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Abstract
The (n-3) fatty acids are essential dietary nutrients, and one of their
important roles is providing docosahexaenoic acid [22:6(n-3)] (DHA) for
growth and function of nervous tissue. Reduced DHA is associated with
impairments in cognitive and behavioral performance, effects which are
particularly important during brain development. Recent studies suggest
that DHA functions in neurogenesis, neurotransmission, and protection
against oxidative stress. These functions relate to the roles of DHA within
DHA. Reviewed here are some of the recent studies that have begun to
elucidate the role of DHA in brain development and function. A better
understanding of development and age-specific changes in DHA transfer
and function in the developing brain may provide important insight into the
role of DHA in developmental disorders in infants and children, as well as
at other stages of the lifespan.

Introduction
Dietary (n-3) fatty acids and their metabolism. Docosahexaenoic acid [22:6(n-3)] (DHA)3 is the most abundant (n-3) fatty
acid in the mammalian brain, and its levels in brain membrane
lipids are altered by the type and amount of fatty acids in the diet,
and with life stage, increasing with development and decreasing
with aging (1–3). Mammals obtain DHA either as DHA itself or the
precursor a-linolenic acid [ALA,18:3(n-3)], and intermediates
between ALA and DHA, including eicosapentaenoic acid [EPA,
20:5(n-3)]. Synthesis of DHA and EPA occurs in phytoplankton
and animals, but not plants. DHA and EPA are absent from all
vegetable fats and oils, including nuts, grains, and seeds and are also
very low in ruminant fats, including milk and dairy products. The
richest dietary sources are fish and sea foods, but poultry and eggs
provide lower, but important, sources of EPA and DHA (4). The
major dietary sources of ALA are soybean and canola oils; flax seed
oils and some nuts are also high in ALA, but these latter sources are
not usually consumed consistently or in large quantities.
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the hydrophobic core of neural membranes and effects of unesterified

Once obtained from the diet, ALA can be further metabolized
by D-6 desaturation, elongation, and D-5 desaturation to EPA on
the endoplasmic reticulum (4). The pathway generally accepted
for further metabolism of EPA to DHA is that proposed by
Sprecher and colleagues, which involves 2 sequential elongations
of EPA to 24:6(n-3), followed by transport to the peroxisomes,
and then a single cycle of b-oxidation to yield DHA, which is then
transported back to the microsomes for incorporation into
glycerolipids (5). Intermediate steps of translocation among cell
compartments and their regulation, however, are unclear. Dietary
deficiency of (n-3) fatty acids results in increased desaturation of
(n-6) fatty acids to their 22 carbon chain metabolites, particularly
(n-6) docosapentaenoic acid [DPA, 22:5(n-6)] (6). Infante and
Huszagh have suggested that synthesis of DHA and (n-6) DPA
occurs in the mitochondria via specific carnitine-dependent
pathways, and with separate enzymes for the (n-6) and (n-3)
fatty acids (7). However, even though the pathways involved in
DHA synthesis are incompletely resolved, stable isotope tracer
studies and interventions to increase dietary ALA intake concur
that, when based on the appearance of ALA metabolites in blood
lipids, ALA conversion to DHA is low in humans, with ,1%
dietary ALA converted to DHA (8). Although the conversion of
ALA to DHA appears to be higher in women than in men, and
increased in pregnancy (8), increased dietary intakes of ALA do
not increase DHA in blood lipids of either pregnant women or
their newborn infants (9). Early studies addressing the low blood
(plasma and red blood cell membrane) lipid DHA in infants fed
formula suggested low (immature) activity of fatty acid desaturase enzyme activity in newborns. More recent stable isotope
tracer studies have now shown that ALA conversion to DHA is as
high in preterm as in term gestation infants and is similar to that in
adult men (8,10). Thus, low rates of DHA synthesis from ALA
appear to be a general characteristic of human metabolism, with
the slowest step in (n-3) fatty acid desaturation being at the
conversion of EPA to DHA (8). Dietary DHA, however, is well
absorbed and readily incorporated into plasma and blood cell
lipids in humans (as shown in many studies relating DHA intake
from fish and fish oils to cardiovascular disease risk endpoints and
inflammatory mediators). Several animal studies have also shown
that dietary DHA is readily incorporated into lipids of the
developing brain, both before and after birth (1).
Before birth, DHA is transported across the placenta via
pathways involving fatty acid binding, and transport proteins are
then released to the fetal circulation (11,12). a-Fetoprotein is the
major plasma transport protein before birth and has higher DHA
than albumin (6). Observational and intervention studies concur
that higher dietary intakes of DHA during pregnancy result in
higher maternal-to-fetal transfer of DHA (11); knowledge that
presents a paradox for placental transport mechanisms suggested
to facilitate preferential DHA transfer to the fetus. After birth, the
infant is provided with DHA in mother’s milk (13). However,
human milk levels of DHA vary from ,0.1 to .1.0 g/100 g milk

