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SERIES EDITOR PAGE

The Nutrition and Health series of books have, as an overriding mission, to provide
health professionals with texts that are considered essential because each includes: (1) a
synthesis of the state of the science, (2) timely, in-depth reviews by the leading research-
ers in their respective fields, (3) extensive, up-to-date fully annotated reference lists, (4)
adetailed index, (5) relevant tables and figures, (6) identification of paradigm shifts and
the consequences, (7) virtually no overlap of information between chapters, but targeted,
inter-chapter referrals, (8) suggestions of areas for future research, and (9) balanced,
data-driven answers to patient/health professionals questions that are based upon the
totality of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor has the
potential to examine a chosen area with a broad perspective, both in subject matter as well
as in the choice of chapter authors. The international perspective, especially with regard
to public health initiatives, is emphasized where appropriate. The editors, whose trainings
are both research- and practice-oriented, have the opportunity to develop a primary
objective for their book, define the scope and focus, and then invite the leading authorities
from around the world to be part of their initiative. The authors are encouraged to provide
an overview of the field, discuss their own research, and relate the research findings to
potential human health consequences. Because each book is developed de novo, the
chapters are coordinated such that the resulting volume imparts greater knowledge than
the sum of the information contained in the individual chapters.

Fatty Acids: Physiological and Behavioral Functions edited by David 1. Mostofsky,
Shlomo Yehuda, and Norman Salem, clearly exemplifies the goals of the Nutrition and
Health series. In fact, this volume is surely ahead of the curve with regard to awareness
of the importance of fatty acids in virtually every aspect of human health and disease
prevention. Two fatty acids are considered essential nutrients for humans: linoleic and
linolenic acids. Thus, there is no question about the importance of dietary intake of
adequate levels of these essential nutrients. However, the story of the changes in our food
supply and the consequences of consumption by us, as well as our farm animals, of foods
that no longer have the same balance of these essential fatty acids had yet to be captured
in one authoritative, up-to-date volume until now.

Fatty Acids: Physiological and Behavioral Functions, edited by David 1. Mostofsky,
Shlomo Yehuda, and Norman Salem, has set the benchmark for providing the most
critical data on fatty acids in the most accessible volume published to date. Understand-
ing the metabolism of fatty acids and their roles in human health is certainly not simple
and the terms used can often seem daunting; however, the editors and authors have
focused on assisting those who are unfamiliar with this field in understanding the critical
issues and important new research findings that can impact their fields of interest. More-
over, the two Forewords by the well-acknowledged leaders in the field, Drs. Ralph
Holman and William Lands provide the historic perspective as well as a clear overview
of the critical importance of fatty acid balance to human health.

Emphasis is placed on the physiological role of the two essential fatty acids, linoleic
acid (n-6) and linolenic acid (n-3) and their metabolites—arachidonic acid (n-6),
docosahexaenoic acid (n-3), and eicosapentaenoic acid (n-3). The uninitiated reader is

v



vi Series Editor Page

clearly guided through the, at first, complex terminology that often makes fatty acid
biology seem foreboding. By making the chapters accessible to all readers, the editors
have worked to broaden the base of professionals that can know the importance of fatty
acids first-hand. All cells contain fatty acids in their membranes, from the outer cell
membrane to the inner membranes including mitochondria, endoplasmic reticulum and
nuclear membranes. Thus it is easy to understand that the physiological roles of these
ubiquitous molecules are critical to the understanding of human health by many research-
ers in different disciplines such as cardiovascular function, brain and retinal function,
immune responses, nephrology, respiratory function, etc. Moreover, by also including
the novel findings of the critical value of fatty acids to brain structure and the functionings
of the mind, the reader is made aware of this exciting new area of research. Once the
reader learns that docosahexaenoic acid makes up about 50% of the fatty acids in the
developing brain and retina, itbecomes obvious why this major reference volume devotes
one-quarter of the book to the behavioral consequences of fatty acid status.

Fatty acids are also a source of energy for the body because these are sources of fat
calories and the reader is guided through the dilemma that faces the neonate who has
insufficient energy sources and must shift the balance of essential fatty acids needed for
brain development to the more immediate need of energy for survival. The challenge is
particularly relevant when a premature infant is not provided with sufficient fatty acid
resources to continue the optimal development of its brain, retinas, and other vital organs,
a process that requires high levels of long-chain fatty acids at that critical point in devel-
opment. The provision of nutritional sources for premature infants has moved from the
research bench to the political arena and has been a regulatory question for several years.
These issues are touched upon in several of the chapters in this important volume.

It is not generally recognized that certain fatty acids in cell membranes affect the
electrical conductance through the cells. The consequences of lower-than-recommended
levels of n-3 fatty acids in the food supply may be one important factor in the development
of arrythmias in individuals with this type of cardiac tissue dysregulation. Again, the
many roles of fatty acids in human physiology are critically reviewed in this volume and
the newest research is highlighted with a focus on communicating the totality of the
evidence and the current level of progress in these new areas of therapeutic roles for fatty
acids.

Drs. Mostofsky, Yehuda, and Salem have carefully chosen the very best researchers
who can communicate the relevance of fatty acid biology to professionals who are not
experts in this field. The authors have worked hard to make their information accessible
to health professionals interested in public health, child health, nursing, pharmacy, psy-
chology, as well as nutrition-related health professions.

In conclusion, Fatty Acids: Physiological and Behavioral Functions provides health
professionals in many areas of research and practice the most up-to-date, well-refer-
enced, and easy-to-understand volume on the importance of fatty acids for optimal
human health. This volume will serve the reader as the authoritative resource in this field
for many years to come.

Adrianne Bendich, PhD, FACN



FOREWORD

The relationship of physiological and behavioral functions to dietary levels of w3 and
w6 essential nutrients are now being investigated intensely, whereas talk of such relation-
ships was almost heresy a few years ago. The climate was similar 70 years ago, for the
community of nutritional scientists did not immediately accept the concept of essential
fatty acids when George and Mildred Burr proposed it in 1930. They had found that
elimination of fat in the diet induced a dermatitis in rats, and that dietary linoleic and
linolenic acids could prevent or correct the dermatitis. Arild Hansen, who had done his
thesis with George Burr at the University of Minnesota, pursued the possibility of the
essentiality in human infants, and put his findings into the medical literature in the 1930s
through the 1950s. Both linoleic acid and linolenic acid were effective suppressants of
dermatitis, and thus came to be considered equivalent. At Texas A & M in the 1950s, my
student Carl Widmer and I were the first to show that linoleic acid is the precursor of
arachidonic acid, and that linolenic acid is the precursor of eicosapentaenoic and
docosahexaenoic acids in the rat. Now, 70 years later, we are treating neurological
diseases with w3 essential fatty acids. We have come a long way.

Because linolenic acid is much more subject to autoxidation than is linoleic acid,
nutritionists and industrial laboratories attempted to eliminate linolenic acid from food
formulations to minimize rancidity during storage. Autoxidation was the great enemy for
designers of stable foods, and a lifetime of effort was required to breed linolenic acid out
of soybeans sufficiently to make soybean oil a more stable and convenient component of
industrial products intended for human consumption.

In the 1950s and 1960s, worldwide studies concluded that linoleate-rich dietary oils,
such as corn oil and cottonseed oil, lowered the cholesterol level of human plasma, and
therefore were advocated as preferred sources of polyunsaturated fatty acids. Hence,
in the food industry, polyunsaturated began to mean two double bonds per molecule.
More than two double bonds per molecule was associated with rapid unwanted rancidity.
In the effort to minimize plasma cholesterol, food oils for humans became richer in linoleic
acid (18:2w6) and lower in linolenic acid (18:3w3), but were also becoming deficient in
essential w3 polyunsaturates normally found in high levels in brain and nerve lipids.

Our studies in the 1960s revealed that with a constant dietary level of 18:3w3, increas-
ing dietary 18:2w6 suppressed the metabolism of the 18:3w3 to its more highly unsat-
urated products. Our later studies of EFA profiles in human health and in disease,
revealed that in immune-deficiency diseases, and in diseases with neurological manifes-
tations, low levels of w3 polyunsaturated acids were found in plasma phospholipids. Our
studies of several human populations revealed that Americans had the lowest levels of w3
polyunsaturated acids in their plasmas. We have come to believe that low w3 status is
a feature of many diseases, and that the American public is chronically deficient in w3,
in comparison with other national populations.

We now realize that deficiencies of w3 essential fatty acids are pandemic, especially
in modern industrialized societies, and that this is an underlying cause of many bur-
geoning neurological diseases. The United States of America probably is the current
leader in w3 deficiencies. How can we reverse the trend? Our entire agricultural industry
is currently dedicated to the production of crops and products low in w3 and high w6
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essential fatty acids. Most of our food animals are fed in feed lots, largely on corn, which
contains little w3 fatty acids, but is rich in linoleic acid, a competitor for enzyme sites.
Therefore, our major national sources of animal protein are now relatively w3-deficient.
We cannot cure our w3 deficiency by eating w3-deficient meat. However, we canreplace
mammalian meat by fish and enhance our intake of w3 fatty acids. Present supplies of
fish may not be sufficient to meet future demand. Current fish-farming practices must
be modified to enhance the w3 content of the fish, for we cannot cure our w3 deficiencies
with present-day corn-fed w3-deficient fish.

Perhaps part of the solution to this national and worldwide problem, could be the
insertion of genes for w3 synthesis into corn, rather than trying to shift to new crop species
for farmers and their animals. This one effort to enhance the ratio of the w3/w6 in corn
could solve the problems related to many of our farm animals. Another solution could
be to revive the soybean strains that we had 50 years ago. At this stage of the game, one
cannot predict what the solution will be, but a solution must be found to eliminate our
current pandemic w3 deficiency.

Ralph T. Holman, php



FOREWORD

By the time that you read this foreword, essential fatty acids in your tissues will have
already had profound effects on your body’s development and health. Knowing that all
that’s past is prologue, the authors of this collection of reviews assembled knowledge
from their past discoveries to set the stage for readers to anticipate another wave of
discovery about essential fatty acids (EFA). For 70 years, a growing body of information
illumined ways in which n-3 and n-6 fatty acids maintain health and also act in disease.
The essential actions of these fatty acids in physiological and behavioral functions occur
through three different modes of acyl chain interaction: specific lipid—protein actions in
membrane function; specific lipid—protein actions inducing gene expression; and spe-
cific receptor-mediated eicosanoid signaling (see Figure 1). When any of these interac-
tions is influenced differently by the n-3 or n-6 arrangement of double bonds in the
essential acid, it produces an important consequence of daily food choice. Voluntary
food choice is important in health maintenance because the relative abundance of n-3 and
n-6 acids in each person’s tissues depend on the daily supply. To help people decide whether
they wish to make different food choices in the future, the authors address some very
complex processes that underlie simple terms like “seizure threshold,” “immune func-
tion,” “retinal function,” or “learning behavior.” Even now, there are uncertainties about
the degree to which the three modes of EFA action in Figure 1 mediate these phenomena.
Throughout the 23 chapters and 2078 citations in this book, the authors give information
on physiological consequences of dietary EFA supply to help readers evaluate the impact
of n-3 and n-6 acid supplies on health maintenance and disease prevention.

Dietary EFA

Tissue EFA
\ n-3/n-6 Lipid-Protein

Membrane Complex
n- 3/n 6 Eicosanoids

n-3/n-6 Specific Receptor

Signaling
n-3/n-6 Lipid-Protein
Gene Regulatory Complex
Tissue Physiology

Clinical Status

Fig. 1. Essential fatty acids in diets and disease.
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THE “DRIFT” IN SUPPLIES OF EFA

For all essential nutrients, a dietary supply is the sine qua non of their action. Chapter
1 points to the general change in intake of EFA over the past centuries that has produced
adverse effects on tissue abundances with resultant undesired physiologic and public
health outcomes. Negative health consequences of this apparently accidental drift in
relative intakes are now seen for different populations. Appendix I of Chapter 1 gives
readers clear recommendations for corrective levels of dietary intakes of n-3 and n-6
acids. Chronic inattention to the simple principle that dietary supplies affect tissue
abundances of EFA has also led to nearly all experimental animal models in drug devel-
opment to have excessive n-6 eicosanoid signals with little moderation by n-3 eicosanoid
signals. Such polarized experimental models are useful in developing patented pharma-
ceuticals for treating the consequences of excessive n-6 abundances in tissues. However,
measurements in animals fed such imbalanced diets may give little insight into an effec-
tive nutritional strategy for preventing the onset of the pathology in the first place.
Readers may want to consider the relative abundance of the essential fatty acids in the
various foods they routinely eat. To help identify palatable foods that can maintain
relative tissue levels of n-3 and n-6 highly unsaturated fatty acids (HUFA) at whatever
level desired, readers can use a convenient interactive software program, KIM (Keep It
Managed), that is accessible through the website http://ods.od.nih.gov/eicosanoids.
Knowledge about the different supplies of EFA in common food servings (over 9000 are
listed) seems certain to affect future voluntary dietary choices of well-informed people.

Competition in Maintaining Tissue EFA

The abundant dietary 18-carbon EFA compete vigorously for the limited space con-
served for long-chain HUFA in tissue lipids. This competitive metabolism creates recip-
rocal changes between these acids in tissues. Also, when essential n-3 and n-6 supplies
are limited, n-7 and n-9 HUFA accumulate in their place. Chapters 6 through 11 explore
these competitions with a focus on healthy perinatal development. These chapters extend
beyond the 40-yr-old quantitative evidence of hyperbolic competitive interactions
between the n-3 and n-6 acids for elongation, desaturation, and incorporation into tissue
lipids (Mohrhauer and Holman, 1963a,b). After reading these chapters, readers might
enjoy re-examining that seldom-discussed evidence of competitive hyperbolic metabolic
processes for both 18:2n-6 and 18:3n-3, which have midpoints near 0.1 percent of ingested
calories (Mohrhauer and Holman, 1963a, b as confirmed by Lands, 1991). Clearly, the
effective midpoint for maintaining tissue HUFA is far below the dietary supply now
common in the United States.

Bioequivalence is an important concept addressed in several chapters because the
highly conserved tissue HUFA are formed from 18-carbon homologs more abundant in
the diet. The quantitative competitions among n-3 and n-6 HUFA in the liver, plasma, and
visceral tissues parallel, but quantitatively differ from, those in the brain and retina where
DHA dominates. Throughout this book, authors lead readers to recognize a special ability
of brain and nervous tissue to sequester DHA, illustrating important brain/body differ-
ences in EFA dynamics. Tissue abundances of EFA maintained in response to dietary
supplies are readily measured by gas chromatography, and extensive efforts were made
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to predict plasma proportions produced from dietary intakes (e.g., Lands etal., 1992). As
a result, the proportion of plasma phospholipid total HUFA that is n-6 HUFA has a
predictable relationship to the various dietary EFA supplies. This biomarker of intake (%
n-6 HUFA in total HUFA) also relates to the probable intensity of n-6 eicosanoid signal-
ing when the tissue is stimulated. However, despite some progress in estimating tissue
EFA, estimating their probable actions along all three modes in Figure 1 remains a major
challenge for authors and readers alike.

Preformed docosahexaenoate (DHA) has a 4- to 20-fold greater relative efficacy (or
bioequivalence) over linolenic acid (LNA) as substrate for accumulating as brain DHA
during perinatal development. Chapter 6 reviews the kinetic data from primates to
strengthen the recommendation of including at least a modest supply of DHA in infant
formulas to aid brain development. Discussion of the low levels of LNA in brain tissue
may reflect the predominance of phosphoglycerides in brain lipids known to differ from
triacylglycerols by accumulating linolenate but little LNA. We still have no explanation
for how tissue triacylglycerols accumulate LNA while the metabolically related
phosphoglycerides do not! Recent advances in evaluating the supply of DHA to the
nervous system are noted in Chapter 7. The authors conclude that much ingested LNA
is not available for synthesis of DHA, and that elongation and desaturation events in the
liver must be accompanied by biosynthetic activity in brain and nervous tissue to main-
tain adequate DHA levels in those tissues.

Radiolabeled long-chain fatty acids help quantify EFA incorporation rates, turnover,
and half-lives and imaging brain phospholipid metabolism in vivo. Chapter 8 notes that
the rapid entry of plasma non-esterified fatty acids into brain acyl-CoA pools may be
adequate to meet any increased neuronal demands as long as plasma DHA levels are
sufficient. Half-lives for turnover of some fatty acids in phosphatidyl inositol and phos-
phatidyl choline of brain were around 3 h (although that for DHA in phosphatidyl choline
was 22 h). The results indicate that incorporation of arachidonate into brain lipids is
stimulated by the muscarinic agent, arecoline, and diminished with chronic lithium treat-
ment. Chapter 9 focuses attention on how oxidation and the reuse of acetyl-CoA units
(carbon recycling) diverts LNA from its elongation and desaturation to long-chain n-3
HUFA. Carbon recycling is described as a process that decreases the bioavailability of
the n-3 fatty acids needed for neural development. Most dietary LNA is completely
oxidized for energy even in rapidly growing young animals, and less than 10% seems
available for DHA synthesis and esterification in the suckling rat. A three- to four-fold
higher oxidation of LNA in the early postnatal period makes carbon recycling more
active in neonates than adults.

Readers can find an interesting aspect of brain development in Chapter 10. Astrocytes
may provide to neurons 22:6n-3 produced from the 20:5n-3 that had been made by
cerebroendothelial cells from 18:3n-3 acquired from plasma. If multicellular transfers
are needed to provide neuronal DHA, much more needs to be known about control of this
intercellular transport. The authors illustrate ways in which interpreting the nonlinear
responses of brain DHA to dietary abundances continues to challenge researchers study-
ing DHA supply and conservation. Until those dynamics are better understood, the func-
tional and behavioral consequences of these nonlinear responses seem certain to remain
equally nonlinear and puzzling. Readers will find valuable quantitative insight in Chap-
ter 11, which re-examines bioequivalence during the rapid regain of DHA in primate
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brain phospholipids during recovery from a dietary n-3 fatty acid deficiency. The exten-
sive results with rhesus monkeys indicate the existence of mechanisms in the brain to
conserve HUFA and to manage rapid, reciprocal competitive changes in n-3 and n-6
HUFA. The authors describe analyses of brain and retina EFA that parallel (but quan-
titatively differ from) analyses of the easily obtained plasma and red cells, which have
some quantitatively predictable relations to dietary supplies (Lands et al., 1992).
The overall results give clear support that the concepts in the preceding chapters about
the reversible, reciprocal changes as n-3 and n-6 HUFA compete for limited space are
likely transferrable to human conditions.

Tissue Physiology as Proof of EFA Importance

Vitamins and hormones were identified in the early 20th century by their impact on
growth and physiology. Burr and Burr (1929, 1930) identified the n-3 and n-6 EFA when
they restored normal physiology to young animals on fat-free diets. Poor overall growth,
irregular ovulation, scaly skin, tail necrosis, renal degeneration, and water loss could then
be better interpreted. In addition, subnormal testicular development was restored by
either dietary EFA or by injected gonadotropin (Greenberg and Ershoff, 1951). Now we
can ask which of the three modes in Figure 1 underlie EFA support of the needed pituitary
hormone production. Similar questions can address the inadequate dermal integrity that
led to greater water loss during EFA deficiency. When researchers used a water rationing
protocol to study growth with EFA, a clear difference between n-3 and n-6 nutrients was
seen (Thomassen, 1962) that was not apparent when the water supply and humidity were
adequate (Burretal., 1940). Overall, three general physiologic processes seem supported
more effectively by n-6 than n-3 EFA: dermal integrity and water balance; renal function;
parturition. Readers may see in Chapters 2, 22, and 23 tantalizing clues to mechanisms
for those different physiologic outcomes. Eczema and watery stools were clear
biomarkers of insufficient EFA for human infants, and they were 50% prevented by about
0.07 % calories as linoleate (Hansen et al., 1963). A later meta-analysis (Cuthbertson,
1976) noted that EFA symptoms in human infants are completely prevented by less than
0.5% of calories as linoleate. Such low thresholds are similar to the 0.3% calories of EFA
that proved adequate for growing rats (Mohrhauer and Holman, 1963a,b), supporting the
concept that EFA metabolism and physiology are quite similar in rats and humans (Lands
etal., 1992).

To help readers interpret body fluid homeostasis, Chapter 22 describes possible roles
for n-3 EFA in ways that extend beyond past results with water balance. In addition, new
information on mediators of energy homeostasis extends beyond past results on modu-
lating growth hormones and cytokines. Whenever physiologic processes are differen-
tially influenced by n-3 and n-6 EFA, then possible strategies for preventive nutrition can
be developed. Chapter 23 illustrates ways in which EFA fitinto our expanding awareness
about the “information traffic” that integrates the body’s nervous system, immune sys-
tem, and endocrine system to maintain health. The authors note that mechanisms for
differential modulation of stress hormones or cytokines by n-3 and n-6 EFA may involve
either membrane fluidity, oxidized eicosanoid signaling, or regulation of gene expres-
sion. Any successful approach to possibly preventing a disorder will need monitoring
with biomarkers that reflect health imbalances prior to the full expression of the clinical
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disorder that requires treatment. As current choices of traditional foods are now being
extended with new “functional foods” to help maintain a balance of n-3 and n-6 EFA, we
can expect more nutritional efforts to prevent or diminish the severity of some diseases.
Clinicians familiar with the symptoms and methods of treating disorders must share with
nutritionists and dietitians an interest in finding useful biomarkers that can properly
assess the success of prevention efforts.

Biomarkers of Complex EFA-mediated Events

Many chapters address specific processes that help readers evaluate biomarkers useful
in health maintenance and disease prevention. Forexample, Chapter 3 explores ways that
DHA suppresses the expression of VCAM-1, E-selectin, and ICAM-1 on the cell surface,
and normal and neoplastic leukocytes exhibit diminished adhesion through the interac-
tions of integrins and selectins. DHA also suppresses expression of major histocompat-
ibility II molecules. In contrast, arachidonate increased adhesion of human blood
leukocytes to endothelial cells. As in other chapters of this book, readers are challenged
to discern which of the three modes of interaction in Figure 1 regulate the cellular events.
In Chapter 4, the effects of essential fatty acids on shifting the voltage dependence of
voltage-regulated ion channels are noted as affecting seizure thresholds in animals. The
discussion of ion channels extends the important finding (Kang and Leaf, 1994) that
many polyunsaturated fatty acid soaps can diminish arrhythmia, but arachidonate can
also exacerbate it in a manner dependent on n-6 eicosanoid formation. Release of a
mixture of HUFA from tissue phospholipids can give direct anti-arrythmogenic and
indirect arrythmogenic actions (Li et al., 1997). The relative proportions of n-3 and n-
6 HUFA that had accumulated in the tissue prior to a physiologic challenge are clearly
important to tissue responsiveness.

Aging is accompanied by altered cytokine expression and release during a progressive
shift in relative abundance of Th1, Th2, and CD>* cells and decline in immune function,
which Chapter 5 describes in detail. This chapter provides readers an opportunity to
explore how the three different modes of EFA interactions in Figure 1 might participate
inaltering cytokine-mediated physiology in aging. This background may then be extended
to the continually appearing reports on how EFA and their oxidized products regulate
expression of genes for cytokines (e.g., Wallace et al., 2001) and metabolic mediators
(e.g., Clarke, 2001). Chapter 14 examines disturbances of EFA metabolism during
neural complications of diabetes to help readers interpret the reported decreases in
arachidonoyl species of phospholipids. Eicosanoid imbalances were indicated for this
condition when a cyclooxygenase inhibitor blocked the EFA-supported improvement in
nerve conduction velocity and blood flow. Chapter 15 describes another disorder that
affects EFA metabolism. It is linked to defects in protein import into peroxisomes by
peroxins. The important role of peroxisome enzymes in providing DHA from its
docosapentaenoate precursor gives a rationale for DHA therapy in these conditions,
which is described in some detail. Chapter 16 extends beyond information in Chapter 4
as it describes diverse effects of fatty acids and ketones on neuronal excitability, explor-
ing their implications for epilepsy and its treatment. The appearance of potentially toxic
fatty acid ethyl esters as non-oxidative metabolites of ethanol is reviewed in Chapter 17.
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Although the formation is not selective for EFA, these products represent an intriguing
biomarker of alcohol exposure.

EFA in Vision, Learning, and Behavior

An outstanding integrated view of DHA actions in vision and brightness discrimina-
tion, ranging from acyl chain packing to learning events, is in the combined information
of Chapters 2, 12, and 13. Chapter 2 describes how the active form of the visual
G- protein-coupled receptor, metarhodopsin II, is modulated by membrane phospholipid
acyl chain packing (sometimes referred to as “fluidity””). An increased bilayer area per
headgroup of the polyunsaturated phospholipid is associated with more favorable kinetic
coupling of the signaling components and is also linked with an increased permeability
to water. The authors noted that di-18:3-PC is five times as permeable to water as
18:0,18:1-PC and 18:0,22:6-PC is four times as permeable as 18:0,18:1-PC. Readers may
imagine hundreds of other G-protein-mediated systems in which the principles devel-
oped for DHA actions with rhodopsin may be extended to signaling systems throughout
the body. This concept is advanced further in Chapter 12, which extends beyond phos-
pholipid interactions with rhodopsin to describe detailed kinetics of electroretinogram
waveforms and how they are used to explore possible roles of omega-3 polyunsaturated
fatty acids in photo pigment activation kinetics. Careful interpretation of results on
electrophysiologic signals from photoreceptors led the authors to suggest that DHA is not
essential for neural function, but is needed to avoid subtle neural anomalies and produce
optimal function. The important action of retinal pigmented epithelium in recycling
photoreceptor components with interreceptor retinoid binding protein also depends on
DHA levels, providing an indirect means by which DHA abundance can affect vision.
Thus, DHA deprivation provides a puzzling mixture of neural impairments perhaps due
to altered receptoral mechanisms.

Extending beyond previous information, Chapter 13 explores how performance in the
brightness discrimination learning test is impaired by a relative n-3 EFA deficiency.
Experimenters observed diet-dependent differences in behavior as a complex outcome
of retinal function and conditioned appetitive behavior. Inrecovering full learning behav-
ior, the experimenters showed an expected competition by high dietary linoleate, which
decreased the efficacy of n-3 EFA supplements. Also, the observed decreased turnover
of DHA-rich brain ethanolamine phospholipids during n-3-deficient conditions may
functionally relate to decreased neurotrophin and synaptic vesicle densities in rat hippoc-
ampus, a brain area important to learning and memory. Thus, these three chapters on
vision and learning introduce key concepts that may help interpret the behavioral and
cognitive phenomenadescribed in Chapters 18 through 21. Dramatic cross-national data
in Chapter 18 associate seafood and n-3 EFA supply with psychiatric disorders including
major depression, bipolar affective disorder, postpartum depression, hostility and homi-
cide, and suicide. A more positive clinical efficacy of EFA over DHA raises the possi-
bility that these disorders may have an imbalance in specific oxygenated eicosanoids that
mediate receptor signaling or gene expression rather than having inadequate membrane
DHA levels. Chapter 19 reviews possible disorders of phospholipid metabolism in
schizophrenia, affective disorders, and neurodegenerative disorders, and Chapter 20
describes use of eicosapentaenoic acid as a potential new treatment for schizophrenia.
Chapter 21 continues exploring the importance of DHA in optimal cognitive function by
describing several rodent models that measure learning and motivation. The overall
results support continued interest in providing some DHA to infants to ensure adequate
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neurologic development. Readers of this book will find many reasons to
re-examine future food choices for themselves and their families.

