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Providing essential nutrients and energy
Forebrain LCP Content

Transport of needed nutrients from a mother to her developing child depends on the mother
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having a balanced supply of essential nutrients and energy (see Essential Lipids Booklet #1). The
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unsaturated fatty acids) across the placenta to the developing fetus. It is here that the balance of
essential n-3 and n-6 nutrients eaten by the mother become essential nutrients that develop the
child’s tissues. Lipids in the full-term infant reflect an enhanced placental transfer of HUFA. After
birth, an infant’s need for replenishment from the mothers breast is evident as HUFA shifts
rapidly from subcutaneous fat to support postnatal brain and retinal development.

LCPs (mmpl in forebrain)

ABC transporters help move water-insoluble phospholipids containing HUFAs (highly
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Fatty acid proportions for adult human tissues in Table 4-1 illustrate typical values for the non-essential
saturated fatty acids (SFA) and mono-unsaturated fatty acids (MUFA) plus essential n-3 and n-6

-20 wk

polyunsaturated fatty acids (PUFA) and highly unsaturated fatty acids (HUFA). The flow of essential
lipids from adult tissues through the placenta and later in colostrum and breast milk give the new infant
a start in life. During the first 100 weeks after birth, 20:4n-6 (ARA) and 22:6n-3 (DHA) increase five-fold
in infant forebrain phospholipids (Figure 4-1), and have vital actions in supporting healthy physiology.
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4-1. 20:4n-6 and 22:6n-3 in human brain
These HUFA each increase from 2 to 10 millimoles in the
human forebrain after birth.

Table 4-1

Human tissue fatty acids
Fatty acid

Liver

Blood

Human milk fatty acids

Brain

Retina

Placenta

Danish

Inuits

Colostrum

SFA

42.0

31.4

45.9

48.2

39.4

43.1

38.2

43.3

MUFA

23.8

20.6

29.7

14.2

11.6

37.7

44.7

40.8

18:2n-6

17.5

27.0

0.6

1.4

9.5

10.8

11.5

10.8

18:3n-3

0.3

0.7

tr

tr

tr

1.1

0.5

0.8

20:3n-6

1.6

1.5

1.2

2.1

4.3

0.3

tr

0.6

20:4n-6

17.7

10.1

7.7

9.6

21.0

0.3

0.6

0.9

22:4n-6

0.3

1.3

5.4

1.8

1.6

tr

tr

0.4

22:5n-6

0.3

0.4

1.1

0.8

1.0

tr

tr

0.1

20:5n-3

0.4

0.6

tr

0.1

0.1

0.1

1.1

0.2

22:5n-3

0.5

1.1

0.2

1.3

1.3

0.2

0.8

0.3

22:6n-3

3.4

2.2

7.2

19.7

4.8

0.4

1.4

0.6

Depending on the foods eaten by an adult, 50 to 80% of their tissue fatty acids may be SFA or MUFA,
10 to 30% may be 18:2n-6 and 10 to 20% may be the n-6 HUFA, 20:4n-6. Few “Western” food items
provide much 18:3n-3, and seafoods are important sources of n-3 HUFA. Mothers transfer via
placenta and breast milk the essential HUFA important in integrating many diverse signaling
processes in the rapidly developing infant. The factors that create a predominance of 20:4n-6 (ARA),
22:4n-6 (DTA) and 22:6n-3 (DHA) in brain and retinal lipids are not fully known, and a dietary supply

4-2: Rapid increase in synapses at birth

Synaptogenesis

to the infant is especially important during the time of very rapid brain growth and development.
levels (and lower 22:6n-3/22:5n-6 ratio) in plasma phospholipids of women who were pregnant
multiple times. Also, the lower relative DHA content of umbilical blood vessels with higher birth
order raised concern regarding adequate supply to the infant. HUFA supplements during
pregnancy have given some evidence of benefit for cognitive and visual function, but laboratory
studies with animals under more severe DHA limitations gave clear evidence that low DHA levels
impair brain and retinal function. The developing human fetus is poised at the boundary
between healthy physiology and pathophysiology.
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Total Synapses (x10)

Concern for adequate infant supplies of DHA began with awareness of progressively lower DHA
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The pre-term infant needs
DHA to develop healthy vision
Several measures of retinal function in preterm human infants