Dietary (n-3) fatty acids: their origin and metabolism in
brain development. High proportions of DHA in brain ethanolamine phosphoglycerides [(EPG), ethanolamine plasmologen,
and phosphatidylethanolamine] and phosphatidylserine (PS),
reaching as high as 35% of fatty acids in synaptic plasma membranes, is a characteristic feature of the mammalian brain, even
among herbivores, and regardless of low concentrations of DHA
in plasma and hepatic lipids (1). Plasma lipid levels of DHA,
on the other hand, are low in most terrestrial animals, including
humans, suggesting the brain has particular mechanisms to concentrate DHA. Fatty acids at the glycerophospholipid C-1 and
C-2 positions are continuously remodeled because of degradation
and remodeling involving phospholipases and acyl CoA synthetases, and these remodeling steps seem likely to be a major route
for fatty acid incorporation into membrane lipids (18).
In vitro, glia and cerebral endothelial cells, but not neurons,
can form DHA from ALA and other precursor n-3 fatty acids
(19), but whether this contributes meaningfully to brain DHA is
uncertain. More likely, DHA is taken up from plasma, possibly
involving concentration at the capillary endothelium, which also
contains high amounts of DHA (6). There is no evidence that the
developing brain is able to take up DHA over (n-6) DPA, yet
recent studies point to important structural specificity for DHA
in brain functions (20). Pathways for transfer of DHA to the
brain involving unesterified fatty acids, lysophopholipids, and
HDL have all been described (6). Further understanding of brain
DHA uptake will provide much needed insight for interpretation
of those plasma (n-3) fatty acid levels that pose risk of
inadequate DHA transfer to the developing brain.
Dietary (n-3) fatty acids in brain development and function. Several hypotheses have been proposed to explain the role
of DHA in the brain, which in general can be divided into
properties conferred by lipid-bound DHA in the membrane
bilayer and those related to unesterified DHA. Functions related
to the membrane include those properties of the hydrophobic
membrane core, such as conferring a high degree of flexibility and
direct interaction with membrane proteins, thus impacting speed
of signal transduction, neurotransmission, and formation of lipid
rafts (21–23). Unesterified DHA, on the other hand, appears to
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have roles in regulating gene expression, ion channel activities,
and can be further metabolized to neuroprotective metabolites
(24–26) in the brain. More recent studies also suggest that DHA
is important in neurogenesis and also influences phospholipid
synthesis and turnover (27–29).
Fatty acid-binding proteins (FABP) are a multi-gene family of
small cytosolic proteins that function as cytoplasmic fatty acid
transporters, playing key roles in fatty acid transfer to membranes,
and mediating the effects of fatty acids on gene expression, and as
precursors for synthesis of other metabolites. Among the FABP
in brain, B-FABP is localized in the ventricular germinal cells
and glial cells in the embryonic brain and in the astrocytes of
developing and adult brains, whereas heart (H)-FABP is present in
adult brains (30,31). B-FABP expression during development
parallels that of early neuronal differentiation and is thought to be
important early neurogenesis or neuronal migration. Mice with a
null mutation in the B-FABP gene show decreased brain DHA in
the neonatal period, and later enhanced anxiety and increased fear
memory, which suggests an important role for DHA in early
development for these behaviors (31). Spatial learning and
memory are impaired in rodents fed an (n-3) fatty acid–deficient
diet during development (1,6). However, B-FABP2/2 mice demonstrated no deficits in spatial learning or memory (31), suggesting
later maturation, or a role of other DHA binding proteins in
