand, monkeys repleted with 18:3 n-3 showed no
change in erythrocyte n-3 fatty acids at this time. Since erythrocyte and brain DHA levels
in repleting monkeys are closely connected (Connor et al. 2002), we can infer that brain
n-3 fatty acids had also not yet begun to recover at this time-point. Ultimately, however,
dietary 18:3 n-3 was effective at reversing the n-3 fatty acid deficiency. The effects of
dietary n-3 fatty acids from fish oil, linseed oil, and soy oil upon the lipid composition of
the rat brain have also been reported by several groups of investigators (Cocchi et al. 1984,
Tarozzi et al. 1984, Carlson et al. 1986, Philbrick et al. 1987, Hargreaves and Clandinin
1988).

Because of the reciprocal changes of n-3 and n-6 fatty acids with fish oil feeding, the
sum total of n-3 and n-6 polyunsaturation of the brain of animals fed n-3 deficient and
fish oil diets remained very similar. However, the unsaturation index of phospholipids of
the frontal cortex was higher in the fish oil-fed monkeys than in n-3 deficient monkeys.
The functional significance of this difference in the unsaturation index is not known.
Since phospholipids rich in polyunsaturated fatty acids constitute an integral part of
brain and retinal membranes, the degree of unsaturation of these fatty acids may have an
important influence on the structure of the membranes and their functions, via changes
in biophysical properties and/or the activities of membrane-bound proteins including
enzymes, receptors, or transport systems (Op den Kamp et al. 1985).

In our n-3 deficient monkeys, the electroretinograms showed several abnormalities
before fish oil was fed (Neuringer et al. 1986). After repletion, when the concentration
of DHA had been restored to above normal levels in the brain and retina, the
electroretinograms remained abnormal (Connor and Neuringer 1988). The reason for the
failure of the electroretinogram to improve is unknown but may relate to the time of
repletion in the animal’s development or to the use of fish oil containing EPA as well
as DHA. The use of purified DHA, when it is available in quantity, might be a more
physiologic way of repleting n-3 fatty acid deficient monkeys. As demonstrated in the
present experiment, fish oil feeding was able not only to reverse the n-3 fatty acid-deficient
state in the brain, but also to increase the n-3 acid content in brain phospholipids above
control levels. Furthermore, EPA increased from zero in control monkeys to 3.1% after
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fish oil feeding and 22:5 n-3 increased from 0.1 to 3.5%. At the same time, arachidonic
acid and 22:4 n-6 decreased to below control levels. Whether this “overload” of n-3 fatty
acids and perhaps un-physiologic reduction of n-6 fatty acids in brain phospholipids
was advantageous or detrimental in terms of membrane function is uncertain. Similar
considerations would apply to the retina and its functioning.

An interesting question relates to the blood and brain ratios of EPA and DHA. The
concentrations of EPA were high in the plasma and low in the brain, with DHA high in
both brain and blood. For the erythrocytes the EPA /DHA was 1.0; for the brain the ratio
was 0.12. 1t is clear that EPA was metabolized, in contrast to DHA, between the blood
compartment and the brain. EPA could have entered the brain and there been converted
to DHA by astrocytes which do have that capacity (Moore et al. 1991). Less likely it
could have been catabolized with one pathway leading to the synthesis of the series 3
prostaglandins (Yerram et al. 1989).

5.2, Applicability to humans

What are the implications of these studies of n-3 fatty acid deficiency and subsequent
repletion in rhesus monkeys to human beings? First of all, these data strongly suggest
that any n-3 fatty acid deficient state will be corrected by a diet containing n-3 fatty acids
from soy oil (18:3 n-3 linolenic acid) or fish oil containing EPA and DHA. The brain
phospholipids will readily assemble the correct amounts of DHA in the sn-2 position
of the phospholipid molecular species. Furthermore, other fatty acids of the n-6 series,
which occupy that position in the deficient state, will ultimately be removed and replaced
by DHA. It is not certain yet if functional abnormalities would likewise be corrected
since the appropriate function may need to take place at a certain stage of development
or it may not occur at all or in a lesser degree.

A second point is that the diagnosis of an n-3 fatty acid deficiency state in the tissues,
especially the brain and retina, can well be approximated by analysis of plasma and red
blood cells. This is particularly true if the deficient state occurs during pregnancy and
from birth onwards.

A third point is that the brain presumably has the capacity to synthesize DHA from
precursor forms such as EPA. The presumption of this statement is based on the fact
that high plasma and red blood cell concentrations of EPA are not mirrored by similar
concentrations in the brain; instead it is DHA that predominates so greatly. The alternative
explanation is that EPA is rapidly metabolized once it enters the brain, but there is no
evidence to support this particular point. Lastly, normal monkeys fed 18:3 n-3 from soy oil
have a pronounced fall in DHA concentrations from birth onwards and deficient monkeys
repleted with soy oil have increased DHA concentration but not more than the normal
soy oil fed monkeys. This same situation prevails in humans in that soy oil formula-fed
human infants likewise have a fall in blood DHA concentrations that does not occur in
breast-fed infants or infants fed formulas supplemented with DHA. These data suggest
that both the shorter chain n-3 fatty acids, e.g., 18:3 n-3, and the longer-chain n-3 fatty
acids, e.g., DHA and EPA, will correct the n-3 fatty acid deficiency. In all probability,
however, the EPA and DHA from fish oil apply a more suitable correction and are perhaps
more physiological. Pure DHA might be even better.
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Several questions are raised by the rapid incorporation of dietary DHA and other
n-3 fatty acids from fish oil into phospholipid membranes of the cerebral cortex of
juvenile rhesus monkeys. Would primate brains of “normal” fatty acid composition
incorporate dietary DHA just as avidly as the brains of n-3-deficient monkeys? This
situation is analogous to humans consuming large quantities of fish oil, and has been
tested in adult rats (Bourre et al. 1988), where a 30% rise in brain DHA was observed.
Would such a change in the primate brain be deleterious or advantageous? Quantities of
EPA in the erythrocytes and cerebral cortex of the fish oil-supplemented monkeys were
much higher than is normally the case. These abnormal levels might lead to functional
disturbances, but no information is available about this point. Future studies of fish oil
feeding to normal adult monkeys may provide answers to these questions, especially if
molecular species of fatty acids of the phospholipid classes are determined and if the
function of the “changed” organs is measured. For example, when we analyzed individual
phospholipid molecular species of the brains of monkeys fed different diets, we observed
highly significant dietary effects (Lin et al. 1990).

If DHA turns over as rapidly in the adult normal brain as in the deficient monkey
brain, then perhaps the brain should be provided with a constant supply of DHA or
other n-3 fatty acids. Ultimately, dietary sources of n-3 fatty acids would be desirable
in both adults and infants (Neuringer et al. 1988). Whether the n-3 fatty acid supplied
from the diet should be as 18:3 n-3 or preformed DHA or both is not completely known.
It is possible that ample amounts of DHA could be synthesized from 18:3 n-3 via the
desaturation and elongation pathways. However, the active uptake of DHA by the infant
rat brain over other fatty acids suggests preference for acquiring preformed DHA directly
from the blood (Olendorf 1975). In view of the significant impact of diet on brain
composition, it will be important in the future to address the question of the appropriate
amount and type of dietary n-3 fatty acids for optimal brain development during infancy
and for maintenance during adult life (Neuringer and Connor 1986).
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1. Introduction

Research in schizophrenia has been dominated by receptor-based hypotheses. Undoubt-
edly the most important of these has been the concept that there is excess dopaminergic
function. Concepts based upon abnormalities in serotoninergic systems and upon deficits
in glutamate systems have also been important.

However, all these hypotheses have been primarily driven by accidental observations
of the psychotropic actions of drugs. In each case, by far the strongest evidence for
each hypothesis is that drug series X blocks dopamine receptors and alleviates positive
symptoms of schizophrenia, drug series Y modulates serotonin receptors and may have
actions on positive and negative features of schizophrenia, or drug series Z blocks
glutamate receptors and leads to some of the symptoms of schizophrenia in otherwise
normal persons. There is a great shortage of evidence which is truly independent of drug
action.

As a result of this we have been going round in circles for over forty years. Drugs
which accidentally have been found to exert effects clinically have been put into animals
and a range of psycho-pharmacological effects have been noted. These effects have then
become animal models for psychotropic drug discovery. Since the models are originally
based on drug action and not on any fundamental understanding of the biological basis
of schizophrenia, all that they can do is guide the development of more of the same. With
any luck, compounds may emerge that have greater potency or fewer side effects. But it
is highly unlikely that such drug development programs will lead to the emergence of
genuinely new therapeutic approaches.

I exaggerate for effect, but not much. Kendell, in his Opening Address to the
1998 CINP Congress in Glasgow, pointed out that, in terms of efficacy, the new generation
of atypical neuroleptic drugs is no more effective than the typical anti-psychotics which
were available forty years ago. We have exchanged one set of side effects for another
which in the long term may produce more or fewer problems for patients, but that is
really all we have done. Studies which look at the intention to treat outcome of cohorts of
patients treated with any available antipsychotic, typical or atypical, usually reveal overall
improvements in symptoms in the 15-25% range. Individual patients may do much better
but they are counterbalanced by the many who fail to respond partially or completely and
who drop out because of lack of efficacy, dysphoria or side effects. What that means is
that in any real, unselected group of schizophrenic patients, 75-85% of the symptoms
remain unaddressed.

We must do better but current drug discovery approaches will not enable us to do
so. Entirely novel concepts are required which will allow an attack to be made on this
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huge volume of unresolved pathology. Whether it proves right or wrong, the phospholipid
concept does represent such a new approach. Attempts to support or refute it are thus
likely to lead to progress, irrespective of whether the concept is or is not correct.

2. The phospholipid concept

The phospholipid structure of the brain is extraordinarily complex. Each phospholipid
molecule has a 3-carbon backbone to which are attached two fatty acids, one at an
outer carbon atom (technically known as Sn-1) and the other at the middle carbon atom
(known as Sn-2). At the third carbon atom (Sn-3) is attached a phosphorus atom which
in turn is attached to a hydrophilic head group, usually choline, ethanolamine, serine or
inositol. Since about thirty different fatty acids may be found attached to the Sn-2 and
Sn-1 positions, it is clear that the variety of phospholipid molecules rivals the variety of
proteins. As with proteins, apparently small differences in structure may be associated
with surprisingly large changes in function.

Phospholipids have two main functions. First they comprise the basic structure of which
all external and internal cell membranes are made. The proteins are often embedded
in, or attached to the phospholipid membranes. Many proteins have highly hydrophobic
transmembrane domains. This applies, for example, to the family of receptors which
includes receptors for acetyl choline, dopamine, glutamate, serotonin and noradrenaline
(Arias 1998). Because of this association with membranes, the quaternary structure and
therefore function of all these proteins is determined by the structure of the immediate
phospholipid environment. Small changes in the lipid environment can, for example,
produce large changes in the functions of receptors and ion channels (Arias 1998, Witt
and Nielsen 1994, Kang and Leaf 1996).

The second major function of phospholipids is to provide the basis for the majority
of cell signalling systems. Receptor activation may produce a change in membrane-
associated G-protein configuration followed by a cascade of subsequent events including
activation of phospholipases, regulation of phosphorylation by protein kinases, and
modulation of cyclic nucleotide metabolism and calcium movements. Phospholipids,
the fatty acids released from phospholipids, and the many prostaglandins and other
eicosanoids derived from these fatty acids, are involved in almost every cell-signalling
system. Changes in the metabolism of membrane phospholipids are likely to have knock-
on effects on almost every receptor, ion channel and other cell-signalling mechanism
{Horrobin 1998a, Horrobin et al. 1994).

Of the various components of phospholipid molecules, the fatty acid attached to the
Sn-2 position has a role of particular importance, both in determining the biophysical
properties of the phospholipid and in the cell signalling response to challenge. In neurons
and glia, the fatty acid attached to the Sn-2 position is likely to be a highly unsaturated
fatty acid (HUFA), particularly arachidonic acid (AA) or docosahexaenoic acid (DHA),
but also possibly dihomogammalinolenic acid (DGLA), eicosapentaenoic acid (EPA),
docosapentaenoic acid (DPA) or others.

The basic proposition of the latest version of the phospholipid hypothesis is that
there are in schizophrenic patients at least two different abnormalities of phospholipid
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metabolism relating to the Sn-2 position. The first is increased activity of one or more of
the phospholipase A; (PLA;) group of enzymes which is able to remove HUFAs from
the Sn-2 position. The second is reduced activity of one or more components of the
system which incorporates HUFAs into the Sn-2 position. Neither abnormality alone wiil
produce schizophrenia: the simultaneous presence of both together will do so (Horrobin
and Bennett 1998).

3. The main evidence

This section aims to summarise the main evidence for the phospholipid concept. The
subject has been reviewed in detail several times recently (Horrobin et al. 1994, Horrobin
1998a, Horrobin and Bennett 1998).

In its most generalised form, the phospholipid hypothesis suggests that one or more
of the enzymes involved in phospholipid metabolism is abnormal (Horrobin et al. 1994,
Horrobin 1998b). That abnormality will lead to changes in membrane structure which will
alter, to varying degrees, the quaternary structure and therefore function of all membrane-
associated proteins. It will also lead to changes in the availability of cell signalling
molecules. As a result there will be secondary changes in the behavior of most and
perhaps all neurotransmitter related mechanisms. At present most therapeutic strategies in
schizophrenia target receptors, ion channels and neurotransmitter metabolism. According
to the phospholipid concept, the undoubted abnormalities in these systems which are
targeted by drugs are secondary and not primary: these therapeutic approaches will
therefore not deal with the primary problem, which lies in the membrane. This may well
explain their relatively modest efficacy.

The assumption is that the schizophrenia phenotype may be produced by a number
of different genotypes. Phospholipid abnormalities will be involved in the causation of
abnormalities in many but not all patients with schizophrenia.

3.1. Elevated phospholipase A activity in blood and brain

Gattaz was the first to report that there was an elevation of functionally active PLA,
in patients with schizophrenia in plasma and platelets (Gattaz et al. 1987, 1990, 1995).
Using a different assay, some have replicated this finding but others have failed (Noponen
et al. 1993, Albers et al. 1993). However, recently Ross et al. (1997) using both assays
were able to confirm both the positive and negative findings. There is in blood elevated
PLA; activity of a calcium-independent form. Equally in the cortex from schizophrenic
patients, calcium-independent PLA; activity is elevated, whereas calcium-stimulated
PLA, activity is reduced (Ross 1999). Thus, in blood, platelets and brain there is elevation
of the activity of a specific type of calcium-independent PLA;. In animals levels of
calcium-independent PLA; can be elevated by oxidative stress (Kuo et al. 1995). The
picture has recently been complicated by the identification of a specific calcium-dependent
cytosolic PLA; in human red cells. Concentrations of the protein are highly significantly
elevated in schizophrenic patients. About half of the patients with schizophrenia have
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concentrations which are more than two standard deviations above the normal mean
(MacDonald et al. 2000).

Two studies have reported abnormalities in schizophrenic patients in the number of
poly-A repeats (Hudson et al. 1996) and the BAN-1 dimorphic site in the vicinity of the
gene for PLA; (Ramchand et al. 1999) on chromosome 1. As is common in psychiatry,
in unpublished studies one group has failed to replicate the poly-A finding, but another
group has succeeded.

Animal studies have demonstrated that local application of PLA, into the brain
produces abnormalities in function, including changes in the dopamine system, showing
that a primary change in phospholipid metabolism can lead to secondary changes in
neurotransmitters {Gattaz and Brunner 1996).

3.2. Abnormal phospholipid composition in red cells and brain

There have now been multiple reports which indicate that in a proportion of patients with
schizophrenia there are reduced levels of highly unsaturated fatty acids, particularly AA
and DHA, in red cell phospholipids (Glen et al. 1994, Peet et al. 1994, Vaddadi et al.
1996). These low levels of AA and DHA are particularly associated with negative
symptoms, with tardive dyskinesia and with risk of relapse. They are not attributable
to medication.

Since the AA and DHA which are low in schizophrenia are usually localised at the
Sn-2 position of PL, their loss may indicate increased activity of one of the PLA; group
of enzymes, presumably a calcium-independent form as described by Ross et al. (1997).

Although brain studies are fraught with problems, there are deficits of essential fatty
acids (EFAs) in phospholipids from brains from drug-treated schizophrenic patients as
compared to normal controls (Horrobin et al. 1991).

3.3. Incorporation of arachidonic acid (AA4) into phospholipids

When labelled AA is added to actively metabolising cells, it is linked to coenzyme A
by one of the fatty acid CoA ligase (FACL) group of enzymes, and then incorporated
into PL by one of the acyl-transferase groups. Two groups of investigators have reported
reduced incorporation which could be due to impaired activity of one of these types of
enzymes, or to a lack of available lysophospholipid acceptor (Yao et al. 1996, Demisch
et al. 1987). However, since lyso-PL levels appear to be elevated in schizophrenia, the
former explanation seems more likely.

3.4. Brain phospholipid metabolism as indicated by magnetic resonance imaging

Although interpretation is not easy, 3'P MRI can be used as a guide to brain
PL metabolism. Several groups have now reported changes in signals which can
reasonably be interpreted as evidence of increased PL breakdown in both medicated and
drug naive patients (Pettegrew et al. 1991, Williamson et al. 1996). There is controversy
concerning the precise interpretation of the abnormal signals but there seems little doubt
that metabolism 1s disturbed.
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3.5. Excess oxidative stress

There is now substantial evidence from a range of sources, that there is increased
formation in schizophrenia of oxidised breakdown product of EFAs. This phenomenon
occurs during the first untreated episode and so is not secondary to drug treatment
or chronic course (Mahadik and Mukherjee 1996). Elevated oxidation can occur when
EFAs are incorporated into membrane phospholipids at a reduced rate, so increasing
the concentration of the fatty acids in the free, unprotected form (Cane et al. 1998). As
mentioned above, increased oxidation can also activate calcium-independent PLA,.

3.6. Abnormal neurodevelopment

There is substantial evidence from neuroanatomy, from the impact of pregnancy and
perinatal factors, from the occurrence in schizophrenic patients of minor physical
abnormalities, and from premorbid personality and development deviations, of failure of
normal neurodevelopment in schizophrenia. The main problem is that there is no unifying
biochemical concept which might explain how such failures of neurodevelopment may
occur (Horrobin 1998a). Since phospholipid metabolizing enzymes play crucial roles in
neuronal and synaptic growth and remodelling, it is plausible to suggest that a failure in
neurodevelopment could well result from defects in fatty acid signalling.

3.7. Clinical observations on pain, inflammation and infection

Schizophrenic patients consistently show reduced pain sensation and clinical experience
suggests that the impaired pain sensation is more evident during exacerbations of the
disease (Horrobin et al. 1978). Schizophrenic patients in most but not all studies have been
found to be at reduced risk of rheumatoid arthritis and related inflammatory disorders
(Vinogradov et al. 1991). A recent large survey of mortality looked at causes of death in
10260 schizophrenic patients as compared to the rest of the population (Brown 1997).
Schizophrenic patients had increased death rates from most disorders. However, two
striking observations were more than double the expected death rate for respiratory
disorders (mostly infectious) and a 20% reduction in death rate from cerebrovascular
disease.

All of these observations are logically explicable on the basis of reduced availability
of AA in membrane PL for cell signalling purposes. AA release plays an important role
in pain, and also in immune and inflammatory responses. Reduced availability of AA
can explain reduced pain, reduced risk of inflammatory disorders and increased risk of
death from pulmonary infections. The reduced risk of cerebrovascular disease may also be
explicable in view of the important role of arachidonate metabolism in platelet function
and thrombosis.

3.8. Impaired niacin flushing: defective Ad-related cell signalling

A particular clinical observation which is emerging as of great value as a probe of
impaired cell signalling in schizophrenia, is the niacin flushing test (Horrobin 1998b).
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Niacin in high doses, as used for cholesterol lowering, very commonly produces a
violent flushing reaction over the upper body. This has been shown to be due to increased
formation of prostaglandin (PG) D, from arachidonic acid in the skin (Morrow et al. 1992,
1994). In some schizophrenic patients, the response to niacin seemed to be impaired. This
could not be confirmed by investigators who used relatively low doses of niacin (Wilson
and Douglass 1986, Fiedler et al. 1986), but was found by those who used a dose of
200 mg (Rybakowski and Weterle 1991). A definitive study by Hudson found flushing in
100% of 28 normal controls, in 94% of 18 bipolar patients and only 57% of 28 DSM-IV
schizophrenic patients following 200 mg oral niacin (Hudson et al. 1997). There were
no medication differences between flushing and non-flushing individuals. The bipolar
patients flushed particularly strongly, yet 9/18 of them were on full doses of neuroleptics.

In 126 patients with predominantly negative schizophrenic symptoms 60% failed to
flush to 200 mg niacin orally (Glen et al. 1996). Those who failed to flush had significantly
lower red cell AA and DHA levels then those who flushed normally.

The oral niacin test can be unpleasant, is not quantitative and is time consuming. Ward
et al. (1998b) therefore developed the concept of topical niacin testing in which four
different concentrations of methyl nicotinate are applied to the forearm for five minutes.
Over a 5-20 minute period, an adequate dose of niacin produces a strong flushing reaction
confined to the area of the applied gauze pad. The color of this patch can be rated on
a 0-3 scale at 5, 10 and 15 minutes using a scale standardized for background skin
color. Using this test around 75% of schizophrenic patients show a substantially impaired
response. In contrast, bipolar patients show a response at the upper end of the normal
range. Bipolar patients show a significantly higher response to the lowest dose of methyl
nicotinate (Horrobin 1998b, Ward et al. 1998a).

The response is unequivocally not attributable to medication. Peet et al. (1998) have
recently demonstrated that, in drug naive first episode patients, responses are even more
impaired than in medicated patients.

The niacin test is easy to replicate and I am now aware of eight investigators who have
obtained similar results which are not yet published. There is preliminary evidence that
about 40-50% of first degree relatives of patients also show impaired flushing responses,
which is what might be expected if the condition was dominantly transmitted.

There is only a limited number of enzymes which could explain this failure to flush
and it is therefore anticipated that it will not be too long before the relevant enzymes are
identified.

4. Candidate genes for involvement in schizophrenia

The proposition is that in schizophrenia there must be the simultaneous presence of two
main abnormalities. One is an increased rate of loss of HUFAs from the Sn-2 position
of phospholipids. The other is a reduced rate of incorporation of HUFAs into the
Sn-2 position. These two main abnormalities may then be modulated by a range of other
candidates which are involved in providing the supply of HUFAs to the brain. Even if
both main genes are present, the phenotype may not be expressed in 50-70% of patients
as indicated by concordance rates in identical twin studies.
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4.1. Candidates for involvement in increased loss

The work by Gattaz et al. (1987) and by Ross et al. (1997) indicates increased activity of
a calcium-independent phospholipase A,. The recent work by MacDonald et al. (2000)
suggests that there may be increased levels of a calcium-dependent cytosolic PLA,.
The abnormality may be in the PLA; itself or in one of the other proteins known
to regulate PLA,. These include specific G-proteins, proteins which inhibit or activate
PLA; and receptors which inhibit PLA,. One interesting candidate for a receptor is
the a7 nicotinic receptor which is able to inhibit PLA; and which has been linked
to schizophrenia (Freedman et al. 1997, Adler et al. 1998, Marin et al. 1997, Singh
et al. 1998). A failure of normal a7 nicotinic receptor function could lead to increased
PLA, activity.

An alternative way of releasing HUFAs from the Sn-2 position would be by the
sequential action of phospholipase C to form diacylglycerol and then either PLA, or
DAG lipase to release the HUFA from the Sn-2 position.

4.2. Candidates for involvement in reduced HUFA incorporation

There are several important candidates. First, in order to be incorporated into phospho-
lipids, fatty acids must be linked to coenzyme A by a fatty acid-CoA ligase (FACL).
FACL-4 which is found in the brain and which has high affinity for the HUFAs is one
candidate (Horrobin and Bennett 2000). The HUFA—CoA must then be transported to the
vacant Sn-2 position of a lysophospholipid (a phospholipid which has lost its Sn-2 fatty
acid) by one of a group of acyl-transferase enzymes.

Alternatively, there are two enzyme systems which can transfer fatty acids directly from
one phospholipid to another lysophospholipid without the need to form intermediate free
acids or CoA derivatives. One of these systems requires coenzyme A whereas the other
does not.

4.3. Candidates for modulating activities

The two primary abnormalities will increase the pool size of free HUFAs in the brain.

Free HUFAs are more easily oxidised than HUFAs esterified to phospholipids or other

molecules. Any of the enzymes involved in oxidative defence or in oxidation may

therefore modulate the impact of the main defects.

HUFAs can be made in the brain in small amounts but most of the HUFAs used by
the brain probably arrive by the blood from either the diet or the liver. Liver HUFA
metabolising enzymes such as elongases and desaturases may thus have a role to play.
However, the main proteins involved in transport are two fold:

(a) Albumin, which transports free fatty acids. These fatty acids may be released from
albumin in the cerebral circulation by the creation of concentration gradients and
as a result of several mechanisms whereby free fatty acids are removed from
the cytoplasmic pool. One relates to the high activity of FACLs which quickly
esterify the free acids to coenzyme A. The other relates to brain fatty acid binding
proteins (FABPs) at least one of which binds HUFAs with high affinity. This FABP
1s strongly expressed whenever brain growth and remodelling are taking place.
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(b) Lipoproteins which transport fatty acids in esterified forms in the blood. The fatty
acids must be released by lipoprotein lipase which is present in the endothelium. Brain
blood vessels, particularly those in the hippocampus, contain substantial amounts of
lipoprotein lipase (LPL). The gene for LPL is at chromosome 8p22 which has been
reorganised as one of the “hot spots” by linkage studies (Kendler et al. 1996, Kunugi
et al. 1996).

4.4. Comment on candidate genes

Although there are many proteins involved directly or indirectly in phospholipid
metabolism, the number of strong candidates is relatively limited. The identification of
the key proteins involved is a realistic subject for a research programme. The models
used on the basis of the present proposals must allow for the simultaneous presence of
two genes of major effect which are expressed phenotypically only about 30-50% of the
occasions they occur together. Each must also be present in 5-10% of the non-psychotic
population and is likely to be influenced by a number of genes of minor effect.

5. P50 gating and niacin flushing

This section presents a hypothesis which has been developed on the basis of studies by
Waldo at the University of Colorado. The Colorado research group have made a particular
study of the relationship between P50 gating, the 7 nicotinic receptor and the genetics
of schizophrenia. P50 gating relates to the auditory cortex EEG response to two clicks
presented in rapid succession. In normal individuals the amplitude of the EEG response to
the second click is sharply reduced, usually to about 20% of the amplitude of the response
to the first click. In between 70% and 90% of schizophrenic individuals, in contrast, the
response to the second click is of similar amplitude to that of the first. About 7% of the
normal general population show a “schizophrenic-type” P50 response. The presence of
a P50 abnormality alone is therefore not diagnostic of schizophrenia.

In most families where a schizophrenic proband is the offspring of two non-psychotic
parents, the child and one of the parents will manifest impaired P50 gating. Often that
parent has a history of a parent, grandparent or great-grandparent who was schizophrenic.
The other parent, without a P50 abnormality usually does not have any family history of
schizophrenia. But that parent must have contributed something to that child to make the
child schizophrenic.

Waldo wondered whether abnormal niacin flushing might be related to the P50 ab-
normality or, alternatively might be related to the unknown contribution from the other
parent. She therefore investigated niacin flushing in the parents of ten schizophrenic
children, where one parent had a P50 abnormality (Waldo 1999). All ten parents with
the P50 abnormality showed clear niacin flushing responses, demonstrating that abnormal
P50 habituation was not related to niacin flushing. On the other hand, of ten parents
without a P50 abnormality, eight showed abnormal niacin flushing. Thus, in a high
proportion of parents, abnormal niacin flushing seems to be a marker of a second
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abnormality, which, when linked to a P50 problem, generates a schizophrenia genotype
and phenotype.

Because of the linkage between the a7 nicotinic receptor abnormalities and abnormal
P50 gating, and because abnormal o7 receptor function may be linked to excess
PLA, activity, we have proposed that abnormal P50 gating may be a marker of the
excess PLA; half of the schizophrenia equation. If this is so, then impaired niacin flushing
may be a marker of impaired incorporation of HUFAs into the Sn-2 position. Neither
abnormality alone will lead to schizophrenia but the simultaneous presence of both puts
the individual at risk.

It is not proposed that all schizophrenia is explicable on this basis. There will
undoubtedly be other routes to schizophrenia genotypes and phenotypes. Nevertheless,
the epidemiology is intriguing. Most estimates of the lifetime risk of developing
schizophrenia fall in the 0.4% to 1.2% range. 9.5% of the normal population fail to
flush with niacin. 7% of the normal population exhibit abnormal P50 gating. Non-linked
random mating would mean that 0.7% of the population would have both abnormalities.

This is clearly a hypothesis, but a hypothesis which lends itself to testing and
exploration. Both P50 gating and niacin flushing are simple non-invasive tests which
can be used in patients, their relatives and in those who may be at risk of developing
schizophrenia.

6. Therapeutic implications

From the point of view of the patient and society, the main criticism of most existing
theories of schizophrenia is that they have been therapeutically sterile. No major
improvements in outcome have resulted from the new generation of drugs, with the
exception of clozapine. The best that can be said is that one set of side effects has been
replaced by another. However, almost all patients remain substantially ill even when on
the best therapy, and more than half of all patients drop out of full compliance with
treatment programmes. Something more is needed and concepts of pathogenesis need to
be judged on the basis of whether or not they are therapeutically fruitful.

Optimal therapeutic success will result from identification of which proteins are
abnormal and then correcting their function. However, this strategy may in practice be
more difficult than in theory. It is forty years since the abnormal structure of sickle
cell haemoglobin was identified, yet this has not led to much therapeutic progress in
the disease. Similarly, therapeutic progress has not followed the identification of the
genes and their protein products responsible for cystic fibrosis and muscular dystrophy.
An alternative strategy may be to look at what these enzyme systems do and use that
knowledge to manipulate substrate—product relationships and cell signalling mechanisms
in an appropriate way.

One of the most obvious things to do might be to attempt to correct the composition
of the PL at the Sn-2 position by providing the brain-related EFAs, and perhaps reducing
intake of saturated fats which will tend to displace them and make any abnormality
worse. An indication that this strategy might be fruitful came from the WHO study on
the epidemiology of schizophrenia in eight countries (World Health Organization 1979).
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While the lifetime incidence of schizophrenia was virtually identical in all eight, there
were large differences in severity. In some countries schizophrenia tended to be a severely
disabling disorder, while in others it tended to have a more benign course with frequent
prolonged remissions.

The explanation for this variation in severity is unknown and many unsuccessful
attempts have been made to explain it on the basis of social, family or employment
structures, or of medical care and economic systems. All of these factors may make
some contribution but the disturbing fact is that outcome is consistently poorer in those
countries with advanced medical care systems. Christensen and Christensen (1988), in
contrast, pointed out that diet might be a major factor. Saturated fat intake is very
high especially in relation to fish and vegetable fat intake, in countries with a poor
outcome. Correlations between the ratio of animal fat to vegetable and fish fat suggest
that these could explain 90% of the variability in outcome of the disease (Christensen
and Christensen 1988, Horrobin 1992).

If this is so, then treatment with brain related EFAs might be beneficial. The
structural EFA, DHA, the structural and cell-signalling AA, and the cell signalling EPA
and DGLA (or its precursor GLA) are all candidates. Preliminary studies with GLA
showed only modest beneficial effects (Vaddadi 1992) whereas AA appeared to worsen
symptoms in some patients. If AA cannot be incorporated normally into membrane PL
it may be a waste of time using it. Fish oil administration, which contains both DHA
and EPA appeared to be beneficial but could not distinguish between EPA and DHA
(Mellor et al. 1996).

Peet et al. decided to compared a corn oil placebo with EPA and DHA given separately
in a randomised study in chronic treatment-resistant patients (Peet et al. 1997, Shah
et al. 1998). The expectation was that DHA, as the most abundant brain fatty acid,
would be the most beneficial. The EFAs were added to existing medications. The
outcome was a surprise. DHA essentially had no effect, placebo produced a modest
improvement, but EPA had an effect significantly better than DHA or placebo, and one
which was comparable in magnitude to that produced by the new generation of atypical
antipsychotics.

This positive effect of EPA has been confirmed in two open studies (Shah et al.
1998, Puri and Richardson 1998), and further randomised, placebo-controlled trials are in
progress. One of the open studies, a case report, was important because EPA (in the form
of Kirunal, an EPA-enriched fish oil) was used as monotherapy in a drug-naive patient
who had been ill for several years but refused all treatment (Puri and Richardson 1998).
This patient was essentially normalised by EPA alone, returned to university and is close
to completing a degree (Puri et al. 2000).

Very recently two further randomised, placebo-controlied trials have been completed
using EPA. Peet and Shah randomised 30 new episode unmedicated patients to receive
an EPA-enriched fish oil (Kirunal) or matching placebo. The psychiatrist responsible for
the patients then prescribed standard antipsychotic drugs as required. After 12 weeks the
Kirunal group had improved substantially more than the placebo group. More importantly,
whereas all of the placebo group required full doses of standard antipsychotic drugs, 43%
of the EPA group did not require any antipsychotic therapy other than Kirunal (Shah
et al. 2000). Very preliminary results have also been presented of a study of pure
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EPA (LAX-101) in chronic, partially treatment-unresponsive schizophrenic patients (Peet
and Horrobin 2000). This study also demonstrated that EPA was effective in treating
schizophrenic symptoms without producing any of the side effects characteristic of
standard old or new antipsychotic drugs.