William E. M. Lands, phD
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PREFACE

Among the major scientific research efforts of the recent period has been the rec-
ognition of the importance of the “essential fatty acids” (EFA). The profound effects of
these special chemical entities, and equally profound effects of their deficit, are appre-
ciated by a variety of disciplines, including (but not necessarily limited to) lipid biochem-
istry, physiology, nutrition, psychology, psychiatry, and, perhaps most intensely, by the
neurosciences at large. Functions of the central nervous system, in particular, may be
seriously compromised by deficits in the levels of these FA or the ratio (or balance)
among major constituents. The role of the polyunsaturated fatty acids (PUFA) a-lino-
lenic acid (LNA; omega-3; n-3; 18:3n-3) and linoleic acid (LA; omega-6; n-6; 18:2n-6)
and their metabolites has generated the most exciting findings. Health and medical
implications related to these FA extend to visual development in infants, cognitive and
emotional development, immunological responses, and cardiovascular health. Several
foci of interest are worth noting at this point; foci that are represented in the chapters that
follow and that mirror the directions in the field of FA research.

The experimental study of FA deficit has been characterized by investigations that
utilize food deprivation or restrictions on nutritional intake, and by designs that have
provided for dietary supplementation of the FA and/or their metabolites (especially DHA
and its precursors EPA and LNA). Metabolic studies continue to address many of the
unexplained complexities associated with the behavior performance observations in the
laboratory. Among the questions of interest are: How do the EFAs get into the brain and
other organs? What is the basis for the apparent selectivity of various organs, cells, and
subcellular organelles for particular lipids and FA? Why is DHA (docosahexaenoic acid;
22:6n-3) concentrated in the brain? How can the adult brain maintain its DHA even when
there is little support in the diet? How much can the metabolism of the precursors of DHA
(e.g., LNA, EPA, etc.) support DHA composition in the brain in comparison to the
incorporation of preformed DHA taken in the diet? In addition to their basic science
value, these issues have practical implications for public health policy, such as the design
of infant formulas.

The studies of supplementation have drawn attention to peripheral effects, such as
the beneficial consequences of DHA in reducing cardiovascular mortality, reduction of
immune and inflammatory responses, and influences in the management of diabetes.
Supplementation effects also continue to be studied in order to better delineate complex
behavioral patterns, with some critical insight on aggression, as but one example, in
human studies.

Deprivation of n-3 in animal research has often been concentrated on the F2 off-
spring where demonstrable impairments in visual function and nonvisual cognitive
behaviors have repeatedly been observed. Similar outcomes in human infants have been
reported, with a pronounced increase in the frequency of randomized control trials being
reported in the literature. Infant behavior appears to suffer quite seriously at the hands of
nutritional deprivation, with some long-term followup studies suggesting that the early
deficits appear to be maintained with functional loss in later years. The reader will soon
discover that differences among outcome studies may be attributable, in part or in total,
to variations in the test designs used to assess physiological or behavioral function. Often
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the attempts to describe complex cognitive and emotional behaviors by use of learning
and performance paradigms require a liberal interpretation of the results to support such
assessments, which may be open to question or dispute.

Despite a number of known weaknesses, unexplained phenomena, and sorely
needed pieces of information yet to be discovered, the present overview of activities in
these areas allows one to justifiably conclude major advances in the chemistry and bio-
chemistry of fatty acids have contributed to a considerable understanding about the
metabolism and function of fatty acids and their impact on the physiology and behavior
of whole organisms. The diversity of actions of fatty acids in many biological systems
such as physiological, neurological, endocrinological, and immune begs for elucidation.
The management of many chronic health issues will surely benefit from such knowledge
in the near term. The purpose of Fatty Acids: Physiological and Behavioral Functions is
to examine such arepresentative segment of the scientific aspects of this area, with topics
ranging from molecular analyses to functional performance of physiological and cogni-
tive behaviors. To assist the relative newcomer to the vocabulary of the field, we have
provided a glossary at the end of the volume. Considerable additional helpful information
is easily obtainable from many sources on the web, as even a brief search will indicate.

We hope that Fatty Acids: Physiological and Behavioral Functions will facilitate
a consolidation of understanding among the separate disciplinary specialists, and will
excite other investigators to enter this arena, so that even more dramatic advances and
developments in chemistry, behavior, and health management will be forthcoming.

David 1. Mostofsky, php
Shlomo Yehuda, php
Norman Salem jr., PhD
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1 Evolutionary Aspects of Diet
Essential Fatty Acids

Artemis P Simopoulos

1. INTRODUCTION

The interaction of genetics and environment, nature, and nurture is the foundation for
all health and disease. This concept, based on molecular biology and genetics, was
originally defined by Hippocrates. In the Sth century Bc, Hippocrates stated the concept
of positive health as follows:

Positive health requires a knowledge of man’s primary constitution [which today we
call genetics ] and of the powers of various foods, both those natural to them and those
resulting from human skill [today’s processed food]. But eating alone is not enough for
health. There must also be exercise, of which the effects must likewise be known. The
combination of these two things makes regimen, when proper attention is given to the
season of the year, the changes of the winds, the age of the individual and the situation
of his home. If there is any deficiency in food or exercise the body will fall sick.

In the last two decades, using the techniques of molecular biology, it has been shown
that genetic factors determine susceptibility to disease and environmental factors deter-
mine which genetically susceptible individuals will be affected (Simopoulos and Childs,
1990; Simopoulos and Nestel, 1997; Simopoulos, 1999d). Nutrition is an environmental
factor of major importance. Whereas major changes have taken place in our diet over the
past 10,000 yr since the beginning of the Agricultural Revolution, our genes have not
changed. The spontaneous mutation rate for nuclear DNA is estimated at 0.5% per mil-
lion years. Therefore, over the past 10,000 yr there has been time for very little change
in our genes, perhaps 0.005%. In fact, our genes today are very similar to the genes of our
ancestors during the Paleolithic period 40,000 yr ago, at which time our genetic profile
was established (Eaton and Konner, 1985). Genetically speaking, humans today live in
a nutritional environment that differs from that for which our genetic constitution was
selected. Studies on the evolutionary aspects of diet indicate that major changes have
taken place in our diet, particularly in the type and amount of essential fatty acids (EFA)
and in the antioxidant content of foods (Eaton and Konner, 1985; Simopoulos, 1991;
Simopoulos, 1999a; Simopoulos, 1999¢c) (Table 1, Fig. 1). Using the tools of molecular
biology and genetics, research is defining the mechanisms by which genes influence
nutrient absorption, metabolism and excretion, taste perception, and degree of satiation,
and the mechanisms by which nutrients influence gene expression.

From: Fatty Acids: Physiological and Behavioral Functions
Edited by: D. Mostofsky, S. Yehuda, and N. Salem Jr. © Humana Press Inc., Totowa, NJ
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4 Part I / Basic Mechanisms
Table 1
Characteristics of Hunter—Gatherer and Western Diet and Lifestyles
Hunter—Gatherer Western
Characteristic diet and lifestyle diet and lifestyle
Physical activity level High Low
Diet
Energy density Low High
Energy intake Moderate High
Protein High Low-moderate
Animal High Low-moderate
Vegetable Very low Low-moderate
Carbohydrate Low-moderate Moderate
(rapidly absorbed) Slowly absorbed Rapidly absorbed
Fiber High Low
Fat Low High
Animal Low High
Vegetable very low Moderate to high
Total long chain n-6 + n-3 High (2.3 g/d) Low (0.2 g/d)
Ratio n-6:n-3 Low (2.4) High (12.0)
Vitamins (mg/d) Paleolithic period Current US intake
Riboflavin 6.49 1.34-2.08
Folate 0.357 0.149-0.205
Thiamin 3.91 1.08-1.75
Ascorbate 604 77-109
Carotene 5.56 2.05-2.57
(retinol equivalent) 927) —
Vitamin A 17.2 7.02-8.48
(retinol equivalent) (2870) (1170-429)
Vitamin E 32.8 7-10

Source: Modified from Simopoulos, 1999a.

Whereas evolutionary maladaptation leads to reproductive restriction (or differen-

tial fertility), the rapid changes in our diet, particularly the last 100 yr, are potent
promoters of chronic diseases such as atherosclerosis, essential hypertension, obesity,
diabetes, and many cancers. In addition to diet, sedentary lifestyles and exposure to
noxious substances interact with genetically controlled biochemical processes, leading
to chronic diseases. This chapter discusses evolutionary aspects of diet and the changes
that have occurred in Western diets, due to the increase in omega-6 and decrease in
omega-3 fatty acid intake from the large-scale production of vegetables oils,
agribusiness, and modern agriculture, with emphasis on the balance of omega-6 :
omega-3 fatty acids. The Appendix is a portion of the summary of The Workshop on
the Essentiality of and Recommended Dietary Intakes (RDIs) for Omega-6 and Omega-
3 Fatty Acids, held at the National Institutes of Health (NIH) in Bethesda, MD, USA,
April 7-9, 1999 (Simopoulos, et al., 1999).
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Fig. 1. Hypothetical scheme of fat, fatty acid (w-6, w-3, trans and total) intake (as percent of
calories from fat) and intake of vitamins E and C (mg/d). Data were extrapolated from cross-
sectional analyses of contemporary hunter—gatherer populations and from longitudinal observa-
tions and their putative changes during the preceding 100 yr. (Simopoulos, 1999a).

2. EVOLUTIONARY ASPECTS OF DIET

The foods that were commonly available to preagricultural humans (lean meat, fish,
green leafy vegetables, fruits, nuts, berries, and honey) were the foods that shaped mod-
ern humans’ genetic nutritional requirements. Cereal grains as a staple food are a rela-
tively recent addition to the human diet and represent a dramatic departure from those
foods to which we are genetically programmed and adapted (Cordain, 1999; Simopoulos,
1995a; Simopoulos, 1999d). Cereals did not become a part of our food supply until very
recently—10,000 yr ago—with the advent of the Agricultural Revolution. Prior to the
Agricultural Revolution, humans ate an enormous variety of wild plants, whereas, today,
about 17% of plant species provide 90% of the world’s food supply, with the greatest
percentage contributed by cereal grains (Cordain, 1999; Simopoulos, 1995a; Simopoulos,
1999d). Three cereals, wheat, maize, and rice, together account for 75% of the world’s
grain production. Human beings have become entirely dependent on cereal grains for the
greater portion of their food supply. The nutritional implications of such a high grain
consumption upon human health are enormous. And yet, for the 99.9% of mankind’s
presence on this planet, humans never or rarely consumed cereal grains. It is only since
the last 10,000 yr that humans consume cereals. Up to that time, humans were non-cereal-
eating hunter—gatherers since the emergence of Homo erectus 1.7 million years ago.
There is no evolutionary precedent in our species for grass seed consumption (Eaton and
Konner, 1985). Therefore, there has been little time (<500 generations) since the begin-
ning of the Agricultural Revolution 10,000 years ago to adapt to a food type which now
represents humanity’s major source of both calories and protein. Cereal grains are high
in carbohydrates and omega-6 fatty acids, but low in omega-3 fatty acids and in antioxi-
dants, particularly in comparison to green leafy vegetables. Recent studies show that low-
fat/high-carbohydrate diets increase insulin resistance and hyperinsulinemia, conditions
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Table 2
Late Paleolithic and Currently Recommended Nutrient Composition for Americans
Late Current
Paleolithic recommendations
Total dietary energy (%)
Protein 33 12
Carbohydrate 46 58
Fat 21 30
Alcohol ~0 —
P : S ratio” 1.41 1.00
Cholesterol (mg) 520 300
Fiber (g) 100-150 30-60
Sodium (mg) 690 1100-3300
Calcium (mg) 1500-2000 800-1600
Ascorbic acid (mg) 440 60

“P : S = polyunsaturated to saturated fat.
Source: Modified from Eaton et al., 1998.

that increase the risk for coronary heart disease, hypertension, diabetes, and obesity
(Fanaian, et al., 1996; Simopoulos, 1994a; Simopoulos, 1994b).

A number of anthropological, nutritional, and genetic studies indicate that human’s
overall diet, including energy intake and energy expenditure, has changed over the past
10,000 yr, with major changes occurring during the past 150 yr in the type and amount
of fat and in vitamins C and E intake (Eaton and Konner, 1985; Leaf and Weber, 1987,
Simopoulos, 1995a; Simopoulos, 1995b; Simopoulos, 1998b; Simopoulos, 1999a;
Simopoulos and Visioli, 2000) (Table 1, Fig. 1). Eaton and Konner (1985) have estimated
higher intakes for protein, calcium, potassium, and ascorbic acid, and lower sodium
intakes for the diet of the late Paleolithic period than the current US and Western diets.
Most of our food is calorically concentrated in comparison with wild game and the
uncultivated fruits and vegetables of the Paleolithic diet. Paleolithic man consumed
fewer calories and drank water, whereas today most drinks to quench thirst contain
calories. Today, industrialized societies are characterized by (1) an increase in energy
intake and decrease in energy expenditure, (2) an increase in saturated fat, omega-6 fatty
acids, and trans fatty acids, and a decrease in omega-3 fatty acid intake, (3) a decrease
in complex carbohydrates and fiber, (4) an increase in cereal grains, but a decrease in
fruits and vegetables, and (5) a decrease in protein, antioxidants, and calcium intake
(Eaton and Konner, 1985; Eaton et al., 1988; Eaton et al., 1998; Simopoulos 1995c;
Simopoulos, 1998b; Simopoulos 1999a) (Tables 1 and 2).

3. ESSENTIAL FATTY ACIDS AND THE OMEGA-6 : OMEGA-3 BALANCE
3.1. Large-Scale Production of Vegetable Oils

The increased consumption of omega-6 fatty acids in the last 100 yr is the result of the
development of technology at the turn of the century that marked the beginning of the
modern vegetable oil industry and the result of modern agriculture with the emphasis on
grain feeds for domestic livestock (grains are rich in omega-6 fatty acids) (Kirshenbauer,
1960). The invention of the continuous screw press, named Expeller® by V.D. Anderson,
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Table 3
Comparison of Dietary Fats
Saturated Polyunsaturated fat Monounsaturated Cholesterol
Dietary fat  fat (%) LA (%) LNA (%) LA :LNA (%) fat (%) (%)
Fatty acid content normalized to 100%

Flaxseed oil 10 16 53 0.3) 20 0
Canola oil 6 22 10 2.2) 62 0
Walnut oil 12 58 12 (4.8) 18 0
Safflower oil 10 77 Trace () 13 0
Sunflower oil 11 69 — (69) 20 0
Corn oil 13 61 1 (61) 25 0
Olive oil 14 8 1 (8.0) 77 0
Soybean oil 15 54 7 (7.7 24 0
Margarine 17 32 2 (16) 49 0
Peanut oil 18 33 — (33) 49 0
Palm oil® 51 9 0.3 30) 39 0
Coconut 0il* 92 2 0 (2.0) 7 0
Chicken fat 31 21 1 21 47 11
Lard 41 11 1 (1) 47 12
Beef fat 52 3 1 3.0) 44 14
Butterfat 66 2 2 (1.0) 30 33

“Palm oil has arachidic of 0.2 and coconut oil has arachidic of 0.1.
Sources: Canola oil: data on file, Procter & Gamble. All others: Reeves JB, Weihrauch JL. Composition
of Foods, Agriculture Handbook No. 8-4. US Department of Agriculture, Washington, DC, 1979.

and the steam-vacuum deodorization process by D. Wesson made possible the industrial
production of cottonseed oil and other vegetable oils for cooking (Kirshenbauer, 1960).
Solvent extraction of oilseeds came into increased use after World War I and the large-
scale production of vegetable oils became more efficient and more economic. Subsequently,
hydrogenation was applied to oils to solidify them. The partial selective hydrogenation
of soybean oil reduced the a-linolenic (LNA) content of the oil while leaving a high
concentration of linoleic acid (LA). The LNA content was reduced because LNA in
soybean oil caused many organoleptic problems. It is now well known that the hydroge-
nation process and particularly the formation of trans fatty acids has led to increases in
serum cholesterol concentrations, whereas LA in its regular state in oil is associated with a
reduced serum cholesterol concentration (Emken, 1984; Troisi et al., 1992). The effects of
trans fatty acids on health have been reviewed extensively elsewhere (Simopoulos, 1995c).

Since the 1950s, research on the effects of omega-6 polyunsaturated fatty acids
(PUFA) in lowering serum cholesterol concentrations has dominated the research sup-
port on the role of PUFA in lipid metabolism. Although a number of investigators con-
tributed extensively, the article by Ahrens et al. in 1954 and subsequent work by Keys
et al. in 1957 firmly established the omega-6 fatty acids as the important fatty acid in
the field of cardiovascular disease. The availability of methods for the production of
vegetable oils and their use in lowering serum cholesterol concentration led to an
increase in both the fat content of the diet and the greater increase in vegetable oils rich
in omega-6 fatty acids (Table 3).
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Table 4
Fatty Acid Content of Plants (mg/g Wet Weight)

Buttercrunch Red Leaf

Fatty acid Purslane Spinach lettuce lettuce Mustard
14:0 0.16 0.03 0.01 0.03 0.02
16:0 0.81 0.16 0.07 0.10 0.13
18:0 0.20 0.01 0.02 0.01 0.02
18:1n-9 0.43 0.04 0.03 0.01 0.01
18:2n-6 0.89 0.14 0.10 0.12 0.12
18:3n-3 4.05 0.89 0.26 0.31 0.48
20:5n-3 0.01 0.00 0.00 0.00 0.00
22:6n-3 0.00 0.00 0.001 0.002 0.001
Other 1.95 0.43 0.11 0.12 0.32

Total fatty

acid content 8.50 1.70 0.60 0.702 1.101

Source: Modified from Simopoulos and Salem, 1986.

3.2. Agribusiness and Modern Agriculture

Agribusiness contributed further to the decrease in omega-3 fatty acids in animal
carcasses. Wild animals and birds who feed on wild plants are very lean, with a carcass
fat content of only 3.9% (Ledger, 1968) and contain about five times more PUFA per
gram than is found in domestic livestock (Crawford, 1968; Eaton et al. 1998). Most
importantly, 4% of the fat of wild animals contains eicosapentaenoic acid (EPA). Domes-
tic beef contains very small or undetectable amounts of LNA because cattle are fed grains
rich in omega-6 fatty acids and poor in omega-3 fatty acids (Crawford et al., 1969)
whereas deer that forage on ferns and mosses contain more omega-3 fatty acids (LNA)
in their meat. Modern agriculture with its emphasis on production has decreased the
omega-3 fatty acid content in many foods. In addition to animal meats mentioned earlier
(Crawford, 1968; Crawford et al., 1969; Eaton et al., 1998; Ledger, 1968), green leafy
vegetables (Simopoulos and Salem, 1986; Simopoulos et al., 1992; Simopoulos et al.,
1995), eggs (Simopoulos and Salem, 1989; Simopoulos and Salem, 1992), and even fish
(van Vliet and Katan, 1990) contain less omega-3 fatty acids than those in the wild. Foods
from edible wild plants contain a good balance of omega-6 and omega-3 fatty acids. Table 4
shows purslane, a wild plant, and compares it to spinach, red leaf lettuce, buttercrunch
lettuce, and mustard greens. Purslane has eight times more LNA than the cultivated
plants. Modern aquaculture produces fish that contain less omega-3 fatty acids than do
fish grown naturally in the ocean, rivers, and lakes (Table 5). As can be seen from Table 6
comparing the fatty acid composition of egg yolk from free-ranging chickens in the
Ampelistra farm in Greece and the standard US Department of Agriculture (USDA) egg,
the former has an omega-6 : omega-3 ratio of 1.3, whereas the USDA egg has a ratio
of 19.9 (Simopoulos and Salem, 1989; Simopoulos and Salem, 1992). By enriching the
chicken feed with fishmeal or flax, the ratio of omega-6 : omega-3 decreased to 6.6 and
1.6, respectively (Simopoulos and Salem, 1992). Similarly, milk and cheese from
animals that graze contain arachidonic acid (AA), EPA, and docosahexaenoic acid
(DHA), whereas milk and cheese from grain-fed animals do not (Table 7) (Simopoulos,
1998Db).
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Table 5
Fat Content and Fatty Acid Composition of Wild and Cultured Salmon (Salmo Salar)
Wild Cultured
(n=2) (n=2)

Fat (g/100 g) 10+0.1 16 + 0.6%

Fatty acids (g/100 g fatty acid)
18:3n-3 1+0.1 1x0.1
20:5n-3 5202 5x0.1
22:6n-3 10 £2 7+0.1°
Other n-3 (18:4n-3 + 20:3n-3 + 22:5n-3) 3+0.5 4+0.1
18:2n-6 1+0.1 3+0.1
Other n-6 (20:4n-6 + 22:4n-6) 0.2+0.1 0.5+0.1
Total n-3 202 17+0.2
Total n-6 20.1 3+0.1

Ratio of n-3 : n-6 112 6+0.1°

“Significantly different from wild, p < 0.01.
bSignificantly different from wild, p < 0.05.
Source: Modified from van Vliet and Katan, 1990.

3.3. Imbalance of Omega-6 : Omega-3 and Its Biological Significance

It is evident that food technology and agribusiness provided the economic stimulus
that dominated the changes in the food supply (Dupont et al., 1991; Hunter, 1989; Litin
and Sacks, 1993; Raper et al., 1992). From per capita quantities of foods available for
consumption in the US national food supply in 1985, the amount of EPA is reported to
be about 50 mg/capita/d and the amount of DHA was 80 mg/capita/d. The two main
sources of EPA and DHA are fish and poultry (Raper et al., 1992). It has been estimated
that the present Western diet is “deficient” in omega-3 fatty acids with a ratio of omega-
6toomega-3 of 15-20: 1, instead of 1 :,1 asis the case with wild animals and presumably
human beings (Crawford, 1968; Crawford et al., 1969; Eaton and Konner, 1985; Eaton
etal., 1998; Ledger, 1968; Simopoulos, 1991; Simopoulos, 1999a; Simopoulos, 1999b;
Simopoulos, 1999¢). Before the 1940s, cod-liver oil was ingested mainly by children as
a source of vitamins A and D, with the usual dose being a teaspoon. Once these vitamins
were synthesized, the consumption of cod-liver oil was drastically decreased.

Thus, an absolute and relative decrease of the omega-6 : omega-3 fatty acid ratio has
occurred in the food supply of Western countries over the last 100 yr (Tables 8—10). Eaton
et al. (1998) have estimated the intake of EFA from animal and vegetable sources,
assuming 35% of energy came from animals and 65% from plants. In the Late Paleolithic
Period, Table 8 shows that the ratio of LA : LNA was 0.70, whereas the ratio of longer
chain omega-6 : omega-3 was 1.79, with a total omega-6 : omega-3 ratio of 0.79. In the
United States, again considering the same subsistence ratio of animal sources : plant
sources of 35 : 65, the current diet would provide aratio of 16.74 (Table 9), which is close
to the estimates of 15-20:1 of other investigators (Simopoulos, 1991; Eaton et al, 1998).
Considering other populations (Table 11), in Japan, the omega-6 : omega-3 ratiois 4 : 1
(Sugano and Hirahara, 2000), and in the United Kingdom, this ratio is 15 : 1, whereas 20 yr
agoitwas 10: 1 (Sanders, 2000). Similar ratios have been suggested for northern Europe
and Holland, with lower ratios in southern Europe because of a higher consumption of
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Table 6
Fatty Acid Levels (mg/g Yolk) in Chicken Egg Yolks
Fatty acid Greek egg Supermarket egg Fishmeal egg Flax egg
Saturates
14:0 1.1 0.7 1.0 0.6
15:0 — 0.1 0.3 0.2
16:0 77.6 56.7 67.8 58.9
17:0 0.7 0.3 0.8 0.5
18:0 21.3 22.9 23.0 26.7
Total 100.7 80.7 92.9 86.9
Monounsaturates
16:1n-7 21.7 4.7 5.1 4.4
18:1 120.5 110.0 102.8 94.2
20:1n-9 0.6 0.7 0.9 0.5
24:1n-9 — — 0.1 —
Total 142.8 1154 108.9 99.1
n-6 Polyunsaturates
18:2n-6 16.0 26.1 67.8 424
18:3n-6 — 0.3 0.3 0.2
20:2n-6 0.2 0.4 0.6 0.4
20:3n-6 0.5 0.5 0.5 0.4
20:4n-6 54 5.0 4.4 2.6
22:4n-6 0.7 0.4 0.3 —
22:5n-6 0.3 1.2 0.2 —
Total 23.1 33.9 74.1 46.0
n-3 Polyunsaturates
18:3n-3 6.9 0.5 4.1 21.3
20:3n-3 0.2 — 0.1 0.4
20:5n-3 1.2 — 0.2 0.5
22:5n-3 2.8 0.1 0.4 0.7
22:6n-3 6.6 1.1 6.5 5.1
Total 17.7 1.7 11.3 28.0
P : S ratio 0.4 0.4 0.9 0.9
M : S ratio 1.4 1.4 1.2 1.1
n-6 : n-3 Ratio 1.3 19.9 6.6 1.6

P : S = polyunsaturates : saturates; M : S = monounsaturates : saturates.
Source: Modified from Simopoulos and Salem, 1992.
Note: The eggs were hard-boiled, and their fatty acid composition and lipid content were assessed as
described elsewhere (Simopoulos and Salem, 1989). Greek eggs, free-ranging chickens; supermarket eggs,
standard US Department of Agriculture eggs found in US supermarkets; fish meal eggs, main source of fatty
acids provided by fish meal and whole soybeans; flax eggs, main source of fatty acids provided by flax flour.

olive oil instead of corn and safflower oils. In the past 20 yr, the ratio changed from 10 : 1
to 15 : 1 in England and northern Europe. The shift in the decrease in omega-3 fatty acid
intake is reflected in the declining concentrations of DHA and rising concentrations of
LA inhuman milk (Sanders, 2000). The traditional diet of Greece prior to 1960 had aratio
of total omega-6 : omega-3 fatty acids of 1-2 : 1 (Simopoulos 1999b; Simopoulos and
Sidossis, 2000). In general, there are a few reliable estimates of the intake of longer chain

omega-3 PUFA.
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Table 7
Fatty Acid Content of Various Cheeses (per 100 g Edible Portion)

Greek Greek
2% Milk  Cheddar  American  Swiss  myzithra  feta

Total saturated fat (g) 1.2 21.00 19.69 16.04 9.30 7.20
12:0 (g) <1 0.54 0.48 0.57 — —
14:0 (g) <1 3.33 3.21 2.70 1.90 1.60
16:0 (g) <1 9.80 9.10 7.19 5.40 3.90
18:0 (g) <1 4.70 3.00 2.60 2.00 1.70

Total monounsaturated
fat (g) 1 9.99 8.95 7.05 3.90 3.00

Total polyunsaturated
fat (g) 0.07 0.94 0.99 0.62 0.80 0.58
18:2 (g) 0.04 0.58 0.61 0.34 0.38 0.29
18:3 (g) 0.03 0.36 0.38 0.28 0.30 0.20

Arachidonic acid (mg) — — — — 14 10

Eicosapentaenoic acid (mg) — — — — 18 14

Docosapentaenoic acid (mg)  — — — — 31 23

Docosahexaenoic acid (mg) — — — — 5.5 5.1

Total fat (g) 2.27 31.93 29.63 23.71 14.00 10.78

Note: Milk, cheddar, American, and Swiss from US Department of Agriculture Handbook No. 8; Greek
myzithra and Greek feta from National Institute on Alcohol Abuse and Alcoholism analyses.
Source: From Simopoulos, 1998b.

A balance existed between omega-6 and omega-3 for millions of years during the long
evolutionary history of the genus Homo, and genetic changes occurred partly in response
to these dietary influences. During evolution, omega-3 fatty acids were found in all
foods consumed: meat, wild plants, eggs, fish, nuts, and berries. Recent studies by
Cordain et al. (1998) on the omega-3 fatty acid content of wild animals confirm the
original observations of Crawford and Sinclair et al. (Crawford, 1968; Sinclair et al.,
1982). Furthermore, rapid dietary changes over short periods of time as have occurred
over the past 100-150 yr is a totally new phenomenon in human evolution.