Tracing the neural path between the retina and visual layers of the

(electroretinogram (ERG) threshold, visual-evoked potential (VEP) and

midbrain superior colliculus (SC) showed that post-natal development

forced-choice preferential looking (FPL)) were impaired for infants fed

has a critical period for building effective arrays of retinal axons. A

infant formula rather than breast milk or n-3 HUFA-supplemented

deficient dietary supply of DHA for postnatal rats caused an abnormal

formula. Infants who received breast milk for over 16 weeks had better

array of retinal connections. Fish oil supplementation between

VEP acuity than those breast-fed for shorter times or given formula

postnatal days 7 to 28 gave normal innervation densities. Delayed

without HUFA. In most studies, visual acuity normalized by 6 months or

supplementation (days 28 to 42) failed to restore a normal pattern.

at most by 1 year of age. In some studies, dietary n-3 HUFA improved

Inadequate DHA during this time limits microglial synaptic pruning and

visual acuity measured with VEP but not with the FPL behavioral

circuit maturation and reduces microglia surveillance as it shifts the

measure of acuity. Various studies generally showed benefit on visual

microglial phenotype toward higher proportions of pro-inflammatory cells.

function when DHA was added to infant formula fed to infants during
their first 4 to 12 months. DHA increases delivery of rhodopsin to rod
outer segments by enhancing interactions of syntaxin-3 and SNAP-25.
These special proteins facilitate membrane fusion at the base of the
cilium and enhance delivery of rhodopsin to the sites of light capture.
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Good health needs both 20:4n-6 and 22:6n-3
Placental transfer of HUFA is impaired during gestational diabetes

Severe dietary deficiency of DHA impaired the consolidation and

mellitus (GDM). Levels of both 20:4n-6 (ARA) and 22:6n-3 (DHA) in

retention of spatial memory needed for optimal performance of rats

cord vein erythrocyte phospholipids were significantly lower during

in the Morris water maze. Feeding 22:5n-6 (DPA) did not restore brain

maternal GDM compared to healthy controls. In premature infants,

function, but feeding 22:6n-3 (DHA) did. The impaired memory was

the levels of docosahexaenoic acid (DHA) and arachidonic acid (ARA)

reversed with DHA supplements for 6 weeks (but not for 2 weeks).

in whole blood declined rapidly in the first postnatal week, while

Ethanolamides of ARA and DHA occur by acyl transfer to phosphatidyl

linoleic acid increased. The decreased DHA was associated with a

ethanolamine (PE) and hydrolysis to release the active amide. The

later increased risk of chronic lung disease (CLD) (OR, 2.5). Decreased

ethanolamide of n-3 DHA selectively and strongly stimulates neurite

ARA was associated with increased risk of late-onset sepsis (hazard

growth, synapse formation and glutamatergic synaptic transmission.

ratio, 1.4). An increased linoleic acid:DHA ratio associated with

The ethanolamide of n-6 ARA is an endocannabinoid that gives fine

increased risk of CLD (OR, 8.6) and late-onset sepsis (hazard ratio, 4.6).

tuning of synaptic transmission via CB1 Cannabinoid receptor 1. Both
amides mediate healthy physiology.

20:4n-6 fine-tunes synaptic signals

Neurotransmitters that act through

When a neurotransmitter activates a Gαq receptor, it stimulates a

Adrenergic (α1A; α1B; α1D); Angiotensin (AT1); Cholecystokinin

phosphatidylinositol-selective phospholipase C that releases

(CCK1,CCK2); Cholinergic (M1,M3,M5); Glutamate (mglu1; mglu5);

diacylglycerols rich in ARA. A neuronal DAG lipase then converts them to

Growth hormone releasing hormone (GHRH-R); Histamine (H1);

ARA-rich monoacylglycerols that can diffuse to endocannabinoid

Serotonin (5HT2A; 5HT2B; 5HT2C); Hypocretin/Orexin (Hcrt1, Hcrt2);

CB1(Gαi) receptors on presynaptic (and adjacent) neurons. The CB1

Leukotriene (BLT1, BLT2, CysLT1, CysLT2); Pituitary Adenylate Cyclase

receptors are abundant in many brain regions, giving the ARA in

Activating Peptide (PAC1); Prostaglandin (FP; TP; EP1; EP3) Tachykinin

phosphatidylinositol a way to influence neuronal signals for appetite,

(NK1; NK2; NK3 ); Vasopressin (V1a; V1b);
LTC4 LTC4

pain-sensation, mood, memory, cognition, reward, sleep/wake cycle, and
behaviors, including emotion- motivation- and stress-related responses.

Putting 20:4n-6 and 22:6n-3 into special phospholipids for special actions
HUFA are generally present at the 2-position of phospholipids, and

Formation of phosphatidyl serine by the neuronal synthase, PSS2, is

neuronal lysophosphatidyl inositol acyltransferase (LPIAT-1) has a

very selective for ethanolamine phospholipids containing 22:6n-3.

marked specificity for 20:4n-6. This ensures the presence of 20:4n-6

This ensures having 22:6n-3-phosphatidyl serine in the inner leaflet of

in inositol lipids located on the inner leaflet of neural membranes,

neural membranes, where it mediates vesicle fusion and exocytotic

where they have important actions in tethering mediators of the

release of neurotransmitters at synapses.