A mixture of EPA and DHA has also been found to be beneficial in bipolar disorder
in a randomised, placebo-controlled study (Stoll et al. 1999). Several drugs are useful in
both bipolar disorder and schizophrenia and so there is nothing surprising about the fact
that one compound may work for both.

EPA is probably acting as a second messenger/cell signalling molecule rather than a
structural element. Its impact on outcome needs to be explored in a wide range of studies.
The precise target remains uncertain. One possible candidate is FACL-4, the brain specific
acyl-CoA ligase (Horrobin and Bennett 2000). This enzyme is unique in that it has an
affinity for EPA which is several fold higher than that for AA or DHA (Cao et al. 1998).
The human enzyme is located on chromosome X and might possibly therefore explain
some of the sex differences in schizophrenia.

7. Conclusions

There is substantial evidence for the PL hypothesis which appears to explain a higher
proportion of the known facts about schizophrenia than other concepts. The big challenge
remains the identification of the specific candidate proteins and the translation of the
initial tantalising therapeutic observations into large scale, thoroughly replicated results.
Because of the safety of EPA, and the possibility of identifying adolescents at high risk
by P50 gating and niacin flushing studies, trials of EPA as a preventive agent should also
be considered.
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1. Introduction

Interest in the importance of apolipoprotein E (apoE) in the central nervous system (CNS)
grew substantially since the first published reports linking one of the corresponding three
common human alleles, namely the APOE ¢4 allele, to both familial and sporadic late-
onset Alzheimer’s disease (AD) (Corder et al. 1993, Saunders et al. 1993, Poirier et al.
1993a). Accordingly, the €4 allele frequency was shown to increase significantly (~3-fold,
i.e., from 14% up to 40-50%) in the Alzheimer population (Strittmatter et al. 1993, Poirier
et al. 1993a, Farrer et al. 1997). Furthermore, a gene dosage effect was observed which
translates into the fact that inheritance of at least one APOE ¢4 allele is associated with a
dose-related higher risk and younger age of onset distribution of AD (Corder et al. 1993,
Poirier et al. 1993a, Nalbantoglu et al. 1994, Farrer et al. 1997). The mechanism whereby
apoE modulates the onset of the disease is still elusive, although several hypotheses have
been put forward. Some of these hypotheses served as guidelines in the attempt to link
apoE to either one of two of the hallmarks of Alzheimer’s disease, namely amyloid plaque
formation and neurofibrillary tangles. Since the discussion of these hypotheses and the
associated findings are beyond the scope of this chapter, the reader is referred to the
recent reviews of Higgins et al. (1997) and Beffert et al. (1998b) for further details.
Alzheimer’s disease is a progressive neurodegenerative disorder and the most frequent
cause of dementia. The latter is defined as a decline of intellectual function that is
associated with changes in behavior and impairment of social and professional activities,
and is reflected in activities of daily living. Memory loss is a major feature of the clinical
syndrome. We believe that the progression of AD is strongly dependent on the functional
role of apoE in lipid transport and homeostasis in the CNS, and its ability to assist in
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tissue repair functions. Cellular plasticity and synaptic replacement are normally observed
in a healthy brain in response to synaptic loss. One can thus assume that reinnervation
processes become seriously compromised in cases where there is a dysfunction or a
dysregulation of the lipid homeostatic system. This system appears to be very much
sollicitated in AD, as neuronal death with accompanying synaptic losses are hallmarks
and the ultimate causes of the disease. Early data from animal lesion paradigms of the
peripheral and central nervous systems, such as the sciatic nerve crush (Boyles et al.
1989, Goodrum 1991) and the lesioning of the entorhinal cortex (Poirier et al. 1991b,
1993b), respectively, suggested that apoE plays a role in the coordinated storage and
redistribution of cholesterol and phospholipids among cells within the remodeling area.
ApoE is now believed to play an important role not only in reactive synaptogenesis, by
delivering lipids to remodeling and sprouting neurons in response to tissue injury, but
also in physiological ongoing synaptic plasticity and maintenance of neuronal integrity,
as well as in cholinergic activity (Poirier 1994, Masliah et al. 1995, Stone et al. 1997).

In this chapter, we shall start with a brief description of apolipoprotein E and its gene,
and then review the experimental data that support the role of apoE as a modulator of lipid
homeostasis and synaptic plasticity. The well established peripheral nerve model of axonal
regeneration and remyelination involving apoE and LDL receptors will be presented
first. This model has been extensively studied in regards to lipid mobilization and fate
following neuronal injury, and has been used as a reference for the characterization
of apoE’s function in the CNS. The entorhinal cortex lesioning (ECL) model, which
mimics certain neuropathological aspects of AD, will be introduced next in conjunction
with the discovery that apoE plays a pivotal role in the events that follow hippocampal
deafferentation. In the last section, we will discuss the relevance to AD, of the importance
of apoE in lipid mobilization and delivery of precursors to neurons for the syntheses of
cellular membranes and neurotransmitters such as acetylcholine.

2. Apolipoprotein E
2.1. Human alleles and isoforms

ApoE is a polypeptide that is secreted as a glycosylated single-chain of 299 amino acids
(Rall et al. 1982). In humans, its apparent molecular weight, as determined by SDS-
PAGE under reducing conditions, is approximately 34 kDa. It is encoded by a four-exon
3.6 kb gene located on the long arm of chromosome 19 (Das et al. 1985). Multiple alleles
at a single APOE genetic locus are responsible for the three major protein isoforms
found in humans (Zannis and Breslow 1981). These isoforms, designated apoE2, apoE3,
and apoE4, are the products of alleles €2, €3, and €4, respectively. Therefore, the latter
give rise to the three most common homozygous phenotypes, which are E2/2, E3/3,
and E4/4, and the three most common heterozygous phenotypes, E2/3, E2/4, and E3/4.
Among APOE alleles, €3 is the most common. Its frequency in a typical Caucasian
population is approximately 78%, whereas the frequency of the €2 and &4 alleles are
8% and 14%, respectively (Farrer et al. 1997). Allelic distribution in other ethnic groups
such as African Americans, Hispanics, and Japanese were reported to be quite similar
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(Farrer et al. 1997). The allelic heterogeneity gives rise to a protein polymorphism at two
positions: residues 112 and 158 on the mature protein. In comparison to apoE3, apoE2
and apoE4 contain substitutions of cysteine for arginine at residue 158 and arginine
for cysteine at residue 112, respectively. These single amino acid substitutions lead to
a charge difference detectable by isoelectric focusing electrophoresis (Utermann et al.
1979).

2.2. Plasma apoE

It is known from cardiovascular research that carriers of different apoE genotypes
are at different risk for developing atherosclerosis (Davignon et al. 1988). The allele-
specific effects on lipoprotein metabolism and profile are believed to stem from structural
and physiological differences in the properties between the apoE isoforms, and their
consequence on the individual’s plasma apoE levels (Rubinsztein 1995). Indeed, apoE
has been extensively studied in non-nervous tissues as one of several apolipoproteins that
direct lipid metabolism. It is synthesized in most organs (Elshourbagy et al. 1985) and
is believed to transport lipids between cells not only of different organs but also within
a given tissue. In the vascular compartment, apoE is found in association with several
classes of lipoproteins including chylomicrons and very low-density lipoproteins (VLDL),
remnants of these two classes, and a subclass of the high-density lipoproteins (HDL)
(Mahley 1988). These apoE-containing lipoprotein complexes carry lipids such as
cholesterol, cholesterol esters, phospholipids, and triglycerides to be used as stores of
chemical energy (primarily triglycerides) or as structural components of membranes
{phospholipids and cholesterol), or, alternatively, to be disposed of into bile acids. ApoE
serves as a ligand for several cell surface receptors that mediate the uptake of these
lipoprotein particles (Gliemann 1998).

2.3. Brain apoE

In humans, the brain is the most important site of apoE expression next to the liver
(Elshourbagy et al. 1985). ApoE was shown to be synthesized and secreted by glial cells
of rodents and humans, predominantly by astrocytes (Boyles et al. 1985, Poirier et al.
1991b, Diedrich et al. 1991, Nakai et al. 1996). Intraneuronal localization of human apoE
has been observed in several studies (Han et al. 1994, Schmechel et al. 1996) and is
consistent with in vitro data showing that, in addition to astrocytes (Pitas et al. 1987),
primary cultures of fetal rat hippocampal neurons demonstrate the capacity to internalize
apoE-containing lipoproteins (Beffert et al. 1998a). In agreement, all known receptors
for apoE have been shown to be present in the mammalian brain on one or several
cell types including neurons (for a review, see Beffert et al. 1998b). These receptors are
members of a single family and include the low-density lipoprotein (LDL) receptor, the
very low-density lipoprotein (VLDL) receptor, the apoER2 receptor, the LDL receptor-
related protein (LRP), and the gp330/megalin receptor. Furthermore, apoE was shown to
be present on lipoprotein particles of the cerebrospinal fluid (CSF) (Borghini et al. 1995,
LaDu et al. 1998). Together, these data suggest that apoE also participates in lipoprotein
metabolism and lipid homeostasis in the CNS. The importance of apoE in the nervous
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tissue is underscored by the fact that major plasma apolipoproteins such as apoB (typical
of LDL) and apoAl (typical of HDL) are not synthesized within the tissue and have very
limited access to the brain, if not at all (Weiler-Guttler et al. 1990, Osman et al. 1995).

3. The role of apolipoprotein E in peripheral nerve repair
3.1. Wallerian degeneration and secondary neural lipid changes

In the mammalian peripheral nervous system, the interruption of axons by disease
or injury leads to the initiation of a sequence of morphological events illustrated by
degenerative processes and subsequent regenerative responses and, as long as the local
environment is favorable, the recovery of function (for a review, see Goodrum and
Bouldin 1996). Breakdown of axons causes fragmentation of surrounding myelin into
blocks or ovoids in which lie fragments of axons. This is a feature typical of a process
called Wallerian degeneration, in which degeneration of both axon and myelin sheaths
occur distal to axonal interruption. Within the first three days following nerve injury,
neighboring Schwann cells initiate the degradation of the ovoids by sequestering them and
reducing them to lipid droplets within their cytoplasm. Blood-borne inflammatory cells
rapidly infiltrate the distal nerve stump. Among them, the monocyte-derived macrophages
significantly, along with the participation of resident macrophages, contribute to the bulk
of phagocytosis and degradation of myelin debris. As axonal and myelin debris are being
cleared during the first few days following injury, the axons proximal to the site of injury
respond by growing back through the distal neurolemmal tube which contains proliferated
Schwann cells. The Schwann cells start to remyelinate the regenerated axons within the
first two weeks by using first its stored lipids then those supplied by the macrophages.

The sciatic nerve crush paradigm in the rat has been extensively used as a model to
study Wallerian degeneration and subsequent regeneration processes, both at the cellular
and molecular levels. Using this model, it was shown that the lipid composition and
content of the degenerating nerve change as the breakdown and removal of myelin debris
proceed. Total de novo lipid synthesis in Schwann cells decreases rapidly following a
nerve crush. With the exception of cholesteryl esters, myelin lipids (cholesterol and
cerebrosides in particular) synthesis is inhibited by three days as a consequence of
cholesterol and fatty acid release from degenerating myelin (White et al. 1989). A minor
portion of the phospholipids are hydrolyzed by phospholipases to generate free fatty acids
that are either recycled and stored within the Schwann cell, as lipid droplets of cholesteryl
esters and glycerolipids, or secreted and taken-up by cells (fibroblasts and macrophages)
outside the nerve fiber (White et al. 1989).

Degradation of myelin lipids is slow until macrophages appear, in which much of the
myelin degradation eventually occurs. Most of the myelin-specific proteins and myelin
lipids, as well as other lipids, fall dramatically or disappear from the nerve by three weeks
after the onset of Wallerian degeneration (Wood and Dawson 1974). Accordingly, the
content of myelin-enriched lipids, such as cerebrosides and sphingomyelin, was shown
to decrease by 70-80%, whereas the phospholipid content of the nerve decreased by
approximately 50% (Wood and Dawson 1974). Unlike most other membrane components,
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myelin cholesterol appears to be retained within the nerve following injury, as total
cholesterol content of the nerve did not change significantly over the entire course
of degeneration and regeneration (Yao et al. 1980). Indeed there is evidence that the
cholesterol from degenerating myelin is salvaged and stored within the macrophages
and subsequently delivered to Schwann cells for the formation of new myelin during
regeneration of the nerve (Boyles et al. 1989, Goodrum 1991). A portion of the fatty
acids generated by myelin degradation in macrophages appears to have the same fate,
as they are ultimately reincorporated into phospholipids in the newly synthesized myelin
(Goodrum et al. 1995).

3.2. Nerve regeneration and lipid mobilization

The recycling of lipids, in particular myelin cholesterol, during peripheral nerve
regeneration in the mouse was first described in the early seventies (Rawlins et al.
1970). Further characterization of the sciatic nerve lesion paradigm in the rat confirmed
that some lipids were reutilized and also led to the proposition of a model for
lipid mobilization following injury that implicated apoE (Mahley 1988, Goodrum and
Bouldin 1996). The discovery that apoE is involved in the mechanism by which
cholesterol and fatty acids from degenerating myelin move from macrophages to Schwann
cells and regenerating axons, resulted from the search of newly synthesized proteins
during Wallerian degeneration (Ignatius et al. 1986, Snipes et al. 1986). It was shown
that apoE synthesis and secretion originated solely from the resident and infiltrated
macrophages, that they markedly increased by day 3, peaked between days 7 and 10, were
greatly reduced by day 28, and were almost back to constitutive levels by the fifteenth
week after injury, when the nerve appeared to be essentially normal (Boyles et al. 1989).

Current evidence suggests that during the first week following a lesion to the
sciatic nerve, apoE is secreted and incorporated into lipoprotein disks and spheres
derived from degenerating myelin. These particles are internalized by endoneurial
macrophages in order to assist phagocytosis in the salvage of lipids. The cholesterol
and fatty acids from phospholipids are first stored in lipid droplets as cholesteryl
esters and glycerolipids (Goodrum et al. 1995), and then subsequently secreted by the
macrophages to form cholesterol-rich, apoE-containing lipoproteins, which are taken-up
via low-density lipoprotein receptors in Schwann cells that have started to remyelinate
regenerating axons (Boyles et al. 1989). Accordingly, the level of LDL receptors
along Schwann cells increased during the third week and remained elevated until the
fifteenth week. Consistent with a receptor-mediated uptake of lipoproteins by Schwann
cells, cholesterol synthesis in regenerating nerve is down-regulated at the level of
hydroxymethylglutaryl-CoA (HMG-CoA) reductase (Goodrum 1990).

In support of this lipid mobilization model, apoE begins to accumulate in the
extracellular matrix during the second week post-lesion and can be found on the
surface of Schwann cells. Peak accumulation (which is around 250-fold) between the
third and fourth week coincide with increasing concentration of discoidal and small
spherical lipoprotein particles in the extracellular matrix, Schwann cell depletion of their
cholesteryl esters stores, and the thickening of myelin sheaths (Boyles et al. 1990). From
the analysis of lipoproteins isolated from injured nerves, it was shown that apoE is indeed
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associated with heparin-binding particles. The protein content of these particles, which
also included other protein species, represented 29% of their mass. Other components
were phospholipids (33%) and cholesterol (38%) of which 77% was nonesterified, in
keeping with the discoidal nature of the majority of the particles (Boyles et al. 1989).

In addition to supplying Schwann cells with lipids for remyelination, apoE is believed
to deliver cholesterol and phospholipids to sprouting and elongating axons so they can be
incorporated into newly and massively synthesized neuronal membranes. Axon regrowth
has been observed to start within the first two days after nerve injury with concomitant
high levels of LDL receptor expression on advancing tips (Boyles et al. 1989).

3.3. Other apolipoproteins

In addition to apoE, several apolipoproteins including apoAl, apoAlV and apoD (Boyles
et al. 1989, 1990), as well as apoJ mRNA (Bonnard et al. 1997), have been identified
in the regenerating nerve and may contribute to the intercellular movement of lipids.
All of these apolipoproteins are typically found on HDL particles in body fluids and
could be thus involved in the promotion of cholesterol and phospholipid efflux from lipid
loaded cells. Apolipoproteins Al and AIV appear to enter the nerve from the plasma
as a result of disruption of the blood—nerve-barrier following denervation. Like plasma
albumin, they slowly accumulated within the nerve until the third week after injury, with
relative peak concentrations of 14 to 26-fold (Boyles et al. 1990). In contrast, apoD gene
expression is induced rapidly and locally in endoneurial fibroblasts, particularly in the
distal segment of the crushed nerve, with maximum transcript levels (40-fold above
control) observed at day 6, coinciding with the period of nerve repair (Spreyer et al.
1990). The protein was shown to accumulate in the endoneurial extracellular space up to
500-fold between the third and fourth week and was found to copurify with apoE in the
lipoprotein fraction (Boyles et al. 1990, Spreyer et al. 1990). Thus, apoD and apoE were
both rapidly increasing in concentrations during axon growth, and were both present at
high levels during active remyelination. The function of apoD in peripheral nerve repair
remains unclear. It was proposed that apoD has a role in lipoprotein formation, perhaps
in relation to cholesterol esterification, or in their transport for membrane biosynthesis
(Spreyer et al. 1990). The expression pattern of apol/clusterin after injury to the sciatic
nerve is even less well characterized. However, transcript levels for apol were shown to
reach 2.5-fold the basal constitutive level by the end of the first week (Bonnard et al.
1997). Since apoJ was shown to induce phospholipid efflux and cholesterol release from
apoE-null mice lipid-laden macrophages, with kinetics similar to apoAl (Gelissen et al.
1998), it is plausible that apol carries out an analogous function in the regenerating
peripheral nerve.

Thus, peripheral neural tissue would have its own independent system of apolipopro-
teins that are responsible for the movement of lipids and for cholesterol homeostasis.
Apol, in concert with extraneural apoAl and apoAlV, might promote the efflux of lipids
from cholesterol-loaded cells. Alternatively, apoAl might deliver lipids to macrophage
scavenger receptor class B-expressing cells via binding to this receptor (Xu et al. 1997).
It is tempting to speculate that both apoD and apoE facilitate the cellular efflux of
lipids by allowing the expansion of the cholesteryl ester-rich core of lipoprotein particles.
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This process is dependent on the cholesterol-esterifying enzyme lecithin:cholesterol
acyltransferase (LCAT), whose activity was found to increase in rat sciatic nerve
following a crush lesion (Yao and Dyck 1981) and is perhaps modulated by apoD. The
formation of an expanded cholesteryl core with a concomitant increase in the shell
surface constituents (phospholipids and free cholesterol) is known to require apoE (Koo
et al. 1985). Thus, the acquisition of apoE by lipoprotein particles would enable them to
accommodate additional lipids and to interact with lipoprotein receptors.

4. The role of apolipoprotein E in the central nervous system in response
to experimental deafferentation

4.1. Lesion-induced synaptic replacement

The dentate gyrus of the rat hippocampal formation has been used extensively as
a model system to investigate the rearrangement of residual neuronal circuitry and
supportive elements following deafferentation. Unilateral removal or destruction of the
entorhinal cortex, which provides the major input to the granule cell dendrites of
the dentate gyrus, elicits reactive growth of most residual afferents ipsilateral to the
lesioned side (for reviews, see Cotman and Nieto-Sampedro 1984, Deller and Frotscher
1997). Ninety percent of the synapses in the outer two-thirds of the granule cells’
dendritic tree (the hippocampal molecular layer) are lost one day after entorhinal cortex
lesion (ECL). Beginning 3—6 days post-lesion (dpl), neuronal sprouts originating from
septal cholinergic fibers, hippocampal CA4/hilar pyramidal (commissural-associational
system) glutamatergic fibers and, to a lesser extent, contralateral entorhinal cortex
fibers grow in order to replace lost synapses. These systems yield the almost complete
restoration of synapses in the molecular layer within approximately two months.

A prerequisite to terminal proliferation and formation of new synapses is the
clearance from the interstitium of cellular debris and of released lipids from damaged
neurons (Cotman and Nieto-Sampedro 1984 and references therein; Fagan et al. 1998).
Accordingly, in a manner similar to the Schwann cells and the macrophages of the
peripheral nerve, both microglia and astrocytes sequentially incorporate degenerating
fibers (Bechmann and Nitsch 1997). In contrast to the peripheral nerve model,
hematogenous monocytes do not seem to enter areas of terminal degeneration in the
hippocampus (Fagan and Gage 1994). Microglia become phagocytic as early as 1dpl,
which is followed by a delayed, but long-lasting, astrocytic hypertrophy starting at day 2
post-lesion. However, the first unequivocal signs of phagocytosis by astrocytes appear
at 6 dpl (Matthews et al. 1976, Bechmann and Nitsch 1997). Both microglial cells and
astrocytes were seen to contain myelinated fibers and axon terminals. Once metabolized,
this cellular debris generates a large glial store of lipids, providing a convenient and
readily retrievable pool of precursors for use in membrane synthesis during the formation
of neuronal sprouts and the reorganization of the dendritic field of granule cell neurons.
There is also evidence suggesting that phagocytic glial cells are also engaged in the
remodelling of dendrites that have lost their synaptic input (Diekmann et al. 1996).
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4.2. The discovery of a role for apoE in central neuron reinnervation

We have used the entorhinal cortex lesion paradigm in order to study the molecular
mechanisms associated with deafferentation and reinnervation in the CNS. Differential
screening of a hippocampal ¢cDNA library from entorhinal cortex-lesioned rats led to
the identification of apoE mRNA as a predominant transcript expressed in response to
deafferentation (Poirier et al. 1991a). Northern blot analysis of total hippocampal RNA
confirmed the increase in ApoE mRNA concentration after ECL (Poirier et al. 1991b).
This increase was observed at day 2 post-lesion, the earliest time point analyzed, and
was no longer apparent at 30 days. Maximum expression (7-fold above control levels)
of apoE transcripts occurred around day 6 post-ECL when reactive synaptogenesis and
terminal proliferation are in their early phase. ApoE mRNA was localized to hippocampal
astrocytes in the deafferented zone of the molecular layer of the dentate gyrus by in
situ hybridization in combination with immunohistochemistry for the astrocyte-specific
intermediate filament protein, GFAP (Poirier et al. 1991b). ApoE immunoreactivity also
peaked at 6dpl (Poirier et al. 1991b), but the apoE protein levels increased by only
70-100% (Poirier et al. 1993b). During the first week after ECL, phosphocholine (a
precursor to phosphatidyicholine or PC) levels were found to increase in homogenates of
total ipsilateral hippocampus, and is thought to result from increased synthesis (Geddes
et al. 1997). The time course of the elevation closely matches the time course of neuritic
sprouting and perhaps reflects the PC requirements for membrane synthesis associated
with axonal elongation and/or astrocytic hypertrophy (Geddes et al. 1997). A concomitant
and transient accumulation of cholesterol esters and phospholipids, as measured by Sudan
Black histochemistry, was seen in the outer molecular layer of the dentate gyrus and in the
hilar region (Poirier et al. 1993b). By analogy to its role in the peripheral nerve following
injury, apoE is presumably secreted by astrocytes in the deafferentated hippocampus in
order to scavenge cholesterol and other membrane components for lipid storage and
recycling to sprouting neurites via apoE receptors.

Consistent with this concept are the results we have obtained from autoradiographic
analysis of the LDL binding site density in the hippocampal formation following ECL.
In contrast to apoE-containing particles, LDL particles contain apoB and bind only
to the LDL (apoB/E) receptor of the LDL receptor family members present in the
CNS. Incubation of brain sections from ECL rats with '**I-LDL or fluorescent Dil-LDL
revealed an increase, compared to non-lesioned brains, in the labelling over granule cell
neurons undergoing dendritic remodelling and compensatory synaptogenesis (Poirier et al.
1993b). The increase in labeling paralleled the time-course for cholinergic synaptogenesis
as demonstrated by acetylcholine esterase staining profiles during the reinnervation
process (Poirier et al. 1993b). The coordinated expression of apoE with the LDL receptor
appears to regulate the transport of cholesterol and phospholipids during the early
and intermediate phases of the reinnervation process. The relative contributions and
expression patterns of other apoE receptors in this lesion model has yet to be determined.

The salvage, cellular uptake and recycling of cholesterol may explain not only the need
for increased apoE expression, as observed during reactive synaptogenesis, but also the
reduced levels of cholesterol synthesis as measured by 3-hydroxy-3-methylglutary] coen-
zyme A (HMG-CoA) reductase activity (Poirier et al. 1993b). Following ECL, HMG-CoA
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reductase activity in the hippocampus was shown to progressively decline until the eighth
day post-lesion, before returning to control levels by one month post-lesion (Poirier
et al. 1993b). Accumulation of terminal-derived cholesterol into debris-clearing astrocytes
would be consistent with the down-regulation of the HMG-CoA reductase and the
LDL receptor genes which coincides with the period of maximal apoE expression. This
scenario is reversed after the first week post-lesion when the process of reinnervation
is well underway and during which neuronal demand for cholesterol is high. Moreover,
non-esterified cholesterol levels remained relatively unchanged during the entire course
of hippocampal deafferentation and reinnervation (Poirier et al. 1993b).

Taken together, these findings suggest that non-esterified cholesterol released during
terminal breakdown is being recycled. Cholesterol, or its esterified form, is delivered
via uncharacterized apoE-containing lipoprotein complexes to neurons undergoing
reinnervation/sprouting, and taken-up through the low-density lipoprotein receptor
pathway where it is presumably used as a precursor molecule for the synthesis of new
synapses and terminals.

The importance of apoE in the CNS ability to compensate for deafferentation has
been further investigated and highlighted by the recent work of Masliah and colleagues
(1995) using apoE-deficient (knockout) homozygous mice together with control wild-
type mice. These studies showed that in the apoE-deficient mice there was a delay
in the patterns of reinnervation of the dentate molecular layer after perforant pathway
interruption (removal of entorhinal cortex projections by aspiration). Homozygous apoE-
deficient mice displayed a significant loss of synapses and disruption of the dendritic
cytoskeleton and showed a poor reparative ability after the lesion.

5. Relevance of apoE mobilization of lipids to Alzheimer’s disease

Although gliosis is present in the aging brain of normal and Alzheimer patients, cerebral
atrophy is observed as a consequence of neuronal cell and synaptic losses, these being
more considerable in the latter subjects and a characteristic of the disease. In AD, some
pathways or regions in the brain are known to be more affected than others by these
losses. Several of these regions, which include the entorhinal cortex and components of
the brain cholinergic system, such as the medial septum and the nucleus basalis, send
projections to the hippocampal formation, a brain structure known to play a major role
in memory and cognitive performances. The entorhinal cortex represents the earliest
site of neuropathology in both aging and AD. Denervation of the dentate gyrus, due
to loss of the perforant pathway projection from the entorhinal cortex, is proposed to
contribute to the pathophysiology of AD (Hyman et al. 1984, 1986). Moreover, the
usual compensatory growth of fibers associated with hippocampal deafferentation appears
somewhat compromised in most AD subjects. The identification of apolipoprotein E as a
major responder to hippocampal formation deafferentation, as seen with the ECL model,
together with the identification of the APOE ¢4 allele as a major risk factor for AD, led
to the hypothesis that disturbances in lipid homeostasis in the CNS could be central to
Alzheimer’s disease pathophysiology.
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In view of apoE’s role in lipid transport, it was proposed that the low levels of apoE
reported in the brain of €4 AD subjects (Bertrand et al. 1995, Pirttild et al. 1996)
may result in inefficient cholesterol and phospholipid delivery to cells in the CNS,
thereby having a selective and direct impact on central cholinergic neurotransmission
and synaptic integrity (Poirier 1994). Brain membrane phospholipids, particularly
phosphatidylcholine (PC) and phosphatidylethanolamine (PE), are sources of choline,
a rate-limiting precursor in the synthesis of acetylcholine (ACh) (Wurtman 1992). In
support of this hypothesis is the finding that brain levels of choline were decreased by up
to 40-50% in frontal and parietal cortices of AD patients (Nitsch et al. 1992); levels of
cholesterol, which is required for the proper functioning of nicotinic receptor subtypes,
were also decreased (Jones and McNamee 1988, Svennerholm and Gottfries 1994). This
hypothesis is also consistent with membrane defects such as changes in membrane fluidity
as observed in the hippocampus of AD subjects (Wurtman 1992).

As losses of cholinergic neurons and/or choline acetyltransferase (ChAT) activity are
well known features of AD (Perry et al. 1977, Whitehouse et al. 1982), it is interesting to
note that APOE €4 allele copy number shows an inverse relationship with residual brain
ChAT activity and nicotinic receptor binding sites in both the hippocampal formation
and the temporal cortex of AD subjects (Poirier et al. 1995, Soininen et al. 1995, Arendt
et al. 1997, Allen et al. 1997). Furthermore, the density of cholinergic neurons in the basal
forebrain, which represents the primary cholinergic input to these areas, was significantly
reduced in €4 allele carriers when compared to non-¢4 AD cases or control subjects
(Poirier et al. 1995, Arendt et al. 1997). In another study, the decreased metabolic activity
of neurons found in the nucleus basalis of AD brains compared with that of controls was
shown to be more important in apoE €4 carriers (Salehi et al. 1998).

The fact that the ratio between the loss of cholinergic markers in the projecting areas
and the loss of cholinergic neurons in the basal forebrain is lower in non-e4 carriers
suggests that the brain of these individuals can compensate to a certain extent for the loss
of synapses by producing more acetylcholine and/or by sprouting. Increased cholinergic
neuron vulnerability and reduced plasticity in €4 carriers would support the hypothesis
of a deficient delivery of cholesterol and phospholipids (including donor intermediates of
choline) to cells in the central nervous system as a consequence of lower apoE expression
in these subjects (Poirier 1994, Bertrand et al. 1995, Pirttild et al. 1996, Beffert et al.
1999).

The animal lesion models have revealed the importance of apoE in the mobilization
of lipids within nervous tissues. A link between apoE’s role in lipid homeostasis in
the CNS and AD could be established from the association between AD and APOE
g4 allele carriers, and the fact that brain apoE levels are lower in the latter subjects.
Drug treatments aiming the upregulation of the APOE gene might thus prove to be
beneficial for AD patients, especially those carrying the APOE €4 allele. Clinical trials
are in progress and preliminary data have indeed shown this approach to be feasible. As
levels of cerebrospinal fluid apoE rose a concomitant improvement in cognitive functions
and a slowing down of the progression of the disease was observed (Poirier, unpublished
data).
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CHAPTER 5

Omega-3 fats in depressive disorders
and violence: the context of
evolution and cardiovascular health

Joseph R. Hibbeln and Kevin K. Makino
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1. Introduction

The study of omega-3 essential fatty acids in affective disorders remains a field in
its infancy. A major impetus to this field of study has been the observation that
docosahexaenoic acid (DHA) is selectively concentrated in synaptic neuronal membranes.
Thus in our original hypothesis paper we attempted to address the following broad
question: what, if any, are the psychiatric consequences of insufficient levels of DHA in
the brain? (Hibbeln and Salem 1995). Specifically, is an insufficiency of DHA or omega-3
fatty acids related to an increased predisposition to suffering depressive symptoms?
We will also examine if an insufficiency of omega-3 fatty acids is associated with
other affective disorders such as postpartum depression, bipolar affective disorder and
impulsivity in homicide and suicide. The major focus of this chapter will be the
broader evolutionary and epidemiological context of the following question: does it make
reasonable sense that an insufficiency of omega-3 fatty acids, including both DHA and
cicosapentaenoic acid (EPA), would be associated with depression? A critical focus
of this question will be the hypothesis that an insufficiency of omega-3 fatty acids
may be responsible for the observations that depression and hostility are linked to a
greater risk of cardiovascular disease. There does not appear to be any evolutionary
advantage to either suffering major depression or early cardiovascular death. While it
would be intellectually satisfying to determine what neurochemical or neurophysiological
mechanism is responsible for this link, the question of determining a specific mechanism
is premature. Not only are pathophysiological mechanisms underlying depression not
well understood, but the biological and biophysical necessity for DHA in the central
nervous system remains an unresolved question. None the less, preliminary mechanistic
hypotheses of serotonergic function, Hypothalamic—Pituitary—Adrenal axis function and
immune neuroendocrine mechanisms will be briefly explored in this chapter. Finally, we
will contrast the data regarding omega-3 fatty acids with the hypothesis that lowering
plasma cholesterol concentrations (or endogenously low cholesterol concentrations)
increase affective symptoms including depression and impulsiveness, which could lead
to homicide or suicide.

Several factors have made this field of study attractive to patients and practicing
clinicians, including the non-toxic and nutritionally based approach to treatment along
with lack of known adverse interactions with other psychotropic medications. However,
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an important consideration is that physicians are already using these compounds in their
practices with good results. There is a great diversity in the etiology and prognosis of
the various depressive disorders, some of which may respond to a-linolenic acid (LNA),
EPA and/or to DHA while others may not. Because this field is only beginning to
emerge, this chapter will review data regarding the relationships of EPA and DHA to
psychiatric disorders that are available from meeting abstracts, private communications
and unpublished data in addition to published data. We hope to provide a broad base of
information for consideration. Perhaps it is useful to contrast the infancy of this field to
the role of omega-3 fats in cardiovascular disorders. It was more than 20 years ago the
study of EPA and DHA in cardiovascular disorders was stimulated by epidemiological
findings of lower rates of cardiovascular disease among Inuit Eskimos compared to Danish
populations (Dyerberg and Bang 1979, Menotti et al. 1989, Kromhout 1989). However,
it has only been within the last year that the American Heart Association has included
the consumption of omega-3 fatty acids in its dietary recommendations (Krauss et al.
2000). Cross-national comparisons of omega-3 fatty acids in psychiatric disorders are
only beginning to emerge (Hibbeln 1998). With luck, the field of omega-3 fatty acids in
psychiatry will follow the successes of omega-3 fatty acids in cardiovascular disorders.