Linoleic acid and LNA and their long-chain derivatives are important components of
animal and plant cell membranes. When humans ingest fish or fish oil, the EPA and DHA
from the diet partially replace the omega-6 fatty acids, especially AA, in the membranes
of probably all cells, but especially in the membranes of platelets, erythrocytes, neutro-
phils, monocytes, and liver cells [reviewed in Simopoulos, 1991]. A diet that has a high
ratio of omega-6 : omega-3 fatty acids has detrimental effects on eicosanoid metabolism
and gene expression.

Because of the increased amounts of omega-6 fatty acids in the Western diet, the
eicosanoid metabolic products from AA, specifically prostaglandins, thromboxanes,
leukotrienes, hydroxy fatty acids, and lipoxins, are formed in larger quantities than those
formed from omega-3 fatty acids, specifically EPA. The eicosanoids from AA are bio-
logically active in very small quantities and, if they are formed in large amounts, they
contribute to the formation of thrombus and atheromas, to allergic and inflammatory
disorders, particularly in susceptible people, and to the proliferation of cells. Thus, a diet
rich in omega-6 fatty acids shifts the physiological state to one that is prothrombotic and
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Table 8
Estimated 7-3 and 7-6 Fatty Acid Intake in the Late Paleolithic Period (g/d)
Plants
LA 4.28
LNA 11.40
Animals
LA 4.56
LNA 1.21
Total
LA 8.84
LNA 12.60
Plants and animals
AA (n-6) 1.81
EPA (n-3) 0.39
DTA (n-6) 0.12
DPA (n-3) 0.42
DHA (n-3) 0.27
Ratios of n-6:n-3
LA : LNA 0.70
AA+DTA : EPA+DPA+DHA 1.79
Total n-6 : n-3 0.79
LA, linoleic acid; LNA, linolenic acid; AA, arachidonic acid; EPA, eicosapenta-
enoic acid; DTA, docosatetranoic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid.
Note: Assuming an energy intake of 35 : 65 of animal : plant sources.
Source: Data from Eaton et al., 1998.
Table 9
Estimated 7-3 and 7-6 Fatty Acid Intake in Current Dietary Western Patterns (g/d)
LA 22.5
LNA 1.2
AA 0.6
EPA 0.05
DTA —
DPA 0.05
DHA 0.08
Ratios of n-6 : n-3
LA : LNA 18.75
AA+DTA : EPA+DPA+DHA 3.33
Total n-6 : n-3 16.74

LA, linoleic acid; LNA, linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid;

DTA, docosatetranoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid.

Note: Assuming an energy intake of 35 : 65 of animal : plant sources.
Source: Data from Eaton et al, 1998.

proaggregatory, with increases in blood viscosity, vasospasm, and vasocontriction and
decreases in bleeding time. Bleeding time is decreased in groups of patients with hyper-
cholesterolemia (Brox etal., 1983), hyperlipoproteinemia (Joistet al., 1979), myocardial
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Table 10
Ratios of Dietary #-6 : #-3 Fatty Acids in the
Late Paleolithic Period and in Current Western Patterns (g/d)

Paleolithic Western
LA : LNA 0.70 18.75
AA+DTA : EPA+DPA+DHA 1.79 3.33
Total 0.79 16.74

Note: Assuming an energy intake of 35 : 65 of animal : plant sources.
Source: Data from Eaton et al., 1998.

Table 11

7-6 : n-3 Ratios in Various Populations

Population n-6 : n-3 Ref.

Paleolithic 0.79 (Eaton et al., 1998)

Greece prior to 1960 1.00-2.00 (Simopoulos, 1999)

Current United States 16.74 (Eaton et al., 1998)

United Kingdom and northern Europe 15.00 (Sanders, 2000)

Japan 4.00 (Sugano and Hirahana, 2000)
Table 12

Ethnic Differences in Fatty Acid Concentrations in
Thrombocyte Phospholipids and Percentage of All Deaths From Cardiovascular Disease

Europe and Greenland

United States Japan Eskimos
Arachidonic acid (20:4n-6) 26 21 8.3
Eicosapentaenoic acid (20:5n-3) 0.5 1.6 8.0
Ratio of n-6 : n-3 50 12 1
Mortality from cardiovascular disease 45 12 7

Source: Data modified from Weber, 1989.

infarction, other forms of atherosclerotic disease, and diabetes (obesity and hypertri-
glyceridemia). Atherosclerosis is a major complication in non-insulin-dependent diabe-
tes mellitus (NIDDM) patients. Bleeding time is longer in women than in men and longer
in young than in old people. There are ethnic differences in bleeding time that appear to
be related to diet. Table 12 shows that the higher the ratio of omega-6 : omega-3 fatty acids
in platelet phospholipids, the higher the death rate from cardiovascular disease (Weber,
1989). Figure 2 shows that in India, the higher omega-6 : omega-3 fatty acid ratio in the
diet led to a higher prevalence of type II diabetes in the population as a result of changes
in the vegetable oil consumption of the population (Raheja, et al., 1993).

In the early stages of evolution, cellular growth and evolutionary success required that
the developing organism respond to a myriad of environmental factors. In particular, the
organism needed to be able to fulfill its nutrient needs and to develop a sense for nutrient
deficiency and excess in order to turn on pathways of synthesis or storage. Thus, nutrient
control of gene expression probably evolved as one of the earliest environmental sensor
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Fig. 2. Relation between n-6 : n-3 ratio in dietary lipids in Indian diet and prevalence of NIDDM.
(Raheja et al., 1993).

mechanisms. Nutrientregulation of gene expression remains, today, a fundamental player
in growth and development and is a key player in the development of nutritionally related
chronic diseases such as cardiovascular disease, hypertension, diabetes, arthritis, and
cancer. For this reason the role of EFA in gene expression is a major field of study. The
phospholipid class and fatty acid composition and cholesterol content of biomembranes
are critical determinants of physical properties of membranes and have been shown to
influence a wide variety of membrane-dependent functions, such as integral enzyme
activity, membrane transport, and receptor function. The ability to alter membrane lipid
composition and function in vivo by diet, even when EFAs are adequately supplied,
demonstrates the importance of diet in growth and metabolism (Galli, et al., 1971).

Complex interactions and displacements of the omega-3 and omega-6 fatty acids take
place in plasma and cellular lipids after dietary manipulations. Early steps of cell activa-
tion, such as generation of inositol phosphates, are induced by dietary fatty acids (Galli
etal., 1989). The effects of dietary fatty acids on the inositol phosphate pathway indicate
that diet-induced modifications of PUFA at the cellular level affect the activity of the
enzymes responsible for the generation of lipid mediators in addition to the formation of
products (eicosanoids) directly derived from their fatty acid precursors. This shows that
dietary fats affect key processes in cell function.

The role of omega-3 fatty acids in the control of gene expression is an area that is
expected to expand over the next 5 yr as we begin to understand the role of nutrients in
gene expression. It is known that nutrients, like hormones, influence and control gene
expression and research is now providing more examples (Rucker and Tinker, 1986).
Tables 13 and 14 summarize the effects of various PUFA on gene expression. Because
of their coordinate or opposing effects, both classes of PUFA are needed in the proper
amounts for normal growth and development. Although, so far, the studies in infants have
concentrated on the effects of PUFA on retinal and brain phospholipid composition and
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Table 13
Effects of Polyunsaturated Fatty Acids on Several Genes
Encoding Enzyme Proteins Involved in Lipogenesis, Glycolysis, and Glucose Transport

Lino- a-Lino- Arachi- Eicosa- Docosa-
Function lenic  lenic donic  penta- hexaenoic
and gene Ref. acid acid acid enoic acid  acid

Hepatic cells

Lipogenesis
FAS Clarke and Jump (1996) | | | ) )
Clarke and Jump (1993)
Clarke et al. (1990)
Clarke et al. (1977)
S14 Clarke and Jump (1996) | ! ! 1) 1)
Clarke and Jump (1993)
Clarke et al. (1990)
Clarke et al. (1977)
SCD1 Ntambi (1991) ! 1) 1) 1) 1)
SCD2 DeWillie and Farmer (1993) | | ! ! 1)
ACC Clarke and Jump (1996) | ! ! 1) 1)
ME Clarke and Jump (1996) 4 ! ! 1) 1)
Glycolysis
G6PD Jump and Clarke (1994) !
GK Jump and Clarke (1994) ! ! !
PK Liimaatta et al. (1994) — ! ! 1) 1)
Mature adiposites
Glucose transport
GLUT4 Tebbey et al. (1994) — — ) 1) —
GLUTI1 Tebbey et al. (1994) — — 1 1 —

| = suppresses or decreases; | = induces or increases.

IQ (Lucas et al., 1992; Eurocat Working Group, 1991), motor development is very much
dependent on intermediary metabolism and on overall normal metabolism, both of which
are influenced by fatty acid biosynthesis and carbohydrate metabolism.

The amounts of PUFA found in breast milk in mothers fed diets consistent with our
evolution should serve as a guide to determine omega-6 and omega-3 fatty acid require-
ments during pregnancy, lactation, and infant feeding. Of interest is the fact that satu-
rated, monounsaturated, and trans fatty acids do not exert any suppressive action on
lipogenic or glycolytic gene expression, which is consistent with their high content in
human milk serving primarily as sources of energy. Because nutrients influence gene
expression and many chronic diseases begin in utero or in infancy, proper dietary intake
of PUFA, even prior to pregnancy may be essential, as shown for folate deficiency in
the development of neural tube defects (Eurocat Working Group, 1991).

A balance between the omega-6 and omega-3 fatty acids is a more physiologic state
in terms of gene expression (Simopoulos, 1996), prostaglandin and leukotriene metabo-
lism, and interleukin-1 (IL-1) production (Simopoulos, 1991). The current recommenda-
tion to substitute vegetable oils (omega-6) for saturated fats leads to increases in IL-1,
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Table 14

Effects of Polyunsaturated Fatty Acids on Several Genes

Encoding Enzyme Proteins Involved in Cell Growth, Early Gene Expression,
Adhesion Molecules, Inflammation, 3-Oxidation, and Growth Factors

Lino- o-Lino- Arachi- Eicosa- Docosa-

Function leic lenic donic  penta- hexaenoic
and gene Ref. acid acid acid enoic acid  acid
Cell growth and
early gene
expression
c-fos Sellmayer et al., 1996 — — ) | |
Egr-1 Sellmayer et al., 1996 — — ) | !
Adhesion molecules
VCAM-1 mRNA® De Caterina et al., 1996 — — | b |
Inflammation
IL-1B Robinson et al., 1996 — — ) ! !
[-oxidation
Acyl-CoA oxidase® Clarke and Jump, 1996 1 () () ™ ()
Growth factors
PDGF Kaminski, 1993 — — 1 1) 1)

Note: VCAM, vascular cell adhesion molecule; IL, interleukin; PDGF, platelet-derived growth factor.
| suppresses or decreases, | induces or increases.

“Monounsaturated fatty acids (MONOs) also suppress VCAM1 mRNA, but to a lesser degree than does
DHA. AA also suppresses to a lesser extent than DHA.

bEicosapentaenoic acid has no effect by itself but enhances the effect of docosahexaenoic acid (DHA).

“MONOs also induce acyl-CoA oxidase mRNA.

prostaglandins, and leukotrienes, is not consistent with human evolution, and may lead
to maladaptation in those genetically predisposed.

The time has come to return the omega-3 fatty acids into the food supply. Progress in
this regard is being made (Simopoulos, 1998a; Simopoulos, 1999b; Simopoulos and
Robinson, 1999). In the past, industry focused on improvements in food production and
processing, whereas now and in the future, the focus will be on the role of nutrition in
product development and its effect on health and disease (Simopoulos, 1998c).

4. CONCLUSION

Several sources of information suggest that humans evolved on a diet with a ratio of
omega-6 to omega-3 fatty acids of approx 1, whereas today this ratio is approx 10-20: 1,
with an average of 16.74, indicating that Western diets are deficient in omega-3 fatty
acids compared with the diet on which humans evolved and their genetic patterns were
established. Because omega-3 fatty acids are essential in growth and development
throughout the life cycle, they should be included in the diets of all humans. Omega-3 and
omega-0 fatty acids are not intercovertible in the human body and are important compo-
nents of practically all cell membranes. Whereas cellular proteins are genetically deter-
mined, the PUFA composition of cell membranes is to a great extent dependent on the
dietary intake. Therefore, appropriate amounts of dietary omega-6 and omega-3 fatty
acids need to be considered in making dietary recommendations, and these two classes
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of PUFA should be distinguished because they are metabolically and functionally distinct
and have opposing physiological functions. Their balance is important for homeostasis
and normal development.
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APPENDIX I: RECOMMENDED DIETARY INTAKES
FOR OMEGA-6 AND OMEGA-3 FATTY ACIDS

On April 7-9, 1999, an international working group of scientists met at the National
Institutes of Health in Bethesda, Maryland (USA) to discuss the scientific evidence
relative to dietary recommendations of omega-6 and omega-3 fatty acids (Simopoulos,
etal., 1999). The latest scientific evidence based on controlled intervention trials in infant
nutrition, cardiovascular disease, and mental health was extensively discussed. Tables A1l
and A2 include the Adequate Intakes (AI) for omega-6 and omega-3 essential fatty acids
for adult and infant formula/diet, respectively.

Adults. The working group recognized that there are not enough data to determine
Dietary Reference Intakes (DRI), but there are good data to make recommendations for
Adequate Intakes (AI) for Adults as shown in Table Al.

Pregnancy and Lactation. For pregnancy and lactation, the recommendations are the
same as those for adults with the additional recommendation seen in footnote b of Table 2,
that during pregnancy and lactation women must ensure a DHA intake of 300 mg/d.

Composition of Infant Formula/Diet. It was thought of utmost importance to focus
on the composition of the infant formula considering the large number of premature
infants around the world, the low number of women who breast-feed, and the need for
proper nutrition of the sick infant. The composition of the infant formula/diet was based
on studies that demonstrated support for both the growth and neural development of
infants in a manner similar to that of the breast-fed infant (Table A2).

One recommendation deserves explanation here. After much discussion, consensus
was reached on the importance of reducing the omega-6 polyunsaturated fatty acids
(PUFASs) even as the omega-3 PUFAs are increased in the diet of adults and newborns
for optimal brain and cardiovascular health and function. This is necessary to reduce
adverse effects of excesses of arachidonic acid and its eicosanoid products. Such excesses
can occur when too much LA and AA are present in the diet and an adequate supply of
dietary omega-3 fatty acids is not available. The adverse effects of too much arachidonic
acid and its eicosanoids can be avoided by two interdependent dietary changes. First, the
amount of plant oils rich in LA, the parent compound of the omega-6 class, which is
converted to AA, needs to be reduced. Second, simultaneously the omega-3 PUFAs need
to be increased in the diet. LA can be converted to arachidonic acid and the enzyme,
A-6 desaturase, necessary to desaturate it, is the same one necessary to desaturate ALA,
the parent compound of the omega-3 class; each competes with the other for this
desaturase. The presence of LNA in the diet can inhibit the conversion of the large
amounts of LA in the diets of Western industrialized countries, which contain too much
dietary plant oils rich in omega-6 PUFAs (e.g., corn, safflower, and soybean oils). The
increase of LNA, together with EPA and DHA, and reduction of vegetable oils with high
LA content, are necessary to achieve a healthier diet in these countries.
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Table A1
Adequate Intakes” for Adults
Fatty acid Grams/d (2000 kcal diet) % Energy
LA 4.44 2.0
(upper limit)® 6.67 3.0
LNA 2.22 1.0
DHA + EPA 0.65 0.3
DHA to be at least’ 0.22 0.1
EPA to be at least 0.22 0.1
TRANS-FA
(upper limit)? 2.00 1.0
SAT
(upper limit)* — < 8.0
MONOs' — —

“If sufficient scientific evidence is not available to calculate an Estimated Average
Requirement, a reference intake called an Adequate Intake (AI) is used instead of a
Recommended Dietary Allowance. The Al is a value based on experimentally derived
intake levels or approximations of observed mean nutrient intakes by a group (or groups)
of healthy people. The Al for children and adults is expected to meet or exceed the amount
needed to maintain a defined nutritional state or criterion of adequacy in essentially all
members of a specific healthy population; LA = linoleic acid; LNA = a-linolenic acid;
DHA = docosahexaenoic acid; EPA = eicosapentaenoic acid; TRANS-FA = trans fatty
acids; SAT = saturated fatty acids; MONOs = monounsaturated fatty acids.

hAlthough the recommendation is for Al, the Working Group felt that there is enough
scientific evidence to also state an upper limit (UL) for LA of 6.67 g/d based on a 2000-kcal
diet or of 3.0% of energy.

“For pregnant and lactating women, ensure 300 mg/d of DHA.

Except for dairy products, other foods under natural conditions do not contain trans
FA. Therefore, the Working Group does not recommend trans FA to be in the food supply
as aresult of hydrogenation of unsaturated fatty acids or high-temperature cooking (reused
frying oils).

“Saturated fats should not comprise more than 8% of energy.

The Working Group recommended that the majority of fatty acids are obtained from
monounsaturates. The total amount of fat in the diet is determined by the culture and dietary
habits of people around the world (total fat ranges from 15% to 40% of energy) but with
special attention to the importance of weight control and reduction of obesity.
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Table A2
Adequate Intake” for Infant Formula/Diet
Fatty Acid Percent of fatty acids
LA? 10.00
LNA 1.50
AAC 0.50
DHA 0.35
EPAY
(upper limit) <0.10

“If sufficient scientific evidence is not available to calculate an Estimated Average Requirement, a
reference intake called an Adequate Intake (Al) is used instead of a Recommended Dietary Allowance. The
Al is a value based on experimentally derived intake levels or approximations of observed mean nutrient
intakes by a group (or groups) of healthy people. The Al for children and adults is expected to meet or exceed
the amount needed to maintain a defined nutritional state or criterion of adequacy in essentially all members
of a specific healthy population; LA = linoleic acid; LNA = a-linolenic acid; AA = arachidonic acid; DHA
=docosahexaenoic acid; EPA = eicosapentaenoic acid; TRANS-FA =trans fatty acids; SAT = saturated fatty
acids; MONOs = monounsaturated fatty acids.

The Working Group recognizes that in countries like Japan, the breast milk content of LA is 6—-10% of
fatty acids and the DHA is higher, about 0.6%. The formula/diet composition described here is patterned on
infant formula studies in Western countries.

“The Working Group endorsed the addition of the principal long-chain polyunsaturates, AA and DHA,
to all infant formulas.

EPA is a natural constituent of breast milk, but in amounts more than 0.1% in infant formula may
antagonize AA and interfere with infant growth.



2 Modulation of Receptor Signaling by
Phospholipid Acyl Chain Composition

Drake C. Mitchell and Burton J. Litman

1. INTRODUCTION

A guiding principle in the diverse investigations of biological molecules is that the
functional and structural properties of macromolecular assemblies are determined by
chemical and structural properties of the constituent molecules and the manner in which
those molecules interact. In biological membranes, this requires an understanding of how
membrane lipids, primarily phospholipids and cholesterol, and proteins interact with
each other and among themselves, so as to carry out a wide range of biological functions.
Most of the functions associated with biological membranes (e.g., signal transduction,
ion movement, energy conversion, etc.) are carried out by membrane proteins. The phos-
pholipids of neuronal and retinal cells are rich in highly unsaturated acyl chains, espe-
cially those of docosahexaenoic acid, 22:6n-3. A primary point of interest when
considering receptor signaling is the role of highly unsaturated phospholipids and their
effect on membrane protein function. Thus, the focus of this chapter will be on highly
unsaturated acyl chains as components of phospholipids and their role in modulating
membrane-associated signaling pathways. Therefore, the effects of polyunsaturated free
fatty acids on the function of membrane proteins, such as L-type calcium channels (Kang
& Leaf, 2000), y-aminobutyric acid receptor (Nabekura et al., 1998), and voltage-gated
potassium channels (Poling et al., 1996) will not be discussed.

Among the polyunsaturated fatty acid constituents of phospholipids, 22:6n-3 is among
the most important. This fatty acid represents about 50% of the phospholipid acyl chain
composition of the retinal rod outer segment (ROS) disk membrane (Stinson etal, 1991a)
and about 40% of the acyl chains in synaptosomal membranes. It is also abundant in the
membranes of neuronal and sperm cells (Salem, 1989). The importance of 22:6n-3 in
retinal function is indicated by the difficulty in depleting this fatty acid in the retina by
dietary manipulation (Stinson et al, 1991b; Bazan et al, 1993). The general importance
of DHA in the nervous system is demonstrated by the observed visual and cognitive
deficits in animals maintained on an n-3-deficient diet (for reviews, see Hamosh &
Salem, 1998; Gibson & Makrides, 1998). Neuringer et al. (1984) have shown in nonhu-
man primates, that infants born to mothers raised on n-3-deficient diets have impaired
visual response. Birch et al. (2000) have studied a group of preterm infants, which were
fed formula, formula supplemented with 22:6n-3, or breast-fed. In cognitive and visual
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testing, the 22:6n-3 supplemented and breast-fed groups showed significantly better
performance than the formula-fed group.

Several psychological disorders are currently being discussed in terms of the effect of
the physical state of the membrane lipids on neurotransmitter receptor function. Hibbeln
and Salem (1995) suggest that serotonin levels and membrane 22:6n-3 content are directly
linked, whereby low 22:6n-3 yields low serotonin. This results in an individual being
susceptible to depression or other affective diseases. These authors suggest that the
depletion of 22:6n-3 induces a change in membrane physical properties, which, in turn,
influences the function of either serotonergic receptors or serotonin reuptake systems.

In other literature, a conflict in the role of cholesterol in depression and suicide is evident.
The rate of suicide and depression has been linked to total serum cholesterol levels. Suicide
and violent behavior have been correlated with low serum cholesterol (Muldoon et al, 1990;
Engelberg, 1992); however, a recent report indicates that the ratio of violent to nonviolent
suicide rates correlates directly with total serum cholesterol (Tanskanen et al, 2000). The
latter study suggests that the ratio of violent to nonviolent suicide rates, rather than the total
suicide rate, might be a better correlative parameter with cholesterol levels.

The importance of investigating how cholesterol content and acyl chain composition
alter the physical properties of membranes is highlighted by the functional deficits asso-
ciated with 22:6n-3-deficient diets and the antisocial behavior associated with varied
cholesterol levels. In the context of psychological disease and neurotransmitter receptor
function, it is important to investigate how compositionally induced changes in mem-
brane physical properties influence membrane-associated signaling processes.

The visual transduction pathway is the best characterized G-protein-coupled signal
transduction system. Study of the visual receptor, rhodopsin, over the past several decades
has made it the archetype of the growing superfamily of heptahelical G-protein-coupled
receptors (reviewed in Litman & Mitchell, 1996a). The preeminent position of rhodopsin
in this important superfamily will likely increase with the recent publication of the three-
dimensional structure of rhodopsin (Palczewski et al., 2000). Many neurotransmitter
receptors, as well as the olfactory and taste receptors, are members of this superfamily.
Therefore, the effect of lipid membrane composition on various steps in visual signaling
will be reviewed in some detail in this chapter. Given the similarity in mode of signaling,
the observations made for the vision system should be of general applicability to other
members of this receptor superfamily.

2. PROPERTIES OF POLYUNSATURATED PHOSPHOLIPID BILAYERS

In order to understand the biophysical mechanisms whereby polyunsaturated phos-
pholipid acyl chains may alter membrane protein function, a number of investigators
have examined model bilayer systems consisting of defined phospholipid composition.
Measurements with a wide variety of techniques demonstrate that the introduction of a
single cis double bond into a saturated acyl chain results in a large decrease in both acyl
chain intramolecular order and the intermolecular acyl chain packing order in the liquid-
crystalline or fluid phase. However, the effects of higher levels of unsaturation are not as
widely agreed upon and appear to vary depending on the specific location of the double
bonds and on whether one or both phospholipid acyl chains are unsaturated. Knowledge
of the effects of acyl chain unsaturation on bilayer properties is especially incomplete for
high levels of polyunsaturation (i.e., four or more double bonds). It does not appear that



Chapter 2 / Modulation of Receptor Signaling 25

the effects of a single double bond on acyl chain packing lead to a general description that
can be used to explain the effects of high levels of polyunsaturation on molecular order
and bilayer properties. However, direct investigation of the properties of highly polyun-
saturated bilayers with a variety of techniques has significantly advanced our understand-
ing of these systems in recent years.

Among the wide range of bilayer properties that are determined by the degree of acyl chain
unsaturation, special emphasis in this chapter will be given to bilayer properties thathave been
proven or postulated to modulate the activity of one or more membrane proteins. Widespread
attention has been accorded three physical mechanisms wherein a compositionally derived
membrane property is correlated with membrane protein function: these are curvature strain
(Epand, 1998; Gruner 1985), membrane thickness (Killian, 1998), and acyl chain packing
(Hazel, 1995; Litman & Mitchell, 1996b). The effect on bilayer properties of the interaction
of cholesterol with polyunsaturated acyl chains will also be reviewed.

2.1. General Physical Properties

Phospholipids containing unsaturated acyl chains melt or undergo the gel to liquid-
crystalline phase transition, 7),, at much lower temperatures than phospholipids with
saturated acyl chains containing an equal number of carbon atoms. For sn-/ saturated, sn-2
unsaturated phospholipids, the first double bond in the sn-2 chain produces the greatest
depression in the 7). The 7,, for 16:0,18:0 phosphatidylcholine (PC) is 321 K, whereas
the 7, for 16:0,18:1n9 is 271 K, and the 7,, for 16:0,18:2n6 PC is 255 K (Hernandez-
Borrell et al., 1993). This trend is also observed for PCs with an 18:0 chain in the sn-/
position (Niebylski & Salem, 1994). A simple, elegant molecular model has been pre-
sented recently that explains the 7, values of sn-/ saturated, sn-2 unsaturated phospho-
lipids in terms of the number and position of cis carbon—carbon double bonds (Huang and
Li, 1999). For diunsaturated PCs, the incremental reduction in 7, with increased number
of double bonds is also quite small; the 7, for di18:2n6 PCis 216 K, whereas for di22:6n3
PC,the T, is205 K (Karieletal., 1991; Keoughetal., 1987). The relatively similar values
of the T, for dienes and higher polyenes show that the energetic difference between the
gel and liquid crystalline states for these lipids are comparable. However, as detailed
below, levels of phospholipid acyl chain unsaturation beyond two double bonds leads to
alteration of other important bilayer properties.

Highlevels of phospholipid acyl chain unsaturation produce lipid bilayers with unique
mechanical or material properties. Micropipet pressurization measurements demonstrate
that bilayers composed of symmetrically substituted polyunsaturated acyl chain phos-
pholipids are more flexible than bilayers composed of sn-/-saturated, sn-2-mono-
unsaturated phospholipids of the same thickness (Rawicz et al., 2000). Similar
measurements demonstrate that the area expansion modulus of di20:4 PC is much lower
than that of bilayers composed of saturated or monounsaturated PCs, indicating that high
levels of unsaturation yield less cohesive acyl chain packing, which results in a reduction
in the energy required for membrane expansion (Needham & Nunn, 1990). The elastic
area compressibility modulus is an indicator of the relative amount of energy required
to compress a bilayer. The elastic area compressibility modulus for 18:0,22:6 PC is
half that of 18:0,18:1 PC, and in 18:0,22:6 PC, the 18:0 chain is less compressible
than the 22:6 chain (Koenig et al., 1997). These results demonstrate that the presence
of polyunsaturated acyl chains reduces the amount of energy required to elastically
deform a phospholipid bilayer and imparts a higher degree of compressibility.
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It was recently shown that for bilayers composed of phospholipids with 18-carbon
chains, increasing acyl chain unsaturation increases water permeability to such an extent
that di18:3 PC is five times as permeable to water as 18:0,18:1 PC (Olbrich et al., 2000).
Increased water permeation with increased acyl chain unsaturation does not appear to
require both chains to be unsaturated, as 18:0,22:6 PC is about four times as permeable
as 18:0,18:1 PC, but only about 30% less permeable than di22:6 PC (Huster et al., 1997).