cellular delivery of DHA relating to these behaviors.
The (n-3) and (n-6) fatty acids are ligands for PPAR, a group of
nuclear transcription factors that heterodimerize with the retinoid
X receptor (RXR) and bind to specific regions of DNA to regulate
transcription of target genes. PPARg is highly expressed in embryonic mouse brain and neural stem cells, in contrast to extremely low
levels in adult brains, and appears to be important in regulating the
early brain development, through effects that include regulation of
stem cell proliferation (32). Recent studies have confirmed that
DHA, as well as arachidonic acid [ARA, 20:4(n-6)], are ligands for
brain RXR (33). Together with its retinoic acid receptor (RAR),
RXR play key roles in many aspects of development, including
neurogenesis during embryogenesis, morphological differentiation
of catecholaminergic neurons, and activity-dependent plasticity.
RAR and RXR are also highly expressed in the hippocampus, which
may be relevant to understanding the role DHA adult brain function
(33,34). Further, several studies have provided evidence that (n-3)
fatty acid deficiency alters the expression of genes involved in the
control of synaptic plasticity, cytoskeleton and membrane assembly,
as well as signal transduction and ion channel formation (35),
many of which are downstream targets of RAR-RXR signaling.
Early changes in gene expression leading to altered molecular and
morphological development could have long-term implications to
brain function. However, resolving critical windows for DHA with
respect to behavioral and cognitive development in humans will be
challenging.
Recent studies also point to important roles for DHA in
inhibition of oxidative stress-induced induction of proinflammatory genes and apoptosis in the brain and retina. Phopsholipase
A2 releases unesterified DHA, which is further metabolized to
docosanoids, of which neuroprotectin D1 is a potent inhibitor of
oxidative stress induced apoptosis and cyclo-oxygenase 2 (24).
Consistent with this role, recent studies have shown that DHA
has important free radical scavenging properties and protects
against peroxidative damage of lipids and proteins in developing
and adult brains, with attenuation of neuron loss and cognitive
and locomotor deficits in animal models of ischemia-reperfusion
brain injury (36–38).
The high proportion of DHA in neural membranes also raises
the possibility that (n-3) deficiency may impair membrane
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fatty acids, a result of differences in the amount of DHA in the
mother’s diet (13). As in adults, increasing the intakes of DHA,
but not ALA, from human milk or milk substitutes results in
higher blood lipid levels of DHA in the recipient infant (13). For
example, infants fed formula with 0.4 or 2.4% energy from ALA
had 2.3 6 0.2 and 2.2 6 0.3 g/100 g fatty acids as DHA in plasma
phospholipids, respectively, despite the large difference in ALA
intake, whereas infants fed formula with only 0.12% energy from
DHA had plasma phospholipid DHA levels of 5.2 6 0.2 g/100 g
(14,15). Analyses of human infant autopsy tissue have shown
lower brain cortex DHA, ;15% lower, in infants fed formula
with no DHA than in breast-fed infants (16,17). Chronic dietary
restriction of (n-3) fatty acid in developing animals results in
reduced brain DHA, increased brain levels of (n-6) fatty acids,
including DPA, and deficits in behavioral tasks of learning (1,4,6).
Animal models addressing the role of DHA in the developing
brain use dietary restriction of all (n-3) fatty acids, including
ALA, EPA, and DHA, to overcome efficient conversion of ALA to
DHA, particularly in rodents (1). Typically, brain DHA levels are
50–80% lower in (n-3) fatty acid–deficient animals than control
animals, and this, together with usual issues relating to species
differences, needs to be considered in extrapolating from studies
with animals to humans.