1.1. Major depression in the context of evolution

Fundamental to the understanding of any biological process, including mental illnesses, is
an understanding of its evolutionary context. There are few readily apparent evolutionary
advantages for the development of a high prevalence of major depressive illnesses
among Homo sapiens. Major depression frequently destroys people’s lives and has a
chronic recurring course. Major depression is defined by DSM-1V (American Psychiatric
Association 1994) by the loss of the ability to function in family or job life for at least two
weeks, due to disturbances in mood, sleep, concentration, self-esteem, appetite, physical
energy and sexual energy or function. This disease not only directly reduces the likelihood
of procreation, but also causes significant disruption in social and family interactions.
Compared to current rates, prevalence rates of major depression may have been nearly
100-fold lower prior to 1910 (Klerman and Weissman 1989). These increased rates of
prevalence of affective disorders that have been identified among birth cohorts during
the last century in the United States have been well documented (Klerman and Weissman
1989, Robins and Regier 1991, Wickramaratne et al. 1989). These increased prevalence
rates of depressive disorders during the last century have also been described in nine other
industrialized nations (Cross-National Collaborative Group 1992, Klerman and Weissman
1989). The argument that this cohort effect arose from changes in gene frequency over
these few decades has been questioned, and other potential explanations that have been
offered include nutritional, environmental and social causes {Bebbington and Ramana
1995).

Several investigators (Broadhurst et al. 1998, Eaton and Konner 1985, Eaton et al.
1998) have postulated that our genetic patterns evolved in the context of a nutritional
milieu that allowed for optimal brain development and psychiatric functioning. Unfortu-
nately, with regards to essential fatty acid intake, the modern diets of post-industrialized
societies appear to be discordant with our genetic pattern and may contribute to the



69

increased prevalence rates of major depression (Hibbeln and Salem 1995). Homo sapiens
are thought to have evolved consuming diets rich in directly available long-chain omega-3
fatty acids, which may have been permissive for the development of proportionally larger
brains (Broadhurst et al. 1998, Eaton et al. 1998). This proposition is supported by the
observation that DHA is selectively concentrated at synaptic neuronal membranes and is
critical for optimal neuronal function (Salem et al. 1986). DHA also stimulates neurite
outgrowth in PC12 cells (Ikemoto et al. 1997) and is selectively accumulated by synaptic
growth cones during neuronal development (Austead et al. 2000, Martin 1998). Walter
and colleagues (Walter et al. 2000) describe that Homo sapiens emerged from Africa
along a coastal route and include as evidence the finding of stone tools amidst oyster shells
and crab claws in a 200000 year-old coral reef. It is quite reasonable to conclude that these
early coastal Homo sapiens frequently ate seafood and routinely delivered preformed
DHA to the brain during development and during adulthood. However, during the last
century diets of industrialized societies have significantly diverged from these traditional
diets, reducing the absolute amounts of EPA and DHA intake while increasing the relative
intake of omega-6 fatty acids, which compete with omega-3 functions (Eaton et al. 1998).
The ratios of omega-6 to omega-3 fatty acids are estimated to be between 0.4 and 2.8
in Paleolithic and evolutionary diets including models in which either plants and animal
butchering were considered as sole sources of food. These models did not include seafood
consumption, which would bring the ratios even lower. In contrast, current average ratios
are estimated to be approximately 17 in typical western industrialized societies (Eaton
et al. 1998) and we have observed schizophrenics with arachidonic acid (AA) to EPA
(AA/EPA) ratios in red blood cells of more than 70:1 (unpublished data). These changes
in the dietary intake are based not only on decreased seafood consumption but also on
the increased production of seed oils, in particular soybean and corn oils. These seed
oils have much higher ratios of linoleic to alfa-linolenic acids compared to leafy plants,
wild game and seafood (Sinclair et al. 1987, Naughton et al. 1986). Since livestock are
also dependent upon plants for their sources of essential fatty acids, these changes have
pervaded the entire food chain (Simopoulos 1998). Clearly there have been numerous
dramatic changes in human civilization in the last century that may have contributed
to the increased prevalence of major depression. However, since changes in the dietary
intake of essential fatty acids appear to be able to directly influence central nervous
system function, these nutritional factors should be carefully considered (Hibbeln and
Salem 1995). Quantitative assessment of this hypothesis is unfortunately difficult due to
the uneven quality and paucity of historical dietary data.

1.2. Cross-national epidemiology and major depression

One of the most compelling aspects of this field comes with an appreciation of the
magnitude of the burden of major depressive illnesses. The World Health Organization
has identified major depression as the world’s single greatest cause of morbidity, defined
as years of life lost to a disability (Virkkunen et al. 1987). Cross-national comparisons of
the dietary intake of seafood and the prevalence rates of the major psychiatric illnesses
can be used to estimate the magnitude of the effects of low omega-3 status upon diverse
populations. It is remarkable that the prevalence rates across countries for three affective
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disorders, major depression, bipolar depression and postpartum depression, are each
robustly related to amounts of seafood consumed in each country across 50—60-fold
differences in prevalence (Hibbeln 1998, and unpublished data).

The analyses of cross-national epidemiological data, cotlected using high-quality
modern diagnostic and epidemiological sampling methods, does provide one method of
testing the hypothesis that a lower omega-3 fatty acid status is related to higher prevalence
rates of affective disorders, psychotic disorders or aggressive behaviors. Economic data
describing seafood consumption have been useful in these cross-national studies. While
economic data on the production and consumption of seafood cannot accurately be used
to quantify dietary intake for an individual, these data can be used to describe trends
for entire countries, and thus provide a basis for comparing consumption cross-nationally
(World Health Organization 1996). The financial incentive to produce accurate data also
adds some confidence to the accuracy of consumption estimates derived from economic
data. When compared cross-nationally, greater amounts of seafood consumption were
robustly correlated (» =—-0.85, p <0.0005) with lower lifetime prevalence rates of major
depression (Hibbeln 1998). The prevalence rates of major depression varied nearly
50-fold across countries as assessed from raw data from each country merged with
the Epidemiological Catchment Area study, a gold standard of studies in psychiatric
epidemiology. This approach was specifically designed for cross-national analyses and
weighted for age, sex and other demographic differences (Weissman et al. 1996). These
data appear to be robust after consideration of potential differences in cultural biases
in diagnosis because a structured interview with standardized diagnostic criteria was
validated in each country prior to the community sampling. Comparative relationships to
prevalence rates of postpartum depression, bipolar affective disorder, homicide mortality,
suicide mortality and schizophrenia will be presented later in this article with a discussion
of each of these issues. While cross-national studies do not provide direct evidence of
causal relationships, they do offer a perspective on the potential magnitude of these
relationships.

The results of cross-national analysis comparing prevalence rate of major depression
are consistent with results of epidemiological studies conducted within single countries.
Tanskanen et al. (2001b) studied a population of 1767 subjects within Northern Finland
and reported that subjects who consumed fish twice a week or more were at lower
risk of reporting depressive symptoms (odds ratio 0.63) and suicidal thinking (odds
ratio 0.57), compared to infrequent fish consumers. Consistent with this report, Silvers and
Scott (2000) also found that greater fish consumption predicted improved mental health
status by self-report among 4644 subjects in New Zealand. Unfortunately, direct data on
depression was not available. An assessment of essential fatty acid status using direct
tissue sampling has also yielded similar resuits in a community sample of 200 elderly
subjects selected from a sample population of 4500 subjects representing 80% of the
elderly people in two counties in lowa (Hibbeln et al., unpublished data). Comparisons
were made between the 50 most depressed men; the 50 most depressed women; 50 control
men and 50 control women. Lower plasma DHA concentrations were associated with 6.5-
fold greater risk of depression among women. Low plasma concentrations of plasma DHA
alone also significantly predicted more severe sleep complaints and reports of anxiety
among all groups (Hibbeln et al., unpublished data). DHA was the only plasma fatty acid
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measure or plasma cholesterol measure that was related to psychiatric symptoms. These
cross-national and within-country observational studies are consistent with the hypothesis
that low omega-3 status is associated with depressive symptoms.

1.3. Major depression and tissue compositional studies

Lipid compositional data from depressed patients was sparse prior to the publication
of our original hypothesis. Sengupta et al. (1981) documented decreases in total serum
phosphatidylserine in unipolar depressives. Abnormalities in biophysical measures of
membrane order have been reported in erythrocytes, lymphocytes and platelets of patients
with affective illnesses (Pettegrew et al. 1982, Piletz et al. 1991) and may have resulted
from alterations in lipid composition. Two early reports (Ellis and Sanders 1977, Fehily
et al. 1981) found that the levels of 22:6 n-3 in plasma phosphatidylcholine increased
with severity of depressive symptoms, but these findings are difficult to interpret due
to the diagnostic heterogeneity of the patients, lack of dietary assessment and reported
decreases in total serum phosphatidylcholine in unipolar depressives (Sengupta et al.
1981). In addition, one third of these patients were on psychotropic medications which
may cause phosholipidoses (Kodavanti and Mehendale 1990). Kodavanti and Mehendale
(1990) comprehensively review the effects of cationic ampathiphillic drugs, including
many psychotropic medications, on membrane lipid composition.

Since the publication of our initial hypothesis (Hibbeln and Salem 1995), a series
of clinical studies have reported that depressed patients have low tissue concentrations
of EPA and/or DHA, and several supplementation trials have reported improvements
in depressive symptoms in the affective spectrum. Seven studies have reported that
lower concentrations of n-3 fatty acids in plasma or red blood cells predicted depressive
symptoms (Adams et al. 1996, Edwards et al. 1998a,b, Maes et al. 1996, 1999, Peet et al.
1998, Hibbeln et al., unpublished data). Adams and colleagues were the first to report that
lower measures of DHA in the phospholipids of red blood cells (»=0.80, p <0.01) and
a greater AA/EPA ratio (r=0.73, p <0.01) predicted more severe depressive symptoms
(Adams et al. 1996). Several investigators have also reported elevated AA/EPA ratios
among depressed subjects. This suggests that depressed patients are more likely to
generate AA-derived eicosanoids, thereby increasing cardiovascular risk. For example,
Maes and colleagues found lower concentrations of LNA and EPA and a higher
AA/EPA ratio comparing 36 patients with major depression to 14 subjects with minor
depression and to 24 healthy controls (Maes et al. 1996). One well-done study carefully
controlled common confounding factors that would alter omega-3 status among depressed
subjects by controlling for both alcohol consumption and cigarette smoking while also
assessing dietary intake (Edwards et al. 1998b). DHA concentrations in RBCs emerged
as the most significant predictor of Beck Depression Inventory Scores in a multiple
regression model (beta coefficient of —0.92). These investigators (Edwards et al. 1998b)
also reported lower concentrations of EPA, DHA, and total omega-3 fatty acids in red
blood cells in 10 depressed patients compared to 14 healthy controls. Within those same
depressed patients, severity of depression was best predicted by dietary LNA (»r=-0.83,
p <0.003) and red blood cell LNA (»=-0.81, p <0.008). Interestingly, no differences
in dietary intake of omega-3 fats were found between patients and controls during the
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time period studied. In a carefully controtled examination of 15 unmedicated patients
with major depression, Peet and colleagues found considerably reduced ( p < 0.009) DHA
concentrations in red blood cell membranes relative to 15 matched controls (Peet et al.
1998). This finding is consistent with the proposition that decreased concentrations
of DHA in red blood cell membranes may reflect decreased DHA concentrations in
depressed patients’ neuronal membranes, altering membrane biophysical properties and
affecting membrane bound receptors and enzymes found to be dysfunctional in depression
(Hibbeln and Salem 1995).

Because the tissue-compositional studies have been observational, it has been difficult
to absolutely determine which omega-3 fatty acids, or combination of fatty acids,
have the most important mechanistic role. It is important to note that the robust
correlational relationships described in these tissue-compositional studies are remarkably
consistent with the robust cross-national relationships that have been described between
lower seafood consumption and higher prevalence rates of major depression (r=-0.84,
p <0.005) (Hibbeln 1998). These data do offer strong support that DHA and omega-3
status is compromised among depressed subjects, but these data should not be interpreted
as evidence of a metabolic defect in omega-3 essential fatty acid metabolism among
depressed subjects. Since most of these studies did not assess dietary intake, the
possibility that being depressed has altered dietary preferences and reduced omega-3
intake, must also be considered. Although the primary source of omega-3 insufficiency
among depressed patients is likely to be poor dietary intake, other possibilities such
as metabolic differences cannot be dismissed. A possible contributing factor could be
increased degradation of these polyunsaturated fatty acids through oxidation caused
by smoking and excessive alcohol consumption (Morrow et al. 1995, Shahar et al.
1999). Prolonged periods of psychological stress may also degrade tissue polyunsaturated
fatty acid concentrations (see the review by Hibbeln and Salem 1995). Regardless of
the etiology of the insufficiency, increased dietary intake can readily improve omega-3
status.

1.4. Historical observations on the treatment of depression with lipids: Considerations
regarding Christianity

In western cultures, the fish is a core and ancient symbol of Christianity, which is
older than the crucifix. The identity is so close that the Greek word for fish, IXOYZ,
1s an anagram for the word Christ. The core sermon of Christianity, the sermon on
the mount, describes a philosophy of non-impulsive and calm behavior. Christians are
literally instructed to turn the other cheek when assaulted (Matt 5:39), which would
certainly reduce homicides. Among the multiple references to fish in the bible, fish
was reported to be the first meal that Jesus ate after his resurrection (Luke 24:42)
before opening up the minds of disciples to understand the scriptures. Two miracles
describe the multiplication of fishes for multitudes of 4000 (Mark 8:8, Matt 15:36-37)
and 5000 (Luke 9:16-17, Mark 6:41, Matt 14:19-20, John 6:11), while a third describes
Simon casting and filling the nets to feed the disciples after resurrection (Luke 9:16—17,
John 21:6-11). This symbolism is more than a dietary recommendation to consume
more fish; it is nearly a dictum to encourage production and consumption. From
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1542 until the 1960s the Roman Catholic Church encouraged the consumption of fish
and seafood on at least one day of the week, Friday or Wednesday or both, on all
Christian feast days and throughout nearly all of the 40 days of lent. If fish were
consumed on all of these days, then certainly an average of more than 3 fish meals
per week would be consumed, a reasonable modern dietary recommendation. Is it
possible that one reason the symbolic association of fish and peaceful behaviors has
persisted for more than 2000 years in western society is that consumption of the omega-3
fatty acids in fish have the biological psychotropic effects of reducing impulsive and
violent behaviors?

Some historical evidence suggests that essential fatty acids may have some treatment
efficacy in depression. In The Anatomy of Melancholy, published in 1652, Burton
recommended the use of borage oil, high in n-6 polyunsaturates, as well as a low-
fat diet including fish (Burton 1988). For severe cases, Burton recommended a 2-week
diet of brains, an excellent source of 22:5 n-3, 22:6 n-3 and 20:4 n-6. In a series
of fascinating case reports, D.O. Rudin was perhaps the first modern physician to
note a beneficial psychotropic effect of linseed oil (which is high in 18:3 n-3)
among a heterogeneous mixture of patients including severely ill schizophrenics (Rudin
1981). Another curious finding has been that treatment with oral phosphatidylserine,
prepared from bovine cortex (BC-PS), markedly improved depressive symptomatology
in 11 elderly women (Maggioni et al. 1990). Bovine gray matter phosphatidylserine
contains 29% of its fatty acids as 22:6 n-3 (Salem et al. 1980). Treatment with
300 mg/day of BC-PS markedly reduced withdrawal and apathy scores compared to
a corn oil placebo, in a multi-center study of 494 elderly patients (Cenacchi et al.
1993). Withdrawal and apathy scores are often difficult to distinguish from mild
depressive symptoms. Stockert and colleagues suggested BC-PS may regulate the
serotonin reuptake site, a site of action of fluoxetine (Prozac®) (Stockert et al. 1989).
They noted that BC-PS reduced [3H] imipramine binding sites in rat brain by 23%
alone and by 47% when combined with amitryptyline. Block and Edwards described
regulation of the serotonin reuptake protein by altering the biophysical properties with
18:1 n-9 and cholesterol (Block and Edwards 1987). In a difficult to interpret series
of human studies, mixtures of hypothalamic phospholipids potentiated antidepressant
actions (Casacchia et al. 1982, Gianelli et al. 1989, Roccatagliata et al. 1978).
These lipids were also reported to increased cerebrospinal fluid 5-hydroxyindoleacetic
acid (5-HIAA) and homovanillic (HVA) acid levels as well as somatotrophin release,
measures often associated with an improvement in depressive symptoms (Drago et al.
1985). Unfortunately these human studies have not been adequately replicated. Similar
phospholipid mixtures reduced immobility of rats in the Porsolt swim test (Mills and
Ward 1989). Borage oil and 20:5 n-3 reversed psychosocial stress-induced hypertension
in humans and rats (Mills et al. 1989, 1994, Mills and Ward 1989). These fragmentary
but suggestive reports constitute part of the historical background of this field.

1.5. Current treatment of major depressive symptoms and bipolar affective disorder

One of the most important contributions to the field of omega-3 fatty acids in psychiatric
disorders has been the double-blind, placebo-controlled treatment study conducted by
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Stoll and colleagues among subjects with bipolar affective disorder (Stoll et al. 1999b).
Bipolar affective disorder is also commonly known as manic—depressive disorder, which
more vividly describes the debilitating clinical course of this illness. Thirty subjects
were treated with 14 capsules per day containing either 9.6 g/d of ethyl ester EPA plus
DHA or an olive-oil placebo. Subjects were studied as outpatients for four months and
received the capsules in addition to their regular pharmacological therapies. After four
months, there was a significantly reduced risk of relapse to a severe episode of mania or
depression in the omega-3-treated group compared to the placebo-treated group. Among
subjects taking no other medications, four subjects in the EPA plus DHA group remained
symptom free for the length of the study while the four subjects in the placebo group all
relapsed. Those results indicate that EPA plus DHA may function as a sole treatment in
some patients with bipolar affective disorder. Significant improvements were seen in the
Hamilton depression rating scales and the Clinical Global Impressions Scale but not in
the Young Mania Depression Scale. These data suggest that depressive symptoms may
be more responsive to EPA and DHA than manic symptoms. Further studies in bipolar
affective disorder are being conducted by the Stanley Foundation (n=240) and through
funding by the Center for Complementary and Alternative Medicine at the National
Institutes of Health.

Since the publication of our original hypothesis, only one treatment study of omega-3
fatty acids in major depression has been completed, and none have been published
(Marangell et al. 2000). In contrast to the predictions of the tissue-compositional and
epidemiological studies, this six-week trial of 2 g/d of DHA alone did not document
any differences in depressive symptoms among subjects with mild to moderate major
depression. This study of medication-free patients with a Hamilton depression rating
scale of greater than 17 and no significant co-morbid psychiatric diagnoses was well
designed and carefully conducted. However, several questions remain before the efficacy
of DHA in major depression can be ruled out. First, the trial length may not have
been adequate. Second, although the dose of DHA (2 g/d) appeared adequate to change
most tissue compositions, this dose may have been excessive if there is a non-linear or
“inverted U”-shaped pattern of response. In other words, response may be seen at low
doses but secondary antagonistic mechanisms may be activated at higher doses. This
interpretation is supported by anecdotal reports from some patients who have described
better efficacy at doses of 100-300 mg/d (personal observations). Although speculative,
it is possible that high doses of dietary DHA may replace EPA or arachidonic acid from
small biologically active phospholipid pools (de la Presa-Owens et al. 1998) and decrease
eicosanoid production, an effect not apparent at low-dose regimens. Finally, it is also
possible that EPA alone or a combination of EPA plus DHA and other essential fatty acids
may be needed for optimal treatment efficacy. A greater diversity of controlled clinical
studies will help to resolve these questions. Several studies have also described a reduction
of depressive symptoms among patients with other primary psychiatric disorders treated
with EPA or a combination of EPA plus DHA (Peet et al. 2001, Stoli et al. 1999b). Peet
and colleagues reported a 35% decrease in depressive symptoms among schizophrenics
treated with 2 g/d of EPA (Peet et al. 2001). Peet and Horrobin (2001) have reported robust
treatment responses to 1 g/d of ethyl ester EPA among subjects with treatment resistant
depression. Several interventional trials are underway to test these initial findings. These
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studies do provide suggestive evidence of treatment efficacy for long-chain omega-3 fatty
acids in depressive symptoms.

1.6. Cross-national epidemiology of bipolar affective disorder

The cross-national relationships between lower prevalence rates of Bipolar Affective
Disorders and greater seafood consumption (Noaghuli, S., Hibbeln, J.R., Weissman, M.,
unpublished data) are strongly consistent with the clinical intervention trial in bipolar
affective disorder described above. Of the psychiatric disorders that have been ex-
amined, bipolar spectrum disorders have the strongest, most well-defined relationship
to seafood consumption. As with prevalence rates of other psychiatric disorders,
there is a non-linear regression relationship. Below an apparent threshold of approxi-
mately 75 Ibs/person/y, the prevalence rates of bipolar disorder rise precipitously from
0.04% in Taiwan (81.6 Ibs/person/y) to 6.5% in Germany (27.6 lbs/person/y), a nearly
60-fold difference in prevalence (Noaghuli, S., Hibbeln, I.R. and Weissman, M., unpub-
lished data). Bipolar affective disorders I and 1l have similar non-linear relationships.

1.7. Postnatal (postpartum) depression

Postpartum, or postnatal, depression may provide an extremely useful model for testing
the hypothesis that a deficiency of omega-3 fatty acids in adulthood, and in particular
DHA, increases the predisposition to suffering depressive disorders (Hibbeln and Salem
1995). Throughout pregnancy, the placenta actively transfers DHA from the mother to
the developing fetus (Campbell et al. 1998). Without adequate dietary replenishment,
DHA stores in mothers can become depleted (Al et al. 1994, Holman et al. 1991)
and may not be replenished for 26 weeks (Otto et al. 1997, 1999). Given these basic
findings, we predicted, and found, that the prevalence rates of postpartum depression
would be higher in countries with lower rates of seafood consumption (Hibbeln 1999).
The published data on the prevalence of postpartum depression and published data on the
DHA content of breast milk was also evaluated (Hibbeln 2001). We found that the DHA
concentration of mothers’ milk predicted prevalence rates of postpartum depression in a
simple linear regression model (»=-0.88, p <0.0001, n=16) while seafood consumption
predicted prevalence rates of postpartum depression in a non-linear logarithmic regression
(r=—0.81, p <0.0001). These differences comparing seafood consumption data to the
breast-milk compositional data may be due to the non-linear relationship between dietary
intake of omega-3 fatty acid and final tissue concentrations (Lands et al. 1992). The
observation that the AA or EPA composition of mothers” milk did not predict postpartum
depression prevalence rates adds confidence to the proposition that DHA and/or other
omega-3 fatty acids are the active components. However, it is important to consider
that arachidonic acid may have important psychotropic effects in affective disorders.
These cross-national relationships remained significant even after exclusion of all Asian
countries and exclusion of countries where there are extreme differences in the percentage
of women with low socioeconomic status or other risk factors that have been identified
for postpartum depression (Hibbeln 1999). We again note that these cross-national
studies are not proof of a causal or protective relationship but they do provide a strong
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rationale to conduct interventional trials. To our knowledge, there has been no intervention
trial completed using either omega-3 or omega-6 fatty acids to prevent or to treat
postpartum depression, although two are currently underway at the University of Arizona
{Marlene Freeman, M.D., personal communication) and Baylor University in Texas (Lynn
Puryor, M.D., personal communication).

2. Impulsive disorders
2.1. Homicide, aggression, hostility and omega-3 status

A review of human intervention studies indicates that it is reasonable to expect that
increasing the dietary intake of DHA and EPA might reduce aggression and/or hostility.
Virkkunen et al. (1987) reported that violent and impulsive offenders had lower plasma
concentrations of DHA and higher concentrations of 22:5 n-6 than non-impulsive
offenders and healthy controls. Three double-blind, placebo-controlled intervention trials
have demonstrated the efficacy of omega-3 fatty acids in reducing hostility, an affective
state closely related to anger and aggression. One double-blind, placebo-controlled trial
was specifically conducted to assess the efficacy of DHA in reducing measures of
hostility. Hamazaki et al. (1996) reported that 1.5 to 1.8 g/d of DHA reduced measures
of hostility in a picture frustration test among Japanese students undergoing the stress of
University exams, in comparison to a placebo-treated group. One significant aspect of this
study is that the baseline plasma DHA composition of this group was 3.0% (compared
to typical American levels of less than 1%). Hostility was assessed with the Rosensweig
Picture Frustration Test. Thienprasert et al. (2000) also reported decreases in hostility
measures among Thai university employees, but not rural farmers in a 2-month double-
blind trial of 1.5 g/d of DHA. Consistent with these reports, a five-year intervention trial
documented reductions in hostility and depression scores among subjects consuming
a high-fish diet (Weidner et al. 1992). Thus, it is interesting that across 26 countries,
homicide mortality rates are correlated with lower rates of seafood consumption (# =0.63,
p <0.0006) over a 30-fold difference in prevalence (Hibbeln 2000). This cross-national
study did not demonstrate that increasing omega-3 consumption caused lower rates of
homicide. That assertion is best tested in a controlled interventional trial.

2.2, Suicide and impulsiveness

Impulsiveness is defined as the inability to inhibit behavior and has frequently been
proposed as an important deficit among aggressive and suicidal subjects. Many theorists
have suggested that many aggressive behaviors are a subset of impulsive behaviors
(Apter et al. 1993, Mann 1998). Mann (1998) has also suggested that aggression and
suicidality may also have a common behavioral denominator, impulsiveness, which is
associated with a common biological correlate, low serotonergic function. The putative
relationships between low omega-3 status and serotonergic function will be discussed
below. We note that no interventional trials have been conducted to test if improving
omega-3 status reduces impulsiveness. However, several studies indicate a low omega-3
status is associated with greater impulsiveness:
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(1) In a study of 265000 Japanese men followed for 17 years, Hirayama (1990) found
that daily fish consumption significantly reduced the risk of death due to suicide (odds
ratio 0.81) compared to eating fish less than every day.

(2) Among 1434 normal subjects in Northern Finland, frequent fish consumption was
associated with a reduced risk of suicidal thinking (odds ratio 0.57) (Tanskanen et al.
2001a).

(3) Among 165 subjects with major affective disorders, lower plasma DHA and EPA
concentrations predicted higher scores on the Barratt Impulsiveness Scale (Noaghiul
et al., unpublished).

(4) Among impulsive suicide attempters, low concentrations of plasma EPA predicted
higher ratings of impulsiveness, greater guilt, higher future suicide risk and greater
psychopathology including depression (Hibbeln et al. 2000c¢).

These data appear sufficient to raise the possibility that a low omega-3 status may be

associated with a greater risk of suicide.

2.3. Attention deficit hyperactivity disorder

Initial reports of deficiencies of essential fatty acids among children with attention
deficit hyperactivity disorder (ADHD) and dyslexia raised the promise of potential non-
drug treatments. However, convincing treatment data from interventional trials has not
yet been reported. Stevens et al. (1995) found that 53 subjects with attention deficit
hyperactivity disorder had significantly lower concentrations of AA, EPA, and DHA
in plasma polar phospholipids when compared to 43 control subjects. One investigator
(Stordy 1995) described decreased rod function in 10 young dyslexics compared to
10 controls. In an open trial, supplementation with a fish oil containing 480 mg of DHA/d
for one month improved scotopic vision among these dyslexics. Stordy also reported that
supplementation with a mixture of essential fatty acids improved motor skills in a open
trial of 15 ADHD children (Stordy 2000). Two well-controlled, double-blind placebo-
controlled trials among children with attention deficit hyperactivity disorder supplemented
with either DHA (Voigt et al. 1998) or a mixture of EPA plus DHA (Burgess 1998)
were presented at an international workshop in 1998. Neither study found positive
treatment effects. Richardson et al. (personal communication) have reported decreased
ADHD symptoms among children with speach disorder. However, to our knowledge,
neither positive nor negative results from these studies have appeared in publication.
One important confounding factor is that the diagnosis of behavioral disorders among
children is often very difficult. For example, many children with bipolar affective disorder
may respond to supplementation but be mistaken for children with attention deficit
hyperactivity disorder. The published data are insufficient to either accept or reject the
hypothesis that omega-3 supplementation is useful in treating behavioral disorders among
children such as attention deficit hyperactivity disorder. Great attention should be paid to
the observation that childhood affective disorders are very difficult to distinguish from
attention deficit hyperactivity disorder (Giedd 2000). These may actually be improvements
in early affective symptoms. It is important to continue to listen to the anecdotal reports
of parents and teachers who have seen dramatic improvements in disruptive behaviors in
order to reduce our ignorance regarding the diagnoses of these children.
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2.4. Alcoholism

A low omega-3 status among alcoholics may in part explain the high rates of depression
and violence among this population. Depression secondary to alcoholism is common
as it occurs in 16% to 59% of alcoholic patients (Merikangas and Gelertner 1990,
Winokur 1990) who represent 5-10% of the US population. Depression occurs more
frequently in alcoholics (58%) than in opiate addicts (32%) or schizophrenics (28%)
(Weissman 1983). Schuckit (1986) noted serious depression in 70% of patients with
prolonged heavy drinking and argued that these depressions were the consequence of
the pharmacological effects of alcohol intoxication, withdrawal and life crises. Severe
depressive symptoms remitted within 4—6 weeks of abstinence alone. At high levels of
intake, alcohol is a pro-oxidant that leads to increased lipid peroxidation (Bjorneboe and
Bjorneboe 1993, Rosenblum et al. 1989). A consequence of increased lipid peroxidation
may be a decrease in the levels of the more highly unsaturated species such as 22:6 n-3.
Several studies have demonstrated that chronic alcohol intoxication depletes long-chain
n-3 polyunsaturated fatty acids from neuronal membranes (Salem and Ward 1993)
which we suggest may facilitate development of depressive symptoms. Chronic alcohol
consumption also markedly depleted DHA from neuronal membranes (Pawlosky and
Salem 1995, 1998) among adult rhesus monkeys that drank alcohol at moderate levels.
These animals had been given a diet that contained low, but adequate, concentrations
of essential fatty acids. The fatty acid composition of these diets resembled diets of
some American alcoholics. Chronic alcohol consumption also decreases central nervous
system serotonin concentrations (Higley and Bennett 1999), which may be responsible for
increased impuisivity. The decreased central nervous system concentrations of serotonin
caused by alcohol may be reversed by a diet with adequate amounts of essential fatty acids
(Olsson et al. 1998). Both chronic alcohol consumption and a diet containing low, but
adequate amounts of essential fatty acids, lowered serotonin and dopamine concentrations
in rat cortex to similar levels, when compared to a diet containing just 0.5% AA and
0.5% DHA (Olsson et al. 1998). Thus, we postulate that increasing dietary intake of
DHA plus EPA among abstinent alcoholics will restore central and peripheral omega-3
status. This restoration of omega-3 status may increase brain serotonin concentrations and
reduce impulsive behaviors among these alcoholics.

3. Possible mechanisms: neurotransmitter function

Abnormalities in serotonergic function are thought to be important in impulsive,
suicidal and depressive behaviors. One of the best-replicated findings in biological
psychiatry is that low concentrations of 5-hydroxyindoleacetic acid in cerebrospinal fluid
(CSF 5-HIAA, a metabolite of serotonin) are associated with suicide and depression (Roy
et al. 1987). Low CSF 5-HIAA concentrations predict impulsive, hostile and aggressive
behaviors (Linnoila et al, 1983, 1989, Mann et al. 1999, Virkkunen et al. 1994) and refiect
serotonin turnover in the frontal cortex (Stanley et al. 1985).

One simple core clinical question is: does increasing the dietary intake of omega-3 fats
improve concentrations of neurotransmitters that are implicated in depressive and violent
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behaviors? Therefore, it is important to examine the animal literature that documents that
altering the omega-3 fatty acids composition of an animal’s diet can alter neurotransmitter
concentrations. It is also important to note that deficiencies in omega-3 fatty acids impact
monoaminergic neurotransmission in the frontal cortex, which has been shown to regulate
both impulsive behaviors and cardiovascular reactivity in response to emotional stress.
Zimmer and colleagues (2000b) documented a significant reduction in the number of
dopaminergic synaptic vesicles in the frontal cortex of omega-3-deficient rats. This dietary
deficiency in omega-3 fatty acids resulted in a 90% reduction in the quantity of dopamine
released after tyramine stimulation (Zimmer et al. 2000a). In comparing diets containing
fish oils to diets deficient in omega-3 fats, others (Chalon et al. 1998) found that dopamine
levels were 40% greater in the frontal cortex of rats fed fish oils compared to those fed the
control diet. In frontal cortex there was also a reduction in monoamine oxidase activity
and greater binding to dopamine D, receptors.

While animal studies have most strongly documented improvements in dopaminergic
function, they also indicated that the function of serotonergic neurons may also be altered
in adult animals. DeL.ion and colleagues (1996) reported that a chronic dietary deficiency
in omega-3 fatty acids specifically affected monoaminergic systems in the frontal cortex
of rats. They reported that a 40-75% lower level of endogenous dopamine in the
frontal cortex occurred in deficient rats according to age. This deficiency also induced a
10% reduction in the density of dopaminergic D; receptors and an 18-46% increase in
serotonin 5-HT, receptor density in the frontal cortex with no change in binding affinity
and without variation in serotonin levels. These changes in serotonin 5-HT, receptor
density were strikingly similar to the abnormalities noted by Stanley and colleagues
(1983) among victims of suicide; there was a 44% increase in 5-HT, receptor density
and no change in binding affinity in the frontal cortex. Heron and colleagues (1980)
found that changing the fatty acid composition altered membrane biophysical properties
that resulted in markedly altered serotonin receptor binding. These observations support
the assertion that greater omega-3 fatty acid intake may improve the abnormalities of
serotonergic neurotransmission, which are associated with impulsive behaviors.