2.2. Bilayer Thickness

Several investigators have reported variation in bilayer thickness with changing acyl
chain unsaturation. X-ray diffraction measurements of peak-to-peak headgroup spacing
show that a di18:2n6 PC bilayer is 2 A thinner than a di18:1n9 PC bilayer. However, in
a di20:4 PC bilayer, the bilayer thickness is reduced by only 0.5 A, to 34.4 A, relative to
a dil8:2n6 PC bilayer (Rawicz et al., 2000). This is consistent with deuterium nuclear
magnetic resonance (NMR) measurements on sn-/ saturated, sn-2 unsaturated PCs, which
indicate that 18:0,22:6 PCisonly 1 A thinner than 18 :0,18:1 PC and that bilayer thickness
is not further reduced after more than three double bonds are introduced to the sn-2 acyl
chain (Holte et al.,1995). Both x-ray diffraction and NMR measurements demonstrate
that variation in acyl chain unsaturation produces relatively small changes in bilayer
thickness.

2.3. Curvature Strain

Biological membranes are lamellar bilayers and lipid mixtures, extracted from bio-
logical membranes, form liquid-crystalline-phase bilayers under physiological condi-
tions (McElhaney, 1984). However, some of the phospholipid components of biological
membranes consist of nonbilayer phases in a purified form (Cullis & De Kruijff, 1979).
Phospholipids with a headgroup cross-sectional area that is smaller than the cross-
sectional area of the volume occupied by the acyl chains do not pack well into a planar
bilayer; thus, they tend to undergo a lamellar to nonbilayer or inverted hexagonal (HII)
phase transition. The stress that nonbilayer preferring lipids create in planar biological
membranes has been termed curvature stress or curvature strain (Epand, 1998). A phos-
phatidylethanolamine (PE) headgroup is much smaller than a PC head group; thus, the
presence of PE in a membrane contributes to curvature strain. A good measure of the
relative curvature strain introduced by phospholipids is the temperature of their lamellar
to hexagonal phase transition, 7y, with a lower Ty indicating greater curvature strain. For
phospholipids with a PE headgroup, T is reduced as the unsaturation of the acyl chains
increases (Dekker et al., 1983). This is consistent with the results of NMR measurements,
which show that the cross-sectional area of the volume occupied by the phospholipid acyl
chains increases with unsaturation (Holte et al., 1995; 1996). Curvature strain is also
sensitive to the position of the unsaturation, as 7 for di18:1n9 PE is 20°C lower than for
either dil8:1n6 PE or dil8:1nl11 PE (Epand et al., 1996). Thus, membrane curvature
strain may be altered by changes in either phospholipid headgroup composition or acyl
chain unsaturation.

2.4. Acyl Chain Packing

Most biophysical studies of the effects of highly polyunsaturated phospholipid acyl
chains on membranes have focused on changes in acyl chain packing, sometimes referred
to as “fluidity,” a term which has no validity at the dimensions of the bimolecular leaflets
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forming a membrane. Changes in acyl chain packing are commonly characterized via
changes in the steady-state anisotropy of a fluorescent probe like 1,3,5-diphenylhexatriene
(DPH). A number of studies have demonstrated that a great deal more information about
phospholipid acyl chain packing can be obtained from an analysis of the time-resolved
decay of DPH fluorescence anisotropy in terms of an orientational distribution model
(Mitchell & Litman, 1998a; Straume & Litman, 1987; Straume & Litman, 1988; van
Ginkel et al., 1989). These studies show in detail that increased acyl chain polyunsatura-
tion decreases the cohesion or tightness of acyl chain packing.

In sn-1 saturated, sn-2 unsaturated species, the orientation order decreases and the
probe motional dynamics increase as the unsaturation of the sn-2 chain is increased. The
degree of orientation order drops dramatically in dipolyunsaturated species compared
with PCs that contain a saturated sn-/ chain and a polyunsaturated sn-2 chain (Mitchell
& Litman, 1998a). The reduction in acyl chain packing order upon going from a
disaturated PC to amonounsaturated PC is well known, and symmetric, monounsaturated
PCs such as dil8:1n9 PC are often used in studies employing model membranes as
representative of unsaturated phospholipid bilayers. However, the difference between a
symmetrically substituted, highly polyunsaturated bilayer and a symmetrically substi-
tuted, monounsaturated bilayer is much greater than the difference between a
monounsaturated bilayer and a bilayer where all of the acyl chains are saturated (Mitchell
& Litman, 1998a).

The relative differences in acyl chain packing among highly unsaturated, monoun-
saturated, and saturated bilayers can be illustrated by comparing the angular orientations
available to DPH (i.e., the DPH orientation distribution), for each bilayer. The relative
probability of all DPH orientations, ranging from parallel to the bilayer normal (0°) to
parallel to the plane of the membrane (90°) is derived from time-resolved measurements
of DPH fluorescence. The 0° population is approximately parallel to the acyl chains,
whereas the 90° population of DPH molecules is in the bilayer midplane (Mitchell &
Litman, 1998a,b; Straume & Litman, 1987, 1988; van Ginkel et al., 1989). Comparisons
of the DPH orientation probability for di14:0 PC with both di18:1 PC and di22:6 PC are
shown in Fig. 1. The curves are the result of subtracting the orientation distribution for
DPH in the di14:0 PC bilayer from the DPH orientation distribution in the unsaturated
bilayer. Areas above the zero line indicate the range of angular orientations of DPH that
are permitted to a greater extent in the unsaturated PCs than in di14:0 PC. Areas below
the zero line indicate the range of angular orientations where DPH is has a higher prob-
ability of being located in di14:0 PC than it has being located in the unsaturated PCs. The
curves in Fig. 1 show that the DPH population in the bilayer midplane, centered about 90°,
is greater in both unsaturated bilayers thanin di14:0 PC. However, the “difference curve”
for di14:0 PC in Fig. 1 is the zero line, and the difference curve for dil18:1 PC deviates
much less from the zero line than the difference curve for di22:6 PC. This comparison
shows that acyl chain packing in di18:1 PC is more similar to that found in di14:0 PC than
itis to that found in di22:6 PC. In terms of important membrane properties, such as acyl
chain packing, bilayer area per molecule, and water permeability, a bilayer consisting
exclusively of monounsaturated acyl chains bears more resemblance to a saturated bilayer
than it does to a bilayer containing highly polyunsaturated acyl chains, which is more
representative of neuronal membranes.

In an early molecular modeling study, it was determined that the highest probability
geometries for 22:6n-3 acyl chains were essentially linear, rigid configurations that would
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Fig. 1. Difference in orientation probability for the fluorescent membrane probe DPH in di14:0
PC compared todil8:1 PC (—) and di14:0 PC compared to di22:6 PC (---). Each curve is the result
of subtracting the probability distribution for DPH orientation in the di14:0 PC from the probabil-
ity distribution for DPH orientation in the unsaturated bilayer. Regions above the zero line corre-
spond to a range of angular orientations that have a higher probability in the unsaturated bilayer
than in dil4:0 PC.

facilitate the formation of tightly packed two-dimensional arrays (Applegate & Glomset,
1986). However, the experimental evidence published to date, regarding either 22:6n-3
chain packing or conformation indicates that 22:6n-3 acyl chains have a high degree of
flexibility and do not have a high probability of being in an extended linear conformation.
A series of NMR measurements have shown that 22:6n-3 acyl chains are loosely packed
in fluid-phase bilayers and individual 22:6n-3 acyl chains have very low orientational
order (Holte et al., 1995; Holte et al., 1996; Huster et al., 1998). The area of the bilayer
occupied by a phospholipid molecule is a strong indicator of the orderliness of acyl chain
packing. The area per molecule for 18:0,22:6 PC is approx 12% higher than in 18:0,18:1
PC (Koenig et al., 1997), indicating a higher degree of disorder in the 18:0,22:6 PC.
Monolayer studies show that, at the lateral surface pressure corresponding to biological
membranes, the area per molecule for di22:6 PC is 50% greater than for 18:0,22:6 PC
(Zerougaetal., 1995), which is consistent with greater bilayer free volume in a di22:6 PC
bilayer than in a 16:0,22:6 PC bilayer, particularly in the bilayer midplane (Mitchell &
Litman, 1998a).

Both increased temperature and increased acyl chain unsaturation introduce disorder
in phospholipid acyl chain packing; thus, their effects on bilayer properties are often
compared and discussed as being equivalent perturbations on the bilayer structure. How-
ever, detailed studies of the effect of these two factors on both intrachain order and acyl
chain packing reveal significant differences. The difference between temperature-induced
disorder and sn-2 unsaturation-induced disorder of the saturated sn-/ acyl chain is illus-
trated in Fig. 2A. The difference in NMR order-parameter data is plotted for each methyl
group of the saturated 18:0 sn-1 acyl chain. The two difference curves show that the
disorder caused by exchanging 18:1n-9 at the sn-2 position for 22:6n-3, occurs mainly
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Fig. 2. Increased acyl chain unsaturation and increased temperature produce dissimilar increases
in acyl chain disorder. (A) Difference order-parameter profiles, AS(n), of deuterium NMR mea-
surements on perdeuterated 18:0 in the sn-1 position as a function of changes in temperature and
unsaturation at the sn-2 position. @: AS(n) between 18: O ,22:6 PCand 18: 0 ,18:1PC;O:AS(n)
for 18: O ,18:1 PC between 27°C and 47°C. Carbon atoms are numbered beglnmng at the glycerol
backbone. (Data from Gawrisch and Holte, 1996; used by permission of K. Gawrisch). (B) Dif-
ference in orientation probability for the fluorescent membrane probe DPH. Orientation distribu-
tion of DPH in 16:0,18:1 PC at 40°C minus that in 20°C (—), and the distribution of di22:6 PC
minus that of 16:0,18:1 PC at 20°C (---).

in the terminal half of the acyl chain, whereas the disorder induced by raising the tem-
perature occurs over the entire chain.

Elevated temperature and increased unsaturation also have distinct effects on the
average acyl chain packing. DPH orientation difference curves that compare the DPH
orientation probability in 16:0,18:1 PC between 20°C and 40°C, and between 16:0,18:1
PC and di22:6 PC are shown in Fig. 2B. The solid curve shows that raising the temperature
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reduces the population oriented parallel to the acyl chains and increases the population
in the bilayer midplane, oriented parallel to the bilayer surface. This shift indicates that
an increase in temperature alters acyl chain packing in such a way that the bilayer mid-
plane can accommodate a larger fraction of the DPH molecules. However, the distribu-
tions remain fairly narrow. The region below the zero line in the dashed curve shows
that the presence of 22:6n-3 acyl chains also reduces the DPH population oriented
parallel to the acyl chains. However, the dashed curve above the zero line shows that the
presence of 22:6n-3 acyl chains produces a pronounced broadening of both orientational
modes, rather than just a shift of DPH from the parallel mode to the perpendicular mode.
The two comparisons in Fig. 2 demonstrate that elevated temperature and increased acyl
chain unsaturation have distinct effects on both acyl chain disorder and average acyl
chain packing and that the properties of highly unsaturated membranes are not equivalent
to more saturated membranes at a higher temperature.

2.5. Interaction With Cholesterol

Itis well established that cholesterol has a strong ordering effect on saturated phospho-
lipid acyl chains in the fluid phase. This results in condensation of phospholipid mono-
layers and a reduction in enthalpy of the main gel to liquid-crystalline phase transition.
These effects are reduced as sn-2 acyl chain unsaturation is increased for phospholipids
with a saturated sn-/ chain (Hernandez-Borrell et al., 1993; Smaby etal., 1997), although
the proximity of the double bonds to the headgroup is as important as the number of
double bonds (Stillwell et al., 1994).

For all symmetrically substituted, unsaturated PCs, the chain-ordering effect of cho-
lesterol is greatly reduced when compared with the corresponding sn-1 saturated, sn-2
unsaturated PC, and the effect of cholesterol decreases as the level of unsaturation
increases (Mitchell & Litman, 1998b). A few studies have examined the effects of cho-
lesterol in bilayers consisting of dipolyunsaturated PCs. All of these studies demonstrate
that even at concentrations above 30 mol%, cholesterol has very little effect on the acyl-
chain-packing properties of dipolyunsaturated bilayers. In both di20:4 PC and di22:6 PC,
cholesterol has almost no effect on the gel-liquid-crystalline phase transition (Kariel et
al., 1991), causes minimal change in acyl chain packing (Mitchell & Litman, 1998b), and
causes only a small increase in the monolayer elastic area compressibility modulus
(Smaby et al., 1997). In 18:0,18:1 PC bilayers, 50 mol% cholesterol increases the elastic
area expansion modulus by 600 dyn/cm, whereas in di20:4 PC, 50 mol% cholesterol
increases this parameter by only 50 dyn/cm (Needham & Nunn, 1990). The best expla-
nation of these observation comes from a deuterium NMR study, which showed that
cholesterol is soluble in di20:4n6 PC only to 15 mol% and that the molecular organization
of cholesterol in this bilayer is profoundly different from that observed in sn-/ saturated,
sn-2 polyunsaturated bilayers (Brzustowicz et al., 1999).

In recent years, much evidence has accumulated for lateral membrane domains that
differ in their relative cholesterol content (Schroeder et al., 1995). In addition, it has been
proposed that high levels of sn-2 unsaturation may promote formation of microdomains,
in which the saturated sn-/ chains preferentially interact with each other (Litman et al.,
1991). Several studies of cholesterol in bilayers containing high levels of polyunsaturation
have reported evidence of lateral domains, which are driven by the preference of choles-
terol for saturated acyl chains over polyunsaturated acyl chains (Huster et al., 1998;
Mitchell & Litman, 1998b; Polozova & Litman, 2000; Zerouga et al., 1995). The recent
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Fig. 3. Schematic representation of lateral domains in a bilayer consisting of di16:0 PC (dark
ovals), di22:6 PC(striated ovals), cholesterol (small, light ovals) ina 7 : 3 : 3 ratio and rhodopsin
(large gray ovals) at a 100 : 1 ratio of PC : rhodopsin. Rhodopsin is in a cluster, highly enriched
in 22:6n-3 acyl chains, whereas cholesterol is mainly associated with the saturated 16:0 acyl
chains. The enrichment of di22:6 PC in the cluster around rhodopsin is enhanced about six times
relative to the bulk concentration. The cluster extends about three layers around rhodopsin.

work of Polozova and Litman (2000) is especially significant in terms of biological
mechanisms, because it was found that in a mixed PC system composed of di16:0 PC and
di22:6 PC, lateral domain behavior was observed only when both cholesterol and the
integral membrane protein rhodopsin were included in the bilayer. A conceptual diagram
of the proposed protein-containing microdomains is shown in Fig. 3. The observation that
rhodopsin was essential for the formation of domains and showed a distinct preference
for di22:6 PC indicates a mechanism whereby changes in either phospholipid acyl chain
unsaturation or membrane cholesterol could control membrane domain formation and,
thereby, integral membrane protein function.

3. EFFECTS OF ACYL CHAIN COMPOSITION
ON MEMBRANE PROTEIN FUNCTION

Numerous studies have been published describing modulation of membrane protein
function by changes in the degree of unsaturation of the phospholipid acyl chains. It is
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convenient to divide these studies into two types, those that investigated membrane
protein function in natural membranes and those that examined the function of purified
membrane proteins reconstituted with defined phospholipids. The literature abounds
with examinations of the effects of diets or drugs on a wide range of physiological and
behavioral outcomes. In this chapter, we are concerned with the relatively few studies that
have examined the isolated function of one or more specific receptors and performed an
analysis of the composition of the receptor’s host membrane.

Several different receptor systems in the heart have been examined in this kind of
detail. The amount of 22:6n-3-containing phospholipid in the sarcolemmal membranes
of rats was elevated by injections of hydrocortisone, and this was accompanied by a
downregulation of -adrenergic receptors (Skuladottir et al., 1993). This finding is sup-
ported by the results of a detailed examination of 22:6n3-supplemented cardiomyoctes
(Grynberg et al., 1995). Fatty acid enrichment produced cells in which 20% of the total
fatty acids were 22:6n3. The a-adrenergic system was unaffected, but the p-adrenergic
receptors had a decreased affinity for ligand. In a study of streptozotocin-induced diabe-
tes mellitus, the sarcoplasic reticulum membranes of treated rats showed a loss of arachi-
donic acid, 20:4n6, acyl chains and an increase in 22:6n-3 (Kuwahara et al., 1997). This
was accompanied by decreased sodium/potassium-ATPase activity and a reduction in
calcium uptake.

A number of different types of membrane protein have been examined in reconstituted
lipid vesicles containing high levels of acyl chain unsaturation, 20:4n6 or 22:6n3. These
include sarcoplasmic reticulum calcium ATPase (Matthews et al., 1993), protein kinase
C (PKC) (Giorgione et al., 1995; Slater et al., 1994;), gramicidin (Cox et al., 1992), and
rhodopsin (Brown, 1994; Gibson & Brown, 1993; Litman & Mitchell, 1996b; Mitchell
etal., 1990; Mitchell et al., 1992; O’Brien et al., 1977; Wiedmann et al., 1988). Higher
levels of acyl chain unsaturation promote membrane protein function in all of these
membrane proteins except calcium ATPase. Calcium ATPase was reconstituted into PCs
with a 16:0 acyl chain at the sn-/ position and 18:0, 18:1n9, 18:2n6, 20:4n6, or 22:6n3
acyl chain at the sn-2 position. Enzyme function obtained with 18:1n9 or 18:2n6 at the
sn-2 position was more than 10 times higher than that obtained with 20:4n6 or 22:6n3
at the sn-2 position (Matthews et al., 1993). In the other studies cited above, the highest
level of protein function was obtained in the most highly unsaturated bilayer examined.
However, there is no agreement among these studies regarding the physical property
of the bilayer and the associated forces, which promote membrane protein function in
highly unsaturated bilayers. The following subsections describe studies, wherein the
authors have attributed their observations relative to membrane protein function to
bilayer thickness, curvature stress, or acyl chain packing properties (e.g., acyl chain
packing free volume).

3.1. Bilayer Thickness

Relatively large changes in membrane thickness have been demonstrated to alter the
function of integral membrane proteins. An example of the magnitude of the change in
membrane thickness needed to alter protein function is provided by studies of the sarco-
plasmic reticulum calcium ATPase. Activity of this integral membrane protein in bilay-
ers with symmetrically substituted, monounsaturated acyl chains with 16, 18, or 20
carbons is nearly constant. However, when the acyl chains are shortened to 14 carbons
or lengthened to 22 carbons, activity is reduced by more than a factor of 3 (Lee, 1998).
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This indicates that extreme changes in membrane thickness can alter protein function.
However, the small changes in membrane thickness caused by physiologically relevant
changes in acyl chain unsaturation are well within the range of constant calcium ATPase
activity and seem unlikely to alter the function of other integral membrane proteins.

3.2. Curvature Strain

The activity of several different membrane proteins has been correlated with the
propensity of the lipids composing the membrane to form nonlamellar structures or the
curvature strain of the host bilayer (Epand, 1998; Li et al., 1995). Examples of alteration
of membrane protein function via variable acyl chain composition, which were inter-
preted as changes in curvature stress, are provided by mitochondrial ubiquinol—
cytochrome-c reductase and H* ATPase. When these protein are reconstituted into
liposomes of dil18:1n9-cis PC and dil8:1n9-trans PE, their activity is increased as the
percentage of dil18:1n9-cis PE is raised, whereas the addition of di18:1n9-trans PE had
no effect (Li et al., 1995). This demonstrated that the effect was not the result of the
addition PE headgroups to the bilayer and suggested that it was related to the greater
propensity of dil18:1n9-cis to form a nonbilayer phase.

Epand and co-workers found that 22:6n-3 acyl chains produced the highest level of
PKC function when incorporated into PE, but not PC, and the activity was correlated with
increased partitioning of PKC to the membrane (Giorgione et al., 1995). Stubbs and
co-workers found that PKC activity was optimal when the membrane had a combination
of headgroup spacing and bilayer curvature, which could be obtained with a mixture of
PEs and PCs containing a 22:6n3 acyl chain (Slater et al., 1994). The rate at which
gramicidin converted from a nonchannel to a channel-forming conformation was highest
in PC membranes, which contained 22:6n3 acyl chains or PE phospholipids, and it was
proposed that this is the result of increased curvature stress (Cox et al., 1992).

A recent detailed study of calcium-ATPase function and phospholipid motion con-
cluded that PE headgroups promote the activity of calcium ATPase by specific
noncovalent interactions, rather than by bilayer curvature stress, as had been previously
proposed (Hunter et al., 1999). In biological membranes, which contain both PE and PC
and arange of acyl chain compositions, the effects of polyunsaturated acyl chains and PE
headgroups on curvature stress can be difficult to assess, because of the complex influ-
ence the acyl chains of one phospholipid species exert on those of other species (Holte
etal., 1996; Separovic & Gawrisch, 1996). Although quantitative correlation of protein
function with curvature stress derived from acyl chain unsaturation remains difficult,
there is ample evidence to suggest that the curvature stress induced by high polyunsatu-
rated acyl chains could be functionally significant. The challenge is to measure both
alterations in function and curvature stress in the same system, so as to allow a direct
correlation between these membrane properties.

Rhodopsin, the light receptor in the G-protein-coupled visual transduction system, has
been studied extensively in reconstituted systems. Light converts rhodopsin’s antagonist,
11-cis retinal, to the agonist, all-trans retinal, resulting in the formation of activated
receptor. The conformation of activated receptor, which binds the visual G protein,
metarhodopsin II (MII), exists in equilibrium with an inactive conformation, metar-
hodopsin I (MI). Thus, the extent of functional activation is given by the equilibrium
between MI and MII. The general observation is that the formation of MII is highest in
bilayers composed of phospholipids with 22:6n3 acyl chains. In a series of experiments,



34 Part I / Basic Mechanisms

Brown and co-workers demonstrated that components that produce curvature strain could
replace 22:6n3 acyl chains without compromising the extent of formation of MII. The
ability of PE headgroups to support optimal rhodopsin function was analyzed in mixtures
of di18:1 PC and di18:1 PE. MII formation in bilayers composed of 75% di18:1 PE and
25% di18:1 PC was found to be equivalent to that observed in bilayers where 50% of the
acyl chains are 22:6n-3 (Brown, 1994). In a second set of measurements, it was found that
diphytanoyl PC was as effective as di22:6 PC in promoting MII formation in PC/PE/PS
mixtures, which mimicked the headgroup composition of the native rod outer segment
disk membrane (Brown, 1994). Based on these findings, Brown has proposed that MII
formation is facilitated by a lipid bilayer, which has curvature strain because the forma-
tion of MII results in a release of the curvature strain in the bilayer adjacent to rhodopsin
(Brown, 1994). Although these studies provide a strong inference relative to the role of
curvature strain in modulating MII formation, this interpretation suffers from a lack of
direct measurements of curvature strain on the reconstituted membrane systems used in
this study.

3.3. Acyl Chain Packing

An alternative explanation of the promotion of MII formation comes from direct
measurements of acyl chain packing in rhodopsin-containing bilayers composed of a
series PCs with varying levels of acyl chain unsaturation and cholesterol (Litman &
Mitchell, 1996b; Mitchell et al., 1990; Mitchell et al., 1992). Acyl chain packing was
characterized by analyzing the decay of fluorescence anisotropy of the membrane probe
DPH in terms of the orientation distribution of DPH in the bilayer. The orientation
distribution of DPH was summarized by a parameter, F',, which is a measure of the
difference between the DPH orientation distribution in the sterically restricted space of
the bilayer and that which would be observed for an unrestricted free-tumbling DPH
molecule (Mitchell & Litman, 1998a; Straume & Litman, 1987). F is positively corre-
lated with the acyl chain packing free volume. Both MII formation and, F', were measured
in bilayers composed of a variety of PCs with and without cholesterol.

Examples of the effects of acyl chain composition and cholesterol on the MI-MII
equilibrium constant, K, are summarized in Fig. 4. The equilibrium constant for the
formation of MII from its inactive precursor MI, K, was measured in these rhodopsin-
containing vesicles. For each acyl chain composition, K, was determined to be linearly
correlated with F, in a manner that was independent of cholesterol content (Mitchell et al.,
1990; Mitchell et al., 1992). These correlations demonstrate that each acyl chain
composition produces a unique correlation between MII formation and acyl chain pack-
ing that is not altered by cholesterol. The bars in Fig. 4 demonstrate that high levels of
acyl chain unsaturation enhance MII formation. The linear correlations between K, and
F, demonstrate that this enhancement is related to the higher degree of disorder in acyl
chain packing, resulting in increased acyl chain packing free volume. An unexplored
question is whether the enhancement of MII formation by PE phospholipid groups is also
correlated with acyl chain packing disorder.

In visual signal transduction, activation proceeds from the receptor, rhodopsin, to the
effector, phosphodiesterase (PDE), via the visual G protein, G,. Each MII sequentially
binds and activates up to 100 G,, thus MII-G, binding initiates the first stage of signal
amplification in the visual pathway. Litman et al. (2001) have studied the phospholipid
acyl chain dependence of the kinetics of formation of both the MII conformation and the
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Fig. 4. Examples of the effects of acyl chain composition (white bars) and cholesterol (gray bars)
on K, for the MI-MII equilibrium of photolyzed rhodopsin at 37°C. Higher values of K, corre-
spond to higher equilibrium concentrations of MII, the state of photolyzed rhodopsin that partici-
pates in visual signal transduction by binding the visual G protein.

MII-G, complex. The temporal nature of the interaction of MII and G, is characterized
by the ratio of the rate of formation of the MII-G, complex divided by the formation
rate of MII. This ratio varied from 1.39 to 4.95 in native disk membranes and 18:0,18:1
PC bilayers, respectively. In 18:0,22:6 PC bilayers, the ratio had an intermediate
value of 3.46.

An important feature of 22:6n-3-containing bilayers is the ability to buffer the inhibi-
tory effects of cholesterol. The inclusion of 30 mol% cholesterol in an 18:0,22:6 PC
bilayer had relatively little effect on MII coupling to G,, whereas this level of cholesterol
in 18:0,18:1 PC bilayers resulted in a ratio of 9.1 and an increase in lag time for complex
formation of 6.5-fold, relative to native disk membranes. Complex formation involves
MII and G, diffusion in the surface of the membrane. The increased lag time suggests that
the diffusion process is dramatically slowed by the presence of cholesterol in 18:0,18:1
PC, whereas this process is relatively unaffected by cholesterol in 18:0,22:6 PC bilayers.
A delay in the coupling of MII with G, decreases the response time of the pathway. In
addition to the kinetics of MII-G, complex formation, a reduced binding affinity of MII
to G, was observed in 18:0,18:1 PC relative to 18:0,22:6 PC bilayers (Niu, Mitchell, and
Litman, unpublished results). The addition of cholesterol reduced the binding affinity of
MII for G, to a greater degree in 18:0,18:1 PC bilayer than in 18:0,22:6 PC bilayers. Thus,
signal amplification along the pathway will be reduced in less unsaturated bilayers. These
data demonstrate explicitly that 22:6n-3-containing phospholipids can buffer the inhibi-
tory effects of cholesterol in a signaling pathway and highlight the potential importance
of 22:6n-3 acyl chains in optimizing both the response time and magnitude of response
in signaling pathways.