PIP2/IP3 pathway. Also it provides 20:4n-6-rich ligands for CB1
receptors to regulate synaptic signaling.
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Mature vision involves many components
Human vision is mediated by the light-sensitive protein, rhodopsin,

A study of n-3 deficient rats developed rod outer segment (ROS)

embedded in phospholipid bilayers of photoreceptor disks in the retina.

membranes with 80% DHA (22:6n-3) replaced by DPA (22:5n-6). These

The protein reversibly binds a vitamin A derivative, 11-cis-retinal. When

membranes had reduced rhodopsin activation, rhodopsin transducin

exposed to light, 11-cis-retinal shifts rapidly to all-trans retinal, and the

(Gt) coupling, cGMP phosphodiesterase activity, and slower formation

transmembrane helices shift conformation in surrounding

of the MII-Gt complex relative to n-3 FA-adequate ROS plus a higher

phospholipids. The shift activates transducin, Gαt, which activates

degree of phospholipid acyl chain order. The higher order with DPA

phosphodiesterase that hydrolyzes cyclic GMP (cGMP) molecules. Loss

likely caused the reduced amplitude and delayed response of

of cGMP allows closure of open cation channels that kept membrane

electroretinogram a-wave observed during n-3 FA deficiency in rodents

potentials polarized at -40mV. The resulting hyperpolarization of the

and nonhuman primates. An adequate supply of DHA is also pivotal in

photoreceptor membrane stops the release of glutamate to bipolar

promoting neurite outgrowth and synapse formation as well as in

cells which then signal through ganglion cells to the optic nerve. The

supporting microglial pruning and maturation of neuronal circuits.

optic nerve signals to the brain’s lateral geniculate nucleus (LGN),
which relays information to the visual cortex that converts image
impulses into what we think we see.

Another aspect of DHA in the brain is its high abundance in
phosphatidyl serine (PS), an important lipid on the cytoplasmic side of
the membrane phospholipid bilayer. A higher dietary supply of DHA

The sequential set of signals flowing across the phospholipid

gives higher amounts of PS in neural tissues. The phosphatidylserine

membranes of many diverse cells noted above illustrates what one

fraction is about 15% of total cerebral cortex phospholipids in the first

must manage when trying to understand how the human brain arranges

year of life. Breast-fed infants had a greater DHA content (23.5%) than

a healthy balanced life. Oversimplifying the events creates a risk for

infants fed formula with an ALA/LA ratio of 0.09 (19.3%) or 0.03 (14.4%).

misunderstanding how essential lipids act. An important aspect of

Several important neural signaling pathways require a DHA-rich

vision is the high proportion of n-3 DHA (22:6n-3) in retinal

PS-dependent transport and tethering of the signal mediators (e.g., Akt,

phospholipids (see Table 4-1). These HUFA give a highly flexible milieu

Raf-1 or PKCα) from cytosol to the plasma membrane. PS also is needed

for the rhodopsin helices and give maximal effectiveness for rapid

for Ca2+ binding to the protein synaptotagmin in mediating exocytotic

receptor responses to light.

release of neurotransmitters at synapses.

Retina

Fovea

Providing the photoactive factor

Blind spot

A supply of active 11-cis retinal is ensured by an enzyme isomerizing
all-trans retinal. Phosphatidyl ethanolamine (PE) aids the

Cone cell

conversion, phosphatidylcholine does not, and phosphatidylserine

Rod cell

inhibits. PE may also serve as a safe reservoir for the toxic aldehyde
and also assist the ABC transporters in moving excess amounts

Bipolar cells

away from photoreceptor membranes. Many mutations in ABCA4
associate with photoreceptor disorders like age-related macular

Ganglion cells

degeneration and Stargardt disease. They illustrate the importance
of the ABC proteins in clearing away insoluble membrane
components - a vital need for active, adapting cells.
4-3: Changing light to vision signals
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Long-term impacts of infant nutrition
Human development proceeds step-by-step from fetal to neonatal to