fatty acids, a role fulfilled by DHA (49), which thus provides a
functional link between DHA and neurite outgrowth. Whether
similar dependency occurs for syntaxin 1 in brain is not yet
known.
Several studies have shown that monoaminergic and cholinergic systems are affected in rodents chronically deprived of (n-3)
fatty acids during development (1,6,23,48). The changes described are complex, with effects at multiple levels, including
synthesis, storage, release, and receptor-mediated uptake, with
effects that also differ among different regions of the cortex.
Chalon recently summarized extensive research on the effects of
chronic (n-3) fatty acid deficiency on dopaminergic and serotonergic neurotransmission in rodents (23). Restitution of an
adequate diet prior to weaning effectively restored several parameters of dopaminergic and serotonergic neurotransmission; however, the stimulated release of serotonin and dopamine, and the
vesicular monoamine transporter 2 (VMAT2), showed lasting
deficits when an adequate diet was not fed until weaning. Similarly, recent studies with rhesus monkeys found that (n-3) fatty
acid deficiency during only prenatal development resulted in
lower amplitudes of cone and rod ERG a-waves when measured
some 3 y after deficiency was corrected (50). These latter studies
emphasize the potential long-term effects of inadequate supplies
of DHA to meet the needs of the developing brain.
DHA in human brain development. Although there is no
doubt that DHA is critical in the developing brain, the question of
whether dietary DHA is important during human brain development remains unresolved. From the foregoing, it is clear that (n-3)
fatty acid deprivation may affect brain development at multiple
levels, from membrane biogenesis, through gene expression,
protection against oxidative stress, and altered neurotransmission, with the effects differing, and the potential for recovery
dependent on when the deficiency is imposed. Because DHA
accretion relative brain weight is greatest during fetal development and early infancy, it is generally considered that this reflects
a critical time during which deficiency of DHA may have longterm consequences for later brain function. A large number of
clinical trials have been conducted on the effects of DHA
supplementation in infants fed formula, and most find no
advantage of enhanced DHA nutrition on mental and motor
skill development in term infants (51,52). Studies by Birch et al. in
Texas, however, have shown a benefit of dietary DHA in infants,
whether fed from birth or later, after initial breast-feeding (53).
Recently, attention has turned to DHA supplementation of
pregnant and lactating women, again with most studies reporting
no advantages to infant development during the first year after
birth (52,54–58). However, regardless of the absence of differences between placebo and DHA intervention groups, a positive
association between the infants’ DHA status and neurodevelopmental outcome has been shown in several studies (54,55,58),
mirroring the results of observational studies (4). Some longerterm follow-up studies are also emerging to suggest positive
effects of early enhanced DHA nutrition on mental and motor
skill development when measured in early childhood (59,60).
Several explanations, and the complexity of such studies in
humans, need to be considered. First, it remains possible that
DHA is not required in humans appropriately nourished with the
correct LA and ALA balance; individuals who adhere to vegetarian and vegan diets do synthesize small amounts of DHA, and
evidence to indicate deficits in brain development among vegetarians has not been published. Next, DHA may be critical, but
for reasons other than those as yet addressed; for example in
protection against early ischemic insults, or aspects of behavior
(n-3) Fatty acids and brain development
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biogenesis, influencing such events as neurogenesis, neuronal