In the visual pathway, the activity of the PDE is a measure of the integrated pathway
activity. Litman et al. (2001) studied the phospholipid acyl chain dependence of the light-
stimulated PDE activity. This study was carried out in reconstituted systems, which
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included G, PDE, and rhodopsin in unilamellar vesicles, whose phospholipid composi-
tion was either 16:0,18:1 PC or 16:0,22:6 PC. Each rhodopsin absorbing a photon is
analogous to an agonist-bound receptor. A level of 1 in 1000 rhodopsin molecules acti-
vated by light produced 59% of the activity obtained in native disk membranes for
rhodopsin in 16:0,22:6 PC bilayers and only 26% of disk activity for rhodopsin in
16:0,18:1 PC bilayers. Under conditions of saturating stimulation, 97% of the activity of
native disk-membrane response was observed in the 16:0,22:6 PC vesicles system,
whereas only 50% of the disk activity was seen in 16:0,18:1 PC vesicles. Here again, the
system properties are optimized in 22:6n-3-containing bilayers.

The presence of lateral domains in di22:6 PC bilayers demonstrates an additional
mechanism whereby 22:6n-3-containing bilayers can enhance signaling processes. If, in
addition to rhodopsin, G, and PDE also show preferential partitioning into regions rich
in 22:6n-3, then lateral domain formation will increase the efficiency of association of
these proteins by reducing the diffusion pathway for their interaction and increasing their
effective concentration in the region of the microdomains.

4. SUMMARY

Highly polyunsaturated phospholipids produce membranes with several unique char-
acteristics, and these characteristics are beneficial to many biological membrane func-
tions. The high levels of 22:6n-3 acyl chains in the membrane phospholipids of the
nervous system and retina suggest that these phospholipids play an important structural
role. There is general agreement that the presence of polyunsaturated acyl chains in the
phospholipids of membranes imparts a variety of unique features to these membranes.
The specialized physical properties of highly polyunsaturated bilayers include increased
bilayer area per headgroup, increased water permeability, higher degree of acyl chain
flexibility, dynamics and disorder, sharply reduced interaction with cholesterol, and a
tendency to enhance the formation of lateral domains. Although the actual forces that
modulate protein function are still under investigation, it is clear that the unique proper-
ties imparted to biological membranes by the presence of polyunsaturated acyl chains
and, in particular, 22:6n-3 chains play a fundamental role in determining membrane
protein function.

The visual pathway, which is a prototypical G-protein-coupled receptor system, is one
of the best characterized of this family of receptor systems. Various steps in this pathway
are optimized in 22:6n-3-containing bilayers. The highest levels of MII formation in
reconstituted systems are observed in 22:6n-3-containing bilayers (Litman & Mitchell,
1996b). The 22:6n-3-containing bilayers exhibited increased levels of MII-G, complex
formation and more favorable kinetic coupling of MII and G, relative to less unsaturated
membrane systems (Litman et al., 2001). MII and G, must interact rapidly to form a
complex upon formation of MII in order to make signaling along the pathway efficient.
As the bilayer acyl chains become less unsaturated, this process becomes delayed, intro-
ducing a lag time in the signaling process. Reduced affinity of the receptor, MII, for G,
will result in less amplification in the pathway, resulting from there being fewer G;s
activated. Observations made in reconstituted systems are in good agreement with elec-
troretinogram (ERG) measurements made on n-3-deficient animals, where reduced sig-
nal amplitude and a lag time in signal development are seen. In view of the similarities
between the visual system and other G-protein-coupled receptor pathways, the findings



Chapter 2 / Modulation of Receptor Signaling 37

in the vision pathway ought to be applicable to neurotransmitter receptors in this super-
family. This extrapolation is supported by studies evaluating olfactory discrimination of
rats raised on either an n-3-deficient or n-3-adequate diet. The n-3-adequate group made
fewer errors in odor discrimination tests than the n-3-deficient group (Greiner et al,
1999). The olfactory bulb of rats raised on an n-3-deficient diet showed an 82% loss of
22:6n-3 relative to rats raised on an n-3-adequate diet. Olfactory and visual signaling are
both G-protein-coupled receptor pathways and both are less sensitive in 22:6n-3-deficient
animals.

The finding that 22:6n-3-containing bilayers buffer the inhibitory effects of choles-
terol has strong implications for psychological disorders that are associated with variable
levels of cholesterol. Under conditions of reduced levels of 22:6n-3 in n-3-deficiency and
anincreased cholesterol level, areduced sensitivity in G-protein-coupled receptor signal-
ing would be anticipated. Thus, the effectiveness of serotonin or other associated neu-
rotransmitters would be decreased, potentially inducing some of the observed
psychological dysfunction associated with cholesterol.

The studies described herein provide insight into the mechanism whereby 22:6n-3-
containing phospholipids optimize membrane-associated signaling processes. Studies
of both odor discrimination in n-3-deficient rats (Greiner et al, 1999) and visual deficits
in n-3-deficient rhesus monkeys (Neuringer et al., 1984) and formula-fed infants
(Birch et al., 2000) demonstrate a marked desensitization of two distinct G-protein-
coupled signaling pathways to 22:6n-3 deficiency. It is anticipated that the sensitivity of
G-protein-coupled receptor systems to levels of 22:6n-3 in membrane phospholipids will
be of a general nature and this phenomenon may provide an explanation of the deficien-
cies in cognitive processes observed in n-3 deficiency.
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3 Role of Docosahexaenoic Acid
in Determining Membrane
Structure and Function

Lessons Learned from Normal
and Neoplastic Leukocytes

Laura ]. Jenski and William Stillwell

1. WHY IS DOCOSAHEXAENOIC ACID OF INTEREST?

Understanding the basis for lipid diversity remains one of the major unsolved prob-
lems in membrane biology. A plausible explanation of why biological membranes are
composed of hundreds to perhaps thousands of different lipid species, when it initially
appears that only a few would suffice, has not been forthcoming. Clearly, unique func-
tions for many of the different lipids have yet to be uncovered. All phospholipids have
arole in forming the lipid bilayer, providing proper membrane surface charge and sup-
plying the appropriate hydrophobic environment in which membrane proteins flourish.
Each lipid species’ unique role, if one exists, must reside with some other aspect of the
membrane, perhaps arole in maintaining unusual structure (e.g., nonbilayer phase, regions
of high curvature, etc.), supporting specific enzyme regulation, or furnishing a special-
izedrole (e.g., platelet-activating factor). These functions may be accomplished through
the existence of unique lipid domains (i.e., specialized and diverse membrane areas
created by differential affinities of phospholipids for other membrane components)
(Edidin, 1993).

Of particular interest to us is understanding the membrane role for the omega-3 fatty
acid, docosahexaenoic acid (DHA, 22:6247.10.13.16.19) ‘the Jongest chain and most unsat-
urated fatty acid commonly found in biological membranes (Salem et al., 1986). It rep-
resents the extreme example of an omega-3 fatty acid. Once incorporated into a membrane,
DHA will become an important component of the hydrophobic interior where it will
affect membrane order or fluidity, thickness, domain size and stability, permeability,
lipid phase, and, through interaction with membrane proteins, even biochemical activity
(Salem et al., 1986; Stubbs & Smith, 1984). The presence of DHA in membranes is
necessary for normal neurologic development (Menkes etal., 1962) and vision (Neuringer
et al., 1988), as well as for benefits in various diseases, including atherosclerosis
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(Dyerberg & Jorgensen, 1982), autoimmune inflammatory diseases such as rheuma-
toid arthritis (James et al., 2000) (Calder, 1997) and multiple sclerosis (Bernsohn &
Stephanides, 1967), and cancer (Bougnoux, 1999). How DHA exerts these health
benefits is unclear. This fatty acid may act by altering the production of eicosanoid
hormones from arachidonic acid, undergoing peroxidation, and affecting cell
signaling and gene expression. The diverse array of conditions modulated by DHA
implies that DHA’s action is fundamental to various cell types and processes. We
propose that one fundamental action is in determining membrane (domain) structure
and function.

2. WHERE IS DHA FOUND?

In mammals, DHA is found in high amounts in three types of cellular membranes,
those of the rod outer segment (ROS) (Wiegand & Anderson, 1983), synaptosomes
(Breckenridge et al., 1972) and sperm (Neill & Masters, 1973). In these cells, DHA can
represent more than 50% of the total membrane phospholipid acyl chains (Salem et al.,
1986). At such high levels, much of the DHA exists as di-DHA phospholipid species
(Miljanich et al., 1979). In these tissues, DHA is tenaciously retained at the expense of
other fatty acids (Salem et al., 1986) and so levels are kept constantly high and are
relatively unresponsive to dietary fluctuations. In all other tissues, DHA is found at much
lower levels. In these cells, DHA exists primarily in hetero acid phospholipids with the
sn-1 chain composed mainly of the saturated fatty acids palmitic or stearic acid and the
sn-2 chain DHA (Anderson & Sperling, 1971). In leukocytes, DHA represents about
2-5% of total fatty acids (Fritsche & Johnston, 1990; Hinds & Sanders, 1993; Yaqoob
et al., 1995). This value is dependent on diet (Fritsche & Johnston, 1990; Hinds &
Sanders, 1993; Yaqoob et al., 1995) and increases with age (Huber et al., 1991). DHA is
found predominantly in phosphatidylethanolamine (PE) and phosphatidylserine (PS),
but it is also present in other phospholipid classes, including phosphatidylcholine (PC)
and phosphatidylinositol (PI) (Robinson et al., 1993; Salem et al., 1986; Tiwari et al.,
1988; Zerouga et al., 1996). Omega-3 fatty-acid-rich diets can increase the amount of
DHA two to three fold in all phospholipid species of normal lymphocytes (Robinson et
al., 1993), and can significantly increase the DHA content of phospholipids in leukemia
and lymphoma cells grown in vivo as ascites (El Ayachi et al., 1990; Jenski et al., 1993).
Culture of leukemia cells in DHA-enriched medium can increase the DHA content of
phospholipids severalfold (Chow et al., 1991; Zerouga et al., 1996). For example, in our
laboratory, DHA was incubated with T27A leukemia cells in culture, where it was
initially incorporated into PE. DHA levels in PE of the cultured T27A cells increased
from 3.3% of the total fatty acids in control cells to 21 % after 12 h of incubationin DHA
and 29% after 48 h of incubation (Zerouga et al., 1996). By comparison, PC-DHA rose
from undetectable levels to 5.9% at 12 h and 9.6% at 24 h. After 48 h, T27A cells
exhibited new DHA incorporation into PE about 2.7 times greater than into PC. When
the 2.1-fold excess of PC over PE is factored in, it was estimated that a new incoming
DHA prefers PE over PC by about 5.7 times. In a variety of cell types, DHA has been
shown to be rapidly incorporated primarily into the plasma membrane of synapto-
somes and mitochondria (Suzuki et al., 1997). Once incorporated from the diet into
cellular membranes, DHA is tenaciously retained at the expense of other fatty acids
(Salem et al., 1986).
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3. WHAT IS THE STRUCTURE OF DHA?

With 22 carbons and 6 double bonds, DHA is the longest and most unsaturated fatty
acid commonly found in membranes (Salem et al., 1986; Whiting et al., 1961). It would
seem logical that when incorporated into phospholipids, this unusual fatty would support
membranes that would be thicker than most and exceptionally fluid. Perhaps these two
properties might be a good place to begin to search for DHA’s health role.

3.1. Length of the DHA Chain

Docosahexaenoic acid’s conformation remains a matter of conjecture. An early com-
puter simulation by Applegate and Glomset (Applegate & Glomset, 1991) predicted that
DHA would assume a rigid, extended “angle iron” shape. In fact, the “angle iron” con-
formation does predict better packing efficiency by forming a DHA, sn-2 groove into
which the saturated sn-1 chain fits. However, this static model would likely pertain only
to the gel state. The “angle iron” conformation is also at odds with experimental obser-
vations demonstrating that ROS membranes with very high levels of DHA are quite thin
(27-28 A) (Dratz et al., 1985). In comparison, bilayers made from phospholipids with
much shorter 18:0 saturated chains are about 29-30 A (Lewis & Engelman, 1983). In fact,
nuclear magnetic resonance (NMR) studies predict that DHA’s chain length is similar to
that of palmitic acid (Mitchell et al., 1998).

These observations indicate that whatever DHA’s conformation is, it must be com-
pact. A second model, based on the ROS membrane, predicts a much different structure
for DHA. A “molecular spring model” predicts a helical structure where DHA lengthens
and shortens to accommodate conformation changes in rhodopsin (Dratz & Holte, 1992).
Conformational energy calculations suggest DHA can lengthen or shorten over a range
of 3-4 A with a small input of energy (Dratz et al., 1985). NMR order parameters and
spin lattice relaxation times support the idea that DHA performs rapid structural transi-
tions between extended and looped conformations (Holte et al., 1998; Koenig et al.,
1997; Mitchell et al., 1998). It is therefore likely that whatever DHA’s structural role
in membranes is, it does not support a thick membrane; in fact, DHA’s conformation
is quite compact.

3.2. DHA and Membrane Fluidity

Itis often erroneously assumed that more fatty acyl double bonds automatically means
a more fluid membrane. By differential scanning calorimetry, however, it has been
reported that for a series of PCs where the sn-1 chain is stearic acid and the sn-2 chain has
zero, one, two, three, four, or six (DHA) double bonds, the phase transition temperature
(T,,) decreases upon the addition of a first and second double bond (Coolbear et al., 1983;
Dratz & Deese, 1986). However, further double bonds actually increases T,, so that
18:0,22:6 PC has a slightly higher 7, than does 18:0,18:3 PC or 18:0,20:4 PC. There are
many reports in the literature indicating that the addition of DHA to already fluid biologi-
cal membranes does not further enhance their fluidity as measured by steady-state polar-
ization of fluorescent membrane probes. Dietary fish-oil studies on hepatocytes (Clamp
etal., 1997), intestinal microvillus (Wahnon et al., 1992), erythrocytes (Popp-Snigders
et al., 1986; Popp-Snijders et al., 1987), platelets (Gibney & Bolton-Smith, 1988), and
mitochondria (Stillwell et al., 1997) failed to find DHA-associated changes in membrane
fluidity. With Y-79 retinoblastoma cells cultured in DHA-enriched media, Treen et al.
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(Treen et al., 1992) were not able to detect any fluidity changes using the membrane
probes DPH and TMA-DPH despite a fourfold increase in DHA. With phosphatidylcho-
line bilayers, Stubbs et al. (Stubbs et al., 1980), Wassall et al. (Wassall et al., 1992) and
Ehringer et al. (Ehringer et al., 1990) could ascribe no unusual fluidity to phospholipid
bilayers containing polyunsaturated chains. Membrane fluidity experiments, however,
are not all in agreement. Numerous reports of DHA-induced increases in fluidity exist
(Salem et al., 1986). Even in cases where no DHA-induced fluidity could be detected by
steady-state polarization probes, fluidity changes were noted by lateral mobility probes.
Salem and Niebylski (Salem & Niebylski, 1995) used steady-state fluorescence polariza-
tion and time-resolved correlation times to monitor fluidity in a series of PC lipid vesicles
containing from zero to six double bonds. The steady-state measurements showed alarge
increase in fluidity upon the addition of the first double bond, a smaller increase with the
second, and further but smaller fluidity increases up to four double bonds. No further
increase could be measured for DHA with six double bonds. In contrast, with time-
resolved anisotropy, there was a progressive graded decrease in the correlation time for
each additional double bond, perhaps indicating an increase in fluidity. The relationship
between number of double bonds and fluidity is a complex one, very dependent on the
technique employed (Stubbs & Smith, 1984). We contend that whatever DHA’s major
role in membranes is, the simple concept of enhanced fluidization is inadequate.

4. MEMBRANE PROPERTIES OF DHA

If DHA’s major effect on membranes is controlling neither membrane thickness nor
global fluidity, what is it doing in membranes?

4.1. Membrane Order

’H-Nuclear membrane resonance was used to determine the orientational order param-
eter of a series of PCs with perdeuterated stearic acid in the sn-1 chain and 18:1, 18:2,
18:3, 20:4, 20:5, and 22:6 in the sn-2 position (Holte et al., 1995). The profiles showed
that unsaturation causes inhomogeneous disordering along the sn-1 chain. Going from
one to six double bonds in the sn-2 chain results in a 0.01 reduction in Scp, (order param-
eter) in the plateau region and amaximum difference of 0.03 at C, 4 of the sn-1 chain. From
these studies, it was determined that the molecular area of the sn-1 chain increases three
to four times more around carbon-14 than it does for carbons in the top part of the chain.
This suggests a wedge shape for 18:0,22:6 PC (a slightly wider acyl chain base than polar
head) that loosens packing at the interface but is not so pronounced as to cause formation
of a nonlamellar inverted H; phase, Consequently, a “free volume” exists at the lipid—
water interface. This space would be more available for small solutes such as water (Holte
et al., 1995). These studies could detect only a slight change in membrane thickness.

4.2. Hydration

The wedge shape of DHA-containing PCs, proposed by Holte et al. (Holte etal., 1995)
from 2H-NMR, predicts that looser lipid packing at the aqueous interface would result in
deeper penetration of water and other solutes into the bilayers. As a result, DHA favors
increased hydration of the headgroup and interchain region. The looser surface packing
would also favor insertion of proteins into DHA-rich portions of the membrane (Mitchell
et al., 1998). Fluorescence measurements on polyunsaturated lipids also confirms that
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water content in the bilayer hydrocarbon region increases with increasing chain
unsaturation (Mitchell & Litman, 1998).

4.3. Permeability

The increased hydration of DHA-containing membranes implies that these mem-
branes should display enhanced water permeability. This prediction was confirmed by
Huester et al. using '7O-NMR (Huster et al., 1997). Diffusion-controlled water per-
meability increased from 155 um/s for 18:0,18:1 PC to 330 um/s for 18:0,18:3 PC and
412 wm/s for 18:0,22:6 PC. DHA-enhanced membrane permeability has been reported
for several other solutes as well. Despite exhibiting the same bulk membrane fluidity,
Ehringer et al. (Ehringer et al., 1990) reported that DHA as either the free fatty acid or
as part of a mixed-chain PC had a much larger effect on erythritol permeability than
did linolenic acid (a-18:3). Stillwell et al. (Stillwell et al., 1993a) reported that DHA
enhanced bilayer permeability to carboxyfluorescein twofold to three fold more than
oleic acid (18:1). Vesicles made from lipid extracts of rod outer segment membranes
(DHA rich) were shown by Hendriks et al. (Henricks et al., 1976) to be 10 times more
permeable to >Na* than vesicles made from lipids extracted from other (DHA poor)
retinal lipids. Brand et al. (Brand et al., 1994) noted a relationship between H* perme-
ability of liposomes made from mitochondrial lipid extracts and DHA content. Stillwell
etal. (Stillwell et al., 1997) incorporated 18:0,22:6 PC into vesicles made from rat liver
mitochondrial extracts and found a linear relationship between H* permeability and
bilayer DHA content. Finally, Demel et al. (Demel et al., 1972) showed that DHA
incorporated into the sn-2 position of PC increased permeability to glucose, erythritol,
and glycerol.

Docosahexaeonic acid has also been linked to increases in membrane permeability in
intact organelles and living cells. Stillwell et al. (Stillwell et al., 1997) showed that an
increase in membrane DHA either through diet or by fusing the mitochondria with
18:0,22:6 PC large unilamellar vesicles (LUV) generated mitochondria with substan-
tially enhanced H* permeability. Crespo-Armas et al. (Crespo-Armas et al., 1994) reported
a decrease in H* permeability related to a decrease in rat mitochondrial membrane
DHA content. In a series of reports, Jenski and co-workers (Jenski et al., 1991; Stillwell
et al., 1993a) demonstrated that enhanced DHA membrane content in T27A leukemia
cells resulted in increased leakage to >'Cr and erythritol. Burns and Spector (Burns &
Spector, 1990) reported that dietary DHA makes L1210 murine ascites lymphoblastic
leukemia cells more permeable to the anti-cancer drugs mitoxantrone and doxorubicin.
Although there are dissenters, there is substantial evidence that DHA enhances mem-
brane permeability.

4.4. Packing

As with fluidity, it is often assumed that there must be an increase in molecular area
with increasing number of acyl chain double bonds. Although this is true upon the addi-
tion of the first and second double bond, the molecular area is about the same for a third,
fourth, and sixth double bond (Demel et al., 1972). Stillwell and co-workers have used
the lipid-packing-sensitive probe MC540 to show that 18:0,22:6 PC bilayers are more
loosely packed than 18:0,18:1 PC bilayers (Stillwell et al., 1993b) and that incorporation
of DHA into membranes of mitochondria (Stillwell et al., 1997) and T27A tumor cells
decreases lipid packing (Stillwell et al., 1993b). The various fatty acids exhibit different
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compressibility as a function of lateral pressure measured on a Langmuir film balance.
Although DHA is much more expanded than oleic acid at low lateral pressures, at higher,
more biologically relevant lateral pressures (> 30 mN/m) both fatty acids occupy about
the same space (Urquhart et al., 1992). In fact, lateral compressibility moduli derived
from pressure-area isotherms indicate that monolayers are more compressible (lower
modulus) with increasing double bonds (Smaby et al., 1997). DHA is therefore more
compressible than oleic acid. The large compressibility measured for DHA implies that
less energy would be required to deform DHA-rich membranes (Smaby et al., 1997).
Koenig et al. (Koenig et al., 1997) noted that for mixed-chain 18:0,22:6 PC, the stearic
acid chain is far less compressible than is DHA. Lateral area compressibility under
osmotic stress reveals that 75% of the net area change in 18:0,22:6 PC results from area
change of DHA (Koenig et al., 1997).

4.5. Phase Transitions

The DHA-containing phospholipids exhibit very low phase transition temperatures. For
example, 18:0,22:6 PC has its T, at about —9°C (Stillwell et al., 2000), whereas 22:6, 22:6
PC’s transition is at —-68.4°C (Kariel et al., 1991) and the transition enthalpy - H for homo
acid is extremely low (- H= 0.5 kcal/mol) (Kariel et al., 1991). The low T,,’s are the result
of packing restrictions resulting from steric effects caused by DHA’s multiple rigid double
bonds. The restrictions result in reductions in intermolecular and intramolecular van der
Waal’s interactions. The broad, low - H transitions are consistent with the notion that
interaction between saturated sn-1 chains stabilize the gel state in hetero acids (Kariel etal.,
1991). Furthermore, differential scanning calorimetry (DSC) isotherms are often multi-
component, suggesting microclustering and domain formation (Niebylski & Salem, 1994).

4.6. Fusion

The membranes naturally enriched in DHA (ROS, synaptosomes, and sperm) are
partly characterized by their predisposition to undergo membrane vesicle formation and
fusion and, perhaps, this is related to DHA’s location in these membranes. Years ago,
polyunsaturated fatty acid-induced membrane fusion was reported by Ahkong et al.
(Ahkong et al., 1973) and Meers et al. (Meers et al., 1988). Later, Lavoie et al. (Lavoie
etal., 1991) proposed that polyunsaturated fatty acids may be involved in GTP-depen-
dent membrane-fusion events. More recently, Talbot et al. (Talbot et al., 1997) proposed
that acyl chain unsaturation and membrane curvature may be important participants in
PEG-induced fusion of lipid vesicle model membranes. Negative curvature stress induced
by lipids have also been linked to viral fusion (Epand, 1998). In a series of studies,
Stillwell and Jenski have fused DHA-containing phospholipid vesicles with several types
of membranes, including other types of phospholipid vesicles (Ehringer et al., 1990),
mitochondria (Stillwell et al., 1997), and T27A tumor cells (Jenski et al., 1995b; Kafawy
etal., 1998). DHA as either the free fatty acid or as part of a mixed chain PC (18:0,22:6
PC) enhanced lipid vesicle fusion to a much larger extent than did either stearic acid or
a-linolenic acid (Ehringer et al., 1990).

4.7. Nonlamellar Phase and Curvature Stress

From pressure—area isotherms on a Langmuir film balance, Smaby et al. (Smaby etal.,
1997) reported the average area/molecule at 30 mN/m for a series of PCs decreased from
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70 A2 for 16:0,22:6 PC to 63 A2 for 16:0,18:1 PC. The diunsaturated series were 3—5 A2/
molecule larger than the saturated/unsaturated series. Holte et al. (Holte et al., 1995)
using 2H-NMR, found an increase in area three to four times larger toward the methyl end
of the acyl chains than near the lipid—water interface, suggesting that DHA-containing PC
occupies a wedge shape, becoming slightly wider at the acyl chain center. Phospholipids
with this shape are known to demonstrate a greater propensity to form an inverted Hj;
phase (Cullis & de Kruijff, 1979). Using 3'P-NMR, Brzustowicz et al. (Brzustowicz et
al., 2000) have found evidence that 18:0,22:6 PC can indeed form the H;; phase. Because
of their much smaller headgroup size, it would be predicted that DHA—PEs should exhibit
even more curvature strain than would DHA-PCs (Giorgione et al., 1995). Also, it is
often in PEs that DHA accumulates in biological membranes (Zerouga et al., 1996).
When lipids that are prone to form a nonlamellar phase are constrained in a planar
lamellar phase, it results in bending or curvature energy that can be released by the
interaction with some proteins such as rhodopsin and protein kinase C (Epand, 1998;
Giorgione et al., 1995). Therefore, it appears that in excess lipid, DHA-containing phos-
pholipids could drive inverted H;-phase patches in membranes. However, in biological
membranes, a large excess of these lipids seems unlikely and the role of DHA-containing
phospholipids would be in creating negative curvature strain, altering the activity of a
variety of proteins.

5. INTERACTION OF DHA WITH OTHER LIPIDS
5.1. Cholesterol

Ithas been proposed that membrane structure can be determined in part by the strength
of its lipid-lipid interactions, driving the formation of lipid microdomains. A major
structural lipid in plasma membranes is cholesterol, where it may exceed 50 mol% of the
total lipids. How cholesterol interacts with DHA in membranes is now starting to emerge.
It is well established that cholesterol is not randomly distributed in either model or
biological membranes, but, instead, exists in transbilayer and lateral domains (Hui, 1988;
Schroeder et al., 1991). Cholesterol has been shown to induce lateral phase separation,
producing liquid-ordered (cholesterol rich) and liquid-disordered (cholesterol poor)
domains (Almeida et al., 1992). Cholesterol has been shown to exhibit preferable inter-
actions with a wide variety of membrane lipids. By DSC, Demel et al. (Demeletal., 1977)
reported that cholesterol associates with phospholipids in the following sequence:
sphingomyelin (SM) > PC >> PE. Cholesterol has even been shown to be excluded from
membranes rich in PE (Bruckdorfer & Sherry, 1984) . This is of particular interest
because, in many membranes, PE is the phospholipid species that is most enriched in
DHA. A weak association of cholesterol with DHA was reported by Demel et al. (Demel
et al., 1972) and Ghosh et al. (Ghosh et al., 1973) using pressure—area isotherms on a
Langmuir film balance and by Kariel etal. (Kariel etal., 1991) using DSC. More recently,
Brzustowicz et al. (Brzustowicz et al., 1999) by solid-state NMR and x-ray diffraction
suggested that cholesterol may be excluded from DHA-enriched lipid domains. NMR
experiments suggest that when forced into the same locale, cholesterol interacts prefer-
entially with the saturated sn-1 chain in mixed-chain phospholipids (Brzustowicz et al.,
1999; Huster et al., 1998). In the presence of DHA, steric constraints imposed by the
multiple rigid double bonds deter close contact with cholesterol’s rigid sterol moiety,
enhancing the sterol’s interaction with the saturated acyl chain. As a result, cholesterol
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is excluded from dipolyunsaturated membranes (Brzustowicz et al., 1999). By DSC,
the addition of up to 50 mol% cholesterol to 22:6,22:6 PC has little impact on 7, or
- H of the phase transition (Kariel et al., 1991), whereas the transition of 16:0,22:6
PC is completely eliminated by only 35 mol% cholesterol (Hernandez-Borrell &
Keough, 1993) Also, as measured by its elasticity moduli, 30 mol% cholesterol dimin-
ishes the in-plane elasticity of 16:0,22:6 PC but not 22:6,22:6 PC (Smaby et al., 1997).
These and other experiments indicate that cholesterol-rich domains would likely be
devoid of DHA.