3.1. Neurotransmitter function in non-human infants

Neurotransmission in the frontal cortex can also be affected by dietary essential fatty acids
during infancy. De la Presa Owens and Innis (1999) fed piglets one of four infant formulas
for 18 days. The formulas were either adequate (C—) or deficient (D-) in 18:2 n-6 and
18:3 n-3 or contained supplemental arachidonic acid (AA) (0.2%) and DHA (0.16%), D+
and C+, respectively. Frontal-cortex concentrations of serotonin, tryptophan, dopamine,
HVA and norepinephrine were nearly doubled in the D+ and C+ formulas. It is remarkable
that only 18 days of dietary intervention altered concentrations of these fundamental
neurotransmitters. Austead and colleagues (2000) also reported changes in concentrations
of both serotonin and CSF 5-HIAA in frontal cortex among piglets given control and
DHA/AA supplemented formulas. They reported that frontal-cortex concentrations of
serotonin increased while the concentration of the metabolite, CSF 5-HIAA, decreased.
One interpretation of these data is that DHA/AA supplementation increases tissue
concentrations of serotonin by decreasing degradation of serotonin to its metabolite,
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CSF 5-HIAA (personal communication). Several drugs used to treat depression have
similar effects of raising tissue concentrations of serotonin and lowering CSF 5-HIAA
concentrations. For example, fluoxetine (Prozac®) increases the concentration of serotonin
in the synapse by inhibiting reuptake into the cell (Pacz and Hernandez 1998).
CSF 5-HIAA decreases because the serotonin is not exposed to the degradative enzyme
monoamine oxidase (MAO). Consistent with this interpretation, DeLion and colleagues
(1997) reported that diets rich in omega-3 fats lead to a decrease in MAO activity.

Among infant rhesus monkeys, we found that supplementing their infant formula with
AA (1.0%) and DHA (1.0%) (DHA/AA group) improved neurodevelopmental outcomes
and heart-rate variability, but decreased CSF 5-HIAA concentrations (Hibbeln et al.
2000b). In this experiment, infants were removed from their mothers at birth and, for six
months, received one of the two formulas while being raised in a stringently controlled
nursery. The DHA/AA group received formulas supplemented with AA (1.0%) and
DHA (1.0%) which is similar to the milk of rhesus monkey mothers. The control formulas
were similar to commercially produced human infant formulas as they were virtually
devoid of DHA and arachidonic acid (AA). At six months all animals were switched
to diets rich in omega-3 fatty acids. DHA/AA infants had profoundly improved motor
development and visual orientation scores in as little as seven days (Champoux et al.
2001). As described above, heart-rate variability remained improved in adolescence, up to
3.5 years after the dietary intervention had stopped, indicating an enduring developmental
effect. CSF 5-HIAA was decreased in the DHA/AA group, but only during the six months
of formula feeding. We cannot determine directly whether the supplementation raised
or lowered the brain concentrations of serotonin among these infants. However, the
behavioral and physiological improvements noted above, were consistent with improved
serotonergic function.

3.2. Human data on omega-3’s and neurotransmitter metabolites

Correlational data from human studies are consistent with the proposition that omega-3
status is related to CSF neurotransmitter metabolite concentrations. We observed that
plasma concentrations of DHA and AA predicted CSF 5-HIAA and HVA concentrations
in 234 subjects investigated at the National Institute on Alcohol Abuse and Alcoholism
(Hibbeln et al. 1998a,b). In healthy control subjects and late-onset alcoholics, higher
concentrations of plasma DHA predicted higher concentrations of CSF 5-HIAA. It
is remarkable that this correlational relationship was found between a cerebrospinal
fluid measure of a neurotransmitter metabolite and a plasma level of any fatty
acid. We have also replicated this finding among 104 adult rhesus monkeys. Higher
concentrations of the omega-3 fatty acids DHA and EPA in plasma predicted higher
concentrations of CSF 5-HIAA (Hibbeln, Higley et al., unpublished). Among these
animals, higher EPA and DHA plasma concentrations also predicted more functional
dominance behaviors. We note that these animals were all on the same diet so their
variance in plasma fatty acid compositions were due to individual differences in
fatty acid metabolism, catabolism or responses to the fatty acids. These correlational
findings do strongly suggest that increasing DHA intake may increase brain serotonin
concentrations. Higher brain concentrations of CSF 5-HIAA may reduce depression and
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aggression. Direct data demonstrating that increasing EPA or DHA status will change
CSF 5-HIAA concentrations among human subjects are sparse. Nizzo and colleagues
(1978) reported that acute intravenous infusions of DHA-containing phospholipids
increased CSF 5-HIAA and homovanillic acid (HVA) concentrations in human subjects
over six hours. Unfortunately this study was poorly controlled and examined few
subjects.

3.3. Deficiencies in gestation or early development and psychiatric outcomes

An intriguing possibility is that some level of deficiency in omega-3 status either
during interuterine, postnatal or in later development, could contribute to a lifelong
risk of suffering psychiatric illnesses through irreversible neurodevelopmental changes,
as has been proposed for schizophrenia (Peet et al. 1999). For example, studies of
periods of famine such as the Dutch Hunger Winter have generated hypotheses that
specific psychiatric illness may be related to nutritional deprivation in specific periods of
development. Prenatal malnutrition in the first trimester may increase risk for developing
schizophrenia (Susser and Lin 1992) as reflected in increased sulcal sizes (Hulshoff Pol
et al. 2000) whereas later gestational famine during the 2nd and 3rd trimester increased
the risk for later affective disorders (Brown et al. 2000). One test of the hypothesis
that mothers of children with psychoses are deficient in essential fatty acids during
gestation has been to examine the composition of maternal plasma on the day of birth
and the development of psychotic illnesses over the next four decades among their
children (Hibbeln et al. 2000a). The total fatty acid content as well as the cholesterol
ester 18:3 n-3 and 18:2 n-6 were significantly higher in the plasma from mothers of
27 children that developed psychosis compared to the plasma of the 51 control mothers
matched for age, date of birth and ethnicity. Cholesterol ester DHA and cholesterol ester
EPA concentrations were also elevated, but were not statistically different. These data are
inconsistent with the hypothesis that mothers of children with psychoses are deficient in
n-6 or n-3 essential fatty acids.

It is also possible that essential fatty acid deficiencies in the postnatal period may
increase the risk of the development of psychiatric or behavioral disorders. Higley and
colleagues (1991) have extensively validated a model for inducing greater risk for lifetime
behavioral disturbances and alcohol preference among rhesus monkeys. In this paradigm,
infant rhesus monkeys were separated from their mothers at birth, raised in a nursery with
a cloth surrogate mother and fed standard formulas. These infant formulas resembled
human infant formulas commercially available in the USA in that they are virtually devoid
of DHA and AA (Hibbeln et al. 2000b). Several studies have documented that infants
fed standard formulas virtually devoid of DHA and AA have sub-optimal neurological
development (as evidenced by behavior and visual outcome measures), when compared
to infants fed formulas supplemented with DHA and AA (Agostoni et al. 1995, Birch
et al. 2000, Carlson et al. 1991, Gibson and Makrides 2000, Willatts et al. 1998). Thus, we
postulated that some portion of the increased risk for aggressive and depressive behaviors
among the nursery-raised rhesus monkeys described above could be due to the very
low levels of dietary AA and DHA. It is known that maternal-infant interactions have
profound effects on early development and maturation so a nutrition deprivation could
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at best contribute to only a small portion of the behavioral differences observed when
mother-raised and nursery-raised infants are compared. Long-term data on behavioral
differences among these primates are still being assessed. It will be difficult to design
human studies that adequately test the hypothesis that formulas virtually devoid of AA
and DHA increase the predisposition to violence or aggression.

4. Cardiovascular disease and depression: introduction

Major depression and cardiovascular disease are debilitating and widespread disorders.
The Seven Countries Study on Cardiovascular Diseases found that 26.3% of deaths were
due to cardiovascular mortality (Menotti et al. 1989), and the World Health Organization
estimated in 1996 that major depression was the single greatest cause of years of life
lost to disability worldwide (Murray and Lopez 1996). Therefore, it is of great clinical
significance that over the past 30 years, both depressive symptoms and hostility have
been established as major risk factors for cardiovascular mortality in prospective and
retrospective studies (Booth-Kewley and Friedman 1987, Carney et al. 1987, Ford et al.
1998, Glassman and Shapiro 1998, Kaplan et al. 1991b, Musselman et al. 1998). Several
factors have been identified as risk factors of cardiovascular morbidity among depressed
patients. These include an increased risk of sudden cardiac death, increased risk of
cardiac arrhythmias, heightened platelet aggregation and activation, decreased heart-
rate variability, elevated plasma norepinephrine, and hyperactive hypothalamic—pituitary—
adrenocortical axis activity. Several authors have postulated that depressed states elevate
sympathetic tone which, in turn, may increase vascular and platelet reactivity, create
alterations in blood pressure and cause endothelial injury, thus increasing cardiovascular
risk (Carney et al. 1987, Ford et al. 1998, Musselman et al. 1998). Finally, it has been
proposed that elevations in corticotrophin releasing factor (CRF), which then stimulates
increases in sympathoadrenal and HPA-axis activity, is a primary mechanism underlying
these risk factors (Musselman et al. 1998). However, no hypothesis yet proposed provides
a causal explanation of the origin of elevated sympathetic tone among depressed patients
and describes specific interactions with each risk factor. We postulate that a low or
insufficient tissue status of EPA and DHA exacerbates each of the cardiovascular
risk factors that have been described among depressed patients. Although our original
statement of our hypothesis that EPA and or DHA insufficiency may link depression to
CVD (Hibbeln and Salem 1995) has been followed by a brief discussion of possible
mechanisms (Severus ct al. 1999), this proposition merits a more careful examination.

4.1. Omega-3 fatty acids in cardiovascular disease (CVD)

Several reviews have already described the protective roles of omega-3 fatty acids in
reducing the morbidity and mortality of cardiovascular disease (Abeywardena et al. 1992,
Leaf and Weber 1987). A few outstanding studies will serve to clarify the importance
of EPA and DHA in cardiovascular risk. In a treatment trial involving 11324 post-
infarction subjects, one gram of EPA plus DHA per day significantly lowered the risk
of subsequent cardiovascular death by 30%, and all-cause death by 20% [GISSI 1999].
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In the MRFIT study of 12866 men, the estimated sum of EPA, docosapentaenoic acid
(n-3) and DHA consumption was negatively correlated with cardiovascular mortality after
adjustment for cardiovascular risk factors (ARR =0.59, p < 0.005) (Dolecek and Granditis
1991). Finally, in three different studies of populations with low dietary fish intake, fish
consumption was negatively correlated with cardiovascular mortality (Kromhout 1989).
Even a slight increase in dietary intake of LNA was associated with a decreased relative
risk of myocardial infarction of 0.41 (p <0.01) following adjustment for risk factors
(Ascherio et al. 1996). These and other studies have demonstrated the validity of the
protective relationship of omega-3 fats for cardiovascular diseases.

4.2. Mechanisms of increased cardiovascular risk in depression

Six primary factors have been identified among depressed patients that increase risk
of cardiovascular death (Musselman et al. 1998). Each of these factors is exacerbated
by low omega-3 status. These factors are increased risk of sudden cardiac death,
increased vulnerability to cardiac arrhythmias, increased platelet activity, decreased heart-
rate variability, elevated plasma norepinephrine, and overactivity of the hypothalamic—
pituitary—adrenocortical (HPA) axis. CRF-induced increases in both sympathoadrenal and
HPA-axis activity have been previously proposed as the primary mechanism underlying
these risk factors in depression (Musselman et al. 1998). We will examine both the
effects of omega-3 fats in reducing sympathoadrenal and HPA-axis hyperactivity and the
independent protective effects on each factor. The relationship of omega-3 fatty acids to
elevated triglycerides, homocysteine levels and serotonergic function in depression and
CVD will also be discussed, although the evidence supporting these relationships is not
fully developed. Each of these factors will be discussed in turn, with respect to their
relationships with CVD, depression, and omega-3 status.

4.2.1. Sudden cardiac death

Sudden cardiac death accounts for at least half of cardiac deaths (Deshpande and Akhtar
1997, Myerburg et al. 1997) and is the most common form of death for men between
the ages of 25 and 65 (Reich 1985). The association between sudden cardiac death and
depression was first noted in the early 1970s, when two separate investigators noted that
depressive symptoms often predated sudden cardiac death (Bruhn et al. 1974, Greene
et al. 1972). Later studies have confirmed that depression can predict sudden cardiac
death in post-infarction patients (Ahern et al. 1990, Frasure-Smith et al. 1995, Ladwig
et al. 1991), particularly when the depression is untreated (Goldstein and Niaura 1992,
Reich 1985). Increased fish consumption or elevated omega-3 status clearly reduces risk
of sudden cardiac death. Fish intake equivalent to | fatty fish per week was associated
with a 50% reduction in risk of primary cardiac arrest in 334 patients with primary cardiac
arrest and 493 controls (Siscovick et al. 1995). In 20551 subjects originally free from
myocardial infarct, fish intake at least once per week was again associated with a greater
than 50% reduction in risk of sudden cardiac death (RR=0.48, p <0.04) (Albert et al.
1998). The cellular mechanisms by which omega-3 fats reduce risk of sudden cardiac
death are becoming increasingly evident. In the canine model of sudden cardiac death,
EPA and DHA administered as intravenous free fatty acids reversed ongoing arrhythmias
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induced by coronary artery occlusion (Kang and Leaf 1996, Leaf and Kang 1996). Thus,
the low omega-3 status of depressed patients may be responsible for their increased risk
of sudden cardiac death.

4.2.2. Arrhythmias

Myocardial infarctions frequently increase the electrical instability of cardiac tissue and
initiate arrhythmias, the inability of cardiac muscles to contract in a coordinated manner.
This inability of the heart to function properly can rapidly lead to sudden cardiac death,
and accounted for 84% of occurrences of sudden cardiac death across 7 published
series (Bayes de Luna et al. 1989). Depressive symptoms appear to increase the risk for
and severity of arrhythmic events. In a study of 103 patients with pre-existing CVD,
patients with either major or minor depression were more likely (p <0.01) to have
episodes of ventricular tachycardia than non-depressed controls after adjustment for co-
variates (Carney et al. 1993). In 218 post-infarct patients, those with comorbid depression
and arrhythmic premature ventricular contractions were 29.17 times as likely to die
from cardiac causes in the 18 months following infarct compared to all other patients
(p <0.00001). Five of these six cardiac deaths were arrhythmogenic (Frasure-Smith et al.
1995).

Animal and cellular studies have helped to elucidate mechanisms by which omega-3
fats abate cardiac arrhythmias. Elevated myocardial EPA and DHA from dietary sources
prevent the initiation and reduce the severity of arrhythmias in isolated rat hearts in
response to ischemia, reperfusion, and programmed electrical arrhythmias (Hsu and Yap
1967). Dietary supplementation with small amounts of DHA has also been shown to
inhibit ischemia-induced cardiac arrhythmias in vive in rats (Pepe and McLennan 1996).
EPA and DHA appear to exert these antiarrhythmic effects via sodium-channel-mediated
electrophysiological modifications (Abeywardena et al. 1992, Leaf and Kang 1996), the
inhibition of L-type calcium channels (Hallaq et al. 1992), and modulation of eicosanoid
production (Abeywardena et al. 1992).

4.2.3. Heart-rate variability (HRV)

Despite the complexity involved in the interpretation of heart-rate variability (HRV)
data, low HRV has been strongly associated with post-infarct mortality, depression, and
insufficient EPA and DHA intake. HRV is measured in Hertz, and is generally separated
into low-, middle-, and high-frequency (or power) domains. Although there has been
some disparity between researchers with regards to the precise boundaries of each of
these domains, there has been considerable consistency in reporting that low-power HRV
is under the influence of both the sympathetic and parasympathetic nervous systems
(Akselrod et al. 1985, Koizumi et al. 19835, Liao et al. 1997), whereas middle- and high-
power HRV appear to be solely under parasympathetic influence (Akselrod et al. 1985,
Liao et al. 1997). In addition, the assumption that vagal tone is nearly synonymous with
myocardial parasympathetic tone appears to be valid (Bailey et al. 1996).

The predictive power of low HRV for subsequent mortality in patients following
myocardial infarction has been well replicated (Bigger et al. 1988, 1993, Billman et al.
1982, Farrell et al. 1991, Kleiger et al. 1987, Odemuyiwa et al. 1994), and has been shown
to retain its validity independently of other risk factors. Lowered HRV has also been
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associated not only with major depressive disorder but also with minor depression and
depression rating in non-depressed subjects (Carney et al. 1995, Krittayaphong et al. 1997,
Light et al. 1998, Tulen et al. 1996). Although it has been suggested that HRV in depressed
patients improved with successful antidepressant treatment (Balogh et al. 1993, Khaykin
et al. 1998), these findings have been contested (Yeragani et al. 1992). It is interesting
to note here that stimulation of the vagus nerve with implantable electrodes has been
successfully utilized in the treatment of depressive subjects resistant to antidepressant
medications and to electroconvulsive therapy (Rush et al. 2000).

Higher concentrations of DHA and EPA in platelets predicted increased HRV both
at baseline and after dietary intervention, despite HRV quantification using a relatively
crude measure, the standard deviation of RR intervals. At baseline, greater HRV was
positively correlated to DHA content, and the DHA to AA ratio in platelets among
post-infarction patients (Christensen et al. 1997). Following twelve weeks of omega-3
supplementation, these same patients showed increases in platelet omega-3 content and
substantial increases in HRV relative to both baseline measures and control subjects
(Christensen et al. 1996). In a separate study, twenty-nine patients with chronic renal
failure were treated with 5.2 ¢ of EPA and DHA or a placebo for 12 weeks while
undergoing dialysis (Christensen et al. 1998). The highly significant positive correlation
between omega-3 content in granulocyte membranes and HRV (r=0.71, p <0.01) and
the significant clinical treatment effect compared to placebo indicated improvement
in cardiovascular autonomic dysfunction among these subjects. Among male healthy
volunteers, HRV improved in a dose-dependent manner after omega-3 supplementation
(Christensen et al. 1999) although no such effect was found in women. Hence, the
findings of decreased HRV among depressed patients may be related to their low EPA
and DHA status. However, we found no difference in HRV between third-generation
rats raised on either an omega-3-enhanced or omega-3-deficient diet, after analysis with
the Hurst exponent, a more sophisticated measure of fractal systems (Weisinger et al.,
unpublished).

4.2.4. Platelet reactivity

Platelet activation due to interaction with the arterial endothelium is heightened in
depressed patients, is attenuated by EPA and DHA, and plays a key role in the formation
of coronary arterial thrombi. Thrombus formation causes acute cardiovascular syndromes
including unstable angina pectoris, acute myocardial infarction and sudden cardiac death
(Kristensen et al. 1989). Initiation of platelet activation can occur as a result of damage to
the endothelial barrier, which leads directly to the adhesion of platelets as well as to the
release of pro-aggregatory and vasoactive substances such as Thromboxane A, (TxA»),
Adenosine diphosphate (ADP), and serotonin. Although serotonin is but a weak platelet
activator on its own, it is able to elicit strong platelet reactions through amplification
via arachidonic acid and TXA,; release (De Clerck 1991). This amplification occurs
when serotonin stimulates 5-HT), receptors and induces turnover of phosphatidylinositol
4,5-bisphosphate and production of D-myo-inositol 1,4,5-trisphosphate (Ins(1,4,5)P3).
Ins(1,4,5)Ps releases calcium from intracellular stores, thereby activating phospholipases
(including phospholipase A,), which release fatty acids from membrane (De Clerck
1991, Kristensen et al. 1989). These fatty acids are then available for conversion to
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eicosanoids. Eicosanoids derived from arachidonic-acid release are pro-aggregatory and
pro-inflammatory, while eicosanoids derived from EPA weakly inhibit aggregation and
inflammation.

Two key regulators of platelet—vessel wall interactions are the eicosanoids TxA; and
prostacyclin (PGI;). Platelets are the primary source of TxA,, which has platelet pro-
aggregatory and vasoconstrictive properties. PGl,, in contrast, is formed mainly by
epithelial cells, causes vasodilation, and inhibits platelet aggregation. After reviewing
the effects of omega-3 fatty acids on platelet function and bleeding time in 37 human
feeding trials, Kristensen and colleagues (1989) concluded that supplementation with
EPA and DHA produced a favorable shift in the PGl,/TXA, balance and reduced platelet
aggregation and vasoconstriction. DHA has also been shown to reduce platelet reactivity
independently of its conversion to EPA (von Schacky and Weber 1985). Healthy men
given supplements of EPA and DHA for four months showed decreases in platelet activity,
which remained detectable after two months of washout (Prisco et al. 1995). In addition
to inhibiting acute thrombotic reactions, EPA and DHA virtually abolish smooth muscle
cell proliferation and intimal hyperplasia, which are normally stimulated after endothelial
damage and are key pathological features underlying the development of atherosclerotic
lesions (Pakala et al. 1999b.c).

Heightened platelet activation has been described in depressed patients compared to
ischemic and non-ischemic controls (Laghrissi-Thode et al. 1997, Musselman et al. 1996).
Twelve medication-free depressed patients showed signs of heightened coagulant activity
at baseline (p <0.05) as well as a greater number of significant increases in measures
of platelet reactivity to orthostatic challenge compared to eight well-matched controls
(Musselman et al. 1996). After considering the important and well-documented roles of
EPA and DHA and of eicosanoids derived from EPA in reducing platelet aggregation and
in mediating endothelial wall interactions, it is reasonable to consider that abnormalities
in platelet aggregation found among depressed patients may in part be explained by
insufficient tissue concentrations of these fatty acids.

4.2.5. HPA-axis hyperactivity: immune-neuro-endocrine mechanisms

Substantial evidence suggests that hyperactivity of the hypothalamic—pituitary—adreno-
cortical (HPA) axis has a central role in increasing vulnerability to cardiovascular disease
among depressed patients (Musselman et al. 1998). This HPA-axis hyperactivity appears
to be driven by the elevated concentrations of corticotrophin releasing factor (CRF) found
in the cerebrospinal fluid and in hypothalamic neurons of depressed patients (Banki et al.
1992, France et al. 1988, Purba et al. 1995, Raadsheer et al. 1995). A considerable
body of data has documented that elevations in CRF concentrations and hyperactivity
of the HPA axis can be stimulated by the release of cytokines by macrophages, in
particular the cytokines interleukin-1f3 (IL-1p), interleukin-6 (IL-6) and tumor necrosis
factor (TNF) (see the review by Turnbull and Rivier 1999). Elevated IL-13 concentrations
also positively correlate with post-dexamethasone suppression test cortisol values in both
depressed and healthy subjects, suggesting that elevated IL-13 concentrations contribute
to HPA-axis hyperactivity (Maes et al. 1993a). Consistent with these data, elevated IL-1f3
and 1L-6 concentrations have been repeatedly described among depressed patients (Maes
et al. 1991, 1993a,b, 1995a,b, Sluzewska et al. 1996) as well as in patients with ischemic



87

heart disease and congestive heart symptoms (Hasdai et al. 1996, Testa et al. 1996). In
addition, IL-6 and TNF appear to increase cardiovascular risk factors (Jovinge et al. 1998,
Mendall et al. 1997). Thus, factors that promote excessive cytokine release may contribute
to HPA-axis hyperactivity among patients with CVD and depression.

R.S. Smith (1991) first suggested that HPA-axis hyperactivity may be stimulated by
an insufficient omega-3 status by allowing excessive IL-1p release by macrophages and
elevating CRF concentrations. In concordance with that hypothesis, dietary omega-3
supplements have been shown to suppress the synthesis of IL-13, IL-6, and TNF in
human subjects (Gallai et al. 1995, Kremer et al. 1990, Meydani et al. 1993). Stimulated
IL-1f3 production in normal subjects was reduced by 40% after adding EPA and DHA to
National Cholesterol Education Panel step-2 diets (Meydani et al. 1993). In another set of
normal subjects, IL-1f3 production was suppressed by 43% after supplementation with fish
oil (Endres et al. 1989). IL-1 production was reduced by 54% and clinical improvements
were noted among patients with rheumatoid arthritis following supplementation with EPA
and DHA (Espersen et al. 1992, Kremer et al. 1990). Peripheral cytokines act across the
blood—brain barrier by stimulating eicosanoids such as prostaglandin E2 (PGE2), which
in turn activates the central release of IL-13 and CRF in the central nervous system
{(Turnbull and Rivier 1999). In fact, the synthesis of PGE; in the central nervous system
was necessary for interleukin-induced production of CRF from the rat hypothalamus
(Navarra et al. 1992) as well as for corresponding changes in blood pressure, heart
rate, and renal sympathetic nerve activity (Kannan et al. 1996). Omega-3 fats clearly
alleviate excessive cytokine release, as demonstrated by the large clinical responses to
supplementation. Given that the central nervous system production of CRF in response
to peripheral IL-1f also depends upon eicosanoid generation, it seems likely that EPA and
DHA may moderate the cytokine-driven component of HPA-axis hyperactivity associated
with increased cardiovascular risk in depression.

4.2.6. Eicosanoids mediate CNS-driven svmpatho-adrenal and HPA-axis hyperactivity

Elevated concentrations of hypothalamic corticotrophin releasing factor (CRF) have been
proposed as an important drive of both sympathetic hyperactivity (Musselman et al.
1998) and HPA-axis hyperactivity (Banki et al. 1992, France et al. 1988, Purba et al.
1995, Raadsheer et al. 1995). We propose that the excessive release of AA-derived
eicosanoids in the central nervous system (CNS) may contribute to excessive sympathetic
and HPA activity driven by CRF. In addition to modulating the release of cytokines in the
periphery, the capacity of CNS cytokines to stimulate the sympathetic nervous system
activity (Kannan et al. 1996, Murakami et al. 1996, Ohashi and Saigusa 1997) and to
inhibit the parasympathetic vagal activity (Nair et al. 1997) depends upon prostaglandin
synthesis. The ability of cytokines and noradrenergic pathways to stimulate CRF release
in the hypothalamus is also dependent upon the production of prostanocids derived from
AA, such as PGE; and PGF;, (Bugajski 1996, Terao et al. 1993). Diets high in fish
oil (14% cod liver oil or 12.5% salmon oil) can reduce brain concentrations of AA,
22:4 n-6 and 22:5 n-6, and raise brain concentrations of DHA, as was described in
comparison to 8 wecks of a corn oil diet (Bourre et al. 1988). Similar decreases in
neuronal AA concentrations have been seen during early development (Philbrick et al.
1987) and during recovery from a multigenerational omega-3 deprivation (Homayoun



88

et al. 1988). Thus, an insufficient omega-3 status may allow for excessive release of
AA-derived eicosanoids in hypothalamic neurons which, in turn, stimulates excessive
CREF release and sympathetic and HPA axis hyperactivity.

4.2.7. Plasma norepinephrine (NE)

NE release has been well documented to precipitate arrhythmias in the ischemic
myocardium (Schomig et al. 1995). In vivo, elevated plasma NE was the strongest
predictor of cardiovascular mortality (RR =2.55) and myocardial ischemia (RR =2.59) in
514 patients with left ventricular dysfunction (Benedict et al. 1996). Chronic elevations
in plasma NE are thought to contribute to the development of cardiovascular disease as
well, through direct chronotrophic effects of NE on the heart and adrenergic-mediated
vasoconstriction. Resulting alterations in hemodynamic and shear forces may cause
damage to the epithelial layer of arteries and initiate development of atherosclerotic
lesions (Kaplan et al. 1991b). Factors that slow this progression include stress reduction
and diminished sympathetic hyperactivity as well as protection of the tissues from the
effects of elevated plasma NE concentrations with the use of beta-adrenergic blocking
agents (Kaplan et al. 1991b).

Elevated plasma NE concentrations have also been linked to major depression (Lechin
et al. 1995, Rudorfer et al. 1985, Veith et al. 1994) as well as depressive symptoms
in both healthy (Light et al. 1998) and depressed (Lechin et al. 1995) subjects. One
study, however, found no differences between depressed and non-depressed patients with
cardiovascular disease with regard to plasma NE (Carney et al. 1999). It is interesting
to note that elevations in plasma NE among depressed patients are most likely due to
sympathetic hyperactivity (Fielding 1991) and that stress-induced increases in plasma NE
are more prominent in healthy subjects with high depression scores (Light et al. 1998).

4.3. A central role of excessive sympathetic tone

Each of the six primary mechanisms proposed to contribute to the increased cardio-
vascular risk associated with depression is aggravated by sympathetic nervous system
hyperactivity. Increased sympathetic tone has been shown to increase risk of sudden
cardiac death (Barron and Lesh 1996, Schwartz et al. 1992, Willich et al. 1993) whereas
increased parasympathetic tone to the heart decreases risk of sudden cardiac death
(Barron and Lesh 1996, Schwartz et al. 1992). Sympathetic activity resulting from
direct cortical stimulation was able to induce arrhythmias in dogs (Hockman et al.
1966). Elevated sympathetic activity also decreases heart-rate variability (Bigger et al.
1988, Farrell et al. 1991, Odemuyiwa et al. 1994). The increases in platelet activation
documented in depressed patients occurred in response to a stimulator of sympathetic
activity (Musselman et al. 1996) which modifies platelet activity through alterations
in vascular eicosanoid synthesis (Anfossi and Trovati 1996). Since plasma NE derives
primarily from sympathetic nerve terminals (Kopin et al. 1978, Musselman et al. 1998),
it is therefore indicative of both sympathetic activity and autonomic dysfunction (Low
1993) and has been repeatedly implicated in the pathogenesis of cardiovascular disease.
Increased sympathetic nervous system activity is also associated with depressive disorder
in both cardiac and non-cardiac patients (Goldstein and Niaura 1992). A model in
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which sympathetic tone unifies the mechanisms underlying the relationship between
major depression and cardiovascular disease is consistent with the available evidence, as
increased sympathetic tone has been reported in both depression (Goldstein and Niaura
1992) and CVD (Barron and Lesh 1996, Hockman et al. 1966, Schwartz 1990, Willich
et al. 1993), and because the mechanisms proposed to account for elevated cardiovascular
risk in depression appear to be exacerbated by sympathetic nervous system activity.
Sympathetic tone has been shown to increase as a result of injections of the AA-derived
eicosanoid PGE; (Gullner 1983, MacNeil et al. 1997). Circulating NE levels also increase
in a dose-dependent manner in response to prostaglandins (Yeragani et al. 1991), in
particular the AA-derived PGE, (Yokotani et al. 19953).

4.3.1. A model of CNS mechanisms regulating cardiovascular responses to
emotional stress

Emotional stressors, including anger, clearly alter autonomic nervous system activity.
Preliminary findings indicate that the frontal cortex, limbic circuits, subthalamic and
brainstem regions regulate sympathetic and parasympathetic balance during emotional
stress, possibly via serotonergic (Lehnert et al. 1987), dopaminergic and noradrenergic
pathways (Verrier 1987). The frontal lobe is clearly important in regulating autonomic
responses to emotional events. Raine et al. (2000) reported decreased prefrontal gray
matter volume and reduced autonomic activity among subjects with antisocial personality
disorder. The medial prefrontal cortex appears to have a specific role in linking emotional
reactivity to cardiovascular responses; subjects with damage to the medial prefrontal
cortex lose the capacity to have autonomic nervous system responses to emotional
stimuli (Bechara et al. 1996). The medial prefrontal cortex has significant overlapping
serotonergic, dopaminergic and noradrenergic innervation (Goldman-Rakic et al. 1990).
One of the final common pathways of autonomic processing in the CNS may be the
nucleus tractus solitarius (located in the brainstem) (Callera et al. 1997). Activation (by
ketamine) and blockage (by ondansetron) of serotonin (5-HT3) receptors, presumably
in the nucleus tractus solitarius, indicate that serotonergic activity is important to the
regulation of a sensitive measure of autonomic function, heart-rate variability (DePetrillo
et al. 2000). Although the brain stem is a critical region, global changes in serotonergic
function may be very important since so many different regions are involved. Rabinowitz
and Lown (1978) elevated serotonin concentrations in CNS globally with tryptophan
loading, which caused diminished sympathetic neuronal activity and increased the
threshold of cardiac ventricular instability by 50%. Lehnert et al. (1987) found similar
results with 5-L-hydroxytryptophan loading; a 42% increase in the ventricular fibrillation
threshold and suppression of efferent sympathetic activity. We predict that increasing
dietary intake and tissue concentrations of DHA and or EPA may cause changes in
serotonergic and dopaminergic function in several brain regions simultaneously, including
the frontal cortex and brain stem, and will reduce cardiovascular mortality in response to
emotional stress.