migration, and outgrowth. DHA appears to be important for PS
synthesis both in vivo and in vitro, which has broad implications,
because of both the need for PS for membrane biosynthesis and
also through the role of PS in apoptosis (29). Recent studies have
suggested that (n-3) fatty acid deficiency decreases the mean cell
body size of neurons in the hippocampus, hypothalamus, and
parietal cortex, and decreases the complexity of dendritic arborizations on cortical neurons (39,40). Consistent with this line of
investigation, DHA enhanced neurite outgrowth of hippocampal
and cortical neurons and rat cloncal pheochromocytoma (PC12)
cells in culture (28,41,42). However, the usual caution is needed
in extrapolating from studies with isolated cell types and
transformed cells to the in vivo situation. Recently, we showed
that maternal dietary (n-3) fatty acid restriction in gestation alters
neurogenesis in the fetal rat cerebral cortex (27). The dentate
gyrus and associated hilus of the hippocampal formation showed
a consistent increased thickness in proliferative zones, with a
decreased size of target regions, which could reflect an inhibition
or delay of neurogenesis, or disruption in postmitotic migration
(27). Other recent studies have shown that DHA promotes cellcycle exit in retinal neuroprogenitor cells in culture (43) and
promotes differentiation of neural stem cells into neurons by
promoting cell-cycle exit and suppressing cell death (28).
Restriction of (n-3) fatty acids leads to reduced DHA, increased
(n-6) fatty acids, and increased dopamine in fetal brain cortex
(44) and over-expression of dopamine receptor genes (45).
Because dopamine D1 receptor activation reduces the entry of
progenitor cells from the G1- to S-phase of the cell cycle, while D2
receptor activation promotes G1- to S-phase entry in embryonic
lateral ganglionic eminence (27), altered monoaminergic neurotransmission could contribute to, as well as result from, disruption of neurogenesis associated with (n-3) fatty acid deficiency
during development.
In addition to evidence that DHA may influence brain
development through effects on gene expression, monoaminergic
neurotransmission, or protection against apoptotic cell death,
growth of neurite processes from the cell body is a critical step in
neuronal development and involves a large increase in cell
membrane surface area. This necessitates lipid biogenesis and
membrane expansion through the fusion of transport organelles
with the plasma membrane. Plasmalemmal precursor vesicle
fusion into the cell membrane involves soluble N-ethylmaleimidesensitive fusion protein attachment protein receptor (SNARE)
proteins, similar to that involved in interneuronal communication and information processing through release of neurotransmitter vesicles. Neurotransmitter secretion involves fusion of
intracellular neurotransmitter storage vesicles with the plasma
membrane and exocytosis, triggered by the influx of calcium into
the nerve terminal, and occurring on a sub-millisecond timescale.
This process requires formation of a tight ternary complex
between the vesicular (v) SNARE, termed synaptobrevin (or
VAMP, vesicle-associated membrane protein), and 2 membrane
target (t)-SNARE, known as syntaxin and SNAP-25 on the cytosolic surface of the plasma membrane (46). Interestingly, recent
studies have shown that reactive oxygen species impair acetylcholine release, independent of G-protein cascades, through
presynaptic functioning of SNAP-25 as a reactive oxygen species
sensor (47). Possibly, this may provide a link between the role of
DHA in protection against oxidative stress (24) and in altering
neurotransmission (23), including acetylcholine (48). Other
recent studies have shown that the ability of syntaxin 3, which
is esential for neurite growth in PC12 cells, to partner with other
SNARES strictly requires the binding of unesterified (n-3) or (n-6)