5.2. a-Tocopherol

With six double bonds, DHA is the most oxidizable of all fatty acids and so must be
stringently protected from oxidation. For this reason, Maggio et al. (Maggio et al., 1977)
proposed that the antioxidant a.-tocopherol could be particularly important in membranes
(or domains) that are enriched in polyunsaturated fatty acids such as DHA, resulting in
its being nonhomogeneously distributed. Stillwell et al. (Stillwell et al., 1992) demon-
strated that in free ethanolic solution and in PC liposomes, a.-tocopherol interacts better
with PCs having more double bonds. More recently, these workers used DSC, fluores-
cence of MC540, fluorescence polarization of 1,6-diphenyl-2,3,5-hexatriene (DPH),
proton permeability, and lipid peroxidation to show that a-tocopherol exerts a much
larger effect than cholesterol on DHA-rich membranes (Stillwell et al., 1996). Their
multicomponent DSC curves revealed the likely existence of DHA—a.-tocopherol mem-
brane domains. These experiments predict that DHA would partition into cholesterol-
poor, a-tocopherol-rich lipid domains.

6. DHA AND THE INDUCTION OF LIPID MICRODOMAINS

6.1. Detergent-Resistant Membranes

Atpresent, detergent-resistant membranes (DRMs) represent the best studied exam-
ple of a lipid microdomain isolated from a biological membrane (Brown & London,
1997; Brown & London, 1998). Part of a cellular membrane is soluble in cold nonionic
detergent, usually Triton X-100, and is in the liquid-disordered (/;) phase (Brown &
London, 1998). The remaining insoluble fraction, known as DRMs, are enriched in
cholesterol and sphingolipids and are found in the liquid-ordered (/,) phase. It has been
reported, for example, that 41% of the erythrocyte plasma membrane (Yu et al., 1973)
and 35% of the mastocytoma plasma membrane (Mescher & Apgar, 1986) lipids are
insoluble in Triton. It has been demonstrated that cholesterol and sphingolipids pro-
mote the /, state (Sankaram & Thompson, 1990) and induce detergent resistance and
the glycerol lipids (phospholipids) comprise the bulk of the detergent-soluble / , phase
(Brown & London, 1998; Schroeder et al., 1998). It is in this detergent-soluble, cho-
lesterol-poor phase that one would expect to find most of the DHA—phospholipids.
Unfortunately, the majority of studies have concentrated on the detergent-insoluble
phase and so have missed the significance of DHA’s possible role in forming mem-
brane microdomains. Perhaps much of the attention placed on DRMs involves their
undisputed link to related signaling events. If arelated family of DHA-altered activities
could be linked to the detergent-soluble fraction, it might stimulate more interest in the
other portion of cell membranes.
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6.2. Model Membranes

Several studies linking DHA to lipid microdomains in model phospholipid mem-
branes have been reported. The most thoroughly characterized of these models is that
of Litman and Mitchell for the ROS membrane. These studies are discussed in Chapter 2.
Two simple liquid crystalline—gel state phase-separated models have been reported
by Niebylski and Litman (Niebylski & Litman, 1996; Niebylski & Littman, 1997) and by
Dumaual et al. (Dumaual et al., 2000). Niebylski and Litman employed a novel set of
fluorescence probes, 16:0,16:0 PE—pyrene and 22:6,22:6 PE—pyrene, to demonstrate
thatbilayers composed of 16:0,16:0 PC and 22:6,22:6 PC can phase separate (Niebylski
& Littman, 1997). These investigators also confirmed phase separation in their model
membranes by DSC (Niebylski & Litman, 1996). Dumaual et al. (Dumaual et al., 2000)
examined phase separation in 16:0,16:0 PC/18:0,22:6 PC by DSC on bilayers and
pressure—area (II-A) isotherms and fluorescence digital imaging microscopy on mono-
layers. From DSC studies, it was concluded that dipalmitoyl—-phosphatidylcholine
(DPPC)/18:0,22:6 PC phase separates into DPPC-rich and 18:0,22:6 PC-rich phases.
In monolayers, phase separation was indicated by changes in [I-A isotherms, implying
phase separation where 18:0,22:6 PC is “squeezed out” of the remaining DPPC mono-
layer. Although both of these reports demonstrate the formation of DHA-enriched
domains in model membranes, each suffers from the same shortcoming. They are
examples of liquid crystalline—gel separations and, as such, have limited biological
relevance. More complex model membranes composed of 18:0,22:6 PC or PE/sphingo-
myelin/cholesterol (mimicking the plasma membrane) are currently under investiga-
tion in our laboratories.

6.3. Trans-Membrane Domains

An asymmetric lipid distribution between the exoplasmic and cytoplasmic leaflets of
plasma membranes is typical (Devaux, 1991). For example, it is well documented that
highly unsaturated species of PE and PS are found primarily on the inner leaflet of many
membranes. This has been reported for human erythrocytes (Knapp et al., 1994), murine
synaptosomal plasma membranes (Fontaine et al., 1980), and human lymphocytes
(Bougnoux etal., 1985), among others. It has also been shown that polyunsaturated fatty
acids, including DHA, are found in higher concentrations in the aminophospholipids in
the inner, cytoplasmic leaflet (Crinier et al., 1990; Hullin et al., 1991). As a result, the
cytoplasmic leaflet of erythrocytes is more fluid than the exoplasmic leaflet (Morrot et
al., 1986). The addition of polyunsaturated fatty acids to membranes have been shown
to translocate cholesterol to the outer leaflet, where its efflux from membranes is enhanced
(Dusserre et al., 1995).

7. DHA, MEMBRANE PROTEINS, AND LEUKOCYTE FUNCTION
7.1. Introduction to DHA and Proteins

Docosahexaenoic acid has the potential to affect cell function by modulating two
aspects of membrane proteins: synthesis (particularly via transcriptional control)
(Sellmayeretal., 1997) and structure (within the lipid milieu of the membrane). Although
understanding the effect of DHA on proteins is still in its infancy, two examples, rhodop-
sin and protein kinase C (PKC), have been particularly well studied. The effect of DHA
on rhodopsin is reviewed in detail in Chapter 2.
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It is well documented that nonlamellar-preferring lipids such as those with DHA acyl
chains can profoundly influence the activity of proteins (Epand, 1998). Lipids that are
cylindrical in shape will have a uniform lateral pressure throughout the bilayer and will
have little free volume or negative curvature strain (Epand, 1998). If lipids are wedge
shaped, they will have increased lateral pressure toward the bilayer center with anegative
curvature stress and a larger free volume near the aqueous interface. Protein kinase C is
an amphitropic enzyme (it can exist in both a water-soluble and membrane-bound form).
Its activity can be increased by lipids with negative curvature stress that is caused by
changes in the physical property of the bilayer and not by the formation of small domains
of inverted phases (Mosior et al., 1996). With protein kinase C, increased hexagonal
phase propensity results in both an increased partitioning of the enzyme to the membrane
as well as an increase in the activity of the membrane-bound form of the enzyme. Because
protein kinase C may only penetrate the membrane a little, it is influenced only by
the lateral pressure near the interface. A different physical feature of the membrane
related to interfacial properties and not directly to curvature stress is responsible for the
correlation between the presence of nonlamellar-forming lipids and protein kinase C
activity (Giorgione et al., 1995; Mosior et al., 1996). Itis the release of negative curvature
stress that is believed to augment the activity of rhodopsin (Brown, 1994). Therefore,
there is a correlation between protein function and nonlamellar-forming lipids for both
protein kinase C and rhodopsin, but the molecular correlation is different (Epand, 1998).
Also for protein kinase C, increasing unsaturation of PS decreases enzyme activity,
indicating that PS’s role is the result of specific protein—lipid interactions (Slater et al.,
1996). Furthermore, fluidity is not a factor because cholesterol, a molecule known to
reduce fluidity, has no effect on PKC activity (Slater et al., 1996). PKC activity was
shown to be biphasic with increasing unsaturated PE (Slater et al., 1994; Souvignetetal.,
1991). The initial increase in PKC activity is believed to be the result of curvature stress,
whereas the subsequent decrease in activity is the result of changes in surface pressure
(headgroup spacing). This suggests that a possible function of DHA is to enhance parti-
tioning of PKC into the membrane.

In addition to rhodopsin and protein kinase C, the activity of numerous other proteins
has been shown to be altered by nonlamellar phase-preferring lipids, including DHA.
Included in the long and growing list of likely targets for DHA—enzyme interactions are
the phospholipases A, (Huang et al., 1996) and C (Sanderson & Calder, 1998), CTP :
phosphocholine cytidyltransferase (Arnold & Cornell, 1996), mitochondrial ubiquinone—
cytochrome-c reductase (Lietal., 1995), Ca**-ATPase (Hui et al., 1981), GDP mannose—
dolicolphosphate mannosyl transferase (Jensen & Schutzbach, 1988), cytochrome
P450SCC (Schwarz et al., 1997), adenine nucleotide translocator (Streicher-Scott et al.,
1994), the insulin receptor (McCallum & Epand, 1995), Na,K-ATPase (Mayol et al.,
1999), the y-aminobutyric acid type A receptor (Nabekura et al., 1998), lecithin : choles-
terol acyltransferase (Parks et al., 1992), K* (Poling et al., 1995), Na* (Kang & Leaf,
1996) and Ca>* (Pepe et al., 1994) channels, gap junctions (Hasler et al., 1991) and even
the ionophores alamethicin and gramicidin A (Epand, 1998).

7.2. Introduction to Leukocytes

Leukocytes or white blood cells are a heterogeneous group of cells that aid in our
body’s defense against invading organisms and substances. Leukocytes include lympho-
cytes, neutrophils, monocytes/macrophages, dendritic cells, mast cells, basophils, eosi-
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nophils, and megakaryocytes. Diverse in their functions and characteristics, leukocytes
do have two properties in common that utilize membrane proteins: the need to adhere to
other cells and the engagement of signaling pathways to carry out effector activities,
including, in some cases, proliferation. Adhesion is carried out by an assortment of cell-
surface proteins and carbohydrates, whose select distribution among various tissues and
at different stages of cell development and differentiation regulate the migration and
ultimate cellular interactions of leukocytes. Signaling is a profoundly complex process
utilizing seemingly countless proteins, including those at the plasma membrane that
initiate the pathway that extends through the cytoplasm to the nucleus. Lymphocytes
(T-cells, B-cells) undergo a special recognition process wherein interaction of their cell-
surface antigen receptors with antigen results in a signal requisite for proliferation and
differentiation. In the case of T-cells, antigen alone is not recognized, rather, peptides
derived from foreign materials are bound to normal cell-surface glycoproteins (major
histocompatibility complex [MHC] molecules) on “antigen-presenting cells,” and the
antigen receptors on T-cells interact with the peptide-MHC complex; if the interaction
is sufficiently avid and other necessary costimulatory signals are received, the T-cell
becomes activated. Large granular lymphocytes with natural-killing activity also interact
with MHC molecules, but in this case, the interaction produces an inhibitory instead of
an activating signal. Neoplasms arising from leukocytes may not necessarily retain anti-
gen reactivity but do practice adhesion during metastasis, and are prime examples of
dysregulated cell signaling.

Thus, to explore the role of DHA in modulating leukocyte membrane function, we will
focus on three categories of membrane proteins: adhesion proteins, MHC molecules, and
membrane-associated signaling proteins. In the case of adhesion proteins and signaling
proteins, a few examples will be used to illustrate the point.

8. DHA AND ADHESION MOLECULES

Communication between leukocytes and the rest of the body that they patrol requires
the intimate association of cells and, thus, the reciprocal expression of receptor and ligand
on the respective cell types. Molecules involved in leukocyte adhesion and costimulation
are exemplified by the integrins, CD11a/CD18 (LFA-1),CD11b/CD18 (Mac-1),CD11c¢/
CD18 (CR4), members of the immunoglobulin supergene family, CD54 (ICAM-1),
CD4,CDS8,CD106 (VCAM-1), and C-type lectins (e.g., CD62E [E-selectin]). Leukocyte
adhesion is regulated to allow the cells to bind first with low avidity and then, following
stimulation, with high avidity, and, finally, to detach for continued migration and surveil-
lance. Cytokines dramatically affect the surface expression of adhesion molecules by
regulating gene transcription; by contrast, fatty acids such as DHA have the potential to
affect adhesion by modifying the membrane lipid environment and, thus, the conforma-
tion and activity of adhesion proteins. Fatty acids are also implicated in regulation of gene
expression by direct or indirect actions on nuclear factors (Sellmayer et al., 1997).

The structure of the plasma membrane plays a distinct role in modulating the adhesion
of leukocytes to other cells. T-Lymphocytes with more loosely packed membrane lipids,
as monitored by fluorescence of the membrane probe MC540, displayed greater adher-
ence to macrophages than T-lymphocytes having a tighter lipid packing (Del Buono et
al., 1989). MC540 also detected loosely packed lipids in membranes of viable cells enriched
in DHA-containing phospholipids (Stillwell et al., 1993b), suggesting that DHA-rich
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membranes may facilitate cell-cell adhesion. However, when incorporated biosyntheti-
cally into cells, DHA was found to reduce the adherence of monocytes to (cytokine-
stimulated) endothelial cells, in parallel with reduced endothelial expression of adhesion
molecules VCAM-1, E-selectin, and ICAM-1 (De Caterina et al., 1995; De Caterina et
al., 2000; De Caterina & Libby, 1996). DHA also suppressed ICAM-1 expression on
activated monocytes (Hughes et al., 1996b). Fatty acids, in the order arachidonic acid
(AA)>DHA>eicosapentaenoic acid (EPA), increased neutrophil adherence in vitro con-
comitantly with upregulated expression of Mac-1 (but not the other integrins LFA-1 and
CR4) (Bates et al., 1993). DHA decreased adhesion of human peripheral blood lympho-
cytes to activated endothelial cells and reduced endothelial VCAM-1 expression and
L-selectin as well as LFA-1 expression on lymphocytes, but did not influence endothelial
ICAM-1 or E-selectin expression (Khalfoun etal., 1996a). Some of the disparities reported
for DHA and EPA relate to the stimulus used to induce adhesion molecules on cells
(Weberetal., 1995). Both DHA and EPA are reported to reduce the production of mRNA
for various adhesion molecules (Collie-Duguid & Wahle, 1996; Wahle & Rotondo,
1999), suggesting that DHA may affect adhesion through transcriptional control of adhe-
sion proteins as well as through direct effects on membrane structure.

CD8 and CD4, present on mature T-cell subsets, are not adhesion molecules per se but,
rather, provide additional signals during antigen recognition, thereby enhancing the like-
lihood of T-cell activation. Othetal. (Othetal., 1990) observed that a fish-oil dietreduced
CD4 expression on lymphoma cells (grown as ascites) without affecting expression of
CD8, CD11a/CD18, and MHC 1. The dietary fatty acids may have affected CD4 gene
expression or modified the membrane so as to deform or mask the epitope detected by the
anti-CD4 monoclonal antibody. With regard to the latter, we demonstrated that cells
modified with DHA presented as a fatty acid in culture medium or in phospholipids fused
into the plasma membrane of lymphocytes displayed altered expression of two of three
CD8 epitopes (one epitope decreased, another increased, the last was unchanged) (Jenski
et al., 1995a), arguing for a direct effect of DHA on CD8 conformation or the lateral
distribution of CD8 and its interaction with other “masking” proteins perhaps in specific
lipid microdomains.

9. DHA AND MAJOR HISTOCOMPATIBILITY COMPLEX PROTEINS

Fatty acids are reported to affect the expression of MHC molecules. In some cases, the
protein’s synthesis may be affected, whereas other experimental designs point to a direct
effect of the lipid on plasma membrane-bound MHC. The function of MHC molecules
is to bind peptides and present these peptides to specific T-cells, thereby clonally activat-
ing T-cells reactive to the peptide. The two key classes of MHC molecules functioning in
this fashion are class I (MHC I) and class II (MHC II). MHC I molecules are present on
all nucleated cells in the body and predominantly bind peptides generated by proteosome-
mediated cleavage of cytosolic proteins. The tissue distribution of MHC Il is limited to
B-cells, dendritic cells, and macrophages, although expression may be induced on vari-
ous other cell types, primarily by cytokines. MHC II molecules bind peptides produced
in endolysosomes by proteolytic cleavage of exogenously derived proteins. These two
types of molecules share an overall general structure, that of four extracellular protein
domains, of which the two distal to the plasma membrane directly participate in peptide
binding, transmembrane region(s), and cytoplasmic tail. MHC I molecules have three
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extracellular domains provided by an a-chain and the fourth by an associated non-MHC
protein, ,-microglobulin. Two MHC II polypeptides, the a-chain and the 3-chain, each
provide two extracellular domains.

The expression of MHC I molecules may be modified by DHA. We have demonstrated
altered expression of MHC I, CD8, and CD90 (Thy-1) on murine lymphocytes and
leukemia cells enriched in DHA through diet or cell culture (Jenski et al., 1995a; Jenski
etal., 1993). In addition, we have shown that MHC I expression can be modulated by the
direct insertion of DHA-containing phospholipids into the plasma membrane of viable
cells; because one MHC I epitope increased concurrently with the decrease of another
epitope, the effect of DHA was nota global loss of the MHC protein (Pascale etal., 1993).
This is an important observation, as it implies that the role of the DHA-containing phos-
pholipids is to induce a physical change in MHC I that pre-exists at the cell surface, rather
than exclusively through modification of MHC I biosynthesis. This conclusion was
drawn more directly from the observation that more monoclonal antibodies against an
MHC I conformation-dependent epitope bound to purified MHC I reconstituted into
DHA-containing phosphatidylcholine liposomes than liposomes composed of other fatty
acids (Jenski et al., 2000). Finally, catalytic hydrogenation of viable murine leukemia
cellsreduced the membrane content of linoleic acid (LA), AA, and DHA but did not affect
the expression of MHC I, although another protein displayed increased surface expres-
sion (Benko et al., 1987).

That plasma membrane structure is important for the expression of MHC I molecules
is also suggested by experiments with other lipids. Cholesterol plays a role in modifying
MHC surface expression, and, in general, cholesterol’s effects oppose those of phospho-
lipids (phosphatidylcholine). Incubation of mouse splenocytes with cholesteryl
hemisuccinate for 1-2 h in vitro decreased the expression of MHC I and increased lipid
packing as monitored by DPH fluorescence, whereas a PC lipid mixture from hen egg
yolk increased the expression of MHC I and fluidized the membrane (Muller et al., 1983).
Cholesterol enrichment of cultured human B-lymphoblasts led to increased MHC I
clustering (Bodnar et al., 1996), possibly as a result of conformational changes in the
MHC protein. Bene et al. (1997) suggested that membrane depolarization may induce
physical changes in the lipid bilayer and thereby produce conformational changes in
human MHC I molecules.

In general, DHA or mixtures of omega-3 fatty acids decrease the expression of MHC
II'molecules. As designed, most experiments detect changes in MHC Il production rather
than direct modification of plasma membrane structure. For example, human volunteers
fed a fish-oil supplement displayed reduced expression of MHC II on peripheral blood
monocytes before and after treatment with the cytokine y-interferon (Hughes et al.,
1996a), and dietary fish oil decreased MHC Il expression on rat lymphatic dendritic cells
(Sanderson et al., 1997) and murine peritoneal exudate cells (primarily B-cells and
macrophages) (Huang et al., 1992). The nature of the stimulus used to induce MHC 11
expression is an important consideration in evaluating DHA’s effects. Macrophages
(thioglycollate-elicited peritoneal exudate cells) from n3-rich fish-oil-fed mice expressed
more MHC II after a brief treatment with platelet-activating factor contrast than did
macrophages from n6-rich safflower oil (Erickson et al., 1997), and similar results were
obtained with EPA or DHA added in vitro. When EPA and DHA, combined in ratios
commonly found in fish oil, were added to cultures of unstimulated human monocytes,
MHC II expression was unaffected; however, these n3 combinations did inhibit MHC 1T
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expression on y-interferon-stimulated monocytes (Hughes & Pinder, 1997). When these
n3 fatty acids were added individually to unstimulated human monocyte cultures, EPA
inhibited but DHA enhanced MHC Il expression (both inhibited expression on stimulated
monocytes) (Hughesetal., 1996b). In vitro, DHA inhibited MHC Il expression on murine
macrophages (thioglycollate-elicited peritoneal exudate cells) treated with y-interferon
in a fashion not reversed with leukotrienes or 5-HETE, implying an action for DHA
independent of the lipoxygenase pathway (Khair-EI-Din et al., 1996). With regard to
function, peptides were shown to bind with greater affinity to purified murine MHC Il in
the presence of PC, PS, PI, and cardiolipin (but not PE, sphingomyelin, or cholesterol),
although the role of very long-chain polyunsaturated fatty acids (e.g., DHA) was not
tested (Roof et al., 1990).

10. DHA AND CELL SIGNALING

The influence of DHA on leukocyte signaling has focused on several membrane pro-
teins, including surface receptors, ion channels, kinases, phosphatases, and phospholi-
pases. Here, we examine three examples germane to leukocytes: the interleukin-2 receptor
(IL2R), protein kinase C, and calcium channels (i.e., calcium mobilization).

10.1. IL2R

Interleukin-2 signals through a trimeric plasma membrane receptor composed of o, [3,
and y polypeptide chains, thereby promoting cell cycling. T-Lymphocytes are a primary,
although not an exclusive, target for IL2. Mitogen-stimulated peripheral blood lympho-
cytes from human volunteers consuming EPA and DHA ethyl esters displayed a reduced
surface density of CD25, the IL2R a-chain induced by cell activation, implying reduced
immunological responsiveness (Soyland et al., 1994). DHA acts, at least in part, at the
level of transcription, dramatically decreasing IL2ZR mRNA in concanavalin A-stimu-
lated murine splenic lymphocytes (Jolly et al., 1998). In this study, DHA- and EPA-
enriched diets were similar in their inhibitory effects on IL2ZR mRNA synthesis, showing
approximately twice the inhibition produced by AA supplementation relative to the
LA-richsafflower-oil control diet. DHA or EPA added to phytohemagglutinin-stimulated
human peripheral blood mononuclear cells in culture-inhibited lymphocyte proliferation
independently of oxidation and eicosanoid hormones, but flow cytometry suggested that
these fatty acids, in this case, increased the surface expression of CD25 (Khalfoun
et al., 1996b).

10.2. Protein Kinase C

Protein kinase C, which exists in various isoforms, is activated when it translocates to
the inner leaflet of the plasma membrane and interacts with the lipid bilayer including
diacylglycerol (DAG). Omega-3 fatty acids induce or enhance PKC activation or trans-
location, often more so than other polyunsaturated fatty acids, and these actions have
been reported in various cells including leukocytes. DHA, EPA, and AA induced the
translocation of PKCa, PKC-BI, PKC-BII, and PKC-¢ isozymes to a particulate fraction
in parallel with enhanced respiratory burst in stimulated macrophages (Huang et al.,
1997). DHA also stimulated respiratory burst in neutrophils, however, in a fashion inde-
pendent of PKC butinvolving calmodulin (Poulos et al., 1991). Under certain conditions,
DHA displays extraordinary ability to activate PKC; Marignani et al. (Marignani et al.,
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1996) used an in vitro system of PKC in lipid vesicles to demonstrate that 18:0,22:6-sn-
glycerol was more effective than 18:0,20:4-sn-glycerol, 18:0,20:5-sn-glycerol, or
dioleoylglycerol in stimulating PKC activity.

10.3. Calcium Mobilization

Within seconds after receiving a signal, many cells display increased levels of cyto-
solic free calcium. The sources of the cytosolic free calcium are intracellular stores,
such as the endoplasmic reticulum, and the extracellular milieu. IP;, generated in
concert with DAG from phosphatidylinositol 4,5-biphosphate (PIP,) cleavage by phos-
pholipase C, stimulates mobilization of stored calcium. Depletion of these stores stimu-
lates calcium influx from the extracellular milieu. Fatty acids affect calcium
mobilization and are thus assumed to affect cell activation. Chow et al. (Chow et al.,
1990) stimulated the human T leukemia cell line Jurkat with antibodies to the CD3
component of the T-cell antigen receptor in the presence of various unsaturated free
fatty acids. DHA, as well as EPA, a-linolenic acid (ALA), AA, LA, and oleic acid, did
not affect the initial rise in cytosolic free calcium but appeared to prevent the extracel-
lular calcium influx required for sustained cytosolic-free-calcium levels. Fatty acids
did not affect CD3 expression as measured by flow cytometry, nor involve PKC in
their mode of action, and thus the initial interpretation was a direct effect of fatty acids
on the receptor-operated calcium channels. It was shown subsequently that the free
fatty acids inhibited sustained cytosolic free calcium levels in anti-CD3-stimulated
Jurkat cells by increasing calcium extrusion, presumably through activation of the
plasma membrane calcium ATPase (Breittmayer et al., 1993). In untreated Jurkat cells
(i.e., without additional stimulation), free polyunsaturated fatty acids directly mobi-
lized intracellular calcium pools (these pools were also sensitive to anti-CD3 and IP5)
(Chow & Jondal, 1990); DHA appeared to be more effective than the other n3 (EPA,
ALA) and n6 fatty acids (AA, LA). When various n3 and n6, but not n9, fatty acids
were esterified into membrane phospholipids of Jurkat cells, the anti-CD3-induced
rise in cytosolic free calcium was dampened, presumably because the influx of extra-
cellular calcium, rather than release from intracellular stores, was impaired by the
fatty acids (Chow et al., 1991).

11. CONCLUDING REMARKS

Omega-3 fatty acids have long been recognized as beneficial foodstuff, but their
actions are complex and thus poorly understood. There is now a resurgence of interest in
omega-3 fatty acids, particularly DHA, among basic scientists and clinicians. DHA is
being used in a variety of forms, from dietary supplements to novel drug conjugates, to
benefit an extensive and varied series of conditions, including normal vision and neuro-
logic development, heart disease, autoimmune disease, and cancer. The emerging litera-
ture suggests a diversity of mechanisms of action for DHA: modulation of eicosanoid
hormone production, generation of free radicals, regulation of gene expression, and the
fundamental actions of DHA on membrane structure and function. It is the current state
of the art, however, that the physiological and even cellular processes affected by DHA
are not clearly connected to a single action of DHA, and thus there is urgent need for the
interdisciplinary research that will link the “what,” “how,” “when,” and “for whom” at
the molecular, cellular, and organismal levels.
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4 Effects of Essential Fatty Acids on
Voltage-Regulated Ionic Channels
and Seizure Thresholds in Animals

Robert A.Voskuyl and Martin Vieugdenhil

1. INTRODUCTION

If polyunsaturated fatty acids (PUFAs) have an antiarrhythmic action on the heart, do
they also have a suppressant action on other excitable cells, such as neuronal tissue? The
answer to this question is important, because there are several conditions where lowering
of neuronal excitability obviously has a beneficial effect and where there is still a need
for new and better treatments. Neuropathic pain and neurological disorders such as
epilepsy are two examples. The work of Leaf and co-workers (Leaf, Kang, Xiao, Billman
& Voskuyl, 1999a; Leaf, Kang, Xiao, Billman & Voskuyl, 1999b) has convincingly
demonstrated that the stabilizing effect of PUFAs on the electrical activity of isolated
cardiac myocytes stems mainly from inhibition of voltage-regulated sodium and calcium
currents. Some studies in neuronal preparations have pointed in the same direction (Park
& Ahmed, 1992; Takenaka, Horie & Hori, 1987; Takenaka, Horie, Hori & Kawakami,
1988). In this respect, PUFAs bear a striking resemblance to local anesthetics and a
number of antiepileptic drugs. Furthermore, one of the antiepileptic drugs that interact
with sodium channels, valproic acid, is actually a short-chain fatty acid. This remarkable
coincidence prompted us to investigate the possible antiepileptic action of a number of
PUFAGs on isolated hippocampal neurons and in an experimental epilepsy model in vivo.
The second reason why PUFAs deserve interest in the context of epilepsy is the recent
re-emergence of the ketogenic diet as an alternative for antiepileptic drug treatment. The
diet has a high fat content and is low in carbohydrates. Although it does not seem to work
in all patients, it has been remarkably successful in treating, in particular, the most
difficulttypes of epilepsy in children. At present, itis unclear why and how the diet works,
but it is not unreasonable to suppose that the composition of the diet and the different fat
components should have an influence. This subject is discussed in detail in Chapter 17.