4.3.2. Emotionally induced increases in sympathetic tone, plasma NE and CVD risk:
Exacerbation by EPA/DHA insufficiency
Heightened emotional states are thought to contribute to the development of cardio-
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vascular disease and increase the risk of adverse cardiac events through increases in
sympathetic tone and excessive NE release (Booth-Kewley and Friedman 1987, Carney
et al. 1993, Ford et al. 1998, Musselman et al. 1998, Sloan et al. 1999, Yeragani et al.
1995). Heightened emotional states such as depression (Fielding 1991), anger (Verrier
and Mittleman 1996), and social stress (Kaplan et al. 1991b) are also associated with
an increased risk of cardiovascular death, due in part to increased sympathetic activity in
relation to parasympathetic activity. The success of psychosocial interventions in reducing
cardiovascular mortality (Williams and Littman 1996) further emphasizes the strength
of this relationship. These adverse effects of stress may be alleviated by an elevated
omega-3 status. In a five-year prospective trial, fish consumption reduced hostility scores
(Weidner et al. 1992), and DHA has been shown to reduce hostile responses of students
under stress (Sawazaki et al. 1999). In both human and animal studies, DHA and EPA
supplementation appears to prevent stress-induced increases in plasma NE (Rousseau
et al. 1998, Sawazaki et al. 1999) as well as reduce baseline NE in placebo-controlled
trials (Hamazaki et al. 1999). Among healthy volunteers under considerable stress,
daily treatment with 1.5 grams of DHA for nine weeks reduced resting plasma NE
concentration by 31% (Sawazaki et al. 1999). The plasma epinephrine to norepinephrine
ratio increased in every DHA-treated subject (+78%, p <0.02).

In addition to diminishing sympathetic activity and NE release, EPA and DHA
protect vascular endothelial tissues and circulating cells from the damage and adverse
consequences induced by excessive plasma NE release. NE-induced hemodynamic
changes including increased heart rate, vasoconstriction and hypertension can clearly
be reduced by increased EPA and DHA tissue (Grimsgaard et al. 1998, Russo et al.
1995). Several large clinical trials have established that fish-oil treatments lower blood
pressure in hypertensive patients (Bonaa et al. 1990, Knapp and FitzGerald 1989, Mori
et al. 1999). EPA inhibits NE-induced contractions in vascular smooth muscle, which may
contribute to its vasorelaxant effect (Engler et al. 1999). Smooth muscle cell proliferation
and intimal hyperplasia, which are normally stimulated after endothelial damage, were
virtually abolished by pretreatment with EPA and DHA (Pakala et al. 1999¢). Thus,
variability in omega-3 status may in part explain why subjects undergoing the same
amount of stress have different cardiovascular responses.

4.4. Other possible cardiovascular mechanisms

Several additional mechanisms deserve brief mention here although evidence is lacking
to clearly establish their relationships to either CVD or depression or a physiological
effect of omega-3 fatty acids. These mechanisms include effects of omega-3 essential
fatty acids on elevated triglyceride levels, elevated homocysteine levels, and depressed
nitric oxide production. Reviews of more that 40 clinical intervention trials describe a
robust and uniform effect of fish-oil supplementation in reducing plasma triglyceride
concentrations (Harris 1996, 1997). Some investigators have found elevated triglyceride
concentrations among depressed patients (Glueck et al. 1993, Kuczmierczyk et al. 1996,
Melamed et al. 1997, Morgan et al. 1993) while others have not (Freedman et al. 1995,
Olusi and Fido 1996). Elevated triglyceride concentrations have also been suggested as
an independent risk factor for cardiovascular morbidity (Roche and Gibney 2000), but
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this finding is not well established. Thus, data potentially linking elevated triglycerides to
both depression and increased cardiovascular risk are still evolving. Abundant data exist
linking elevated plasma homocysteine concentrations to cardiovascular disease (Nehler
et al. 1997, Nygard et al. 1997). In particular, there appears to exist a graded relationship
between homocysteine concentrations and cardiovascular mortality (Refsum et al. 1998),
even among patients with pre-established coronary artery disease (p=0.01) (Nygard
et al. 1997). However, homocysteine was elevated in the brain tissue of patients with
intractable depression in only one report (Francis et al. 1989). Folate- and vitamin-B12-
deficiency-induced alterations in homocysteine methylation have been implicated in
the pathophysiology of depression (Bottiglieri 1996, Fava et al. 1997). In one study,
treatment with 12 grams of fish oil per day for 3 weeks successfully diminished serum
homocysteine (p <0.01, Olszewski and McCully 1993). A reduction in nitric oxide
synthase activity has also been proposed to link CVD and depression (Finkel et al.
1996), but direct clinical data for this association are sparse. Nitric oxide production
is clearly involved in atherosclerotic plaque formation, platelet aggregation and vascular
autonomic responses (Connor and Connor 1997), and one study reported lower serum
levels of nitric oxide among depressed patients with ischemic heart disease (Finkel
et al. 1996). A reduction in the number of nitric-oxide-synthase-containing neurons in
the paraventricular nucleus of the hypothalamus of depressed patients has also been
reported (Bernstein et al. 1998). Thus, it has been proposed that nitric oxide synthesis
may be involved in the cytokine- and immune-induced hyperactivity of the HPA axis in
depression (van Amsterdam and Opperhuizen 1999). Consistent with our presumption of
omega-3 insufficiency on depression, EPA and DHA appear to strongly enhance nitric
oxide production (Harris et al. 1997) and potentially reduce HPA-axis hyperactivity. The
data linking elevated triglycerides, elevated homocysteine and reduced nitric oxide levels
to CVD and depression are not well substantiated. Nonetheless, these mechanisms do
appear to be consistent with an insufficiency of omega-3 fats.

EPA and DHA also inhibit phosphoinositide turnover in peripheral tissues, thus
inhibiting another step in thrombus formation. When rabbits were fed diets rich in
fish oils, phosphoinositide turnover was significantly reduced when their platelets were
exposed to collagen or thrombin (Medini et al. 1990). Production of inositol phosphates
(IP, IP; and IP3) stimulated by a TXA, analogue was markedly diminished when
platelets (Chetty et al. 1989) or neutrophils (Sperling et al. 1993) were preincubated
with EPA. EPA pretreatment of cardiac myocytes decreased phenylephrine-induced
inositol phosphate production by 33.2% (de Jonge et al. 1996). In vascular smooth muscle
cells, pretreatment with fish oil or EPA completely abolished the inositol trisphosphate
production stimulated by low-density lipoproteins or by TXA, (Locher et al. 1989).
Since lithium appears to modulate TP; turnover at physiological doses (Berridge 1989),
it is tempting to speculate that a mechanism of action of DHA or EPA in affective
disorders could be modulation of IP; turnover (Hibbeln and Salem 1995, Stoll et al.
1999a). These findings may not extend to the central nervous system. No changes in
basal phosphoinositide levels were found in the hippocampi of rats after 3 generations of
omega-3 deficiency (Nanjo et al. 1999). Furthermore, concentrations of EPA in neuronal
tissue are difficult to detect and, in contrast to peripheral tissues, phosphoinositide
phospholipids from neuronal tissues contain little DHA (lkeda et al. 1986).
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Depressed patients may be particularly susceptible to serotonin-mediated platelet
activation due to an increased binding density of serotonin type-2 (5-HT,) receptors on
platelets (Ikeda et al. 1986). Autopsy studies of the frontal cortex of suicide victims have
reported a 44% increase in 5-HT, receptor number without changes in affinity (Stanley
et al. 1983). Strikingly similar findings have been reported in rat frontal cortex in response
to omega-3 fat deprivation, which again resulted in a 44% increase in 5-HT, receptor
number without changes in affinity (DeLion et al. 1996). A possible mechanism of the
effects of EPA and DHA on 5-HT, receptor number may be through effects on 5-HT,
mRNA production. In endothelial cells, pre-incubation with EPA and DHA abolished
serotonin-induced increases in 5-HT> mRNA levels (Pakala et al. 1999a). These findings
are consistent with the observation that low plasma concentrations of DHA predict low
concentrations of cerebrospinal fluid 5-hydroxyindoleacetic acid (CSF 5-HIAA) among
healthy controls (Hibbeln et al. 1998a). However, to our knowledge, no studies have
examined the effects of EPA and DHA on 5-HT, binding and density in platelets.

Increased risk for the progression of atherosclerosis is not well documented in
depression, and the possible roles for EPA and DHA in the prevention of atherosclerosis
are still being explored. Macrophage recruitment into the vascular wall following uptake
of oxidized LDL initiates the formation of foam ceils and fatty streaks. This is one
of the earliest events in atherogenesis (de Winther et al. 2000). This invasion into
the subendothelial space depends in part on the endothelial expression of vascular
cell adhesion molecule 1, which is induced by IL-1, TNF, and others (De Caterina
et al. 1994, 2000). Consistent with these findings, IL-13 and TNF have been shown
to induce arteriosclerosis-like changes in the porcine coronary artery (Fukumoto et al.
1997a,b). The expression of endothelial leukocyte adhesion molecule 1. the secretion
of inflammatory mediators, and leukocyte adhesion to endothelial cells in response to
cytokines are markedly reduced by prior incorporation of DHA into cultured endothelial
cells (De Caterina et al. 1994). Thus, an anti-atherosclerotic property of DHA may
be diminishing endothelial responses to cytokines, in addition to reduction of cytokine
production by EPA and DHA.

4.5. Summary: CVD, depression and low omega-3 status

An insufficiency of omega-3 fatty acids, specifically EPA and DHA, aggravates every
risk factor that has been described as linking major depression to an increased risk
of cardiovascular mortality. Specifically, major depression has been associated with
increased platelet reactivity, elevated plasma NE concentrations, hypertension, low heart-
rate variability and HPA-axis and sympathetic hyperactivity. The strongest evidence of
increased cardiovascular mortality among depressed patients is the increased risk of
sudden cardiac death and vulnerability to arrhythmias. The cellular mechanisms through
which EPA and DHA reduce risk of cardiac arrhythmias have been elucidated, and their
ability to reduce risk of sudden cardiac death has been documented in both clinical
intervention trials and ecological studies. Both are aggravated by low tissue concentrations
of EPA and DHA. There exist substantial data that increasing EPA and DHA status may
abate each of these processes. The proposition that omega-3 insufficiency is a causal
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link between depression and cardiovascular mortality should be examined in clinical and
epidemiological trials.

5. Low cholesterol, cholesterol lowering and increased risk of mortality
or depression

We posit that the nutritional status of omega-3 essential fatty acids may be an

important determinant factor influencing the relationship between low cholesterol status

and increased risk of suicidal, homicidal or depressive behaviors (Hibbeln and Salem

1995). Several investigators have reported that low serum cholesterol concentrations

are associated with a greater risk of mortality in observational studies (see other

chapters). However, this association does not necessarily demonstrate that lowering serum
cholesterol will increase depression or suicidal behavior. In fact, cholesterol reduction
was not linked to non-illness mortality in a meta-analysis of randomized clinical trials

(Muldoon et al. 2001). An important consideration in examining the psychotropic effects

of cholesterol lowering is to consider the secondary effects on essential fatty acid status.

For example, a diet that is lower in fat, but contains large amounts of safflower or corn

oil, can markedly lower EPA and DHA concentrations (Hibbeln and Salem 1995, Kaplan

et al. 1991a). In addition to low-fat diets, cholesterol-lowering drugs themselves can have
secondary effects of lower polyunsaturate status, as is the case with fibrates, or increasing

polyunsaturate status as is the case with statins (Hibbeln and Salem 1996).

One hypothesis of the mechanism linking increased risk of non-illness mortality
to cholesterol lowering has been frequently referenced (Endelberg 1992). Endelberg
postulated that low serum cholesterol concentrations are a marker of low brain cholesterol
concentrations. He predicted that lowering serum cholesterol ultimately will alter the
biophysical properties of synaptic membranes, change the shape of serotonergic receptors
and alter serotonergic function. Unfortunately, the central flaw of this hypothesis is
that the brain makes its own cholesterol de novo, and cholesterol in plasma or serum
does not cross the blood-brain barrier (Edmond et al. 1991, Pardridge and Mietus
1980). In contrast, omega-3 polyunsaturated fatty acids have an important role in
determining membrane biophysical properties, and the brain is dependent upon dietary
sources of the essential fatty acids. Depletions of highly unsaturated fatty acids from
neuronal membranes may have more important biophysical consequences in modulating
serotonergic neurotransmission than alterations in cholesterol (Hibbeln et al. 2000d).
These issues will be discussed in detail below.

The biophysical hypothesis put forth by Endelberg (Endelberg 1992) seems biologically
implausible for total cholesterol, but not for highly unsaturated essential fatty acids, in
light of the following observations:

(1) Under normal human dietary conditions, altering dietary cholesterol intake has
only a marginal effect on plasma cholesterol concentrations. Intake of saturated,
mono-unsaturated and polyunsaturated fatty acids have a much greater role in
determining plasma cholesterol concentrations in large epidemiological studies of
human populations (Keys 1997).
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(2)

(3)

Brain cholesterol concentrations are largely unrelated to plasma cholesterol con-
centrations. A few early studies in the 1950s and 1960s suggested that cholesterol
might be able to cross the blood-brain barrier (Dobbing 1963) but recent well-
controlled studies have demonstrated that these results were probably artifactual
(Pardridge and Mietus 1980). Cholesterol could not be detected crossing into the
brain despite controlling for preparation artifacts and equilibration with endogenous
serum preparations (Pardridge and Mietus 1980). Artificial milk which contained
either extremely high, low or normal concentrations of dietary cholesterol profoundly
altered plasma and lung cholesterol concentrations, but brain concentrations of
cholesterol and sterols were unaltered (Edmond et al. 1991). During development,
when the most rapid accumulation of cholesterol in the brain occurs, the brain is
able to synthesize in situ all the cholesterol required (Edmond et al. 1991, Jones
et al. 1975a,b). Thus, alterations in dietary intake of cholesterol or in plasma
cholesterol concentrations are not likely to influence biophysical properties of
neuronal membranes.

In contrast to cholesterol, the brain is entirely dependent upon dietary or maternal
sources for polyunsaturated essential fatty acids (Salem 1989), and selectively
concentrates docosahexaenoic acid into synaptic neuronal membranes (Connor et al.
1990). Dietary deficiencies of n-3 essential fatty acids during development result in
deficiencies of docosahexaenoic acid in brain tissues (Farquharson et al. 1992).
Although cholesterol is important in determining membrane order parameters,
polyunsaturate composition is a powerful modulator of cholesterol-induced changes
in membrane order. Cholesterol-induced membrane condensation, measured by
increasing order in hydrocarbon chains, is reduced with greater unsaturation of
surrounding acyl chains. Membranes containing docosahexaenoic acid, a highly
unsaturated fatty acid, showed the lowest amount of cholesterol-induced condensation
(Barry and Gawrisch 1995). One study in particular that examined the effects
of cholesterol on serotonergic receptors is often referenced (Heron et al. 1980).
However, in addition to cholesterol, linoleic acid, a polyunsaturated essential fatty
acid with two double bonds, reduced membrane viscosity and decreased the number
of high-affinity sites on serotonin receptors to a greater degree than cholesterol
(Heron et al. 1980). More detailed biophysical studies of this superfamily of G
protein-coupled receptors, e.g. rhodopsin, which share both structural and functional
properties, have been conducted. Mitchell et al. (1992b) demonstrated that the
membrane phospholipid acyl chain composition was the primary determinant of
the relationship between bulk membrane packing properties and the formation
of metarhodopsin II (meta 1), the active form of the receptor. Cholesterol was
found to have a secondary, modulating effect. In addition, highly unsaturated
phospholipids such as those containing di-docosahexaenoate promoted the formation
of meta Il and markedly diminished cholesterol-induced inhibition of meta II
formation. Highly unsaturated fatty acids, especially docosahexaenoic acid, contribute
unique biophysical properties to neuronal membranes such as lateral compressibility
and lateral domain formation which influence receptor conformation and signal
transduction (Litman et al. 1991, Mitchell et al. 1992ab, 1996). Mitchell and
Litman (1998) used time-resolved fluorescence emission and decay of fluorescence



4

(5)

95

anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) to characterize equilibrium and
dynamic structural properties of bilayers containing 30 mol% cholesterol and either
saturated, mono-unsaturated or polyunsaturated fatty acids in phospholipids. The
lifetime distributions were dramatically narrowed by the addition of cholesterol in all
bilayers except the two consisting of dipolyunsaturated phospholipids. The effect of
cholesterol was especially diminished in di-22:6 n-3 phosphotidylcholine, suggesting
that this phospholipid may be particularly effective at promoting lateral domains,
which are cholesterol-rich and unsaturation-rich, respectively.

Animal studies have shown conflicting results when examining the effects of dietary
changes in cholesterol intake on brain serotonin concentrations. When cholesterol
intake was lowered as an isolated dietary variable, rhesus monkeys exhibited more
violent behavior, had significantly lower levels of CSF 5-HIAA and had lower serum
cholesterol (235 mg/dl), on the low-cholesterol diet compared to a cholesterol-rich
diet (623 mg/dl) (Kaplan et al. 1991a). Kaplan also reported that low-fat diets (with
an decreased omega-3 composition) lowered CSF 5-HIAA concentrations in rhesus
monkeys (Kaplan et al. 1994). Consistent with these observations, Malyszko et al.
(1994) found that serum cholesterol concentrations positively predicted CSF serotonin
concentrations among non-human primates. However, in gerbils, no differences in
brain tryptophan, serotonin or 5-HIAA concentrations were found as a function of
circulating cholesterol when concentrations were in a range of a 1.5 to 20 mol/ml
(Fernstrom et al. 1996). In contrast, rats maintained on an n-3 deficient diet, which
reduced concentrations of docosahexaenoic acid in brain tissues, showed a 44%
increase in 5-HT, receptor number in the frontal cortex (DeLion et al. 1996).

In our review of the literature, we have found mostly negative reports of associations
between measures of cholesterol and central serotonergic function in human studies.
One important caveat is that peripheral measures of serotonin are poor predictors
of central serotonergic function (Mann et al. 1992). Contrary to the prediction
of Endelberg (1992), Engstrom et al. (1995) found that high-density lipoprotein
cholesterol showed positive correlations with the dopamine metabolite homovanillic
acid (r=0.39, p=0.04) and the serotonin metabolite 5-HIAA (r=0.34, p=0.07).
However, the suicide intent scales and hopelessness scales did not correlate
significantly with serum lipids. In comparing 20 healthy controls to 20 subjects
on cholesterol-lowering therapies no differences were found in prolactin response
to D-fenfluramine, serotonin content of platelets or plasma serotonin levels (Delva
et al. 1996). Comparing suicide attempters and non-attempters (Almeida-Montes et al.
2000) no differences in plasma total cholesterol, LDL and triglycerides were reported,
but lower plasma serotonin and tryptophan concentrations were found among
the suicide attempters. Cholesterol measures did not predict plasma serotonergic
measures. Buydens-Branchey et al. (2000) found significantly lower levels of HDL
cholesterol in patients who had a history of aggression. Lower levels of HDL
cholesterol were also found to be significantly associated with more intense ‘high” and
‘activation-euphoria’ responses as well as with blunted cortisol responses to m-CPP.
Terao et al. (1997, 2000) reported positive correlations between serum cholesterol
levels and hormonal responses to meta-chlorophenylpiperazine administration. These
results suggest that serum cholesterol levels may be positively associated with
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serotonergic receptor function. In summary, while peripheral measures of cholesterol
poorly predict CSF 5-HIAA measures, there may be some relationship between
plasma cholesterol measures and responses to serotinergic agonists. Since these
responses are receptor mediated, the role of the subjects’ omega-3 fatty acid status
should also be considered.

As reviewed elsewhere in this book, genetic variants in apolipoproteins or their
receptors could account for lower plasma cholesterol concentrations in groups of
violent or impulsive subjects. Corrigan et al. (1997) reported that violent prisoners
have higher concentrations of apo A-IV (p <0.000001) and apo E (p <0.0002). These
apolipoproteins are involved in the transport of both cholesterol and polyunsaturated fatty
acids. In high-density lipoproteins, omega-3 fatty acids predicted Apo E concentrations
in the offender group, but not in the control group. Corrigan et al. (1997) also reported
low concentrations of plasma docosahexaenoic acid from these violent offenders, which
replicated the findings of Virkkunen et al. (1987) who reported low concentrations of
docosahexaenoic acid in violent offenders with antisocial personality disorder. These
findings may suggest that abnormalities in plasma cholesterol concentrations and
polyunsaturated fatty acid transportation may be linked by abnormalities in apolipoprotein
metabolism. A continued examination into allelic differences in subgroups may eventually
explain apparently contradictory data such as the report of lower cholesterol among
suicide attempters (Garland et al. 2000) in contrast to reports of higher total cholesterol
concentrations among violent suicide attempters (Tanskanen et al. 2000). We stress that
the role of polyunsaturated fatty acids and measure of cholesterol should not be examined
in isolation in future studies of the roles these lipids may play in depression violence or
cardiovascular disease.
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1. Introduction

Brutal attacks of violence are all too frequently reported by the media throughout the
world. Multiple killings of children in their schools and of adults in the market place,
domestic violence, and aggression in the workplace have become sad features of modern
society. In addition to the horrendous psychological effects on the survivors themselves,
the emotional shock and trauma experienced by families and associates of the victims
are indescribable. On the cold practical side, the economic cost of such acts, including
the identification, detention and treatment, if appropriate, of the attacker, the counselling
of victims and of those traumatised by the assault, together with the introduction of
preventive measures to avoid further acts of violence, are enormous.

The DSMIV criteria for antisocial personality disorder stress the tendency to disregard
and violate the rights of others through deceitfulness, impulsivity, aggressiveness,
irresponsibility, disregard for safety and lack of remorse. These would suggest that
neurobiological approaches to violence in antisocial personality disorder should focus on
theory of mind abilities, including the capacity to feel remorse for suffering inflicted on
others, impulsivity and aggression. There is no doubt that social factors will be important
as are adverse early-life experiences (Raine et al. 1994) interacting with genetic and
emotional response tendencies.

In the neurobiological approach, high-resolution brain scanning techniques such as
functional magnetic resonance imaging are mapping with greater precision the areas
of the brain which are associated with specific emotional responses. Such studies are
assisting in identifying the brain regions where the important interactions leading to
extreme behavioral responses to environmental stimuli occur.

Borderline personality disorder is a condition which is quite different clinically
from anti-social personality disorder but one in which there are also problems with
impulsiveness and aggression. In an attempt to enhance the understanding of this
condition, Corrigan et al. (2000) have hypothesised that the tracts between the basal
nuclei of the amygdala and the orbital prefrontal cortex will be particularly important
in impulsiveness, while efferents from the central nucleus of the amygdala to the
hypothalamus could be important in defence responses and threatening, aggressive
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behavior. If the affective instability is the result of conditioned or unconditional amygdalic
discharges, emotionally weighted inputs to the amygdala via the lateral nucleus could be
dampened by opiates while outputs via the central nucleus could be made less disturbing
by benzodiazepines and ethanol; this might perhaps explain the comorbid substance abuse
which is frequently found. Tracts from the basal lateral nucleus to the nucleus acumbens
could be important for the sense of reward and reinforcement that gives meaning and joy
to life but the positive or negative direction of the affect might depend on hemispheric
lateralisation. The connections of the basal and accessory basal nuclei with the anterior
cingulate cortex may be relevant not only to the experience of, but also to the verbal
expressions of, distress. Thus the amygdaloid nuclei, with their projections to prefrontal,
insular and cingulate cortices, as well as to hypothalamus and striatum, and their links
with the thalamus for emotional processing of incoming sensory data, are crucially
positioned for a role in emotional reactions and the associated behavioral responses. When
these responses are rapid, and not adequately controlled prefrontally, trait impulsiveness
will be high. Where anger and aggression are prominent the impulsive responses may be
assaultive, physically or verbally. Thus we would expect a difference between impulsive
violence and non-impulsive premeditated violence as indeed appears to be the case from
genetic studies (Bergeman and Seroczynski 1998) and from neuroradiology. Raine et al.
(1998) have used positron emission tomography in a study of 15 predatory murderers
and 9 affective murderers. The affective murderers, who have a relatively uncontrolled
and emotionally charged violence in response to aggression from others, had lower
pre-frontal functioning and higher right-hemisphere sub-cortical functioning. Predatory
murderers, those whose purposeful aggression is used in a cold-blooded way to achieve
a goal, had pre-frontal functioning similar to that of the controls but like the affective
murders had excessively high right sub-cortical activity. This exciting study suggests
that the affective murderers have deficient pre-frontal regulation of excessive sub-cortical
aggressive impulses while the predatory murderers have sufficient pre-frontal control to
direct the sub-cortical drives to aggression. Sub-cortical areas assessed were the medial
temporal lobe including the hippocampus, amygdala, thalamus and mid-brain.

There is considerable overlap between the brain regions associated with affiliation
and those associated with violence. Kling and Brothers (1992) described the orbital
frontal cortex, amygdala and temporal pole as being particularly important in social
cognition including the perception of feelings of others, while Weiger and Bear (1988)
focused on orbital frontal cortex, amygdala and temporal lobe in relation to aggression.
Could violence be an extreme expression of non-affiliation, a manifestation of hate,
neuroanatomically not too distinct from love? Does cruelty which involves the enjoyment
of, or lack of concern for, the suffering of others require theory of mind capabilities
not involved in simple predatory violence? Such questions have a degree of complexity
which reduces the likelihood of answers at a simple neurochemical level. However, some
enzymes exist as different isoforms in different brain regions, and their activity could be
crucially altered by changes in membrane structure or by differences in concentrations
of circulating factors; it would therefore seem to be important to build up knowledge
of the chemical factors which can alter behavior. New et al. (1998) have focused on
serotonergic inputs to the prefrontal orbital cortex and its role in the control and inhibition
of aggression which may arise in subcortical or limbic nuclei such as the amygdala and the
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hypothalamus. The anterior cingulate cortex, which has connections with the amygdala
and periaqueductal gray, is involved in the emotional weighting of internal and external
stimuli to which it has access via the thalamus. Between seizures, people with epilepsy
of the cingulate cortex may display sociopathic behaviors (Devinsky et al. 1995). The
relative contribution to violence propensity of orbital frontal cortex, amygdala and anterior
cingulate cortex has been the subject of a recent review by Davidson et al. (2000).

It is crucial to study the traits of anger, anxiety, impulsiveness and aggression in normal
subjects as well as in individuals with anti-social personality disorder, a condition in
which it is likely that violence is the end point of a continuum or of a number of continua
involving social, environmental, nutritional and neurochemical variables. In our study
of violent offenders we sought not only those who engaged in controlled premeditated
violence but also those who had a low threshold for violence when angry and disinhibited.
We have now gone on to look at the lipid variables associated with these traits in a
normal, non-offending population as a directly opposite but, we hope, complementary
approach to our earlier studies of violent offenders. Preliminary results are referred to
in section 8.2 of this chapter. One of the main questions which needs to be addressed
in any study of lipid variables in relation to traits predisposing to violence is why there
should be greater effects in one brain region than in another. As will be seen below,
apolipoproteins can have specific effects in relationship to fatty acids and neuroactive
steroids, and alteration in their levels could produce subtle differences. The studies that
have revealed that changes in the lipid composition of the body, especially of cholesterol
and essential polyunsaturated fatty acids (EFAs), are relevant to brain function, have
demonstrated not only that these are relevant in individuals with personality disorders
but also in the general population.

Lipids, which comprise some 60% of the dry matter of the brain and provide the
supporting membrane milieu in which the interacting functional protein components
reside, may thus be susceptible to influencing the activity of regions of the brain concerned
with impulsivity, aggression and other emotions. Very little information is available on the
relationship between alteration in brain-lipid composition and behavioral response: further
studies are urgently required on this and on the mechanisms by which specific brain lipids
are transported to and taken up by the brain, which itself does not synthesise many of these
components. Such studies may lead to means of rectifying defects in the composition
and transport of lipids; they may thereby aid in the amelioration or prevention of the
development of personality disorders and assist in the prevention of sporadic outbursts
of devastating violence that can occur when precipitating factors accumulate to reach a
critical level.

It is the purpose of the present chapter to review the evidence for such a hypothesis
and to present the results of some recent studies carried out by the authors.

2. The composition and structure of the brain
Most of the lipid of the brain is phospholipid which forms the membrane bilayer

surrounding the nerve cells and separating their contents from the external medium.
Inserted in the membrane are numerous proteins, including enzymes which catalyse
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lipid interconversions and receptors which mediate the uptake of lipoproteins and many
types of molecules. Also present are the protein systems which maintain electrochemical
gradients across the membrane.

The more common type of phospholipid contains choline, ethanolamine, serine or
inositol linked to the 3 position of glycerol through a phosphodiester bond, with an
essential fatty acid (EFA) at the 2 position and either a saturated or unsaturated acid at the
I position. A unique feature of the brain, along with the retina and sperm, is its amazingly
high content of docosahexaenoic acid (DHA) which vastly exceeds the levels present in
other body tissues. DHA and other EFAs cannot be synthesised in the human body but
are formed from linoleic and linolenic acids from the diet by a series of desaturation and
elongation reactions which occur mostly in the liver.

EFAs serve several very important functions in the body. First, the introduction of
a double bond into the highly flexible saturated hydrocarbon chain of a fatty acid
produces a degree of rigidity with restricted conformation in the chain. This, along with
the presence of cholesterol, disturbs the close packing of the phospholipid molecules
in the membrane-lipid bilayer and thereby causes an increase in membrane fluidity.
This effect is particularly pronounced in the case of DHA where the 6 double bonds
produce a highly rigid conformation (Applegate and Glomset 1991). The maintenance
of the correct fatty-acid composition in the phospholipid bilayer is essential for optimal
activity of membrane-bound receptors, since the latter is influenced by the fluidity of
the surrounding medium. This is particularly true for the ends of the neurites, where
the myriads of microconnections linking the nerve cells are responsible for the highly
complex, integrated functions of the brain.

Second, several EFAs (arachidonic acid, AA; eicosapentaenoic acid, EPA; and DHA)
are precursors of the eicosanoids (prostaglandins, thromboxanes and leukotrienes) which
have important local physiological effects. In addition, fatty acids have been shown to
influence gene expression, both directly and indirectly. Yet a further role exists for AA
(and possibly other acids) in that its ethanolamide derivative (anandamide) forms an
endogenous agonist of the cannabinoid recepter. This function may have considerable
implications in the control of emotions and activities associated with this receptor. It is
therefore apparent that the availability of the essential fatty acids and a means of their
effective transport to the brain and uptake by the neurons are of paramount importance
in the maintenance of normal brain function. The brain, unlike other tissues, does not use
fatty acids as a source of energy to any significant extent.

3. The role of lipoproteins in lipid transport
3.1. Lipoprotein structure and metabolism

Almost all of the lipids in the blood are carried in association with the plasma
lipoproteins. The chylomicrons and very-low-density lipoproteins (VLDL) are concerned
largely with the transport of triglyceride, while the movement of cholesterol between
body compartments is mostly carried out by the low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) classes. All of the lipoprotein classes consist of particles
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comprising a core of neutral lipid (triglyceride and cholesteryl ester) surrounded by a
layer of phospholipid, unesterified cholesterol and specific apolipoproteins. The latter
serve a multitude of functions, including their action as co-factors and modulators of
enzymes involved in lipid metabolism and in forming ligands for membrane-bound
lipoprotein receptors.

The chylomicrons, containing lipid of exogenous origin, are formed in the intestine.
After removal of a large part of their triglyceride content by the action of lipoprotein lipase
on the capillary walls of the extra-hepatic tissues, their remnant particles are taken up
by receptor-mediated endocytosis into the liver. This is thought to occur through the
LDL-related protein (LRP) receptor which recognises apolipoprotein E. The liver secretes
VLDL which contains endogenous lipid, including EFAs which have been elaborated
in the liver from dietary fatty-acid precursors such as linoleic and linolenic acids. The
removal of triglyceride from VLDL by the action of lipoprotein lipase and hepatic lipase
results in the formation of LDL, now enriched in cholesterol and containing apoB. A large
proportion of this is normally taken up by the liver using the LDL receptor (specific
for lipoproteins containing apoB or apoE). Modification of the LDL particle produced
as a result of oxidation of the constituent polyunsaturated fatty acids leads to a loss of
binding of this lipoprotein to the hepatic LDL receptors but creates a strong ligand for the
binding to scavenger receptors (“oxidised LDL receptors™) present in many tissues. This
produces an elevation in the level of plasma cholesterol and an increased rate of uptake by
peripheral tissues including artery walls, thereby promoting atherosclerosis (Parthasarathy
and Rankin 1992). This process is opposed by the action of HDL (Skinner 1994).

HDL serves an important function, inter alia, in reverse cholesterol transport whereby,
in association with lecithin:cholesterol acyltransferase, it takes up cholesterol effluxed
from peripheral cells, including those of the artery wall, and transports it to the liver where
it is thought to be taken up by the scavenger receptor, SR-BI. It is then excreted from
the body in the form of bile salts. HDL therefore provides an anti-atherogenic effect.

The mechanism by which circulating fatty acids and cholesterol are transported to and
taken up by the brain is not clearly understood at the present time. Before considering
current ideas on this topic, we will examine the lipoprotein apparatus that is known to
be present in the brain.

ApoE, ApoA-1V, apol and apoD have been shown to be present in the brain. While
low concentrations of several other apolipoproteins with the exception of apoB have been
found in the brain, these may arise through filtration from the plasma; messenger RNAs
coding for them could not be detected (Beffert et al. 1998).

3.2. Apolipoprotein E

ApoE is synthesised by astrocytes and microglia but it remains uncertain whether its
presence in neurons is due to synthesis by these cells or is a result of the uptake of apoE
synthesised in the astrocytes. The rate of synthesis of apoE is increased following nerve
damage (Ignatius et al. 1986). Strong evidence has been provided for a role of apoE
in the transport of cholesterol between degrading nerve cells and regenerating neurons.
Cholesterol liberated from the degrading cells may combine with newly synthesed
apoE to form apoE-cholesterol-lipoprotein complexes. These are released into the
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circulation and taken up by local neurons undergoing axonal growth or synaptogenesis via
apoE receptors (see below). After internalisation, the cholesterol is released and utilised in
the formation of new membranes, while the synthesis of cholesterol is repressed through
the downregulation of HMG-CoA reductase.