currently beyond the scope of infant testing. Study design errors
may also be important; for example, low intakes of (n-3) fatty
acids or other nutrient deficiencies at the time of testing may
overshadow effects stemming from insults earlier in life.
In conclusion, the role of (n-3) fatty acids in brain development and healthy brain aging is emerging as a field of intense
scientific inquiry and of considerable public health importance.
The evidence to show low rates of conversion of ALA to DHA
and the demonstrated importance of DHA for brain function
provide strong evidence that DHA is important for human brain
development. The events in which DHA fulfils its essential roles,
including neurotransmission, neurogenesis, and protection from
oxidative stress are relevant throughout the lifespan and to
maximizing cognitive potential in development and minimizing
its loss with aging. A concerted effort is needed to better understand (n-3) fatty acid requirements to support optimal brain
development and function and to elucidate those dietary conditions and diet-gene, or diet-disease, interactions that pose risk
of inadequate brain DHA.

1.

2.

3.
4.
5.
6.
7.

8.
9.

10.

11.
12.

13.
14.

15.

16.

858

Innis SM. Essential fatty acid metabolism during early development. In:
Biology of Metabolism in Growing Animals. Burrin DG ed. Pub.
Elsevier Science, B.V. Amsterdam, 2005. Part III, pp. 235–74.
Guisto NM, Salvador GA, Castagnet PI. PAsquare SJ, Ilincheta de
Bschero MG. Age-associated changes in central nervous system glycerophospholipids composition and metabolism. Neurochem Res. 2002;
27:1513–23.
Uauy R, Dangour AD. Nutrition in brain development and aging: role
of essential fatty acids. Nutr Rev. 2006;64:S24–33.
Innis SM. Perinatal biochemistry and physiology of long chain
polyunsaturated fatty acids. J Pediatr. 2003;143:S1–8.
Sprecher H, Chen Q, Yin FQ. Regulation of the biosynthesis of 22:5n-6
and 22:6n-3: complex intracellular process. Lipids. 1999;34:S153–6.
Innis SM. Essential fatty acids in growth and development. Prog Lipid
Res. 1991;30:39–103.
Infante JP, Huszagh VA. Zellweger syndrome knockout mouse models
challenge putative peroxisomal beta-oxidation involvement in docosahexaenoic acid (22:6n-3) biosynthesis. Mol Genet Metab. 2001;72:1–7.
Williams CM, Burdge GC. Long–chain n-3 PUFA: plant v marine
sources. Proc Nutr Soc. 2006;65:42–50.
de Groot RH, Hornstra G, van Houwelingen AC, Roumen F. Effect of
alpha linolenic acid supplementation during pregnancy on maternal and
neonatal polyunsaturated fatty acid status and pregnancy outcome. Am
J Clin Nutr. 2004;79:251–60.
Uauy R, Mena P, Wegher B, Nieto S, Salem N, Jr. Long chain
polyunsaturated fatty acid formation in neonates: effect of gestational
age and intrauterine growth. Pediatr Res. 2000;47:127–35.
Innis SM. Essential fatty acid transfer and fetal development. Placenta.
2005;26:S70–5.
Larque E, Krauss-Etschmann S, Campoy C, Hartl D, Linde J, Klingler
M, Demmelmair H, Cano A, Gil A, et al. Docosahexaenoic acid supply
in pregnancy affects placental expression of fatty acid transport
proteins. Am J Clin Nutr. 2006;84:853–61.
Innis SM. Polyunsaturated fatty acids in human milk: an essential role in
infant development. Adv Exp Med Biol. 2004;554:27–43.
Innis SM, Auestad N, Siegman JS. Blood lipid docosahexaenoic and
arachidonic acid in term gestation infants fed formulas with high
docosahexaenoic acid, low eicosapentaenoic acid fish oil. Lipids. 1996;
31:617–25.
Ponder DL, Innis SM, Benson JD, Siegman J. Docosahexaenoic acid
status of term infants fed breast milk or infant formula containing soy
oil or corn oil. Pediatr Res. 1992;32:683–8.
Farquharson J, Cockburn F, Patrick WA, Jamieson EC, Logan RW.
Effect of diet on the fatty acid composition of the major phospholipids
of infant cerebral cortex. Arch Dis Child. 1995;72:198–203.