2. EPILEPSY, SYNDROMES, SEIZURES, AND ANTIEPILEPTIC DRUGS

Epilepsy is one of the most common neurological disorders, with a prevalence of
approximately 0.5—1% of the world population. It is not ahomogenous disease entity, but
a collection of diverse syndromes. These are broadly divided in localization-related
(focal, local, partial) epilepsies and generalized epilepsies, which involve the whole
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Fig. 1. Epileptiform discharges. Spontaneous epileptiform bursts recorded intracellularly ina CA1
pyramidal cell in a hippocampal slice of a young rat. The epileptiform activity was induced by
perfusing the slice with 50 uM 4-aminopyridine. Most of the action potentials are clipped by the
low sampling rate.

brain. However, the complete official classification of epileptic syndromes and epilep-
sies (1989) comprises almost 40 different types. Whatever the syndrome or type of
epilepsy, they all have in common the sudden and unpredictable, repeated occurrence of
epileptic seizures, which, again, may take a large variety of appearances. Epileptic sei-
zures are characterized by abnormal, excessive synchronous discharges in neuronal cere-
bral networks, accompanied by behavioral manifestations, ranging from a hardly
noticeable arrest of activity that lasts only a few seconds, to the dramatic tonic—clonic
convulsions that may last several minutes.

In the face of this bewildering complexity, it will be no surprise that different types of
epilepsy and seizures ask for different drugs. Fortunately, in the majority of patients,
seizures can be effectively controlled by one or more of the presently available drugs,
allowing them areasonable normal life. Nevertheless, there remains a considerable group
of about 25% in which seizures cannot be suppressed by any drug or only at dosages that
cause unacceptable side effects. Therefore, there is a continuing need for new drugs and
new therapies. From a mechanistic point of view, the three major targets for antiepileptic
drugs are enhancement of synaptic inhibition, depression of synaptic excitation, and
containment of excessive action potential generation (e.g., Loscher, 1998; White, 1999).
The importance of the latter is illustrated in Fig. 1, which shows a typical epileptiform
burst of action potentials riding on top of a strong depolarization, induced in isolated brain
tissue by one of the many available convulsants. As there is a remarkable similarity in
how PUFAs decrease the excitability of cardiac myocytes and how local anesthetics,
phenytoin, and other antiepileptic drugs do the same job for neurons, we will first describe
the action potential mechanism at some length. Excellent, more detailed reviews on the
molecular properties of sodium channels and actions of anticonvulsants have been pub-
lished recently (Catterall, 1999; Ragsdale & Avoli, 1998; Taylor & Narasimhan, 1997).

3. VOLTAGE-REGULATED SODIUM CHANNELS

Figure 2 shows how conformational changes of the sodium channels are involved in
the generation of action potentials. Sodium channels are large glycoproteins that form a
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Fig. 2. Action potential generation. Opening and closing kinetics of sodium and potassium chan-
nels during an action potential. The curved arrows indicate the predominant conformation of the
channels during the different phases of an action potential.

pore through the membrane. The opening and closing of this channel is regulated by the
membrane potential. In neurons that are not active, the resting potential is about —70 mV
(inside negative with respect to the outside), and at this potential, the large majority of
the channels is in a nonconducting or closed conformation. This is indicated here sche-
matically by a constriction in the pore. When the neuron is depolarized (e.g., by an
excitatory postsynaptic potential), sensors in the sodium channel detect the voltage change
and this is the signal for the channel to open. This allows sodium ions, for which the
pore is selective, to rush into the cell and depolarize the cell further. As a result of this
positive feedback mechanism, the membrane potential will change from —70 mV to
approx +20 mV within a fraction of a millisecond. Depolarization not only causes open-
ing or activation of the channel but, at a slightly slower time-scale, also closing or
inactivation of the channel. The latter has been envisioned as a “hinged-lid” mechanism
(the lid being an intracellular loop of the channel protein), where the lid physically plugs
the pore. The inactivation of the channel blocks the influx of sodium, allowing the
neuron to restore the resting potential, a process which is helped by opening of voltage-
sensitive potassium channels. At the time-scale of the action potential (i.e., about a
millisecond), the potassium channels simply open upon depolarization and close when
the membrane potential is restored, but more slowly than the sodium channels.

It is important to realize that the conformational change from the “Closed” to the
“Open” state is areversible step, but the conversion from the “Open” to the “Inactivated”
state is irreversible. Thus, upon continuing depolarization, all sodium channels eventu-
ally become trapped in the inactivated (nonconducting) state, from which they can only
escape to the (also nonconducting) closed state by hyperpolarization (i.e., by restoration
of the resting potential). This removal of inactivation is a relatively slow process and
determines how quick a neuron can fire anew action potential. Properties of the activation and
inactivation processes can be conveniently studied by clamping the membrane potential to
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Fig. 3. Voltage-clamp protocols. Typical voltage-clamp protocols to assess the inactivation curve
(A and B) and the recovery from inactivation (C and D). (A) The voltage protocol is shown in the
top trace, the transient sodium current in the bottom trace (by convention an inward current is
shown as a downward deflection). From rest, the membrane potential is first “stepped’” to a
conditioning potential (prepulse), and from there to a value near 0 mV for maximal activation of
the sodium current. In this case, the prepulse is hyperpolarizing to remove sodium inactivation.
(B) Inactivation curve (i.e., peak current as a function of the conditioning prepulse). The dashed
line illustrates the typical leftward shift induced by phenytoin or carbamazepine. The dotted
vertical line at about —75 mV illustrates that after a leftward shift, the maximal sodium current that
can be achieved from that potential is reduced, and by that, the chance of generating an action
potential. (C) In this protocol, all sodium channels are first brought into the inactivated state by
activating them with a long depolarizing voltage step. After a recovery at the original resting
potential for a certain time A¢, the sodium current is activated again. (D) Rate of recovery. The
dashed line illustrates the delay of recovery by, for example, phenytoin.

different values in a stepwise fashion. The current needed to keep the potential at that
level then provides information on the kinetics of the channel. Figure 3 shows some
typical voltage-clamp protocols.

It should also be mentioned that the sodium channel contains a number of intracellular
phosphorylation sites. The degree of phosphorylation of these sites is under the control
of cyclic AMP or protein kinase C. This provides further opportunities for modulation of
sodium currents, which may modify high-frequency firing.

Local anesthetics like lidocaine and anticonvulsants like phenytoin do not interfere
with the process of activating sodium channels itself and thus leave the action-potential-
generating mechanism intact. However, they cause a voltage- and use-dependent block
of sodium current that reduces the number of channels available for action potential
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generation (Schwartz & Grigat, 1989; Taylor & Narasimhan, 1997; Vreugdenhil &
Wadman, 1999), as do PUFAs in cardiac myocytes (Xiao, Kang, Morgan & Leaf, 1995;
Xiao, Wright, Wang, Morgan & Leaf, 1998). The block is poor when the cell is activated
from a strongly negative membrane potential, but it becomes progressively more effec-
tive when starting from more depolarized levels. This is illustrated by the typical leftward
shift of the inactivation curve in Fig. 3B. Activating the neuron from a potential of about
—75 mV (dotted vertical line), the peak sodium current is about 90% of the maximal
achievable current, as indicated by the solid curve. In other words, at rest, 90% of the
sodium channels are available for activation. If the curve is shifted to the left, as indicated
by the dashed line, the peak sodium current will be only 50% of the maximum if activation
starts from —75 mV. Only 50% of the channels are available for opening (i.e., 50% are
in the inactivated state), and the chance of reaching the threshold for action potential
generation is reduced.

Furthermore, the block increases with repeated activation of the sodium channel. This
can be explained by assuming preferential, but slow, binding to the inactivated channel.
Binding is therefore incomplete during the short time window after a single activation,
but will accumulate with repeated activation. Furthermore, most anticonvulsants also
delay the recovery of inactivation. This combined action will keep more and more chan-
nels in the inactivated state and fewer channels are available for opening. The various
anticonvulsants, local anesthetics, and PUFAs differ only in minor details in their actions.
The voltage- and use-dependent block of sodium channels is a very desirable property
for anticonvulsants, because it means that the block becomes effective only when the
neuron is depolarized and firing at high frequency, which is the case during epileptic
activity. This limitation of the frequency at which a neuron can fire action potentials is
very characteristic and often the first indication of an effect on sodium channels (McLean
& Macdonald, 1986a; McLean & Macdonald, 1986b). In cardiac myocytes, PUFAs have
an analogous action (Leifert, McMurchie & Saint, 1999; Xiao et al., 1995), providing a
low-pass filter for repetitive contraction, in effect preventing cardiac arrhythmias in rat
(Hock, Beck, Bodine & Reibel, 1990) and man (de Logeril et al., 1994). Under normal
conditions when no high-frequency firing is needed, the functioning of the channel is
hardly changed. Because activation is not affected, the shape of the action potential is
otherwise unaffected.

Kang and Leaf provided evidence that PUFAs block sodium currents only in the free
form (Kang & Leaf, 1994). Incorporated in the membrane, bound to albumin, or esteri-
fied, they are inactive. They also showed that the efficacy depends on the number of
double bonds, the n-3 fatty acids docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) being the most effective (Kang & Leaf, 1994). Finally, they showed that PUFAs
have a similar action on calcium channels (Xiao, Gomez, Morgan, Lederer & Leaf, 1997),
which behave in much the same way as sodium channels.

4. EFFECTS OF FATTY ACIDS ON SODIUM CURRENTS
IN HIPPOCAMPAL NEURONS

Reduction in sodium currents in squid giant axons (Takenaka et al., 1987; Takenaka
etal., 1988) and dorsal root ganglion cells cultured in PUFA containing media (Park &
Ahmed, 1992) has been reported earlier. We have tested whether PUFAs have a similar
action on sodium currents in pyramidal neurons from the hippocampal CA1 area. Our
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choice of neuron type was inspired by the crucial role this hippocampal output structure
plays in temporal lobe epilepsy (Meier & Dudek, 1996).

Neurons were acutely isolated from enzyme-treated CA1 tissue pieces, cut from the
hippocampus removed from the brain of adult Wistar rats. Detailed methods are given in
two earlier articles (Vreugdenhil et al., 1996; Vreugdenhil & Wadman, 1999). The neu-
rons selected for recording had a truncated apical dendrite and allowed adequate voltage
control in the whole-cell patch configuration. Voltage-dependent calcium currents and
potassium currents were pharmacologically blocked.

4.1. Voltage Dependence of Sodium Current Inactivation Is Affected

To assess the voltage dependence of the inactivation process, we determined the
voltage dependence of steady-state inactivation, using a double-pulse voltage protocol.
During the first conditioning pulse of 0.5 s, the fraction of channels in the inactivated state
was set by stepping to different potentials. The result was tested by a second step to
—25mV (voltage protocol is given as an insetin Fig. 4A). Figure 4A gives a typical series
of current traces recorded using the double-pulse protocol. After a hyperpolarizing con-
ditioning pulse, a maximal inward current was recorded that decayed exponentially.
Following a depolarizing conditioning pulse, only a small fraction of the current was left.
The normalized peak current amplitude as a function of the conditioning voltage was fit
with a Boltzmann equation (Fig. 4B) that describes the voltage dependence with a poten-
tial of half-maximal inactivation (V,; =60.6 = 0.3 mV, n = 128) and a factor V,. propor-
tional to the slope at V,, (5.6 = 0.1 mV). After two measurements in virtually lipid-free
control solution containing 1 mg of delipidated bovine serum albumin (BSA), the voltage
dependence of steady-state inactivation was determined in the presence of fatty acids in
the BSA-free perfusate. We first tested the effect of 16 uM of the PUFA cis-
4,7,10,13,16,19 docosahexaenoic acid (DHA: C22:6n-3). Sixteen micromolar DHA
shifted the voltage dependence of steady-state inactivation by 13 mV to more hyperpo-
larized levels, with a small increase of V... We quantified the effect of different fatty acids
on the shift in voltage dependence of steady-state inactivation. Figure 4C gives the
negative shift in V, (AV,) for 16 uM of the PUFAs DHA, cis-5,8,11,14,17-eicosa-
pentaenoic acid (EPA: C20:5n-3), and cis-9,12-octadecadienoic acid (linolenic acid; LA:
C18:2n-6), the monounsaturated fatty acid cis-9-octadecaenoic acid (oleic acid; OA:
C18:1n-9) and the unsaturated fatty acid hexadecanoic acid (palmitic acid; PA: C16:0)
and, as a control, continued perfusion with BSA. There was a clear relationship between
the amount of unsaturated bonds and the potency of the fatty acid to shift V,, with the
monounsaturated OA and the saturated PA not different from the BSA control. The same
relationship was found in cardiac myocytes, where the potency was found to be related
to membrane fluidity (Leifert et al., 1999). In correlation with the shift in the potential of
half-maximal activation AV, the slope factor V, increased significantly for the PUFAs
(0.8 £ 0.2 mV for DHA, 1.3 = 0.2 mV for EPA, and 0.6 + 0.2 mV for LA).

As the prediction was that the refractory period would increase as a result of a slower
recovery from inactivation, we tested the effect of DHA on the time-course of the recov-
ery from inactivation. Using a double-pulse protocol, the current was first completely
inactivated by a 20-ms conditioning pulse to —25 mV. After arecovery period of increas-
ing duration at either =70 mV or —80 mV, the fraction of channels that were recovered
from inactivation was assessed with a second pulse to —25 mV (Fig. 4D). The recovery
from inactivation as a function of interval was fit by an exponential function with a time
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Fig. 4. PUFAs shift voltage dependence of sodium current inactivation. (A) Sodium current
inactivation. A set of sodium currents recorded in an isolated CA 1 neuron by a 10-ms depolarizing
potential step to —25 mV, following different 0.5-s conditioning steps to potentials ranging from
—140mV to-35mV. (B) Steady-state inactivation of the sodium current in the cell in Fig. 1 A. Peak
sodium current amplitude is normalized to the maximal current given as a function of conditioning
step potential (V) in fat-free control solution (open symbols) and after perfusion with 16 uM DHA
(filled symbols). Data are fitted with a Boltzmann equation of the form /1, = 1/(1 + e(V-V,)/V,)),
indicating a shift in the potential of half-maximal inactivation V, of 13 mV and an increase of the
slope factor V,by 1.1 mV. (C) Potency of different fatty acids. The shift in V, induced by 16 uM
of the PUFAs DHA (n = 14), EPA (n =7), and LA (n = 7), the mono-unsaturated OA (n = 7),
and the saturated PA (n = 4) are given and compared to the unspecific time-dependent shift
with continued perfusion with BSA-containing control solution (n = 8). Error bars indicate
SEM. Unpaired Student’s t-test significance is indicated as~ p<0.01; " p<0.001. (D) Recovery
from inactivation. The time-course of the recovery from inactivation was assessed using two
20-ms steps to —25 mV with an interval of varying duration. After complete inactivation by
the first step, the sodium current was allowed to recover from inactivation during the interval.
The current peak amplitude, normalized to the unconditioned amplitude, is given for the same
cellasinFig. 1A,B as afunction of interval duration, for an interval potential of —-80 mV (circles)
and -70 mV (squares), in control solution (open symbols), and after perfusion with 16uM DHA.
Data are fit with a monoexponential function. The rate of recovery from inactivation is increased
with more hyperpolarized interval potentials. DHA shifts this voltage dependence by about
10 mV in this neuron.
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constanttof 11.6 0.4 ms at —-80 mV and of 21.4 £ 0.4 ms at—70 mV (n = 115). Sixteen
micromolar DHA slowed down the rate of recovery from inactivation at —-80 mV to
the same level as at <70 mV in the control solution, indicating a shift in the voltage
dependence of recovery from an inactivation of about 10 mV to more hyperpolarized
levels. The increase in T at —80 mV induced by 16 uM of the fatty acids was 4.9 = 0.9 ms
for DHA, 2.7 £ 0.8 ms for EPA, 2.1 £ 0.9 ms for LA, —-0.2 £ 0.8 ms for OA, and 0.1 £ 0.8
ms for PA. When compared to the small change with continued perfusion with BSA (-1.3 +
0.7 ms), only the PUFAs DHA, EPA, and LA reduced the rate of recovery from inacti-
vation significantly.

4.2. Sodium Current Activation Is Not Affected

The voltage dependence of activation was assessed by determining the sodium con-
ductance at different depolarizing steps, from —120 mV, and fitting the voltage—
conductance relationship with a Boltzmann equation (see Vreugdenhil et al., 1996).
The potential of half-maximal activation was —31.1 + 0.4 mV (n = 86). At a concentra-
tion of 16 uM, not one of the tested PUFAs affected the voltage dependence of activa-
tion. DHA and EPA suppressed the sodium conductance significantly (by 35 + 7% and
10 = 6% respectively). This suppressive effect was absent at lower concentrations
and was more pronounced in cardiac myocytes at higher concentrations (Leifert
et al., 1999).

4.3. Concentration-Effect Relationship

The PUFA-induced AV, was determined for different concentrations of DHA or EPA.
The concentration—effect relationship for DHA (Fig. 5A) and EPA (Fig. 5B) was fit with
a Hill equation. With a Hill coefficient of 2, the maximal effect was a shiftof -11.2+ 0.6 mV
for DHA and —11.4 = 0.2 mV for EPA. The concentration of half-maximal effect (ECs)
was 2.1 = 0.3 uM for DHA and 3.7 = 0.2 uM for EPA. DHA and EPA are much more
effective than the anticonvulsant carbamazepine. The AV, induced by 15 uM carbamaze-
pine under identical conditions (AV,= —4.3 mV) (Vreugdenhil & Wadman, 1999) can
already be achieved by 1.6 uM DHA or 2.9 uM EPA.

5. EFFECTS OF PUFA ON CALCIUM CURRENTS

In addition to an effect on sodium currents, many known anticonvulsant drugs reduce
calcium currents as well (Elliott, 1990; Rogawski & Porter, 1990). PUFAs were shown
to suppress calcium currents in cardiac myocytes (Xiao et al., 1997). In a parallel study,
we tested the effect of DHA and EPA on voltage-dependent calcium currents in acutely
isolated CA1 neurons and with similar voltage protocols to assess the voltage dependence
of activation and steady-state inactivation of the high-voltage activated calcium current
as for the sodium current. For details, see Vreugdenhil et al., 1996; Vreugdenhil &
Wadman, 1994. As for the sodium current, the calcium current activation characteristics
were not affected by PUFAs, but the calcium current inactivation accelerated and the
voltage dependence of the steady-state inactivation shifted to more hyperpolarized lev-
els. The concentration—effect relationship for DHA and EPA are shown in Fig. 5A, B.
With a Hill coefficient of 2, the maximal effect of DHA was —6.7 = 0.4 mV with an ECjs
of 2.2 + 0.4 uM. EPA was clearly less effective and had an ECs5y > 15 uM. The
monounsaturated fatty acid OA had no significant effect at 20 uM.
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Fig. 5. Concentration—effect relationships. (A) The concentration—effect relation ship of DHA.
The shift in V, is given as a function of DHA concentration for sodium currents (I,, squares) and
calcium currents (I, circles) after subtraction of the unspecific time-dependent shift with contin-
ued perfusion with BSA-containing control solution. Data are fit with a Hill equation of the form
A,../(1 + (c/ECyy)"), where A, is the maximal effect, ¢ is the concentration of the drug, ECy, is
the concentration of half maximal effect and / is the Hill coefficient. The EC, was approx 2 uM
for both the sodium current and the calcium current. (B) Concentration—effect relationship for
EPA. The EC,, for the sodium current was lower than that for the calcium current.

6. EFFECTS OF FATTY ACIDS IN VIVO

Yehuda and co-workers were the first to demonstrate that PUFAs can have an anticon-
vulsant effect in vivo (Yehuda, Carasso & Mostofsky, 1994). They administered a mix-
ture of a-linolenic/linoleic acid in a ratio of 1 : 4 to rats for 3 wk and assessed the
protection against acute convulsant doses of pentylenetetrazole (PTZ), repeated
subconvulsive doses of PTZ (chemical kindling), in rats made epileptic by a FeCl; injection
in the amygdala and in rats made seizure-prone to acoustic stimulation by repeated injection
with p-cresol. Inall epilepsy models, the treatment either prevented the occurrence of seizures
or increased the threshold for convulsions and diminished the severity and duration.
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We investigated whether an anticonvulsant effect could be demonstrated after acute
doses (Voskuyl, Vreugdenhil, Kang & Leaf, 1998). The cortical stimulation model was
used for this purpose, as it allows frequent testing of the threshold for convulsive
activity in individual animals and can, therefore, provide the time-course of effect in
asingle experiment (Voskuyl, Dingemanse & Danhof, 1989; Voskuyl, Hoogerkamp &
Danhof, 1992).

In this experimental epilepsy model, convulsive activity is induced by electrical
stimulation of the motor area of the cortex. Because the bilateral, cortical electrodes are
chronically implanted, the stimulation can take place via a cable in otherwise freely
moving animals. A current pulse train is used that slowly increases in amplitude with
each pulse. This results in a progressive pattern of behavioral, convulsive activity
that can be seen during stimulation. Within this pattern two thresholds have been
defined, the threshold for localized seizure activity (TLS) and, with continued stimu-
lation, the threshold for generalized seizure activity (TGS). If stimulation is stopped
before the TLS is reached (typically the start of clonic activity of the forelimbs),
convulsive activity is immediately aborted. Crossing of the TGS is characterized by
self-sustained seizure activity, continuing for 10-40 s after stimulation has stopped.
“Postictal” (i.e., postseizure) threshold increases are avoided if the TGS is not crossed.
Testing a great number of anticonvulsant drugs, it was found that drugs could increase
the TLS, the difference between the TLS and TGS, or both (Della Paschoa,
Hoogerkamp, Edelbroek, Voskuyl & Danhof, 2000; Hoogerkamp et al., 1996;
Hoogerkamp, Vis, Danhof & Voskuyl, 1994). (It should be noted thatif adrug increases
the TLS, the TGS rises by necessity, because it is reached only when the stimulus
intensity has passed the TLS.) Phenytoin and carbamazepine preferentially affect the
TGS, but valproate increases the TLS primarily. Fresh emulsions of fatty acids made
by mixing a small volume of concentrated fatty acid in alcohol, with 2 mL of physi-
ological saline containing BSA and subsequent sonication, were administered via a
previously implanted jugular vein canula. As pilot experiments had shown that bolus
injections were ineffective, the emulsion was infused over a period of 30 min. We
tested DHA, EPA, LA, OA, and vehicle. DHA and EPA moderately, but highly signifi-
cantly, increased the TLS and TGS (Table 1). Both thresholds started to rise at the end
of the infusion and reached a maximum after 7 h. The next day, the thresholds had partly
returned to baseline. LA and OA had similar but smaller effects, but OA did not change
the TLS. The vehicle had no effect at all. The time-courses of the threshold changes are
illustrated in Fig. 6. Although it was less conspicuous than in cardiomyocytes and hip-
pocampal neurons, the efficacy of the fatty acids appeared to correlate with the number
of double bonds in these experiments as well.

In comparison with phenytoin and carbamazepine, which induce changes in TGS of
several hundred microampere, the effects of the fatty acids were rather small. However,
amore conspicuous difference was the slow increase in threshold over a period of several
hours. With intravenous administration of phenytoin, carbamazepine, or valproate, the
maximal effect is reached almost immediately after injection, after which the threshold
returns to baseline in 4-6 h. The pharmacokinetics were not investigated in detail, but the
time-course of effect certainly did not follow the plasma concentration. Blood samples
taken from some rats that were treated with DHA or EPA indicated that the plasma
concentration was maximal at the end of the infusion and dropped to undetectable levels
after 6 h (probably already after 3 h).
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Table 1
Increase in the Thresholds for Localized (TLS) and for
Generalized Seizure Activity (TGS), 6 h After the Start of Infusion

TLS TGS

(nA) (nA) n
DHA 77 + 17 130 = 19 7
EPA 73 +13 125 =20 7
LA 49 x 10 75«11 9
OA 16 £7 54 +9 9
Vehicle 15«15 8+11 6

Note: Values are expressed as mean = sem. One-way analysis of variance
indicated a highly significant difference between groups, both for the
TLS and TGS (p<0.001). Subsequent multiple range tests, using the least-
squares difference procedure, demonstrated that, with respect to the TLS,
EPA,DHA, and LA differed from OA and control. With respect to the TGS,
EPA and DHA differed from LA and OA and the latter two, in turn, from the

control.
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Fig. 6. Threshold increase in the cortical stimulation model. (A) Change in TLS induced by
30-min iv infusion of 40 umol fatty acid, shown for DHA (n =7), LA (n =9), or vehicle (n = 6).
The TLS is expressed as the increase with respect to the mean value during the preinfusion period.

The infusion is indicated by black bar. Data are mean + sem. (B) Change in TGS, measured
simultaneously with the TLS in the same animals.

7. POTENTIAL ROLE OF PUFAS IN THE TREATMENT OF EPILEPSY

In conclusion, in vitro studies on hippocampal neurons and in vivo studies in experi-
mental epilepsy models have shown that PUFAs, especially DHA, in principle can have
ananticonvulsantaction. Atlow-micromolar concentrations, they exhibit the same effects
as well-known antiepileptic drugs like carbamazepine, phenytoin, and valproic acid, in
that they reduce sodium currents by shifting the voltage dependence of the inactivation
in the hyperpolarizing direction and delaying the recovery of inactivation, without effect
on activation. The manner in which the sodium current is reduced should increase the
threshold for action potential generation and limit the firing rate, which has, indeed, been
shown recently for CA1 and CA3 hippocampal neurons (Xiao & Li, 1999). The selective
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effect appears to be positively correlated to the number of unsaturated bonds and to
depend on the presence of a free carboxylic acid group. Furthermore, calcium currents
are modified in the same way. This may be expected to reduce calcium-dependent neu-
rotransmission and postsynaptic calcium influx in neurons. The combined action on
sodium and calcium currents is characteristic for drugs effective against partial seizures
(Elliott, 1990; Rogawski & Porter, 1990) and is already achieved by low-micromolar
concentrations.

Althoughitis tempting to attribute the anticonvulsant effectin vivo to the direct effects
of PUFASs on sodium and calcium channels, there is, as yet, no proof that this is actually
the case. The in vivo studies reveal some complicating factors. The two classical screen-
ing models for anticonvulsant action are the maximal electroshock (MES) test and the
subcutaneous pentylenetetrazole (PTZ) test. The majority of the presently available
anticonvulsants have been initially identified with one of these tests and often they show
efficacy in only one of the tests. Phenytoin and carbamazepine, which presumably act
primarily by suppressing sodium currents, are the two prototype compounds that show
selective activity in the MES test, but not in the PTZ test. However, so far, the anticon-
vulsant action of PUFAs has not yet been demonstrated in the MES test, but only in the
PTZ test. The selective effect of carbamazepine and phenytoin in the MES test is paral-
leled in the cortical stimulation model by a strong and immediate effect on the TGS,
whereas the effect of PUFAs was moderate and reached a peak only after several hours.
Furthermore, in the studies by Yehuda and co-workers, the fatty acids appeared to become
effective only after the animals had been administered a fatty acid mixture for 3 wk.
Although the authors did not discuss this point, it seems that this time-consuming design
was chosen because acute doses were not effective. This raises the question of whether
the administered PUFAs actually reach their targets and whether reduction of sodium and
calcium currents indeed underlies the anticonvulsant action or that other mechanisms are
involved. For example, a new class of “background” potassium channels has recently
been discovered that is found only in the central nervous system and is exclusively
activated by PUFAs (Fink et al., 1998). Activation of these channels would be indistin-
guishable from the aforementioned effects on Na* channels. A role for these K* channels
in the protective effects of PUFAs against kainic acid-induced epileptic seizures has been
suggested (Lauritzen et al., 2000).