ApoE occurs as 3 isoforms of the protein due to the mutation of cysteine to arginine
residues at positions 112 and 158; they are designated apoE2, apoE3 and apoE4, each
encoded by a distinct gene. A high frequency of the apoE4 allele is present in subjects
with late-onset Alzheimer’s disease as discussed elsewhere in this volume.

It has been demonstrated that the addition of apoE3 to rabbit dorsal root ganglion neu-
rons in culture produces a very significant increase in neurite extension, whereas this
was markedly decreased when apoE4 was added. This effect was observed only when
apoE was presented in the form of cholesterol-rich lipoprotein (e.g. f-VLDL) and was
demonstrated to be taken up into the neurons by a lipoprotein receptor-mediated process.
It is proposed that stimulation of neurite extension by apoE in vivo might underly the
process of nerve regeneration or the formation of synaptic connections during neural
reassembly.

Another function of apoE lies in its association with tau protein. The differential
binding of the different isoforms of apoE to tau protein modulates the phosphorylation
of the latter and thereby influences the association of these units in the formation of
microtubules and thereby the stabilisation of the neuronal cytoskeleton. Furthermore,
the increased deposition of 3-amyloid in the cortex of patients with Alzheimer’s disease
who carry the apoE4 allele may be a reflection of the more rapid binding of apoE4 to
f3-amyloid protein than apoE3. These findings are of obvious relevance to the formation
of the neurofibrillary tangles and amyloid plaques associated with this disease.

3.3. Apolipoprotein D

This is a member of the lipocalin family of proteins and was originally identified as
a component of HDL. It has a low affinity for cholesterol, but binds arachidonic acid,
progesterone and pregnenolone with high affinity. It is reported to be synthesised by
astrocytes and oligodendrocytes (and possibly neurons) in the hippocampus, its rate
of synthesis being significantly increased following neural damage. ApoD therefore
appears to have a specific role in nerve regeneration with possible implications with
the binding and transport of arachidonic acid and some sterol hormones (Terrisse et al.
1998). The binding of apoD to neurosteroids is particularly interesting in this context
because of behavioral changes which can occur in women during the menstrual cycle
and because of the vast over-representation of men as the perpetrators of violent acts
(The Demonic Male).

3.4. Apolipoprotein A-1V

This apolipoprotein is a major component of newly secreted chylomicrons and of some
subspecies of HDL. Strong evidence has been supplied for a role in cholesterol transport,
since its addition to human skin fibroblasts in culture significantly increases the rate of
cholesterol efflux from these cells (Stein et al. 1986). ApoA-IV is present, albeit in low
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concentrations relative to plasma, in the brain and CSF. Its synthesis in the CNS could not
be demonstrated by several groups of investigators; its presence in the brain is assumed
to be due to diffusion or transport from the plasma.

3.5. Apolipoprotein J

Apol, alternatively called clusterin, also serves a role in lipid transport but in addition
is involved in other functions including cell adhesion and complement inhibition.
The distribution of messenger RNA for apoJ demonstrates that the synthesis of this
apolipoprotein occurs in astrocytes, but not in microglial nor endothelial cells. The
observation that relatively high concentrations of apoJ messenger RNA are present near to
the vasculature may suggest that apoJ is involved in lipid transport between the circulation
and the CNS, analogous to its proposed role with respect to other tissues. As with apoD
and apoE, the synthesis of apoJ is increased with brain injury, though it is also increased
in patients with conditions associated with lipid disorders such as retinitis pigmentosa
and Pick’s disease.

4. The nature of lipoprotein particles in the CNS and their uptake by
neuronal cells

Practical difficulties of considerable magnitude exist in the isolation and characterization
of lipoprotein particles in their native form from brain tissues. The disruption of
brain cells for the release of these particles is likely to produce changes in the
particles themselves, while ultracentrifugation and possibly other methods required for
separation of the particles according to density and size produce significant dissociation
of apolipoproteins from the lipoprotein particles. Nevertheless, the presence of HDL-sized
particles in the brain containing apoE or in the CSF containing apoE and apoA-I (Chiba
1991) was reported. More recent studies, however, have shown that cultured astrocytes
grown in plasma-free medium secrete lipoprotein particles containing little core lipid,
are mainly discoidal in shape and contain apoE and apoJ, whereas CSF lipoproteins have
a size, density and lipid composition resembling plasma HDL and contain apoA-1 and
apoA-II in addition to apoE and apol (LaDu et al. 1998).

Strong evidence has been provided for the existence of a lipoprotein receptor-mediated
mechanism for the uptake of cholesterol by neuronal cells (Posse de Chaves et al. 1997).
When the cells were incubated with pravastatin, cholesterol synthesis was inhibited and
axonal growth impaired. The observation that normal axonal growth was restored on
addition of cholesterol in the form of lipoprotein supports the concept that lipoproproteins
can be taken up by the axons from the surrounding microenvironment to supply sufficient
cholesterol for axonal growth. The effect was restored with the addition of LDL or
HDL,; (which do not contain apoE) or with HDL; (which does contain apoE). Whereas
normal growth of pravastatin-treated cells occurred when LDL was added to the separated
cell bodies, HDL; and HDL; were effective only with preparations of distal axons. It is
suggested that LDL and HDL may be taken up by different mechanisms in different
neuronal regions with differential expression of the LDL receptor, the LRP receptor and
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the scavenger receptor, SR-IB. All of these receptors have been reported to be present
in neuronal cells, though their distribution in the neurons does not appear to have been
investigated. Similar experiments in which the synthesis of phospholipids by neurons
was inhibited failed to support the concept that phospholipids are also taken up by a
lipoprotein-mediated process.

5. The cholesterol hypothesis of violence and personality disorder

In this section, we will discuss the evidence for and against the hypothesis that low or
lowered levels of plasma cholesterol are associated with an increased risk of death from
suicide, accident or violence, a proposition that has aroused considerable controversy.

Attention was first focussed on the possibility of such a relationship by the results
of a series of randomized primary trials aimed at determining the effect of lowering
cholesterol concentration on reducing the risk of coronary heart disease. While these trials
established that lowering of cholesterol in large groups of middle-aged men with primary
hypercholesterolaemia was associated with reduced incidence of coronary heart events,
total mortality was not significantly reduced. This failure arose in part from a marked
increase in the number of deaths from violence, suicide and accidents observed in each
case.

A meta-analysis of six primary prevention trials of cholesterol reduction by either
dietary or pharmacological means (Muldoon et al. 1990) showed that while choles-
terol reduction tends to lower mortality from coronary heart disease, total mortality was
not affected by treatment and there was a significant increase in deaths not related to
illness (violence, suicide and accidents). This analysis showed that while neither dietary
nor drug treatment influenced total mortality, cholesterol reduction by pharmacological,
but not dietary treatment, modestly lowered mortality from coronary heart disease yet
significantly increased deaths from violence, suicide and accidents.

A further meta-analysis of more recent randomized trials using HMG-CoA reductase
inhibitors, however, found a significant reduction in both cardiovascular and total
mortality, with no increase in deaths due to violent causes (Herbert et al. 1997).
Patient selection may have been a factor causing this difference since subjects with a
prior risk of violence such as a history of alcohol abuse or psychiatric illness were
excluded from the study. Also, benefits of statins other than cholesterol reduction may
be a further cause of the differences observed with nonstatin drugs. Further research
is needed to understand the effect of these agents on violence, suicide and accidents.
In addition, the studies used in these analyses have been aimed at high coronary-risk
subjects with primary hypercholesterolaemia, and the results obtained may not necessarily
be applicable to alterations in cholesterol levels in normocholesterolaemic individuals
since these groups of individuals may handle cholesterol differently.

The investigation of a direct relationship between plasma cholesterol concentration
and impulsive behavior has been the subject of a number of reports. These have
demonstrated an association between plasma cholesterol concentration and antisocial
personality disorder (Virkkunen 1979, Freedman et al. 1987), habitual violence in
homicidal offenders (Virkkunen 1983), and aggressive conduct disorders in children and
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adolescents with attention-deficit disorder (Virkkunen and Penttinen 1984). Recently,
patients with borderline-personality disorder were found to have significantly lower
serum cholesterol levels than non-borderline personality disorders, with male patients
having lower cholesterol levels than female patients (New et al. 1999). However, other
studies have failed to find a relationship between cholesterol concentration and aggressive
behavior in male patients with antisocial personality disorder (Stewart and Stewart 1981)
or between the concentration of cholesterol or any of its component lipoprotein fractions
in individuals convicted of violent crimes and non-violent control subjects (Gray et al.
1993).

Evidence has also been provided which suggests that low baseline levels of plasma
cholesterol per se, as opposed to the lowering of cholesterol levels, are associated with
death from trauma or suicide (Lindberg et al. 1992, Muldoon et al. 1993, Sullivan et al.
1994, Kunugi et al. 1997, Maes et al. 1997, Alvarez et al. 1999), though this relationship
has not been replicated in some other studies (Pekkanen et al. 1989, Markovitz et al.
1997). Finally, animal studies have demonstrated that male monkeys assigned to a low
fat/low cholesterol diet showed more aggressive behavior than monkeys on a high fat/high
cholesterol diet (Kaplan et al. 1991, 1994).

A recent paper by Golomb (1998) provides a systematic review of the literature on low
or lowered cholesterol concentrations and violent death which meets a set of inclusion
criteria that permit a causal connection to be evaluated. This study concluded that a
significant association between low or lowered cholesterol levels and violence occurred
across many types of studies with the data on this association conforming to the criteria
for a causal association, thus raising concerns in risk—benefit analyses for cholesterol
screening and treatment. These conclusions have been criticised on the basis that the
analysis was biased against trials which used statins (see above) and that increased
aggression may arise through hunger for which low cholesterol can be a marker; in many
trials, however, the treatment and placebo groups received identical diets, while primates
fed cholesterol-lowering diets show increased violence in spite of ad libitum feeding and
with no weight loss.

A more recent analysis has shown that a modest increase in non-illness mortality may
occur with dietary interventions and non-statin drugs (Muldoon et al. 2001).

6. Lipid alterations in individuals with personality disorder

Since the brain contains relatively large amounts of EFAs which are vital components
of the diet or are produced from the latter by metabolic modification, it is perhaps not
surprising that alteration in their concentrations is associated with several psychiatric
disorders. Accordingly, reduced levels of n-6 fatty acids in the plasma phospholipids and
in the frontal cortex of the brain have been observed in schizophrenic patients (Horrobin
et al. 1989, 1991). In alcoholics, cognitive performance which has been impaired by the
effect of alcohol is improved by dietary supplementation with n-6 fatty acids (Skinner
et al. 1989), while in Alzheimer’s disease, differences in the fatty-acid composition
of different regions of the brain (Tilvis et al. 1987, Skinner et al. 1993) and of the
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plasma phospholipids (Corrigan et al. 1991) have been observed. Changes in EFAs and
cholesterol in depression are discussed in chapter 5 in this volume.

Considerable interest is now emerging on the possible association between fatty-acid
levels and aggressive behavior. Virkkunen et al. (1987) reported abnormalities of plasma
phospholipid fatty acids in violent offenders, which included an increased concentration
of dihomogammalinolenic acid with a lowering of arachidonic acid and reduced levels
of docosahexaenoic acid.

We have studied the fatty acids of red-cell phospholipids, plasma phospholipids,
cholesteryl esters and high-density lipoproteins of 19 violent offenders and 25 age-
matched control subjects (Corrigan et al. 1994). There were significantly higher levels
of oleic acid (18:1 n-9) in plasma phospholipids, cholesteryl esters and high-density
lipoproteins of the offenders than of the control subjects, and lower concentrations
of arachidonic acid (20:4 n-6) in the same lipids in the offenders. There were also
decreased concentrations of other n-6 and n-3 long-chain polyunsaturated fatty acids in
the offenders. The reductions in n-6 fatty acids were evident without an increase in linoleic
acid (18:2 n-6), indicating that it is unlikely that the findings can be explained by altered
activity of the delta-6 desaturase enzyme.

In a recent well-controlled study on a group of subjects selected for their history
of violent, impulsive behaviors and nonviolent control subjects, Hibbeln et al. (1998)
showed that the violent group had significantly lower concentrations of cerebrospinal
fluid 5-hydroxyindoleacetic acid (CSF 5-HIAA), a metabolite that reflects serotonin
turnover predominantly in the frontal cortex, than the nonviolent subjects. The obser-
vation that plasma docosahexaenoic acid was negatively correlated with CSF 5-HIAA
only among violent subjects suggests that dietary essential fatty acids may change
neurotransmitter concentrations and could alter impulsive and violent behavior. Another
exciting possibility is that there is a transport or metabolic defect in the violent offender
which alters the relationship between essential-fatty-acid intake in the diet and brain
concentrations of the fatty acids with subsequent effects on neurotransmitter function.
Identification of an intrinsic, presumably genetically determined, difference in lipid
metabolism which predisposes to involvement in violent crime would be a major
advance. The authors suggest that these findings, which replicate a previous study, are
consistent with the hypothesis that low plasma DHA concentration, rather than low
plasma cholesterol concentration, may increase predisposition to hostility and depression.
Well-controlled clinical trials are clearly needed.

7. Biological mechanisms relating alterations in lipid composition with
aggression and violence

The above discussion has provided some tantalizing evidence for the hypothesis that
low or lowered cholesterol and alteration in fatty-acid composition are associated with
violence, though further well-controlled studies are needed to fully test the validity of
the relationship. Several mechanisms have been proposed which may help to explain the
link between lipids and psychiatric disorders.
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The activity of brain cell-surface receptors and other proteins, including enzymes,
and ion channels is affected by the fluidity of the regions of the membrane in which
the receptor is embedded, and this in turn is influenced by the lipid composition. The
insertion of cholesterol into the phospholipid bilayer leads to a decrease in fluidity, while
the presence of long-chain polyunsaturated fatty acids increases the fluidity due to the
rigidity and conformational change introduced into these molecules by the introduction
of double bonds (see section 2).

As early as 1980, Heron et al. demonstrated that when the cholesterol content of
mouse synaptic brain membranes was increased, thereby increasing the microviscosity,
there was a five-fold increase in the specific binding of serotonin. Since membrane-
associated cholesterol freely exchanges with serum cholesterol, it was hypothesised that a
reduction in plasma cholesterol may decrease the brain-cell membrane cholesterol, lower
the microviscosity, and thereby decrease the uptake of serotonin into the brain cells. In
view of the relationship between low levels of serotonin and violence and the role of
serotonin in impulse control, this hypothesis would explain the relationship between low
plasma cholesterol and violence, suicide and accidents (see Engelberg 1992).

More recently, attention has focused on the role of essential polyunsaturated fatty
acids in influencing the activity of brain receptors. It has been suggested that dietary
modification aimed at cholesterol reduction may have the effect of reducing the level
of n-3 fatty acids in the tissues (Sinclair et al. 1987). Low cholesterol could therefore
possibly represent a marker for n-3 fatty-acid deficiency.

Polyunsaturated fatty acids, rather than cholesterol, have been shown to have an effect
on cell signalling cascades, including those systems mediated by G-protein transduction.
For example, in rats fed a diet enriched with n-3 fatty acids, there was increased coupling
of G to adenyl cylase stimulated by glucagon as compared with rats on a diet enriched
with n-6 fatty acids (Ahmad et al. 1989). It has been demonstrated that, at least for some
systems, the essential-fatty-acid composition has an important influence on G-protein-
mediated signal transduction, whereas cholesterol plays only a minor role. An outcome of
many of these signalling events is the release of fatty acids from membrane phospholipids,
and these may act as signalling molecules themselves or may be converted by the action
of appropriate enzymes to prostaglandins, thromboxanes and leukotrienes (eicosanoids)
which influence a host of physiological processes. Thus small alterations in the fatty-acid
composition of brain-membrane phospholipids may affect signal transduction and lead to
changes in brain function and behavior (Hibbeln and Salem 1995).

Fatty acids also serve roles in gene expression, both directly through specific
interactions with binding proteins that interact with elements in the 5'-flanking region
of target genes, and indirectly through modulation of cell signalling pathways.

A further consideration is whether violent subjects may have a defect in the system
by which essential polyunsaturated fatty acids are transported to and taken up by the
brain. Linoleic and linolenic acids, essential acids of dietary origin, are transported by the
chylomicrons largely to the liver. Although the brain contains the desaturase and elongase
enzymes required for their conversion to other essential acids such as DHA, AA and
EPA, these interconversions are effected mainly in the liver. The mechanisms by which
these fatty acids are transported to the brain, however, appears to be poorly understood
at the present time. While serum albumin forms complexes with free fatty acids and
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transports them to the liver, it has not been established that it provides a major route of
transport of essential fatty acids to the brain. Areas of the brain contain lipoprotein lipase,
though its substrate, VLDL, is too large to cross the blood-brain barrier. This is not the
case with some of the smaller subfractions of HDL which is a possible candidate for the
transport of essential fatty acids from the liver to the brain. Such a role for HDL is also
supported by the fact that its fatty-acid content is in continual exchange with that of other
lipoprotein fractions through the action of cholesterol ester transfer protein, and its large
content of phospholipid has a high turnover rate and exchanges rapidly with membrane
phospholipids. Furthermore, the brain contains a number of cell-surface receptors with
high affinity for HDL apolipoproteins such as apolipoprotein E. Alterations in both the
lipid and the apolipoprotein composition of HDL in violent subjects are therefore possibly
worthy of investigation. The results of such a study are described below.

8. Plasma lipoproteins and apolipoproteins in violent offenders and in
normal individuals

The following two studies were performed with the view to identifying the changes in
plasma lipoproteins and apolipoproteins which underlie the changes in total plasma choles-
terol observed in some investigations on violent subjects.

8.1. Violent offenders

Concentrations of plasma lipoproteins were measured in |5 men serving prison sentences
for offences involving violence, and 25 well-matched control male subjects. In addition,
the levels of HDL subfractions (see Skinner 1994) and of apolipoproteins associated with
the total HDL fraction were determined as these were considered to be the components
most likely responsible for the transport of lipids to the brain (Gray et al. 1993).
There were no significant differences in total plasma cholesterol or in any of the major
lipoprotein fractions, and the distribution of HDL subfractions (HDL,,, HDL,,, HDL;,,
HDL3,, HDL3,.), separated according to particle size by gradient gel electrophoresis, did
not differ between the offenders and the control subjects. ApoE and apoA-1V, measured
as percentages of total apolipoproteins of HDL, were, however, significantly higher in the
offenders than in the control group. As discussed previously in section 3, both of these
apolipoproteins are implicated in the transort of cholesterol between tissues. Since these
two apolipoproteins are expressed by genes on different chromosomes, it is unlikely that
they are both markers of a genetic predisposition to violence, and it is suggested that the
increased levels of these apolipoproteins could be part of a homeostatic mechanism for
maintaining cholesterol concentrations at a level better suited to overall functioning and
to overcome a tendency in these individuals to have low cholesterol levels.

8.2. Plasma lipids and personality traits in a normal population

On the assumption that the violence of offenders is at the extreme end of a spectrum
of aggression and impulsiveness we have studied these traits in relation to plasma lipids



125

in a group of non-offending volunteers who have completed the Special Hospitals As-
sessment of Personality Scale (SHAPS, Blackburn 1982) (Corrigan, F.M., Skinner, E.R.,
Lyon, C. and Stewart, E.C., unpublished data). This scale gives measures of anxiety,
extraversion, hostility, introversion, depression, tension, impulsiveness, aggression, lying
and psychopathy. Lipoprotein fractions were separated by ultracentrifugation at increasing
solvent density, and apolipoproteins were determined by immuno-assay techniques. In
men, but not in women, the relationship between the concentration of apoE associated
with HDL and the SHAPS psychopathic deviate (PD) score (n=43, RS=0.27, p <0.1)
did not quite reach statistical significance, but when the subjects were divided into low-
and high-apoE groups (<1.35 and >1.35mg per 100 mi plasma), the difference in the
PD score between the two groups was significant (Low ApoE, n=27: PD 15.07+£3.40
vs. High ApoE, n=16: PD 18.194£3.87, p<0.009). There was no association of
the HDL apoE concentration with the measures of aggression or impulsiveness. The
results of this study support our previous findings described above of a relationship
between HDL apoE and personality disorder, the correlation between the two parameters
in the male volunteers being positive. ApoE-deficient mice develop hyperlipidaemia,
atherosclerosis and central nervous system neurodegeneration, and Mato et al. (1999)
have demonstrated regional differences in the brain lipids of these mice. Differences in
the levels of HDL apoE in personality disorders and in relation to degree of psychopathic
deviate scoring in non-offending populations may therefore be a reflection of impaired
transport of fatty acids by a subfraction of HDL rich in apoE rather than, or in addition
to, the homeostatic mechanisms for the maintenance of cholesterol levels.

9. Summary and conclusions

This chapter has summarized epidemiologal, clinical and biochemical evidence for a
relationship between the concentration of cholesterol and EFAs and violence. Many, but
not all randomized trials on the effect of cholesterol lowering have shown an increase in
the incidence of deaths due to violent causes, the outcome depending on whether statin
or non-statin drugs were employed. Other studies have shown that violent behavior is
associated with low cholesterol per se. The concentrations of specific EFAs have also been
shown to be altered in some subjects with personality disorders in a number of studies.
Mechanisms which have been proposed to explain these relationships include alteration
in serotonin receptor activity caused by a change in membrane microviscosity, and the
effect of EFAs on cell-signalling processes and on the production of eicosanoids. It has
been suggested that the association between lipids and violence may lie in alterations in
EFA composition rather than in cholesterol level, the latter possibly being a reflection of
dietary changes in n-3 and n-6 EFAs.

Our previous observations of altered HDL apolipoproteins in violent offenders
support the hypothesis that an abnormality of lipid transport to the brain may be
present in those especially predisposed to violence. We have argued that there will
be a continuum of susceptibility to eruption of subcortical anger through prefrontal
impulse control defences, and that this balance depends on many social, environmental,
nutritional and neurochemical factors. A shift along the continuum to a point at which the
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behavior becomes overt and dangerous can occur with comparatively small modifications
in the lipid structure of the brain. The involvement of apolipoproteins in the transport of
cholesterol and fatty acids to and within the brain is an area in which the magnitude of
change commonly induced by cholesterol-lowering drugs is clearly sufficient, by whatever
mechanisms, to induce changes in neurotransmitter function that can have a major impact
on the life of a person and on those around them.

These observations provide intriguing evidence for, but do not prove, the hypothesis
that cholesterol and EFA levels are associated with violent behavior. Further proof for
such a relationship and the possibility of a causal relationship must await the results of
further studies.
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CHAPTER 7

Do long-chain polyunsaturated fatty acids
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1. Introduction

Several observational studies have indicated that breast-fed children may be intellectually
advantaged compared to children who were formula fed (Hoefer and Hardy 1929, Taylor
1977, Rodgers 1987, Lucas et al. 1992). The advantage persists after adjustments have
been made for social, demographic, and educational factors that are known to influence
developmental scores. Various constituents of human milk, including hormones, growth-
promoting substances and nutritional components, have been proposed as potential factors
that may positively influence neural development (Lucas et al. 1992). It has also been
suggested, however, that the advantage to the infant may not be due to the breast milk
per se but a consequence of the mother’s decision to provide milk. A mother who
is sufficiently concerned about her child’s welfare to choose breast feeding, may also
place greater emphasis on the social and developmental aspects of parental care (Pollock
1989).

In a large multi-center study undertaken by Lucas and colleagues (1992), preterm
infants who received their mother’s milk had a substantial advantage in IQ at age
7.5-8 years compared to those who did not receive their mother’s milk. This study
also showed a significant dose—response relation between the proportion of mother’s
milk consumed and later development. As the infants received their mother’s milk by
nasogastric tube, it was concluded that the observed advantage could not be due to
interaction between mother and child during the process of suckling, and that factors
present in breast milk are likely to influence cognitive ability. Moreover, as the infants
only received their mother’s milk for a period of 3—4 weeks, it was argued that the early
postnatal period is a particularly sensitive period for brain development.

2. The developing brain

Following a full-term pregnancy, the average weight of an infants brain is 350 grams. Dur-
ing the first year of life the brain weight increases by 750 g to 1.1 kg, with approximately
47% of this increase taking place in the cerebral cortex, and 60% of the weight gain
being lipid, predominantly phospholipid (Cockburn 1997). During intrauterine life, most
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neurones have been formed by 22 weeks gestation and have migrated from their origin
in the subependymal areas to the cortical surface. During the second half of pregnancy
these cells develop complex arborizations, and after birth there is a marked increase in
numbers of synaptosomes.

A major structural and functional component of synaptosomes is their phospho-
lipid membrane. The principal membrane phospholipids are phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI).
PC confers structural stability to the neural membrane (Cullis and De Krui 1979), while
carboxyl groups of PS function as ion exchange sites (Cook et al. 1972). For nerve cells
to fulfil their function of neurotransmission, the peptides and proteins responsible for
enzymatic activity and neurotransmission in phospholipid membranes must be inserted
into the membrane at the appropriate site and numbers. Control of the numbers and
location of the peptides and proteins is not only dependent upon genetic factors but
also upon the distribution and type of fatty acids attached to these phospholipids, in
particular the chain length, degree of unsaturation and molecular configuration of the
fatty acids. Docosahexaenoic acid (DHA) (C22:6 n-3) preferentially cross-links with
proteins thus mediating activity of the membrane bound enzymes. The mechanisms that
control the distribution of different phospholipids and their fatty acids are not known.
However, deficiency of polyunsaturated fatty acids (PUFAs), including DHA, can change
the physical properties and specific functions of the neural cell membrane, including
enzyme action, receptor activity and signal transduction, and these in turn may affect
the functioning level of the brain (Stubbs and Smith 1984).

Throughout pregnancy, essential fatty acids are required for growth and development
of the placenta and fetus. It is estimated that about 600 grams of essential fatty acids
are transferred from the mother to the fetus during a healthy term pregnancy. The fatty
acid status of the mother is influenced by several factors including diet, parity and age.
A woman’s diet before conception plays an important role, as the mother’s adipose tissue
is a source of PUFA for the fetus during pregnancy. Fatty acid accretion by the fetal brain
increases markedly towards the end of pregnancy, and averages 31.3 mg per week for total
n-6 fatty acids and 14.5mg per week for total n-3 fatty acids (Clandinin et al. 1989).
Martinez (1991) estimated the average n-6 fatty acid accretion by the fetal forebrain to
be 85 mg per week with arachidonic acid (C20:4 n-6) being the predominant long-chain
PUFA and 30 mg per week for n-3 fatty acids, this being almost exclusively DHA.

3. Prenatal provision of LCPUFAs
3.1. Long-chain polyunsaturated fatty acids (LCPUFAs)

Long-chain polyunsaturated fatty acids are derived from the essential fatty acids, linoleic
acid (18:2 n-6, LA) and alpha-linolenic acid (18:3 n-3, ALA). These parent fatty acids are
substrates for lengthening and desaturation reactions which take place mainly in the liver
endoplasmic reticulum, and which lead to the synthesis of LCPUFAs with 20-22 carbons
and 2—6 double bonds. Desaturation enzymes are mixed-function oxygenases that are
named according to the site at which the double bond is inserted. The position of
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desaturation is indicated by “delta” and occurs at carbon atoms 9, 6, 5, and 4 from the
carboxyl group of the fatty acid. Recent studies have shown that delta-4 desaturation
involves three enzymatic steps, rather than a single step by a delta-4 desaturation enzyme.
The process begins with chain elongation, followed by delta-6 desaturation and then chain
shortening by beta-oxidation in peroxisomes (Voss et al. 1991).

The rate-limiting step in fatty acid metabolism is desaturation, especially delta-6
desaturation. Fatty acids of the n-3, n-6, and n-9 series compete as substrates for the same
desaturation enzymes. The delta-6 desaturation enzyme shows a preference for fatty acids
in the order 18:3 n-3 > 18:2 n-6 > 18:1 n-9 (Brenner 1981). In addition, 25:5 n-3 and
24:4 n-6, the precursors for the delta-4 desaturation products will also compete for delta-6
desaturation. Desaturation of oleic acid (18:1 n-9) is more marked when 18:2 n-6 and
18:3 n-3 availability is low. A high level of Mead acid (20:3 n-9) is therefore considered
an indicator of essential fatty acid deficiency.

Until recently, it was assumed that the endogenous synthesis of LCPUFAs would meet
the requirements of the term and preterm infants. However, there is increasing evidence
that, during the first months of life, the process of elongation and desaturation of the
parent LCPUFAs linoleic acid and alpha-linolenic acid to their functional derivatives,
arachidonic acid (AA) and docosahexaenoic acid (DHA) respectively, may be impaired
in preterm and some term infants (Cook et al. 1972). As a result, there may be a deficiency
of LCPUFAs at a critical time of brain growth and development.

3.2, Long-chain polyunsaturated fatty acids and neural function

Although it is recognized that LCPUFAs are major structural components of neural cell
membranes, their precise functional role has still to be elucidated (Kurlak and Stephenson
1999). DHA is a major constituent of synaptic end sites while arachidonic acid is
present in both the growth-cone region and the synaptosomes. During conversion of nerve
growth cones to mature synapses, there is a substantial incorporation of DHA-containing
lipids. The delivery of DHA to the growth cones is therefore likely to be a prerequisite
for the formation of mature synapses (Martin and Bazan 1992). The effect of DHA on
the structure of cellular membrane is to increase fluidity, and it has been shown that
acetylcholine receptor function can be influenced by membrane fluidity. Arachidonic acid
has been shown to be preferentially released from membrane phospholipids by the action
of endogenous phospholipase A2 (Kim et al. 1996), and it is postulated that AA, as a
free acid, has an important role in signal transduction (Kurlak and Stephenson 1999).

3.3. LCPUFA status of breast- and formula-fed infants

The exogenous supply of LCPUFAs to breast- and formula-fed infants has differed
as LCPUFAs are present in breast milk but until recently have not been available in
formula milks. Several studies have now reported that infants fed formulas that contain
linoleic acid and alpha-linolenic acid but are devoid of LCPUFA, have lower plasma
and erythrocyte membrane concentrations compared to breast-fed infants (Putman et al.
1982, Koletzko et al. 1989, Makrides et al. 1994, Decsi et al. 1995). More objective
evidence is available from studies which have determined the relationship between brain
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fatty acids and diet in infancy and have demonstrated that breast-fed infants have higher
concentrations of DHA in their cerebral cortex compared to infants fed formula milk
(Farquharson et al. 1992, 1995, Makrides et al. 1994). Furthermore, the accumulation
of DHA in the cerebral cortex was shown to be related to the length of breast feeding
(Makrides et al. 1994). In contrast, there were no differences in the level of cortical
arachidonic acid between breast- and formula-fed infants, suggesting that either AA is
aggressively conserved in brain tissue or the amount of AA produced from the precursor
in formula is sufficient to meet the AA requirements of the rapidly growing brain.

This evidence of relative deficiency of LCPUFAs in formula-fed infants gives support
to the argument that artificial formulas should be supplemented with LCPUFAs. However,
before recommendations can be made on LCPUFA supplementation, consideration needs
to be given to the quantity and quality of potential supplements. The starting point for
this work has been to detail the LCPUFA content of human milk.

3.4. LCPUFA content of human milk

Human milk contains between 6% and 14% of total fatty acids as linoleic acid and
0.6—2.0% of total fatty acids as alpha-linolenic acid. In addition, human milk also contains
0.3-1.0% AA and 0.1-0.9% DHA as well as other 20- and 22-carbon-atom n-6 and
n-3 LCPUFAs (Jensen et al. 1995). Studies from Europe, Africa and Australia have
demonstrated that levels of essential PUFAs linoleic and alpha-linolenic acid in human
milk are influenced by the diet of lactating women but the concentrations of LCPUFAs
are less affected (Koletzko et al. 1992, 1988, Gibson and Kneebone 1981). Moreover, the
n-6 and n-3 LCPUFAs in milk were found not to be related to their respective precursors,
linoleic and alpha-linolenic acids (Gibson and Kneebone 1984). In contrast, n-6 and n-3
LCPUFAs correlated with each other which is compatible with the hypothesis that n-6 and
n-3 LCPUFAs share a mutual pathway for synthesis and/or secretion in milk. The average
ratio of n-6 to n-3 was 2.7 for European milks and 2.2 for African milks. It has been
speculated that because LCPUFAs are of greater biological relevance than the precursor
fatty acids to the organism, the metabolic regulation of LCPUFAs serves to protect the
breast-fed infant from wide variation in supply. However, it has been shown that if the
dietary intake of preformed n-3 LCPUFA is significantly increased, this is reflected by
an increase in n-3 LCPUFA concentrations in the milk (Innis et al. 1990, Carlson et al.
1986, Gibson and Kneebone 1981, Koletzko et al. 1988, Kneebone et al. 1985, Innis and
Kuhnlein 1988). More recently a direct correlation was demonstrated between the level of
DHA in breast milk and DHA in the maternal diet (Makrides et al. 1996). Clandinin and
colleagues deduced that breast-fed infants receive a dietary LCPUFA supply which will
meet their requirements for tissue accretion, even if they are born prematurely (Clandinin
et al. 1989).