Innis

Downloaded from jn.nutrition.org by guest on June 30, 2012

Literature Cited

17. Makrides M, Neumann MA, Byard RW, Simmer K, Gibson RA. Fatty
acid composition of brain, retina, and erythrocytes in breast- and
formula-fed infants. Am J Clin Nutr. 1994;60:189–94.
18. Farooqui AA, Horrocks LA, Farooqui T. Deacylation and reacylation of
neural membrane glycerophospholipids. J Mol Neurosci. 2000;14:
123–5.
19. Moore SA. Polyunsaturated fatty acid synthesis and release by brainderived cells in vitro. J Mol Neurosci. 2001;16:195–200.
20. Lim SY, Hoshiba J, Salem N, Jr. An extra-ordinary degree of structural
specificity is required in neural phospholipids for optimal brain
function: n-6 docosahexaenoic acid substitution for docosahexaenoic
acid leads to a loss in spatial task performance. J Neurochem. 2005;
95:848–57.
21. Grossfield A, Feller SE, Pitman MC. A role for direct interactions in the
modulation of rhodopsin by omega-3 polyunsaturated lipids. Proc Natl
Acad Sci USA. 2006;103:4888–93.
22. Stillwell W, Shaikh SR, Zerouga M, Siddiqui R, Wassall SR. Docosahexaenoic acid affects cell signaling by altering lipid rafts. Reprod
Nutr Dev. 2005;43:559–79.
23. Chalon S. Omega-3 fatty acids and monoamine neurotransmission.
Prostaglandins Leukot Essent Fatty Acids. 2006;75:259–69.
24. Bazan NG. Cell survival matters: docosahexaenoic acid signaling, neuroprotection and photoreceptors. Trends Neurosci. 2006;29:263–71.
25. Kitajka K, Puskas LG, Zvara A, Hackler L, Jr., Barcelo-Coblijn G,
Farkas ST. The role of n-3 fatty polyunsaturated fatty acids in brain:
modulation of rat brain gene expression by dietary n-3 fatty acids. Proc
Natl Acad Sci USA. 2002;99:2619–24.
26. Vreugdenhil M, Bruehl C, Voskuyl RA, Kang JX, Leaf A, Wadman WJ.
Polyunsaturated fatty acids modulate sodium and calcium currents in
CA1 neurons. Proc Natl Acad Sci USA. 1996;93:12559–63.
27. Coti Bertrand P, O’Kusky J, Innis SM. Maternal dietary n-3 fatty acid
deficiency alters neurogenesis in the embryonic rat brain. J Nutr. 2006;
36:1570–5.
28. Kawakita E, Hashimoto M, Shido O. Docosahexaenoic acid promotes
neurogenesis in vitro and in vivo. Neuroscience. 2006;139:991–7.
29. Salem N, Jr., Litman B, Kim HY, Gawrisch K. Mechanisms of action of
docosahexaenoic aicd in the nervous system. Lipids. 2001;36:945–59.
30. Veerkamp JH, Zimmerman AW. Fatty acid-binding proteins of nervious
tissue. J Mol Neurosci. 2001;16:133–42.
31. Owada Y, Abdelwahab SA, Kitanaka N, Sakagami H, Takano H,
Sugawara M, Kawashima H, Kiso Y, Mobarakeh JI, et al. Altered
emotional behavioral responses in mice lacking brain-type fatty acidbinding protein gene. Eur J Neurosci. 2006;24:175–87.
32. Wada K, Nakajima A, Katayama K, Kudo C, Shibuya A, Kubota N,
Terauchi Y, et al. Peroxisome proliferator-activated receptor gammamediated regulation of neural stem cell proliferation and differentiation.
J Biol Chem. 2006;281:12673–81.
33. Lengqvist J, Mata De Urquiza A, Bergman AC, Willson TM, Sjovall J,
Perlmann T, Griffiths WJ. Polyunsaturated fatty acids including
docosahexaenoic and arachidonic acid bind to the retinoid X receptor
alpha ligand-binding domain. Mol Cell Proteomics. 2004;3:692–703.
34. Rioux L, Arnold SE. The expression of retinoic acid receptor alpha is
increased in the granule cells of the dentate gyrus in schizophrenia.
Psychiatry Res. 2005;133:13–21.
35. Lane MA, Bailey SJ. Role of retinoid signaling in the adult brain. Prog
Neurobiol. 2005;75:275–93.
36. Cao D-H, Xu J-F, Xue R-H, Zheng W-F, Liu Z-L. Protective effect of
chronic ethyl docosaehxaenoate administration on brain injury in
ischemic gerbils. Pharmacol Biochem Behav. 2004;79:651–9.
37. Okada M, Amamoto T, Tomonaga M. Kawachi A, Yazawa K, Mine K,
Fujiwara M. The chronic administration of docosahexaenoic acid
reduces the spatial cognitive deficit following transient forebrain
ischemia in rats. Neuroscience. 1996;71:17–25.
38. Green P, Glozman S, Weiner L, Yavin E. Enhanced free radical
scavenging and decreased lipid peroxidation in the rat fetal brain after
treatment with ethyl docosahexaenoate. Biochim Biophys Acta. 2001;
1532:203–12.
39. Ahmad A, Moriguchi T, Salem N, Jr. Decrease in neuron size in
docosahexaenoic acid–deficient brain. Pediatr Neurol. 2002;26:
210–18.
40. Wainwright PE, Bulman-Fleming MB, Levesque S, Mustsaers L,
Mutcheon D. A saturated fat diet during development alters dendritic
growth in mouse brain. Nutr Neurosci. 1998;1:49–58.

53.

54.

55.

56.

57.

58.

59.

60.