Itis unlikely that PUFAs do not reach the brain, because they can pass the blood-brain
barrier rapidly. Thus, it seems more likely that they are quickly stored somewhere, so that
the free concentration in the extracellular space remains too low, at least initially, to
interact with ion channels. From these stores, they can be released more slowly, account-
ing for a delayed effect. One possibility is that they are incorporated in neuronal mem-
branes and later liberated by activity-dependent lipase (Dumuis, Sebben, Haynes, Pin &
Bockaert, 1988). Alternatively, astroglial cells may buffer the rapid rise in fatty acid
concentration and later release them at a much slower rate to the immediate vicinity of
the neurons.

The possibility of other mechanisms involved in the action of PUFAs should be con-
sidered. Some studies suggest that a reduction in sodium current may also be accom-
plished by activation of protein kinase C (Godoy & Cukierman, 1994; Linden &
Routtenberg, 1989), possibly by modulating the degree of phosphorylation of the sodium
channel (see Catterall, 1999). As an example of the complexity of correlating mecha-
nisms observed at the molecular and cellular levels to the in vivo anticonvulsant action,
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Fig. 7. Synergistic action of PUFAs. (A) Voltage dependence of steady-state inactivation of the
sodium current in the control solution (open symbols) after perfusion with 15 uM carbamazepine
(CBZ, gray symbols) and after the addition of 0.5 uM EPA (black symbols). Data are fit with a
Boltzmann equation. Like PUFAs, CBZ induces a shift in V, and increases the slope factor V.. The
addition of 0.5 uM EPA induces an extra shift in V,,, but without affecting the V_, whereas 0.5 uM
EPA alone has no discernible effect on V,,. (B) The shift in V, induced by addition of 0.5 uM EPA
ontop of 15 uM CBZis given against the shiftinduced by 15 uM CBZ alone for CA1 neurons from
healthy rats (open circles), for CA1 neurons from patients with pharmaco-resistant temporal lobe
epilepsy (filled circles), and for neocortical neurons from epilepsy patients (squares). The poten-
tiating effect of subthreshold concentrations of EPA is similar for all groups.

valproic acid can serve as an example. Although the typical effects on sodium channel
inactivation and lowering of repetitive firing have been described in cultured neurons
(McLean & Macdonald, 1986b; Van den Berg, Kok & Voskuyl, 1993), the expected
changes in firing behavior could not be confirmed in hippocampal slices (Albus &
Williamson, 1998). Thus, it remains an open question as to what extent the effects of
valproate on sodium channels contribute to the antiepileptic action. Other proposed
mechanisms are increased GABA-mediated inhibition via stimulation of GABA synthe-
sis andrelease, reduction of the release of the proconvulsant amino acid y-hydroxybutyric
acid, and attenuation of synaptic excitation mediated by N-methyl-p-aspartate (NMDA)
receptors (see Loscher, 1999 for areview). DHA has also been reported to affect GABA-
mediated synaptic inhibition (Hamano, Nabekura, Nishikawa & Ogawa, 1996) and
NMDA responses (Nishikawa, Kimura & Akaike, 1994). However, the actions were in
the opposite direction and would be expected to counteract an anticonvulsant effect via
sodium and calcium channels (this could, in part, be responsible for the moderate effect
in vivo). Itillustrates that much work still needs to be done to correlate molecular mecha-
nisms of PUFAS to responses of the intact organism and differences between different
members of this class of compounds should be considered.

8. SYNERGISTIC ACTION OF PUFA

Nevertheless, there are some exciting avenues to explore, of which one is the already
mentioned possible role of PUFAs in the ketogenic diet, as is covered in Chapter 17.
Another aspect is the enhancement of the action of conventional drugs by nanomolar
concentrations of PUFAs. This interesting phenomenon was observed at very low doses



76 Part I / Basic Mechanisms

of PUFAs. Figure 7A gives an example where 15 uM carbamazepine shifted the voltage
dependence of the sodium current steady-state inactivation by 5.4 mV to more hyperpo-
larized levels. The addition of 0.5 uM EPA almost doubled this shift, without affecting
the slope of the curve. When tested in isolation, this dose of EPA was without discernible
effect (see Fig. 5B). This overadditive or synergistic effect was also found for DHA (not
shown). In a similar fashion, subthreshold levels of the two-branched fatty acid valproic
acid (100 uM) boosted the effect of 15 uM carbamazepine or 10 uM phenytoin on the V),
of sodium currents (M. Vreugdenhil, unpublished data). This synergistic action of valproic
acid in vitro was confirmed in vivo in the cortical stimulation model for anticonvulsant
action of drugs: subthreshold doses of valproic acid significantly boosted the anticonvul-
sant effect of phenytoin (Della Paschoa, Kruk, Hamstra, Voskuyl & Danhof, 1998).

We determined the synergistic effect of 0.5 uM EPA on 15 uM carbamazepine in CA1
neurons from healthy rats, in CA1 neurons isolated from the hippocampus surgically
removed from patients with intractable temporal lobe epilepsy, and in neocortical pyra-
midal neurons from the same patients (for details on methods, see Vreugdenhil &
Wadman, 1999). Figure 7B shows a clear relation between the shift in the inactivation
curve induced by 15 uM carbamazepine and the additional shift induced on top of 0.5 uM
EPA. This suggests that the effect of a therapeutically relevant dose of carbamazepine can
be boosted by subthreshold levels of PUFAs.

This knowledge might be relevant for those epilepsy patients who need intolerably
high doses of antiepileptic drugs to control their seizures. The shift in inactivation curve
induced by 15 uM carbamazepine in CA1 neurons from the hippocampus of epileptic
patients with hippocampal sclerosis (Vreugdenhil et al., 2000), as well as in CA 1 neurons
from chronic epileptic (kindled) rats (Vreugdenhil & Wadman, 1999), was smaller than
that in CA1 cells from healthy rats (Fig. 7B). Instead of doubling the dose of
carbamazepine, very low concentrations of PUFAs might provide the shift required for
seizure control. The other way around, the success of treatment with antiepileptic drugs
like carbamazepine might depend on PUFA levels in the brain, which can vary consid-
erably, according to diet (de Logeril et al., 1994) and metabolism. This synergistic action
may provide a basis for developing rational polytherapy of PUFAs and carbamazepine
or phenytoin.
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5 Role of Dietary Fats and Exercise

in Immune Functions and Aging

Jaya T Venkatraman and David Pendergast

1. INTRODUCTION

Immunosenescence is a complex remodeling of the immune system that may contrib-
ute significantly to morbidity and mortality in the elderly. Much evidence suggests an
association between immune function and well-being during aging and longevity. Despite
several studies on the immune system in the elderly, little is known of the biological basis
of immunosenescence in humans. Undoubtedly, some diseases to which the elderly are
particularly susceptible, such as infections and autoimmune and neoplastic pathologies,
include dysregulation of several immune functions in their pathogenesis. On the other
hand, recent studies in healthy centenarians suggest that the immunological changes
observed during aging are consistent with a reshaping, rather than a generalized deterio-
ration, of the main immune functions. The infection rate and severity increase with aging
as a result of decrease in immune function with aging. The primary changes of the aged
host are in the T-lymphocytes, perhaps because of the involution of the thymus. Second-
ary changes (environmental) may be the result of changes in diet, drug intake, physical
activity, and so forth or, alternatively, the result of underlying diseases (Wick and
Grubeck-Loebenstein, 1997). There is a paradoxical increase in autoimmunity, and the
responsiveness to exogenous antigens and tumors are reduced and may play a
proinflammatory role in the development of many pathological conditions (Weyand et
al., 1998). Recurrent stress, infections, and inflammation over the life-span play a
significant role in producing age-associated changes in all systems. Genetic selection
for infections has been implicated in coronary heart disease (McCann et al., 1998),
early onset of Parkinson’s following influenza encephalitis, and Alzheimer’s disease
(Stoessl, 1999).

The restoration of immune functions of the aged individuals is possible and might be
beneficial for them to cope with various diseases associated with aging (Hirokawa,
1997). Physiological thymic atrophy is controlled by both extrathymic and intrathymic
factors and is not a totally irreversible process. The process of thymic atrophy might be
explained by a further understanding of the relationship between the neuroendocrine and
the immune systems (Hirokawa et al., 1994). Although the most obvious age-related
structural alteration of the immune system occurs in the thymus, the role of thymic
involution in immunosenescence is still not well understood.
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1.1. Immune Theory of Aging

Original immunologic theory of aging suggests that aging in mammals is a self-
destructive process leading to a decline in immune response. The failure in immune
homeostasis is associated with a consequent rise in autoimmunity (Walford, 1987). Age-
related phenomena such as increased prevalence of autoantibodies and monoclonal
immunoglobulins reflect dysregulation of the senescent immune system rather than a
simple decline in responsiveness. The age-related changes primarily occur in the T-cell-
dependent immune system and are associated with increased susceptibility to infections
and incidence of autoimmune phenomena in the elderly. One of the characteristics of all
somatic cells is a finite life-span. Cells may proliferate until they reach a point, after
which they can no longer produce daughter cells. This observation is central to the clonal
exhaustion hypothesis, a mechanism cited to explain age-associated immune dysfunc-
tion. In this hypothesis, repeated division of lymphocytes leads to areplicative limit, after
which the cells enter the senescent phase but are not lost from the pool of T-cells. Advanc-
ing age would then be associated with an increase in the number of T-cells that are unable
to proliferate to a stimulus that induces a proliferative response in T-cells from younger
individuals.

2. IMMUNE SYSTEM CHANGES WITH AGING

2.1. Immune Function
2.1.1. AGING AND IMMUNE CELL SUBSETS

The innate immunity is preserved over the life-span. Immune changes, dysregulations,
mainly affect acquired immunity and lead to a gradual increase in T-helper (Th) 2/T-
helper 1 cells. This change is the result initially of decreased thymic function, and later
of accumulative antigen pressure over the life-span. T-Cell subset distribution in periph-
eral lymphocytes changes with age to a higher memory/naive cell ratio, accompanied by
changes in cytokine production patterns (Fernandes and Venkatraman, 1993; Fernandes
etal., 1997; Thoman and Weigle, 1989; Venkatraman and Fernandes, 1994; Venkatraman
et al., 1994). Proliferative capacity of T-cells declines with age (Venkatraman &
Fernandes, 1997; Makinodan, 1998; Makinodan et al., 1987). The composition of T-cell
subsets in the periphery gradually change with age, resulting in the alteration of T-cell
functions in the elderly. There appears to be a macrophage—lymphocyte disequilibrium
in aged persons (Lesourd, 1999). There is a shift in the equilibrium of peripheral T- and
B-lymphocyte subsets, T helper 1 subset (Th1) to Th2 and CD5~ to CD5" cells with aging.
T-Cell responses are more affected than B-cell responses that may result in T-cell-
mediated dysregulation of antibody responses and low affinity and self-reactive antibod-
ies (Doria and Frasca 1997). T-Cell activity may be restricted to immune surveillance of
neoplastic transformation. Even the B-cells exhibit intrinsic defects and natural-killer
(NK) cells have a profound loss of activity. Aging leads to replacement of virgin cells by
memory cells and to the accumulation of cells with defects in signal transduction.

The aging immune system is characterized by a progressive decline in the responsive-
ness to exogenous antigens and tumors in combination with a paradoxical increase in
autoimmunity. From a clinical viewpoint, deficiencies in antibody responses to exog-
enous antigens, such as vaccines, have a major impact and may reflect intrinsic B-cell
defects or altered performance of helper T-cells. Aging is associated with the emergence
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of an unusual CD4 T-cell subset characterized by the loss of CD28 expression (Weyand
etal., 1998). CD28 is the major costimulatory molecule required to complement signal-
ing through the antigen receptor for complete T-cell activation. CD4* CD28~ T-cells are
long-lived, typically undergo clonal expansion in vivo, and react to autoantigens in vitro.
Despite the deficiency of CD28, these unusual T-cells remain functionally active and
produce high concentrations of interferon-y (IFN-y) and interleukin-2 (IL-2). The loss of
CD28 expression is correlated with a lack of CD40 ligand expression, rendering these
CD4 T-cells incapable of promoting B-cell differentiation and immunoglobulin secre-
tion, thus aberrations in immune responsiveness (Weyand et al., 1998). Aging-related accu-
mulation of CD4* CD28" T-cells should result in an immune compartment skewed toward
autoreactive responses and away from the generation of high-affinity B-cell responses against
exogenous antigens. We propose that the emergence of CD28-deficient CD4 T-cells in the
elderly can partially explain age-specific aberrations in immune responsiveness.

In a cohort of apparently healthy and well-nourished elderly women, total T (CD3*),
T-helper (CD4*), or T-cytotoxic (CD8*) cell number, NK cell number, cytotoxicity,
phagocytosis, and subsequent oxidative burst were similar to values in young women.
However, they had lower T-cell proliferation responses and significantly reduced
response to phytohemagglutinin (Krause et al., 1999). T-cells show the largest age-
related differences in distribution and function with aging with thymus involution as the
apparent underlying cause (Shinkai et al., 1998).

2.1.2. AGING AND CYTOKINES

Complex remodeling of cytokine production is likely to be a characteristic of
immunosenescence. Cytokines are produced by various immunocompetent cells in
response to appropriate stimuli, are able to mediate many immune functions, orchestrate
the immune system continuously, and act as molecular signals between immunocompe-
tent cells. An excessive or insufficient production of cytokines may contribute to infec-
tious, immunological, and inflammatory diseases. They act via specific receptor sites on
cytokine-secreting cells (autocrine action) or immediately adjacent immune cells
(paracrine action). The production of IL-2 is decreased, with a decrease of total T-cell
count, and often with changes in T-cell subsets and proliferative response to mitogens
during aging. T-cell-dependent functions are most dramatically compromised, which is
most likely a result of age-related involution of the thymus gland. Defects in T-cell
proliferative capacity/responsiveness, IL-2 production and receptor expression, signal
transduction, and cytotoxicity are frequently cited problems associated with immuno-
senescence (Cinaderetal., 1993). As a consequence of their differentiated state, memory
T-cells can express higher levels and a greater variety of lymphokines than naive T-cells;
the former more efficiently generate and regulate humoral and cell-mediated immune
responses to recall antigens than naive T-cells (Ernst et al., 1990). Transforming growth
factor-p (TGF-f) for instance, is known to have immunosuppressive properties. A bal-
ance between proflammatory and anti-inflammatory cytokines derived from Th1 or Th2
cells are very essential for the maintenance of a sound immune system as they stimulate
growth, differentiation and functional development of immune cells.

Following a primary encounter with an antigen, naive T-cells express early-response
genes, including those that encode the T-cell growth factor, IL-2 and IL-2 receptor
chains. IL-2 functions through high-affinity receptors to drive activated cells to prolif-
erate and differentiate into effector T-cells that mediate primary humoral or cell-mediated
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immune responses (Ernst et al., 1995). In the process, a large number of differentiated,
antigen-specific T-cells (memory cells) is generated. The memory cells are in the differ-
entiated state and can express cytokines that naive T-cells cannot. The naive-to-memory
cell conversion is accompanied by quantitative changes in the expressed levels of several
membrane molecules that can alter cellular function (Ernst et al., 1995). The age-depen-
dent increase in memory T-cells, which are well differentiated and unable to mutate their
TCR genes somatically, could result in a peripheral pool of blood cells that respond well
to previously encountered antigens but cannot recognize and respond to new antigens.
The increased pool of memory T-cells could represent a greater risk for dysregulation by
perhaps overproducing certain cytokines, which may suppress appropriate immune
responses or amplify inappropriate ones (Ernst et al., 1995). Lymphocytes of the elderly
show decreased proliferation after induction with mitogens, decreased release of 1L-2,
soluble IL-2R, IFN-y, and other Th1 cytokines and increase in Th2 cytokines such as
IL-4 and IL-10, suggesting a dysregulation of the Th1/Th2 system in the elderly (Rink
etal., 1998). Cytokines and their antagonists are significant factors in host responses to
infections and inflammatory stimuli and the elderly have higher levels of cytokine
antagonists IL-1RA and sTNF-R, and neopterin (produced by activated macrophages
and monocytes) in their plasma and IL-2 production by PBMN cells is decreased (Catania
et al., 1997).

2.1.3. NEUROENDOCRINE SYSTEM

Numerous interactions exist among the nervous, endocrine, and immune systems and
are mediated by neurotransmitters, hormones, and cytokines. Aging is associated with
enhanced responsiveness of the T-cell compartment and alterations in temporal architec-
ture of the neuroendocrine-immune system (Mazzoccoli et al., 1997). There are relevant
integrations between pituitary—thyroid hormones and immune factors favoring the devel-
opment and maintenance of both thymic and peripheral immune efficiency. The GH-
insulin-like growth factor (IGF)-I axis is dysregulated in aging, in catabolic states, and
in critical illness. The pineal gland seems to regulate, via circadian secretion of melato-
nin, all basic hormonal functions and immunity (Pierpaoli, 1998). Studies with in vivo
models have shown that this fundamental role of the pineal gland decays during aging.
Melatonin is a ubiquitous molecule and can be found in alarge variety of cells and tissues.
Binding sites and “receptors” have been identified in many tissues and cells of the neu-
roendocrine and immune system.

2.1.4. APOPTOSIS AND AGING

The progressive decline in immune response and increased incidence of autoimmune
phenomenoa might be the result of modified cellular mechanisms affecting the immune
system in the course of aging. The apoptotic deletion of activated T-cells has been
proposed as the key mechanism to maintain T-cell homeostasis, and in this respect, CD95
(Fas antigen) seems to play a major role in this course of events (Potestio et al., 1998).
Immune senescence is a sum of dysregulations of the immune system and its interaction
with other systems. Two predominent features of immune senescence are altered T-cell
phenotype and reduced T-cell response (Mountz et al., 1997). Cell lines derived from
human premature aging diseases have a higher sensitivity to Fas-mediated apoptosis.
Data indicate that, in vivo, there is a gradual decrease in apoptosis with aging, resulting
in the accumulation of senescent T-cells with increased DNA damage. Lymphocytes
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from elderly have an increased expression of CD95 and enhanced apoptosis (Potestio et
al., 1998). Recent evidence suggests that apoptotic deletion of activated mature lympho-
cytes is an essential physiological process implicated in both the regulation of the
immune response and the control of the overall number of immunocompetent cells.
During the course of aging, numerous alterations of these signaling pathways may shift
the balance toward cell death (Phelouzat et al., 1996).

2.1.5. AGING AND TRANSMEMBRANE SIGNALING

Aging is also associated with alterations in transmembrane signaling and decreased
GTPase activity in lymphocytes and granulocytes. A defective protein kinase C (PKC)-
o translocation and a decreased tyrosine kinase activity following TCR or CD3 stimu-
lation in T-cells from the elderly might also contribute to alteration in immune responses
in the elderly. The activation of other protein kinases after T-cell activation with PHA
(p56 Ick, JAK kinases) was also affected by aging, suggesting a slower activation and a
lower degree of phosphorylation. The src family of protein tyrosine kinase p56 Ick is
expressed in T-cells, NK cells, and lymphoid cell lines (Guidi et al., 1998). P56 co-precipi-
tates with CD4 and CD8 molecules, CD2 and CD28, and the (3-chain of IL-2 receptors.
These kinases have a crucial role in T-cell activation. The protein expression and degree
of phosphorylation are reduced in elderly subjects compared to adult controls, suggesting
that aging may lead to a drastic impairment in the ability of PBL to be efficiently activated
by mitogens or costimuli (both proliferation and IL-2 production) in the elderly (Guidi
etal., 1998). Early events associated with transmembrane signaling, such as PKC trans-
location, IP3 generation, and Ca>* mobilization, are impaired by aging, whereas PLC-y1
activity seems to be unaffected. This suggests that the signaling steps upstream of PLC-y1
activation, namely thyrosine phosphorylation, may be defective in the elderly.

2.1.6. AGING AND TELOMERASES

Normal human cells undergo a finite number of cell divisions and ultimately enter a
nondividing state called replicate senescence. Telomerase shortening has been proposed
as the molecular clock that triggers senescence. A causal relationship seems to exist
between telomerase shortening and in vitro cellular senescence (Bodnar et al., 1998). The
reduction of proliferative capacity of cells from elderly donors and patients with prema-
ture aging syndromes and the accumulation in vivo of senescent cells with altered pat-
terns of gene expression implicate cellular senescence in aging and age-related
pathologies. A common finding in different cells suffering replicative senescence is the
shortening of the telomers (Solana and Pawelec, 1998). Telomers are essential genetic
elements that stabilize chromosome ends. The synthesis of these elements is controlled
by telomerase, an enzyme that synthesizes new telomeric DNA, thus compensating for
the loss that occurs as a result of the “end-replication problem” inherent in DNA repli-
cation. Some tumor-suppressor genes (p21, pS3, Rb) have been reported to accumulate
in senescent cells. Escape from senescence is greatly enhanced in cells that have lost Rb
or pl6, and both alterations behave redundantly with respect to each other.

2.1.7. AGING AND THYMUS

Thymic regrowth and reactivation of thymic endocrine activity may occur in older
animals by different endocrinological or nutritional manipulations than in young ani-
mals. Intrathymic transplantation of pineal gland or treatment with melatonin, implan-
tation of a growth hormone (GH) secreting tumor cell line or treatment with exogenous
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GH, exogenous luteinizing hormone-releasing hormone (LH-RH), exogenous thyroxine
or triitodothyronine, and nutritional interventions such as arginine or zinc supplementa-
tion have shown potential (Fabris et al., 1997). These data strongly suggest that thymic
involution is a phenomenon secondary to age-related alterations in neuroendocrine—
thymus interactions and it is the disruption of such interactions in old age that is respon-
sible for age-associated dysfunction. The effect of GH, thyroid hormones, and LH-RH
may be the result of the presence of the specific hormone receptors on thymic epithelial
cells supposed to produce thymic peptides. Melatonin or other pineal factors may also act
through specific receptors, but experimental evidence is still lacking. The role of zinc,
whose turnover is usually reduced in old age, may range from reactivation of zinc-
dependent enzymes, required for both cell proliferation and apoptosis, to the reactivation
of thymulin, a zinc-dependent thymic hormone. Recent preliminary data obtained both
in animal and human studies suggest that the endocrinological manipulations are capable
of restoring thymic activity in old age and may act also by normalizing the altered zinc
pool (Fabris et al., 1997).

A significant age-related decrease in RAG-1 and RAG-2 expression has been reported
in thymocytes of mice aged-12 mo and over compared to young mice (Yehuda et al.,
1998). Cells derived from immature thymocytes of the old donors fail to express RAG-1
and RAG-2, the bone-marrow-derived cells did not exhibit this trend, and there was no
difference in V3 rearrangement of the TCR. T-cell progenitors have a potential to give rise
to T-cells with TCR rearrangements, and the expression is determined by the thymic stroma.

2.2. Exercise and Aging

Exercise poses a stress on the immune system; however, moderate chronic exercise
may enhance positive immune functions. Severe or intense long-term exercise may com-
promise the immune system by suppressing concentrations of lymphocytes, natural-
killer cell activity, lymphocyte proliferation, and secretory IgA. During the period of
immune impairment (“open window”), microbial agents may invade the host and cause
infections. The changes in immune functions, lower exercise capacity, and nutritional
factors in the elderly may lead to a greater and longer “open window” period, increased
risk of infections which may contribute to morbidity and mortality.

The specific impact of intrinsic aging has not yet been clearly dissociated from genetic
traits and age-related differences in nutritional status, habitual physical activity, and
exposure to psychological stressors (Rumyantsev 1998). Age-related reduction in muscle
is adirect cause of the age-related decrease in muscle strength. There has been a growing
belief that an appropriate regular dose of endurance exercise might slow the age-related
decline in immune function by enhancing or suppressing various immunological stimuli.
A decline in lean body mass, referred to as sarcopenia, and an accompanying increase in
fat are known to occur during aging. The consequences of these physiological changes
may include decreased physical activity, altered energy metabolism, and impaired resis-
tance to infection. The mechanisms behind these age-related events remain unknown, but
they may include changes in some of the humoral and cytokine mediators that seem to
regulate body composition. Age-related loss in skeletal muscle mass has been and is a
direct cause of the age-related decrease in muscle strength.

There is an average loss of 10% or more per decade in maximal aerobic power with
aging (Kasch et al., 1999; Ceddia et al 1999). The reduced VOZmax is associated with a
reduced proportion of the cardiac output going to exercising skeletal muscle and areduced
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cardiac output reserve (Beere et al., 1999). The elderly have higher ventilation during
exercise both below and above the anaerobic threshold, which is related to higher lactic
acid levels (Prioux et al., 2000). The anaerobic power of the elderly is inevitability
reduced in both legs and arms (Marsh et al 1999). There is a reduction in the responsive-
ness of the sympathoadrenergic to exercise with aging, resulting in a reduced secretion
of adrenaline for the medulla (Zouhal et al., 1999). Thus, a given activity or exercise
would impose a relatively greater stress to the elderly.

2.3. Exercise and Immune Function

Aging leads to a diminution of resting immune function, increasing the risk of infec-
tion, tumor development, and autoimmune diseases (Shephard and Shek, 1995). The
production of IL-2 is decreased, sometimes with a decrease of total T-cell count, and often
with changes in T-cell subsets and proliferative responses to mitogens. However, NK cell
activity remains unchanged. In theory, moderate exercise training should help to reverse
the adverse effects of aging upon the immune system. However, there have been rela-
tively few studies comparing the immune responses of young and older individuals to
acute exercise and to training. A single bout of moderate exercise seems to be well
tolerated by the elderly. The NK cell response is as much as in younger individuals, but
perhaps because of a low initial proliferative capacity, older subjects show less stimula-
tion of lymphocyte proliferation by moderate activity and less suppression with exhaust-
ing exercise. Perhaps because resting immune function is less than in the young, moderate
training programs seem to stimulate immune function to a greater extent in the elderly
than in young subjects (Shephard et al., 1994). The proliferative response of the T-cells
is enhanced in aging rodents, whereas in young animals, it is suppressed. Moreover, the
resting NK cell activity of elderly human subjects seems to be increased by training.
Nevertheless, the therapeutic use of exercise must be cautious in the elderly, because
aging also enhances susceptibility to overtraining.

Aging affects the muscle precursor cells (satellite cells or myobloasts) and their regen-
eration after exercise (Grounds 1998). Aging may also affect proliferation and fusion of
myoblasts in response to injury; signaling molecules that stimulate satellite cells with
aging; host environment, inflammatory cells, growth factors and their receptors, and the
extracellular matrix. There is a reduction in growth hormone, total and free testosterone,
and cortisol, both atbaseline and after exercise. The decreased anabolic effects on muscles
may explain the loss of muscle mass and strength with aging (Hakkinen etal., 1998). The
more primitive components of immune defense, including natural killer cells, phago-
cytes, acute-phase proteins, and regulatory cytokines, may be altered in elderly. Several
investigators have found that the proportion of neutrophils will be increased in the cir-
culation following physical exercise. An increase in neutrophils has been correlated with
anincrease in plasma cortisol. The num