In human milk the LCPUFAs are predominantly esters of triacylglycerols. The rate
of release of LCPUFAs from triacylglycerol by pancreatic colipase-dependent lipase
at the sn-3 (and su-1) positions is dependent upon the positions of double bonds,
with a relative resistance to the release of AA and eicosapentaenoic acid (C20:5 n-3)
from triacylglycerides compared to the more saturated fatty acids such as linoleic acid
(C18:2 n-6) and oleic acid (C18:1 n-9). However, bile salt stimulated lipase (BSSL)
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efficiently hydrolyses the ester bonds of DHA and AA at all positions, even at the low
levels of bile salt concentration which are present during the newborn period. These data
not only show that an important function of BSSL in breast-fed infants is to enable optimal
release and utilization of LCPUFAs from human milk, but also indicate that the metabolic
fate of LCPUFA may differ between breast- and formula-fed infants (Chen et al. 1989,
1994, Hernell et al. 1993).

Moreover, there is evidence that the su-position of DHA may determine the metabolic
fate and tissue distribution of the fatty acid. In a study of newborn rats who were either fed
oils with DHA located in the sn-2 position or DHA randomly distributed, the specifically
structured triacyglycerol resulted in a higher level of DHA in the brain compared to the
randomized oil which had higher levels of DHA in the liver (Christensen and Hey 1997).
More recent data from this group indicate that these metabolic differences may have
functional significance (Christensen et al. 1996).

3.5. Relation of essential precursors to LCPUFA4s

The competitiveness between metabolic pathways for n-6 and n-3 fatty acid elongation
and desaturation has important implications for recommendations on LCPUFA require-
ments for infants. In human milk the ratio of linoleic acid to alpha-linolenic acid is
generally between 5 to 10. Ratios on either side of this range produced fatty acid profiles
markedly different from that of breast-fed infants (Clark et al. 1992), and extremes
of LA/ALA ratio altered 22-carbon fatty acid concentration in the brain (Dyer and
Greenwood 1991). Previous recommendations on levels of AA and DHA in formulas
have referred to the amounts of linoleic acid and alpha-linolenic acid in human milk and
thus manufacturers have opted for an LA/ALA ratio of approximately 10:1. However,
this does not allow for the preformed LCPUFAs in human milk (Gibson et al. 1994). The
optimum LA/ALA ratio can therefore only be considered in parallel with the discussion
on whether formulas should be supplemented with LCPUFA. It has been recommended,
however, that the LA/ALA ratio should not be less than 5 and not greater than 15
(Commission of European Communities EC Directive 1996). In 1985 the American
Academy of Pediatrics Committee on Nutrition recommended linoleic acid and alpha-
linolenic acid intakes of at least 2.7% and 0.3% of energy, respectively. Functional
studies published since these recommendations were made suggest that 0.3% energy
from alpha-linolenic acid is probably too low even for term infants. However, excessively
high concentrations of alpha-linolenic acid can be associated with growth impairment
(Jensen et al. 1997).

3.6. LCPUFA supplement

The available evidence indicates that higher red cell membrane levels of AA and DHA are
achieved if formulas are supplemented with preformed LCPUFA rather than the precursor
essential fatty acids linoleic acid and alpha-linolenic acid. EC Directives (1996) have
recently indicated that long-chain (C20 and C22) fatty acids may be added to infant
formulas. However, the FDA has stated that further clinical studies evidencing functional
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benefit are required. For these studies to be undertaken, decisions on optimum quantity
and quality of LCPUFA supplementation need to be clarified.

Attempts have been made to define the LCPUFA requirement of the term in-
fant by estimating the intake of a breast-fed infant. The essential fatty acid intake
of infants fed human milk has been calculated from the average composition of
mature milk of European mothers (Koletzko et al. 1992) assuming an average fat
content of 35g/1 and a daily intake of 175ml/kg. The average supply of total
LCPUFA is 100g/kg/d (an amount that clearly exceeds intrauterine LCPUFA de-
position in brain of approximately 6.5 to 16.5mg/d (Martinez 1991, Clandinin et
al. 1989). The average daily supply of linoleic acid was 660 mg/kg, alpha-linolenic
acid 50mg/kg, n-6 LCPUFA 70 mg/kg and n-3 LCPUFA 33 mg/kg. In human milk
the n-6/n-3 LCPUFA ratio is kept relatively constant at about 2.0 (Koletzko et al.
1988), and brain lipids of newborn infants contain about twice as much n-6 LCPUFA
as n-3 LCPUFA (Svennerholm 1968, Clandinin et al. 1989). A recommendation
has therefore been made that n-6 LCPUFA content should not exceed 2% of to-
tal fat content and n-3 LCPUFA content should not exceed 1% (Statutory Instru-
ments 1995).

The LCPUFA supplement needs to be safe and commercially viable. AA and DHA
are not present in currently used vegetable oils, and alternative sources have therefore
been explored. An early source of DHA was fish oil that also contains high levels of
eicosapentaenoic acid (EPA, 20:5 n-3). There is very little EPA in human milk, and this
preparation was associated with poorer growth in preterm infants (Carlson et al. 1992).
More recent studies have tried to avoid the addition of EPA by using fish oils high in
DHA, such as tuna oil (Auestad et al. 1997). Borage and evening primrose oil contain
gamma-linolenic acid (GLA, [8:3 n-6) a metabolic precursor of AA that by-passes the
rate-limiting step of delta-6 desaturase enzyme. Data from two studies indicate that GLA
is not able to prevent a decline in AA levels of formula-fed infants (Makrides et al. 1995,
Ghebrebeskel et al. 1995).

European studies have used egg phospholipids as a source of DHA and AA
(Agostoni et al. 1995, Forsyth and Willatts 1996). Egg lipids have a high content of
phosphatidylcholine and cholesterol (Agostoni et al. 1994), and since large quantities
are required to achieve the LCPUFA levels in human milk, the amounts of lecithin and
cholesterol could exceed that allowed as an additive (Ministry of Agriculture, Fisheries
and Food 1992). In egg lipids the LCPUFAs are predominantly in phospholipids, whereas
in human milk they are more evenly distributed between triglycerides and phospholipids.
There are differences in absolute levels of LA and ALA, and the ratio of LA to ALA
and proportions of saturates and mono-unsaturates can influence LCPUFA incorporation
into cell membranes.

The production of LCPUFAs by micro-organisms in large-scale controlled conditions is
a promising source. The two micro-organisms presently used for DHA and AA production
are a common marine microalga Crypthecodinium cohnii and the soil fungus Mortierella
alpina respectively. Since the sources of single-cell LCPUFAs have not previously been
used as food for man, the oils are considered to be novel and consequently their safety
and nutritional aspects are currently being assessed by the Advisory Committee on Novel
Foods and Processes (Wells 1996).
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4. LCPUFA and infant cognitive development

Improved cognitive abilities in children who were breast fed compared to children fed
formula may be explained by breast-fed infants receiving higher levels of preformed
dietary LCPUFA. However, studies of children who were breast fed or formula fed involve
non-random assignment to these groups, and other factors such as genetic and social-
demographic variables, parenting skills, or quality of parent—child interaction may also
contribute to differences in cognitive abilities. Attempts to statistically control for the
potentially confounding effects of these factors may be inadequate (Wright and Deary
1992), and several studies have reported that, although the cognitive advantage of breast
feeding remained after adjustment for social and demographic variables, it disappeared
after adjustment for parental 1Q (Richards et al. 1998, Jacobson and Jacobson 1992,
Jacobson et al. 1999). The role of LCPUFA in cognitive development must therefore
be investigated by studies in which the effects of potentially confounding variables are
controlled by randomizing infants to formulas containing either LCPUFA or no LCPUFA.
Randomized studies of the effects of LCPUFA on development in both term and preterm
infants have employed a variety of assessments which include tests of psychomotor
development, language development, visual attention, and problem solving.

4.1. LCPUFA and infant psychomotor and language development

Standardized tests such as the Bayley Scales (Bayley 1993) provide global measures of
infant psychomotor development. Carlson (1994) randomized preterm infants to formula
containing either no LCPUFA or a supplement derived from fish oil containing both EPA
and DHA. Bayley Mental Developmental Index (MDI) scores at corrected age 12 months
did not differ between the groups, but Psychomotor Developmental Index (PDI) scores
tended to be lower in the EPA + DHA supplemented group, a result that was consistent
with the finding of poorer growth in preterm infants supplemented with DHA and
relatively high levels of EPA (Carlson et al. 1992). In a second study in which the
DHA content of the supplemented formula remained the same but the EPA content was
reduced, Carlson (1994) reported significantly higher MDI scores in preterm infants aged
12 months who received n-3 LCPUFA in comparison to the control group. Damli et al.
(1996) also reported higher MDI scores in 6-month-old preterm infants who were fed
formula supplemented with AA + DHA derived from egg phospholipid in comparison to
infants receiving no supplement.

Two randomized studies have examined the effects of LCPUFA supplementation on
measures of psychomotor development in term infants. Agostoni et al. (1995) compared
scores on the Brunet-Lézine test in two groups of infants fed a formula containing no
LCPUFA or supplemented with AA + DHA derived from egg phospholipid. Significantly
higher test scores were observed in the LCPUFA-supplemented group at age 4 months,
but no differences were found in a follow-up conducted at age 24 months (Agostoni et
al. 1997). In a multi-center study reported by Scott et al. (1997), scores on the Bayley
Scales were compared in three groups of infants at age 12 months. The groups received
either standard formula containing no LCPUFA, formula containing DHA from fish
oil, or formula containing AA and DHA from egg phospholipid. No differences were
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observed in either MDI or PDI scores. Language development was also measured at
age 14 months with the MacArthur Communicative Development Inventory (CDI). The
CDI is a questionnaire completed by parents which provides information on infants’
comprehension vocabulary, production vocabulary, and range of communicative gestures
(Fenson et al. 1991). There were no differences between the groups on measures of
comprehension vocabulary or communicative gestures, but the DHA-supplemented group
had significantly lower scores on production vocabulary than the control group which
received no LCPUFA supplementation. However, a follow-up study of the same children
at age 3 years found no group differences on measures of 1Q and vocabulary (Scott et
al. 1997).

These results suggest that preformed dietary LCPUFA enhance the rate of infant
psychomotor development during the first year of life, particularly in preterm infants
who may have higher dietary n-3 requirements than term infants (Innis 1992). However,
differences in test scores between diet groups may not reflect differences in cognitive
abilities. Items on the Bayley Mental Scale for children younger than 2 years principally
measure perceptual-motor abilities, and may not measure important cognitive changes
that are occurring during this period (Roberts et al. 1999). Moreover, scores on
standardized tests of infant development correlate poorly with measures of childhood
intelligence (Slater 1995). For these reasons, researchers have employed other assessments
to identify more specific effects of LCPUFA on infant cognitive function.

4.2. Infant visual information processing

Habituation is an inhibitory process involving decline in attention paid to a stimulus.
Behaviorally, visual habituation is the decrease in looking time that occurs when a
stimulus becomes familiar (Ruff and Rothbart 1996). The most frequently used technique
for observing infant visual habituation is infant control procedure (ICP) in which the total
looking time at a stimulus is determined after achievement of a criterion (Horowitz et al.
1972). The standard criterion is a reduction of at least 50% in the duration of infants’
later looks compared to initial looks. Infant habituation involves active processing of
information and memory for a stimulus. Recognition of the familiar (habituated) stimulus
is demonstrated by longer looking at a novel stimulus compared to the familiar stimulus
in a paired-comparison test involving presentation of both stimuli for a fixed duration
(Bornstein 1985, Colombo 1993, Slater 1995). Relatively stable individual differences in
look duration measures during habituation have been reported in the first year of life (Rose
et al. 1986, Colombo et al. 1987). Look duration shows modest but significant correlations
with childhood cognitive measures such as 1Q and vocabulary scores (Colombo 1993,
McCall and Carriger 1993, Slater 1995). These correlations are negative, with children
who demonstrated more efficient habituation (shorter total looking times and shorter
individual look durations) having higher 1Q and vocabulary scores.

An alternative to habituation for investigating infant visual information processing and
memory is the visual recognition memory (VRM) paradigm (Colombo 1993, Slater 1995).
In the VRM paradigm, infants are initially familiarized to either a single stimulus or
pair of identical stimuli for a fixed and relatively short duration. Infants subsequently
receive a paired-comparison test in which the proportion of looking time directed at the
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novel stimulus (novelty-preference score) indicates the extent to which information about
the familiarized stimulus was processed and encoded in memory. Infants who process
more information during familiarization show greater preference for the novel stimulus
in a paired-comparison test (Hunter et al. 1982, Rose et al. 1982, Richards 1997). An
association has also been shown between lower novelty-preference scores and longer
duration of individual looks on paired-comparison tests in low-birthweight infants (Rose
et al. 1988), and in infants with prenatal exposure to alcohol (Jacobson et al. 1993)
compared to normal controls. These results suggest that longer look durations in paired-
comparison tests reflect less efficient information processing and poorer attention control.
The Fagan Test of Infant Intelligence (Fagan and Shepard 1986) is based on the VRM
paradigm. VRM novelty-preference correlates positively with measures of childhood 1Q
(Fagan and McGrath 1981, Rose et al. 1992), whereas look duration during paired-
comparison tests correlates negatively with childhood 1Q (Jacobson 1999).

4.3. Theoretical models of individual differences in fixation duration

Total looking times during habituation and novelty-preference scores in VRM tests
may reflect differences in the speed at which information is processed and encoded
into memory (Bornstein 1985, Colombo 1993). Infants who are faster at processing
information have shorter looking times during habituation and higher novelty-preference
scores in VRM tests. Evidence for such a relationship comes from studies in which infants
were initially classified as short or long lookers depending on the duration of their longest
(peak) fixation on a stimulus. In VRM tests, short lookers demonstrated a significant
novelty preference after a relatively brief exposure to the familiar stimulus. In contrast,
long lookers required a longer exposure to the familiar stimulus before showing a novelty
preference (Colombo et al. 1991, Freeseman et al. 1993),

Other factors involving regulation of attention may also contribute to look duration.
Differences in look duration may relate to infants’ ability to disengage attention from
a fixated stimulus when information processing is completed (Colombo 1995, McCall
1994). Young infants show considerable difficulty at releasing attention from one stimulus
to orient to another, but substantial improvement in disengagement occurs after 3 months
(Johnson et al. 1991, Hood 1995). Development of several cortical structures including
parietal cortex, prefrontal cortex, and frontal eye fields is thought to be involved in this
change (Hood 1995, Johnson 1994). Infants who have short look durations display better
ability at disengaging attention from a stimulus than infants with long look durations
(Frick et al. 1999). Ability at disengagement may also explain differences in VRM
novelty-preference scores (McCall 1994). Infants with better ability at disengagement
should quickly shift attention from the familiar to the novel stimulus, resulting in a higher
novelty-preference score. Infants with poorer ability at disengagement should tend to look
longer at the familiar stimulus before shifting fixation to the novel stimulus, resulting in
a lower novelty-preference score.

Infant distractibility may also influence looking time. McCall (1994) proposed that
infants begin processing stimulus information on their longest (peak) fixation, but that
differences in distractibility, mediated by inhibitory processes, may affect the occurrence
of the peak fixation. Infants with poorer inhibitory control may initially produce several
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short fixations on a stimulus because they are easily distracted by less salient stimuli, and
their peak fixation would therefore occur late in the sequence of fixations. In contrast,
infants with better inhibitory control would be less distractible and their peak fixation
would occur when they first fixate the stimulus. Thus, infants who are more distractible
may have more fixations and longer looking times. Support for this hypothesis comes from
Lécuyer (1989) and Colombo et al. (1997) who reported that the peak fixation occurred
earlier in the sequence of fixations in infants with shorter looking times.

Finally, look duration may be influenced by individual differences in arousal. Kaplan
et al. (1991) proposed a dual-process model of infant look duration which is determined
by the summation of two distinct processes — habituation and sensitization. Habituation
involves a decrease in attention, whereas sensitization involves an increase in attention
through activation of the arousal system, the degree of arousal being related to the
amount of stimulus energy. Kaplan and Werner speculated that individual differences in
susceptibility to the effects of stimulation on the arousal system may be related to the
occurrence of early and late peak fixations and duration of looking. Infants who are easily
aroused by stimulation (sensitizers) would tend to have later peak fixations and longer
looking times than infants who are less easily aroused. However, there is currently little
direct evidence to support this hypothesis (Colombo et al. 1997).

4.4. LCPUFA and infant visual information processing

Only one study has examined the relationship between LCPUFA supplementation and
infant habituation (Forsyth and Willatts 1996). Term infants were randomized to formulas
containing AA +DHA derived from egg phospholipid or no LCPUFA, and measures
of visual habituation were obtained at age 3 months. Although LCPUFA-supplemented
infants tended to have shorter fixation durations, none of the overall comparisons between
the groups was significant. However, infants who had late peak fixations and who may
have been more distractible had significantly shorter total fixation durations if they
received LCPUFA supplementation in comparison to infants who received no LCPUFA.
Infants with late peak fixations also had reduced growth parameters at birth compared to
infants with early peak fixations. Duration of fixation in infants with early peak fixations
was not influenced by LCPUFA supplementation. These results suggest that infants
who have suffered moderate intra-uterine undernutrition may develop more efficient
information processing if they are supplemented with LCPUFA.

Three randomized studies have examined the relationship between LCPUFA supple-
mentation and performance on the Fagan Test of Infant Intelligence. Clausen et al. (1996)
reported significantly higher novelty-preference scores in term infants fed a formula
supplemented with AA + DHA from egg phospholipid compared to infants fed a formula
containing no LCPUFA. In two studies of preterm infants (Carlson and Werkman 1996,
Werkman and Carlson 1996), infants received formula containing either no LCPUFA or
DHA + EPA from fish oil which had a relatively high ratio of DHA to EPA. No significant
differences between the diet groups were found on novelty-preference scores, but fixation
durations in paired-comparison tests were shorter in the supplemented groups. In the
study by Carlson and Werkman (1996), LCPUFA supplementation was stopped at age
2 months but the effects on look duration were seen at age 12 months. Similar results
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were obtained by Reisbick et al. (1997) in a study of VRM in infant rhesus monkeys
fed diets containing adequate or low levels of alpha-linolenic acid. There was no effect
of diet group on novelty preference, but infant monkeys who received an adequate level
of alpha-linolenic acid had shorter fixation durations than monkeys who received a low
level of alpha-linolenic acid.

The consistency of these findings suggests that preformed dietary LCPUFA (and
in particular, n-3 LCPUFA) are important for more efficient infant visual information
processing, a conclusion that is supported by the findings with non-human primates.
These effects do not appear to be related to the reported effects of LCPUFA on
visual acuity development (e.g., Makrides et al. 1995, Birch et al. 1998) because look
duration and acuity scores are not correlated (Carlson et al. 1995, Neuringer et al.
1996, Jacobson 1999). There is some evidence that the effects on visual attention persist
beyond the period that infants receive supplementation (Carlson and Werkman 1996).
However, it is not possible to determine whether LCPUFA influence speed of processing,
ability at disengagement, or other processes involved in attention regulation because
the assessments employed in these studies cannot distinguish between these alternative
factors. The question of which processes are influenced by LCPUFA requires further study
with more specific tests of visual attention that are appropriate for detecting differences
in both speed of processing and attention control.

4.5. Infant means—end problem solving

Means—end problem solving involves the deliberate and planful execution of a sequence
of steps to achieve a goal, and this ability develops rapidly after 6 months of age (Willatts
1989). Infants aged between 7 and 8 months begin to solve simple one-step problems such
as searching under a cover for a toy, or pulling a cloth to retrieve a toy that is resting on it
(Willatts 1984, 1999). At 9 months, infants can solve more complex problems requiring
the completion of two intermediate steps to achieve a goal (Willatts 1997). Two-step
problem-solving scores measured at 9 months correlate positively with 1Q and vocabulary
scores measured at 3 years (Slater 1995, Willatts 1997). Infants at 10 months can solve
more complex problems which require the execution of three intermediate steps to achieve
a goal (Willatts and Rosie 1992). It is not known whether ability at three-step problem
solving is related to childhood cognitive scores.

Means—end problem solving involves planning, sequencing actions, and maintaining
attention to a goal, all of which are mediated by prefrontal cortex (Diamond 1991,
Johnson 1997, Roberts et al. 1998). There is some evidence linking infants’ ability at
means—end problem solving to development of prefrontal cortex (Bell and Fox 1992,
Diamond et al. 1997), but a direct link between performance on multi-step means—end
problems and prefrontal cortex has yet to be established.

4.6. LCPUFA and infant problem solving
Willatts et al. (1998a) examined the relationship between LCPUFA supplementation

and problem solving at age 9 months in term infants. The infants in this study were
randomized to formulas containing AA +DHA or no LCPUFA for a period of 4 months,
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and had previously been assessed on a test of visual habituation at age 3 months (Forsyth
and Willatts 1996). Infants received several trials on a two-step problem in which a toy
was placed on the end of a cloth and hidden under a cover. To solve the problem of
retrieving the toy, infants first pulled the cloth to retrieve the cover, and then removed
the cover to find the toy. Infants’ sequence of behaviors was scored according to certain
criteria for evidence of intention to retrieve the hidden toy. Intentional behavior was
defined as behavior aimed at achieving the goal of retrieving the toy, rather than simply
playing with the cloth or cover (Willatts 1984, 1999). There were two measures of
problem-solving ability. Intention score was the total of the scores for all behaviors,
averaged across trials, with a higher score indicating more intentional behavior. Number
of intentional solutions was the number of trials on which infants solved the problem
and demonstrated evidence of intention on all behaviors. LCPUFA-supplemented infants
tended to have higher problem-solving scores than infants who received no LCPUFA,
but the differences were not significant. However, among the infants who showed poorer
attention control at 3 months (indicated by a late peak fixation), those who received the
supplemented formula produced more intentional solutions than infants who received no
LCPUFA.

The same infants were tested on a more complex problem at age 10 months (Willatts
et al. 1998b). Infants had to complete three intermediate steps to achieve a final goal and
solve the problem (remove a barrier to grasp a cloth, pull the cloth to retrieve a cover,
and search under the cover to find a hidden toy). Infants who received the LCPUFA-
supplemented formula had significantly higher problem-solving scores than infants who
received no LCPUFA.

These results suggest that problem solving is improved in term infants who received
formula supplemented with LCPUFA, and the benefits of LCPUFA supplementation
to infants persist beyond the period that they received their supplemented formula.
The differences between the diet groups may reflect faster information processing
and therefore more efficient problem solving in the LCPUFA-supplemented group.
Alternatively, they may reflect improved ability at disengagement in the LCPUFA-
supplemented group. Infants who can easily disengage attention from a stimulus may
be able to switch rapidly from manipulating one intermediary to the next, and so solve
a complex means—end problem.

5. Conclusions

Although the number of studies of the effects of preformed dietary LCPUFA on infant
cognitive function is relatively small, a consistent pattern of findings is beginning
to emerge. In the majority of studies, both term and preterm infants fed artificial
formula supplemented with LCPUFA (DHA or AA + DHA) showed improved cognitive
performance in comparison to control infants fed a formula containing no LCPUFA. No
negative effects on development have been observed with formulas containing both AA
and DHA. Only two studies have reported poorer cognitive scores in groups receiving
LCPUFA supplement (Carlson 1994, Scott et al. 1997). These studies share two features
that may be related to these effects. First, the supplement was DHA without AA. Second,
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the DHA source was marine oil that also included EPA. This suggests that the ratios of
EPA to DHA and AA to DHA are more relevant to cognitive outcome than absolute
level of DHA. This conclusion is reinforced by the fact that in studies reporting a
significant cognitive advantage in infants who received LCPUFA supplement, formulas
were supplemented with AA + DHA or DHA with low EPA.

How can we explain the effects of LCPUFA on infant cognitive function? Studies
showing improved scores on tests of psychomotor development in supplemented infants
provide no information about which cognitive functions may have been influenced.
Studies of visual attention and problem solving are more informative because the
measures that are influenced by LCPUFA predict childhood cognitive scores. These
measures therefore index relatively stable, central cognitive processes. Whether LCPUFA
influence speed of processing, disengagement, or other processes involved in attention
regulation remains uncertain. However, new assessments for examining these different
processes have been evaluated and may offer methods for identifying the specific effects
of LCPUFA on infant cognitive development. Moreover, evidence linking performance
on assessments to different neurological systems (Diamond et al. 1997, Johnson 1997)
may provide information on brain mechanisms.

Little is known about the long-term effects of early dietary LCPUFA on later cognitive
development. In the majority of randomized studies, assessments have been undertaken
during the first year of life, although some have reported effects that were observed
beyond the period that infants received their LCPUFA supplement. Only two studies have
included children older than one year, but neither found any differences between the diet
groups on tests of psychomotor development, language, or IQ (Agostoni et al. 1997, Scott
et al. 1998). It is possible that global tests of psychomotor development and 1Q may not
be sufficiently sensitive to the effects of LCPUFA on cognition because test scores reflect
a broad range of abilities. Studies of human infants and nonhuman primates suggest that
speed of processing and attention regulation may be influenced by LCPUFA, and it may
be more appropriate to focus on tests of these abilities in future investigations of the
long-term effects of LCPUFA on cognition.
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CHAPTER 8

Molecular species of phospholipids
during brain development

Their occurrence, separation, and roles
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1. Introduction

Glycerophospholipids are amphipathic molecules that form the backbone of bio-
membranes where they are organized in bilayers and held together by hydrophobic,
coulombic and Van der Waal forces and hydrogen bonds. Brain tissue contains four
major classes of glycerophospholipids. The first three, 1,2-diacyl glycerophospholipids,
1-alk-1'-enyl-2-acyl glycerophospholipids or plasmalogens, and 1-alkyl-2-acyl glycero-
phospholipids, have a glycerol backbone with a fatty acid, usually polyunsaturated, at
carbon-2 and a phosphobase (choline, ethanolamine, serine or inositol) at carbon-3 of
the glycerol moiety. The fourth class, of which the only representative is sphingo-
myelin, contains ceramide linked to phosphocholine through its primary hydroxyl
group (Farooqui et al. 1999). The 1,2-diacyl glycerophospholipids include phospha-
tidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn), phosphatidylserine (PtdSer),
phosphatidylinositol (PtdIns), and phosphatidic acid (PtdOH). The 1-alk-1’-enyl-2-acyl
glycerophospholipids include plasmenylethanolamine (PlsEtn) and plasmenylcholine
(PIsCho). Small amounts of PakEtn and PakCho, the 1-alkyl-2-acyl types of ethanolamine
and choline glycerophospholipids, are also present.

In neural membranes, PtdCho, PtdEtn, PlsEtn and PtdSer contain high levels of
22:6 n-3 acyl groups, whereas PtdIns and PtdOH contain high levels of 20:4 n-6 acyl
groups. A high degree of compositional heterogeneity occurs in all subclasses of
glycerophospholipids, generally associated with a more diverse acyl group composition
at the sn-2 position (Nakagawa and Horrocks 1983). Many studies (Horrocks 1989, 1990,
Burdge and Postle 1995) suggest that in brain tissue each subclass of glycerophospholipid
exists as a heterogeneous mixture of molecular species, and the synthesis of different
pools within a glycerophospholipid class appears to be compartmentalized according
to the fatty acid composition and the source of the head group (synthesis de novo
versus modification and interconversion reactions) (Vance 1988). Thus, different pools
of molecular species may have different metabolic and physical properties depending
upon their location in neural membranes of the developing brain. The purpose of this
review article is to describe the occurrence, identification, and role of molecular species
of glycerophospholipids in developing and adult brain. It is hoped that this discussion will
initiate further studies on the metabolism and role of individual phospholipid molecular
species in brain tissue.
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2. Glycerophospholipid molecular species in developing brain

2.1. Brain development

Mammalian brain is a complex tissue that undergoes myelination, synaptogenesis,
and dendritic arborization during maturation. Being the major constituent of neural
membranes, glycerophospholipids are continuously synthesized and catabolized during
the brain maturation process. The proportions of ethanolamine plasmalogen are increased
from 9% to 19% in rat cerebrum and from 18% to 29% in spinal cord. PtdCho proportions
are decreased from 58% to 35% in cerebrum and from 54% to 25% in spinal cord, while
the proportions of sphingomyelin increased moderately through maturation of cerebrum
and spinal cord (Table 1). The proportions of PtdSer and PtdIns change very little during
cerebral development (de Sousa and Horrocks 1979).

In rat brain, total fatty acids increase sharply between 14 and 25 days, reaching
97% of the adult value (38.4+1.2 mg/g wet weight) at 30 days (Patel and Clark 1980).
Palmitic, stearic, oleic, arachidonic, and docosahexaenoic acids show similar patterns
during development, increasing during the suckling period and reaching 80% or more
of the adult value at 25 days of age. Linoleic acid shows a gradual increase per g wet
weight of brain during the suckling period, 0 to 21 days, and then a sharp rise to the
adult value after weaning (Patel and Clark 1980).

Table 1
Phospholipid composition of rat cerebrum during brain development®

Age (days) PtdEtn PIsEtn PtdCho Sphingomyelin PtdSer PtdIns
2 28.6 9.3 57.8 0.7 8.9 44
5 20.0 9.7 52.6 0.9 11.9 4.8
7 20.5 9.9 52.0 0.9 12.1 4.6
9 212 10.7 51.5 1.0 11.8 3.9
11 21.0 12.3 50.7 1.1 1.2 3.6
13 21.6 12.1 49.2 1.9 1.5 3.2
14 22.1 12.9 46.8 2.6 1.6 37
15 233 13.1 44.5 3.7 11.9 3.6
20 237 14.0 42.8 4.8 11.8 33
21 235 16.4 40.7 5.1 1.7 3.1
25 23.9 18.3 37.2 5.8 1.3 3.9
30 237 18.2 36.1 5.6 11.9 39
40 23.6 18.4 349 5.1 12.4 35
58 24.8 19.0 343 5.6 11.6 3.6
90 25.6 18.9 335 5.9 1.7 35
127 25.4 19.2 334 6.7 11.9 34

* Results are expressed as % of total phosphorus. Modified from de Sousa and Horrocks (1979).
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2.2, Species with docosahexaenoate

Studies on the glycerophospholipid molecular species composition in developing fetal
guinea-pig brain have shown that an accumulation of docosahexaenoic acid into
membrane glycerophospholipid is critical for optimal brain development (Burdge and
Postle 1995). This accumulation is maximal during neuritogenesis, which precedes the
major growth phase, intense myelination. Total brain PtdCho increases substantially
between 40 and 68 days of gestation, corresponding to myelination, while total PtdEtn
increases in a biphasic manner. The initial increase is associated with the period of
maximal neuritogenesis (25 to 35 days), whereas the second phase corresponds with
increase in total brain mass. A significant increase in the level of PlsEtn in late gestation
(40 to 68 days) is associated with the intense period of myelination.

During rat brain development, the prenatal docosahexaenoic acid accretion spurt
correlates with events of synaptogenesis (Green et al. 1999). The growth cones, which are
precursor structures for synapses, also have a high level of molecular species containing
docosahexaenoic acid before they develop into mature synapses. This suggests that
docosahexaenoic acid plays an important role in synaptogenesis (Martin and Bazan
1992).

2.3. Groups of molecular species

During the maturation of rat brain, 1,2-diacyl-sn-glycero-3-phosphocholine (PtdCho),
1,2-diacyl-sn-glycero-3-phosphoethanolamine (PtdEtn) and 1-alk-1’-enyl-2-acyl-sn-gly-
cero-3-phosphoethanolamine (PlsEtn) comprise approximately 80 to 85% of all glycero-
phospholipids, while 1-alkyl-2-acyl-sn-glycero-3-phosphocholine (PakCho), 1-alk-1'-enyl-
2-acyl-sn-glycero-3-phosphocholine (PlsCho) and 1-alkyl-2-acyl-sn-glycero-3-phospho-
cthanolamine (PakEtn) account for <3% each (Leray et al. 1990). Leray et al. (1990)
divided the molecular species of rat cerebellum into two groups for PtdCho and PtdEtn
and three groups for PlsEtn. The first 2 weeks of postnatal life in rat brain tissue are
characterized by a large increase in the number and levels of the molecular species
of PtdCho, PtdEtn, and alkenyl-GPE belonging to the first group and a much smaller
increase in those belonging to the second group. The three molecular species of PlsEtn
were absent in the first week of brain development but they increase in content very
slowly during the second week after birth. A marked accumulation of glycerophospholipid
molecular species of various subclasses occurs during the period of intense myelination
and synaptogenesis indicating the formation of biomembranes for neuronal perikarya
and glial cells as well as synaptosomal structures. A very slow increase in content of
the molecular species of PlsEtn during the first two weeks and their subsequent rapid
accumulation during the myelination period suggests that these molecular species are
preferentially involved in myelinogenesis and are located in the myelin sheath.

2.4. Molecular species of myelin

The molecular species composition of glycerophospholipid subclasses was determined
in myelin membranes from 15, 21, and 90 day-old rat brains. The PtdCho has high
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proportions of saturated—mono-unsaturated and disaturated species and low proportions
of saturated—polyunsaturated species (Leray et al. 1994). During myelin develop-
ment, the levels of saturated—mono-unsaturated molecular species increased whereas
those of the disaturated and saturated—polyunsaturated species decreased in PtdCho.
PtdEtn molecular species contain low levels of disaturated and a high proportion
of saturated—mono-unsaturated and saturated—polyunsaturated molecular species. The
molecular species of PlsEtn include no disaturated species. High proportions of
saturated—polyunsaturated, saturated-mono-unsaturated, and dimono-unsaturated species
were found. During myelination the molecular species having the n-3 series of
PUFA (polyunsaturated fatty acids) are decreased whereas those containing PUFA of the
n-6 series are not affected (Leray et al. 1994). A similar distribution of molecular species
is also observed in developing guinea-pig and monkey brain (Lin et al. 1990, Burdge and
Postle 1995).