and knowledge. Nestle Nutr Workshop Ser Pediatr Program. 2006;
57:203–14.
Hoffman DR, Birch EE, Castaneda YS, Fawcett SL, Wheaton DH, Birch
DG, Uauy R. Visual function in breast-fed term infants weaned to formula with or without long-chain polyunsaturates at 4 to 6 months:
a randomized clinical trial. J Pediatr. 2003;142:669–77.
Malcolm CA, McCulloch DL, Montgomery C, Shepherd A, Weaver LT.
Maternal docosahexaenoic acid supplementation during pregnancy and
visual evoked potential development in term infants: a double blind,
prospective, randomized trial. Arch Dis Child Fetal Neonat Ed. 2003;
88:F383–90.
Lauritzen L, Jorgensen SH, Mikkelsen TB, Skovgaard M, Straarup EM,
Olsen SF, Hoy CF, Michaelsen KF. Maternal fish oil supplementation in
lactation: effect on infant visual acuity and n-3 fatty acid content in
infant erythrocytes. Lipids. 2004;39:195–206.
Lauritzen L, Jorgensen SH, Olsen SE, Straarup EM, Mikkelsen TB.
Maternal fish oil supplementation in lactation: effect on developmental
outcome in breast-fed infants. Reprod Nutr Dev. 2005;45:535–47.
Tofail F, Kabir I, Hamadani JD, Chowdhury F, Yesmin S, Mehreen F,
Huda SN. Supplementation of fish-oil and soy-oil during pregnancy and
psychomotor development of infants. J Health Popul Nutr. 2006;24:
48–56.
Helland IB, Saugstad OD, Smith L, Saarem K, Solvoll K, Ganes T,
Drevon CA. Similar effects on infants of n-3 and n-6 fatty acids
supplementation to pregnant and lactating women. Pediatrics. 2001;
108:E82.
Helland IB, Smith L, Saarem K, Saugsad OD, Drevon CA. Maternal
supplementation with very-long-chain-n-3 fatty acids during pregnancy
and lactation augments children’s IQ at 4 years of age. Pediatrics. 2003;
111:E39–44.
Jensen CL, Voigt RG, Prager TC, Zou YL, Fraley JK, Rozelle JC, et al.
Effects of maternal docosahexaenoic acid intake on visual function or
neurodevelopment in breastfed term infants. Am J Clin Nutr. 2005;
82:125–32.

(n-3) Fatty acids and brain development

859

Downloaded from jn.nutrition.org by guest on June 30, 2012

41. Calderon F, Kim HY. Docosahexaenoic acid promotes neurite growth in
hippocampal neurons. J Neurochem. 2004;90:979–88.
42. Cao D, Xue R, Xu J, Liu Z. Effects of docosahexaenoic acid on the
survival and neurite outgrowth of rat cortical neurons in primary
cultures. J Nutr Biochem. 2005;16:538–46.
43. Insua MF, Garelli A, Rotstein NP, German OL, Arias A, Politi LE. Cell
cycle regulation in retinal progenitors by glia-derived neurotrophic factor
and docosahexaenoic acid. Invest Ophthalmol Vis Sci. 2003;44:2235–44.
44. Innis SM, de la Presa Owens S. Dietary fatty acid composition in
pregnancy alters neurite membrane fatty acids and dopamine in
newborn rat brain. J Nutr. 2001;131:118–22.
45. Kuperstein F, Yakubov E, Dinerman P, Gil S, Eylam R, Salem N, Yavi E.
Overexpression of dopamine receptor genes and there products in
the psotnatal rat brain follwoing maternal n-3 fatty acid deficiency.
J Neurochem. 2005;95:1550–62.
46. Wang Y, Tang BL. SNARES in neurons – beyond synaptic vesicle
exocytosis. Mol Membr Biol. 2006;23:377–84.
47. Giniatullin AR, Darios F, Shakirzyanova A, Davletov B, Giniatullin R.
SNAP25 is a pre-synaptic target for the depressant action of reactive
oxygen species on transmitter release. J Neurochem. 2006;98:1789–97.
48. Aid S, Vancassel S, Poumes-Ballihaut C, Chalon S, Guesnet P, Lavialle
M. Effect of a diet-induced n-3 PUFA depletion on cholinergic
parameters in the rat hippocampus. J Lipid Res. 2003;44:1545–51.
49. Darios F, Davletov B. Omega-3 and omega-6 fatty acids stimulate cell
membrane expansion by acting on syntaxin 3. Nature. 2006;440:813–7.
50. Anderson GJ, Neuringer M, Lin DS, Connor WE. Can prenatal n-3 fatty
acid deficiency be completely reversed after birth? Effects on retinal and
brain biochemistry and visual function in rhesus monkeys. Pediatr Res.
2005;58:865–72.
51. Heird WC, Lapillone A. The role of fatty acids in development. Annu
Rev Nutr. 2005;25:549–71.
52. Fewtrell MS. Long-chain polyunsaturated fatty acids in early life: effects
on multiple health outcomes. A critical review of current status, gaps