The occurrence of so many glycerophospholipid molecular species in myelin mem-
branes complicates the analysis of their function, identification, and roles in developing
and adult brain. Their synthesis and deposition in myelin membrane may be controlled
not only by their metabolism but also by transport, sorting, and integration mechanisms
in oligodendrocytes. This suggestion is supported by studies on the metabolism of
molecular species in myelin and alteration of membrane fluidity in adult and developing
brain. The occurrence of many enzymic activities such as acyl-CoA: lysophospholipid
acyltransferase, long-chain acyl-CoA: synthetase (Vaswani and Ledeen 1987, 1989,
phospholipases (Larocca et al. 1987) and choline and ethanolamine phosphotransferases
(Ledeen 1984) in myelin suggests that different molecular species in various subclasses
turnover with different rates in developing brain.

3. Glycerophospholipid molecular species in adult brain
3.1. Profiles of molecular species

The major classes of glycerophospholipids in adult mammalian brain show very different
molecular species profiles (Nakagawa and Horrocks 1983, Lin et al. 1990, Wilson and
Bell 1993, Martinez and Mougan 1998). Thus in human white matter, the molecular
species of PtdCho and PtdSer contain 85.7% and 82.4%, respectively, of species with
only saturated and mono-unsaturated fatty acids. The 18:0-18:1 molecular species
dominates in PtdSer and 16:0-18:1 dominates in PtdCho. These molecular species are
also abundant in PtdEtn, but in this glycerophospholipid the polyunsaturated species,
mainly 18:0-22:6 n-3 and 18:0-20:4 n-6, account for over half of the total species. In
contrast, in human white matter PisEtn, the molecular species 16:0a—18:1 (16:0a is the
alk-1’-enyl group with 16 carbon atoms and no double bonds), 18:0a—18:1 and 18:1a-18:1
are present in high amounts and the molecular species containing 20:4 n-6 and 22:6 n-3
are present in low amounts. Two major molecular species of PlsEtn, 16:0a-22:4 n-6 and
18:1a-22:4 n-6, contain 22:4 n-6 as the major polyunsaturated fatty acid (Wilson and
Bell 1993). Table 2 shows similar distributions in the diacyl and alkenylacyl types of
ethanolamine glycerophospholipids in bovine brain (Lin et al. 1990).
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Table 2
The percentage of some polyunsaturated molecular species in ethanolamine glycerophospholipids in bovine
brain?®
Species PlsEtn PtdEtn Specics PIsEtn PtdEtn
16:0-20:4 n-6 2.8 1.1 18:0-22:6 n-3 8.7 25.5
16:0-22:4 n-6 7.3 1.2 18:1-20:4 n-6 4.7 2.9
16:0-22:6 n-3 4.7 5.5 18:1-22:4 n-6 4.0 1.3
18:0-20:4 n-6 4.8 15.8 18:1-22:6 n-3 2.7 1.7

18:0-22:4 n-6 4.7 8.6

* Modified from Nakagawa and Horrocks (1983).

3.2. Metabolism of molecular species

Among the diacyl type of glycerophospholipids, incorporation of [*H]20:4 into rat
and mouse brains was highest into the 18:1-20:4 species of PtdCho with a peak
value at 60 min after injection (Nakagawa and Horrocks 1986, Horrocks 1989, 1990).
The 24-hour values were more than 70% lower, indicating half-lives of 12 hours or less.
The 18:0-20:4 species had less than half of the specific radioactivity of the 16:0-20:4
and 18:1-20:4 species at 60 min. The specific radioactivity values of these species of
PtdIns were slightly lower than the corresponding values for PtdCho. In addition, the
turnover rate of the former was slightly slower. As judged by specific radioactivity values,
the metabolism of arachidonic acid in PtdEtn was much more sluggish, particularly in
the 18:0-20:4 species, the major component of this glycerophospholipid. The diacyl type
of glycerophospholipid was labeled rapidly, but the ether-linked glycerophospholipids
had a lag in uptake due to a lack of direct labeling. The latter types were labeled by
energy- and CoA-independent transfer of arachidonic acid from PtdCho. The specific
radioactivity values of the 16:0a—20:4 and 18:1a—20:4 species of the PIsCho were greater
than those for the PtdCho at 30 and 60 min after injection. These values increased between
1 and 24 hours. This may be due to the release of unlabeled arachidonic acid from the
PlsCho followed by replenishment from the pool of PtdCho with a very high specific
radioactivity.

Part of the injected [*H]arachidonic acid was immediately elongated to [*H]adrenic
acid, 22:4 n-6. The uptake of [*H]adrenic acid was much faster into PtdIns than
into choline or ethanolamine phospholipids at early times after injection (Horrocks
1989, 1990). There was a considerable turnover of the ['*Cladrenate in the PtdIns
between 1 and 24 hours. Part of this appeared to be transferred to the PakEtn,
1-alkyl-2-acyl-sn-glycero-3-phosphoethanolamines. By 24 hours after injection, the
PakEtn showed a preferential uptake of the adrenic acid. All three adrenate molecular
species showed a very rapid turnover in the PtdIns. At 30min the 18:0-22:4 species
had less than half the specific radioactivity of the other two molecular species. The
turnover of this species was also less than that of the others. The turnover of the
18:1-22:4 species of PtdIns was particularly rapid with an indicated half-life of less
than 8 hours. In the PtdCho and the PtdEtn, both the 18:1-22:4 and 16:0-22:4 species
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showed a good uptake of ['*CJadrenic acid and considerable turnover between 1 and
24 hours with half-lives of less than 24 hours. In contrast, the 18:0-22:4 species
of PtdCho and PtdEtn gained considerably in specific radioactivity between 60 min
and 24 hours. For the PtdCho, this species had the highest specific radioactivity at
24 hours. The specific radioactivity of ['*C]22:4 was much higher in the PakEtn than
in the PIsEtn. Between 1 and 24 hours, all species of the PlsEtn more than doubled
their specific radioactivity whereas only small changes were seen in the PakEtn. At
60 min after injection all of the PakEtn molecular species were at least 7-fold greater
in specific radioactivity when compared with the PlsEtn molecular species (Horrocks
1989, 1990). Subcellular distribution studies on the incorporation of [*H]arachidonic
acid in rat brain have indicated that this fatty acid selectively incorporates into
synaptosomal and microsomal fractions. Lesser incorporation occurs into myelin and
mitochondrial fractions. The incorporation of [*H]arachidonic acid into synaptosomal
and microsomal compartments is increased by cholinergic stimulation with arecoline
(Jones et al. 1996).

Thus in brain tissue the glycerophospholipid molecular species differ in their relative
amounts, physical properties, and half lives. For example, the half life of arachidonic
acid (t),2) in brain PtdIlns molecular species is only about 1h (Washizaki et al.
1994). 1t is consistent with the critical role of phosphoinositides in second messenger
generation and signal transduction. In contrast, the arachidonic acid ¢, in brain PtdEtn
is considerably longer, approximately 24 h, and suggestive of the structural role of these
glycerophospholipids in neural membranes and myelin. Studies on the incorporation
of docosahexaenoic acid in rat brain subcellular fractions before and after arecoline
(a cholinergic agonist) have indicated that this fatty acid preferentially incorporates
into membrane glycerophospholipids of synapses. Almost 60% of the label can be
localized at synaptosomal membranes in awake control rats (Jones et al. 1997).
Cholinergic stimulation by arecoline results in an increase in the incorporation of docosa-
hexaenoic acid into glycerophospholipids of synaptosomal and microsomal fractions.
This docosahexaenoic acid incorporation is apparently closely coupled to functional
activities of the synaptosomal and microsomal membranes. In contrast, incorporation
of plasma [*H]palmitic acid into synaptosomal and microsomal fraction does not
change significantly after arecoline treatment (Jones et al. 1997). Like arachidonic acid,
docosahexaenoic acid incorporates at the sn-2 position of glycerophospholipids whereas
palmitic acid is esterified at the sn-1 position of glycerol moiety. It must be recognized
here that during brain development the acyl group composition of phospholipid molecular
species is controlled by the deacylation—reacylation cycle (MacDonald and Sprecher
1991) and is dependent upon the availability of ATP.

The significance of marked differences in the proportion and composition of glycero-
phospholipid molecular species in brain tissue is not fully understood. However, these
differences may be reflected in changes in membrane fluidity and alterations in activities
of membrane-bound enzymes, receptor and ion channels (see below). Recent studies
have also indicated that glycerophospholipid molecular species may not only fulfill the
structural requirements for specific membrane domains for membrane interactions but
also serve as resources for the generation of signaling molecules (Litman and Mitchell
1996, Sunshine and McNamee 1994).
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4. Methods for separation of molecular species

Many methods have been described for the separation, identification and quantitation of
intact glycerophospholipid molecular species from brain tissue (Nakagawa and Horrocks
1983, Horrocks 1989, 1990, Wiley et al. 1992, Ma and Kim 1995, McHowat et al.
1997) and have been reviewed in detail elsewhere (Olsson and Salem Jr 1997). In
this review we will not discuss the details of methodology used for the separation of
molecular species but rather focus on the detection and quantitation of molecular species.
In general, it is a good idea to avoid derivatization because it increases the risk for
the introduction of artifacts. The chromatographic separation of glycerophospholipid
molecular species requires high resolving power, as there are only subtle distinctions
between many molecular species, such as the presence of one extra double bond or two
extra carbon atoms. More than 100 molecular species have been separated from rat liver
and heart phospholipid classes (Wiley et al. 1992). Vecchini et al. (1997) described a novel
method for the separation of molecular species. In this method diacylglycerols obtained
by hydrolyzing phospholipids by phospholipase C can be separated into the diacyl-,
alkylacyl-, and alkenylacyl- subclasses by HPLC. The molecular species of underivatized
diacylglycerol can be separated by reverse-phase octadecyl-silica column chromatography.
Quantitation of molecular species is usually performed with a UV detector (Wiley et al.
1992, McHowat et al. 1996). The response per molecule is dependent upon the degree
of unsaturation of the aliphatic groups. For this detection, making careful calibration for
each component is necessary. Light scattering is another excellent choice for the detection
of molecular species. In contrast to UV detection, light scattering can be more sensitive
and the response is independent of the number of double bonds in the molecular species
(Guiochon et al. 1988, Brouwers et al. 1998, 1999),

The interaction between head group and stationary phase can be eliminated by
the addition of quaternary amine salts, which compete with the head group for the
interaction sites on the reverse-phase column. Mass spectrometry is another method of
detection and quantitation that has been used in several studies (Ma and Kim 1995).
Fluorescent derivatives of glycerophospholipid molecular species have also been analyzed
by interfacing HPLC separation with a fluorescence detector (Rastegar et al. 1990). In this
procedure the formation of fluorescent micelles enables the detection of fully saturated
PtdCho species, but the mixing of the column effluent with the fluorescent 1,6-diphenyl-
1,3,5-hexatriene results in loss of resolution (Postle 1987). Thus, careful consideration
must be given to the solvents and detection procedures.

5. Roles of molecular species in brain tissue

Assignment of a specific role to a particular glycerophospholipid molecular species
in developing brain is not possible now. The identification of specific changes in the
content of specific molecular species at a defined point in brain development and
information about their half-life in various subcellular structures may provide a basis
for defining the role of molecular species in maintenance of membrane function in brain
tissue. In developing and adult brain, glycerophospholipid molecular species containing
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Table 3
Possible roles of arachidonate and docosahexaenoate containing molecular species of neural membrane
glycerophospholipids

Fatty acid at Role Reference
sn-2 position

Arachidonate Signal transduction (generation of second messengers) (Farooqui et al. 1997)
Gene expression and differentiation (Farooqui et al. 1996)

Regulation of enzymic activities (Na', K*-ATPase and PKC) (Bourre et al. 1989,
Slater et al. 1996)

Docosahexaenoate Visual function (activation of rhodopsin) (Mitchell and Litman 1999)

Learning and memory

Membrane fusion (Stillwell et al. 1993)
Prevention of apoptosis (Rotstein et al. 1997)
Activation of DAG-kinase (Vaidyanathan et al. 1994)

polyunsaturated fatty acids may be involved in the regulation of neural membrane fluidity
and permeability (Litman and Mitchell 1996, Draz and Holte 1993) and in the activation
of rhodopsin during visual function and learning and memory processes (Sinclair et al.
1997, Salem Jr 1989, Mitchell and Litman 1998). The addition of PtdCho containing
docosahexaenoic acid to both synthetic and biomembranes enhances membrane fusion
and permeability (Ehringer et al. 1990, Stillwell et al. 1993, 1997). Molecular species
of glycerophospholipids containing docosahexaenoic acid interact poorly with cholesterol
(Jenski et al. 1999) and induce distinct membrane microdomains. These affect the domain
distribution of membrane-bound proteins, which are reflected in alterations in their
biological and enzymic activities (Table 3).

Thus, the replacement of docosahexaenoic acid with a-linolenic acid results in
significant reduction of Na*,K'-ATPase activity in the nerve terminals of rat brain
(Bourre et al. 1989, Gerbi et al. 1998). In nerve terminals, the regulation of this enzyme
by molecular species plays an important role in Na* and K* transport by maintaining the
ionic gradient necessary for both cellular metabolism and nerve excitability. A decrease
in transport rate may result in an increase in the intracellular concentration of Na* and a
corresponding decrease in membrane Na™ potential. In the nerve, this process can induce
a reduction in the conduction velocity. Glycerophospholipid molecular species may also
be involved in activating and stabilizing enzymes involved in intracellular signaling. For
example, PtdSer molecular species are required for protein kinase C (PKC) activation.
PKC is less active in the presence of those molecular species of PtdSer that are rich in
n-3 polyunsaturated fatty acids compared to those species with n-3 polyunsaturated-poor
PtdSer molecular species, irrespective of the fatty acid composition of diacylglycerols
in the membranes. This suggests that specific molecular species of PtdSer are needed
for the optimal activation of PKC during brain development (Slater et al. 1996). Thus
in neural membranes the molecular species composition of the glycerophospholipid
substrate pool may modulate neural cell responses to agonists, growth factors and
neurotransmitters. Another possible role of molecular species containing arachidonic



155

acid or docosahexaenoic acid may be to provide second messengers (eicosanoids and
docosanoids) to the developing and adult brain for signal transduction processes (Jones
et al. 1997, Litman and Mitchell 1996, Yokota et al. 1999). Preliminary evidence
indicates that at least some docosanoids are antagonistic to eicosanoids (VanRollins
1991). The number of unsaturated carbon—carbon bonds in the aliphatic groups at the
sn-1 and sn-2 position of glycerophospholipid molecular species is an important factor
in determining phase transition temperature, lateral diffusion velocity, and thickness
of neural membranes. The molecular species impart these properties to membranes
and may play important roles in endo and exocytosis, lipid sorting, and membrane
fusion. Molecular species containing docosahexaenoic acid may also be involved in the
prevention of apoptotic cell death in retinal photoreceptor cells (Rotstein et al. 1997).

Molecular species containing arachidonic acid are rapidly hydrolyzed by cytosolic
phospholipase A, (cPLA;), an enzyme that specifically liberates arachidonic acid and
may be involved in apoptotic cell death during brain development and neurodegeneration
(Farooqui et al. 1997). Glycerophospholipid molecular species that have docosahexaenoic
acid may prevent apoptotic cell death in photoreceptor cells (Rotstein et al. 1997)
because cPLA; does not act on molecular species that have docosahexaenoic acid at the
sn-2 position (Shikano et al. 1994). Thus, the alteration of brain glycerophospholipid
composition by diets rich in docosahexaenoic acid may protect against apoptotic cell
death that occurs during acute neural trauma and neurodegenerative disease.

6. Conclusion

Molecular species with a high degree of heterogeneity for various subclasses are
present in adult and developing brain. Part of the heterogeneity is due to the diverse
acyl chain composition at the sn-2 position. The molecular species of brain tissue
phospholipid subclasses can be separated by silicic acid HPLC and reverse-phase HPLC
on octadecyl-silica columns. A marked accumulation of specific glycerophospholipid
molecular species occurs during the period of intense myelination and synaptogenesis.
In myelin, the proportions of docosahexaenoic acid and arachidonic acid are lower,
but those of adrenic and oleic acids are high. The mature brain contains high
proportions of polyunsaturated fatty acids in the alkenylacyl glycerophospholipids, the
plasmalogens. Glycerophospholipid molecular species may be involved in regulation of
neural membrane fluidity, permeability, visual function, and learning skills. Molecular
species regulate the activities of many enzymes, including Na*, K*-ATPase and protein
kinase C. The molecular species also provide second messengers to the brain tissue
for receptor function. Molecular species containing docosahexaenoic acid may also be
involved in prevention of apoptotic cell death in retinal photoreceptor cells.
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1. Introduction

Chronic consumption of large amounts of alcohol by pregnant women carries an increased
risk of their infants being born with severe neurological damage and impaired physical
development. The term fetal alcohol syndrome (FAS) was coined in the early 1970s
to describe this condition (Jones et al. 1973), although many previous reports are to
be found in the literature. The estimated world-wide prevalence of FAS is reported
as 1.9/1000 live births, but may be greater in specific ethnic or social groups. For
example, the prevalence amongst some tribes of native Americans may be as high as
19.5/1000 live births (Abel and Sokol 1987). FAS is characterized by neurological and
facial dysmorphia which may be accompanied, depending on severity, by structural
abnormalities and dysfunction of the major organs. Although the severity of dysmorphia
may decrease with increasing age of the child, ethanol-induced developmental and
functional deficits to the nervous system are permanent. Such neurological damage may
result in marked microcephaly, hypotonia and hyperactivity accompanied by substantially
reduced IQ and learning abilities (Henderson et al. 1981).

The incidence of FAS in children from alcoholic mothers is highly variable, and
chronic severely alcoholic women are sub-fertile and experience a higher frequency of
spontaneous abortion. About 30% of their viable offspring have been estimated to develop
the recognised clinical symptoms of FAS, and the severity of both neurological and
somatic developmental abnormalities appears to be directly related to the amount of
ethanol consumed. For example, while chronic maternal consumption of large amounts
of ethanol throughout pregnancy may result in the most severe form of FAS, consumption
of only 2U ethanol/day has been associated with reduced IQ at 4 years of age (Streissguth
et al. 1989). Such sensitivity to teratogenic action may not be surprising in the context of
the unusual complexity and prolonged development of the human brain. The processes
of neuronal differentiation and neuritogenesis in human fetal brain development begin in
the second trimester and continue to at least 18 months of post-natal age. By contrast,
neuronal differentiation of rat brain is predominantly post-natal, while this process is
essentially complete at birth for the guinea pig. This considerable variation between
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animal species in the timing of neuritogenesis is one critical factor in the interpretation
of animal models of brain development in general and of FAS in particular.

The precise effects of ethanol exposure on the development of brain structure are
not clear. The decrease in brain mass and associated microcephaly suggests decreased
numbers of cells and interneurone connections. This is supported by histological
examination of fetal mouse brain exposed to ethanol in utero which showed decreased
formation of interneurone connections in specific brain regions (Ledig et al. 1991).
Although it is probable that inadequate nutrition and the possible use of cigarettes or other
drugs may contribute to the overall severity of the syndrome, there is strong evidence
that ethanol is the principal causative agent in FAS. However, the precise biochemical
mechanism by which ethanol exposure results in impaired development is not known.

2. Polyunsaturated fatty acids and brain development

As lipid comprises some 70% of the dry weight of the brain, it is perhaps not surprising
that many aspects of lipid metabolism are critical for brain development as well as
for brain function. In this context, the incorporation of long-chain polyunsaturated
fatty acids (LCPUFA) into neuronal cell membranes, particularly into the growth cone
and developing synapse, is an integral component of neuronal differentiation. The
phosphatidylethanolamine (PE) fraction of neuronal lipid is uniquely enriched in PUFA
of the n-3 series, in particular docosahexaenoic acid (22:6 n-3, DHA), and considerable
evidence suggests that DHA-containing PE is important for neuronal function. Much
of this evidence comes from studies where n-3 PUFA supply to the fetus and neonate
has been inadequate, either due to nutritional restriction in animal models or to preterm
delivery of human infants. Many of these studies have concentrated on the role of
n-3 PUFA in retinal development and function, both because DHA is highly enriched
in rod outer membrane PE and because assessment of retinal function is easier than of
cognitive function. For instance, offspring of monkeys fed a diet throughout pregnancy
that was deficient in n-3 PUFA showed decreased brain and retinal DHA contents
accompanied by a reduced retinal response and possible altered neurological function,
indicated by significant polydipsia (Neuringer et al. 1989). These deficits in neurological
function appeared to be irreversible after the initial neonatal period.

Much research emphasis has been directed towards the consequences of preterm birth,
both on the neurological function and on the phospholipid composition of neonatal brain.
Placental nutrition to the fetus is characterised by preferential delivery of LCPUFA (DHA,
arachidonic acid, 20:4 n-6) to fetal tissues in preference to supply of their precursor
fatty acids (¢-linolenic acid, 18:3 n-3, and linoleic acid, 18:2 n-6). This directed lipid
supply from the maternal circulation to the fetus is quantitatively greatest over the
last trimester of pregnancy. Preterm delivery abruptly terminates placental nutrition,
and the neonate then has to rely on its own ability to elongate and desaturate the
fatty acid substrates for LCPUFA synthesis. As these activities are low in neonatal
human liver, preterm delivery effectively initiates a phase of relative essential fatty acid
deficiency. As a result, one consequence of preterm birth is a deficit in accumulation of
n-3 PUFA into neurological tissues. For instance, human infants born preterm and fed
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milk formula lacking n-3 PUFA exhibited reduced visual acuity and evoked potential
responses compared with similar infants fed breast milk containing DHA (Uauy et al.
1990). This result was essentially the same as that observed in n-3 PUFA-deprived
monkeys (Neuringer et al. 1989). Concerns about these neurological consequences of
preterm delivery have resulted in the introduction throughout Europe of n-3 PUFA
supplements for all formula feeds designed for preterm infants. A number of studies
have now demonstrated that such supplementation of preterm infant formula can reduce
the severity of the deficit in visual function (Uauy et al. 1990), although evidence to
support a more general beneficial effect on brain function is less clear. The concept that
neurological function is related to membrane n-3 PUFA content is supported further by
the observation that electrical response in guinea-pig retina increased with increasing
DHA content, although this relationship decreased at high DHA levels (Weisinger et al.
1996).

The relationship between DHA availability during development and brain function
is difficult to assess in humans. A number of studies have compared the effects on
parameters of intellectual function of feeding preterm infants with either milk formula
lacking n-3 PUFA or with breast milk. Such studies have produced conflicting evidence
about the precise role of n-3 PUFA in human brain function. However, a possible causal
relationship has been suggested in children born preterm between reduced 1Q at eight
years of age and feeding milk formula, presumably lacking n-3 PUFA, during the neonatal
period (Lucas et al. 1992). In addition, reduced persistence of moderate neurological
dysfunction at nine years has been observed in children who were born preterm and fed
formula feed compared with those who received breast milk (Lanting et al. 1994).

3. Alcohol and brain phospholipid composition

Adequate accumulation of n-3 PUFA into neural membranes during fetal development
appears, therefore, to have long-term consequences for neurological function. One
hypothesis that has been proposed to explain, at least in part, the harmful effects of
chronic prenatal ethanol exposure on subsequent neurological function is that ethanol
impairs accumulation of DHA into developing brain phospholipids. Such a view is
consistent with reports of the effects of ethanol administered to adult animals either by
inhalation (La Droitte et al. 1984, Littleton and John 1977, Littleton et al. 1979) or liquid
diet (Corbett et al. 1992, Gustavsson and Alling 1989), which showed a decreased content
of DHA in brain phospholipid. It is possible that this ethanol-induced decrease in the
DHA content of brain PE may be due to enhanced turnover secondary to increased lipid
peroxidation.

The pattern of accumulation of DHA into aminophospholipids of the fetal and neonatal
brain is temporally co-ordinated with the timing of the establishment of interneurone
connections. As mentioned above, both processes start in the human fetal brain at
about 16 weeks after conception and continue postnatally until at least 6 months after
birth (Clandinin et al. 1980a,b). These data, together with the observation that synapses
are enriched in DHA (Salem 1989), suggest that accumulation of DHA into neural
membranes is associated with the principal period of neuritogenesis. Consequently, if
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maternal alcohol consumption during pregnancy impairs both the accumulation of DHA
in synapse phospholipids and the process of neuritogenesis, this could be one mechanism
to explain the irreversible neurological damage characteristic of FAS.

4. Animal models of fetal alcohol syndrome

As it is not possible to investigate such proposed mechanisms of FAS in human
development, the use of suitable animal models has proved essential. Given the
complexity and prolonged duration of human brain development compared with all other
animal species, the choice of animal model to study has inevitably been a compromise
dictated by cost and by patterns both of placental lipid supply to the fetus and of brain
development. Many studies have been performed in rats, mice and guinea pigs, but as
yet not in primates.

Since FAS is due to prenatal exposure of developing neural tissue to ethanol, the
major characteristic for an animal model is that the majority of neurite formation
and DHA accumulation both occur before birth. In this context, animal species such
as the rat and mouse are poor models for FAS in human infants. Brain maturation
and neuritogenesis are essentially postnatal in these species, and the major portion
of DHA supply to the brain also occurs in the first week after birth (Sinclair and
Crawford 1972). There are also considerable differences in lipid transport between the
rat and human placenta, with the rat placenta being relatively impermeable to LCPUFA.,
Consequently, while ethanol administration to pregnant rats can lead to significant
teratogenic effects on rat pups, these are essentially gross somatic effects rather than
primary neurological actions characteristic of FAS. In contrast, both brain development
(Dobbing and Sands 1979) and accumulation of DHA into brain phospholipids are almost
completely prenatal events in the guinea pig, and properties of lipid transport are similar
for the guinea-pig and human placentas. Obviously, guinea-pig brain development is
comparatively simple, and this animal would not be a good model for the complexity
of brain development in the human infant. However, it is potentially a very good model
to study the effects of prenatal ethanol exposure on the processes of delivery of LCPUFA
to the fetal brain and of neuritogenesis.

5. Fetal alcohol syndrome in the developing guinea pig

Consequently, we have developed a guinea-pig model to study fetal lipid nutrition and
brain development. Using this model, we have characterized mechanisms responsible for
the directed supply of DHA and other PUFAs to brain PE, and have then investigated
the effects of chronic maternal ethanol exposure on brain phosphatidylcholine (PC) and
PE molecular species concentration. Finally, we have evaluated the potential effect of
dietary supplementation with tuna fish oil, which was enriched in DHA, on mitigating
the pathology of FAS in the fetal guinea pig.
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5.1. Brain phospholipids of the developing guinea pig

HPLC analysis of fetal guinea-pig brain PC and PE (Burdge and Postle 1995a) showed
distinct molecular species contents. Brain PC was characterized predominantly by
saturated and mono-unsaturated species, principally PC16:0/16:0 and PC16:0/18:1, while
PE contained mainly polyunsaturated species. In addition, term (68 days gestation) fetal
guinea-pig brain showed a similar composition to both human (Wilson and Bell 1993)
and rat (Hullin et al. 1989) brain PC and PE. These observations support the concept
that optimal neurological function requires a precise molecular composition of membrane
phospholipid. Measurement of fetal guinea-pig brain PC and PE composition at 25, 35, 40
and 68 (term) days gestation (n==6/gestational age) showed progressive changes to the
concentration of selected individual molecular species. The concentration of the major
fetal guinea-pig brain PC species PC16:0/16:0 and PC16:0/18:1 doubled between day 25
and term, while PC16:0/18:0 and PC18:0/18:1 contents increased between days 35 and 40,
and 40 and term, respectively (Burdge and Postle 1995a). Maturation of fetal guinea-pig
PE composition was characterized by initial incorporation of DHA into sn-1 16:0 species
between 25 and 40 days gestation, and into su#-1 18:0 and 18:1 n-9 species between
40 days and term (Fig. 1). These results suggest that the composition of developing
brain PC and PE is regulated closely and that there is a requirement for a specific
membrane phospholipid composition at precise time points in gestation. Conversely,
failure to achieve an appropriate membrane composition at a particular developmental
time point may result in a permanent functional or structural deficit. Neuritogenesis in
fetal guinea-pig brain occurs mainly between 25 and 40 days gestation, with onset of
electrical activity at about 45 days. Since in both adult rat (Samborski et al. 1990) and
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Fig. 1. Values are mean+S.D. concentrations of total sn-1 16:0, 18:0 or 18:1 n-9, sn-2 DHA fetal guinea-pig
brain phosphatidylethanolamine molecular species.
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fetal guinea pig (Burdge et al. 1993) liver PE16:0/22:6 is turned over more rapidly than
PC18:0/22:6, initial assimilation of DHA into fetal guinea-pig brain PE sn-1 16:0 species
may reflect a relatively short-lived pool to support neurite formation and out-growth. In
contrast, accumulation of DHA into sn-1 18:0 and 18:1 n-9 PE species may represent a
more stable pool consistent with establishment of long-term inter-neural connections.

3.2 Maternal ethanol feeding and fetal guinea-pig development

Adult guinea pigs were fed a high dose of ethanol (6 g/kg/day) before and throughout
pregnancy. This feeding regimen produced marked changes to brain phospholipid
composition at term compared with chow-fed controls (n=6 fetuses/group) (Burdge and
Postle 1995b). Fetal brain after ethanol exposure had significantly greater concentrations
of PC16:0/16:0, PC16:0/18:1 and PC18:0/18:1, and decreased contents of DHA-
containing species. Furthermore, all PE species containing DHA and arachidonic acid
(20:4 n-6) were decreased in ethanol-exposed term fetal brain (Fig. 2). In particular,
PE18:0-alkyl/22:6-acyl was absent, while PE16:0/18:1 was present only in fetuses
exposed to ethanol. These data indicate that prenatal exposure to ethanol impaired the
maturation-associated programmed changes to brain phospholipid composition observed
in the control animals.

One possible explanation for decreased accumulation of DHA into fetal brain is
impaired supply of DHA or its precursor from the mother. However, analysis of maternal
liver and plasma PC compositions showed that the pregnancy-associated increase in
PC16:0/22:6 concentration which may represent a means of increasing DHA availability
to the fetus (Burdge and Postle 1994, Burdge et al. 1994, Postle et al. 1995) was not altered
significantly by ethanol consumption (Burdge et al. 1996). Together with the differential
effect of ethanol exposure on the concentrations of individual DHA-containing molecular
species, these data suggest that the effect of ethanol is primarily a direct action on the
fetal brain. Such changes to membrane composition must be the net consequence of
modifications to the specificity or rate of either the synthesis or turnover of individual
molecular species of phospholipids, but it is not possible to distinguish these processes
by mass measurements alone. Maternal ethanol exposure caused severe effects on aspects
of the physiological development of the fetal guinea pig. Gross motor changes to ethanol-
exposed guinea-pig pups delivered at term included impaired hind limb function and loss
of righting reflex. Such changes may be partly explained by altered neural function.
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5.3. Dietary supplementation and fetal alcohol syndrome in the fetal guinea pig

The apparent association between ethanol exposure and decreased brain phospholipid
DHA content presented the possibility that maternal dietary supplementation with DHA
could reduce the severity of the effects of ethanol by increasing DHA availability
to the fetus. To test this hypothesis, adult female guinea pigs were fed for fourteen
days before and throughout pregnancy one of four diets: chow, chow with ethanol
(6 g/kg/day), chow with DHA-enriched (26% total fatty acids) tuna oil to provide
130mg DHA per day, or chow, tuna oil and ethanol. Guinea-pig pups were delivered
at term and brain PC and PE fatty acid composition determined (Burdge et al. 1997).
The offspring of mothers fed tuna oil and chow alone did not show any significant
difference in brain phospholipid DHA content compared with controls. This suggests
that the amount of DHA in fetal guinea-pig brain phospholipids is tightly regulated,
and that the chow diet was sufficient to meet the requirements of the developing brain
for DHA. Alternatively, these results demonstrate that even higher dietary amounts of
DHA would have had to be fed to the mothers to modify fetal brain DHA content.
Feeding chow and ethanol alone decreased fetal brain PC and PE DHA content by
56.7% and 26.6% compared with controls. Feeding both ethanol and tuna with chow,
however, resulted in a marked increase in the DHA concentration of both PC (66.7%)
and PE (40.2%) compared both with controls and with fetuses from mothers fed
ethanol and chow diet (Fig. 3). The observation that maternal supplementation with
tuna oil only altered brain phospholipid DHA content in the presence of ethanol is
consistent with the suggestion that ethanol may interfere with the normal mechanisms
regulating PC and PE biosynthesis and turnover in the developing fetal brain. In addition
to these lipid-compositional analyses, feeding tuna oil in addition to ethanol caused
significant improvements to impaired motor functions of the ethanol-exposed pups. New-
born guinea-pig pups from mothers fed both tuna oil and ethanol showed decreased
hypotonia and a demonstrable righting reflex, although these preliminary observations
were not supported by detailed physiological and neurological investigations. However,
these data support tentatively the suggestion that increased availability of DHA to the
fetus may ameliorate the severity of the harmful effects of ethanol on fetal neurological
development and function.
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6. Summary

Although to date these observations in the fetal guinea pig have not been substantiated in
humans, they provide strong preliminary evidence that impaired accumulation of DHA
into brain phospholipids may be one important mechanism in the pathogenesis of FAS.
Furthermore, since increasing DHA availability to the mother, and presumably the fetus,
appeared to produce a reduction in the severity of ethanol-induced neurological damage
it 1s possible that maternal DHA supplementation may provide a therapeutic strategy in
humans FAS. Alternatively, the prolonged period of postnatal brain development in the
human may permit appropriate dietary DHA supplementation of the affected infants after
delivery, which would potentially be a more practical clinical intervention.
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