Measures

childhood until all systems integrate into healthy adult actions and

Control

DHA

DHA+ARA

n= 20

n= 17

n= 19

behaviors. The DHA-assisted maturation of visual synapses in the upper

MDI

-1.7+/-1.9

2.4+/-1.8

5.6+/-2.7

midbrain must occur within a finite window of time before the

PDI

-1.4+/-1.3

-0.6+/-1

1.7+/-0.7

opportunity for clear vision is irreversibly lost. The significantly plastic

BRS

7.3+/-24

6.4+/-21

8.1+/-25

tissue content and function of adult tissues keeps alive the hope that
inadequate nutrient supply during early development might later be
remediated to repair impaired systems, but the possibility of irreversible
loss of optimal function remains a concern. Several studies sought
evidence on whether inadequate supply of either n-3 or n-6 HUFA during
early development has any long-term impact on the health of infants.
Cognitive development of healthy term infants was evaluated using
infant formula supplemented with 0.35% DHA or 0.36% DHA plus 0.72%
arachidonic acid (ARA). Children enrolled within the first 5 days of life
and fed the assigned diet until 17 weeks of age were tested at 18 months
using the Bayley Scales of Infant Development, 2nd edition (BSID-II).
The Psychomotor Development Index (PDI) and the Behavior Rating
Scale (BRS) of the BSID-II gave similar values for all three diet groups,
although children supplemented with DHA+ARA had a higher mean
score on the Mental Development Index (MDI). Cognitive and motor
subscales of the MDI showed both DHA- and DHA+AA-supplemented

A study examined if information processing in 6-year old children was
enhanced by 4-month feeding of HUFA supplemented formula relative
to breastfeeding. At age 6 years there were 71 children fed HUFA-formula,
76 fed control formula, and 88 breastfed. The formula groups did not
differ on the mean of three measures of intelligence quotient (IQ),
attention control, errors in matching familiar figures, measures of
impulsivity, and efficiency. However, 6-year olds supplemented with
HUFA in their first four months made faster correct responses (6.2+/- 4
s) than control (7.8 +/- 5 s) or breastfed (7.3s +/- 4) children.
The MDI score at 18 months related negatively with VEP acuity at 4
months of age (r=–0.37), and there were no significant correlations
between plasma or RBC-LA, ALA, ARA, EPA, or DHA at 12 months and
the MDI score. RBC-DHA at 4 months positively correlated with the MDI
score at 18 months (r=0.29), but there was no correlation between
RBC-ARA or EPA and the MDI score. Both RBC-LA and RBC-ALA

groups had a developmental advance over the control group.

negatively correlated with the MDI score at 18 months.

Children supplemented while infants with 0.64% ARA and variable

Preterm newborns (<1500 g and/or <32 weeks gestational age) were fed

amounts of DHA (0.32%, 0.64%, and 0.96% of total fatty acids) showed
at 18 months of age no effect of HUFA supplements on the Bayley
Scales of Infant Development (BSID), a well-standardized indicator of
fundamental developmental status. Systematic reviews and
meta-analyses relying on the BSID have also reported no benefit of
dietary HUFA supplements. Sixty two of these children were re-enrolled
at 18 months and tested every 6 months until 6 years. No effect of HUFA
was found on tasks of spatial memory, simple inhibition, or advanced
problem solving. Positive effects were observed from 3 to 5 years on
rule-learning and inhibition tasks, the Peabody Picture Vocabulary Test
at 5 years, and the Weschler Primary Preschool Scales of Intelligence at
6 years. The authors noted that this small trial may have type I (random)
error compounded by the numerous outcome variables. Another

with formula for 12 months. Group A (n=24) had formula with an n-6/
n--3 ratio of 2/1, and Group B (n=21) had formula with an n-6/n-3 ratio
of 1/1. A control group (n= 25) was fed for 12 months with breast milk. At
12 months, plasma arachidonic acid values were higher in group A than
B (A = 7±1.5 %; B = 4.5±0.8%), as were total polyunsaturated fatty acids
(A=41±2%; B = 38±2%). Children from both groups had no significant
differences in 22:5n-3, 20:5n-3, or 18:2n-6 at 6 or 12 months. Both
groups had similar weight, length, head circumference, growth or
evoked potentials during the first two years of life. Children in the group
with lower ARA had a lower average visual acuity at 24 months than
those fed the higher ARA formula or breastfed (A = 100 ±9; B = 91±11;
breastfed = 100+/-7). The authors noted that better performance of
infants fed the higher ARA formula might be attributable to the two

limitation was that the trial, conducted in an inner-city with children of a

formulas differing in the total quantity (and not the ratio) of HUFAs.

low socioeconomic status may not be generalizable to other

Comparing 5 year-old breastfed children whose mothers received

populations. Also, parents of male infants were less likely to re-enroll,
and the parents’ self-selection for follow-up may have biased
outcomes. Nevertheless, the results showed a long-term effect on
cognitive development of ARA/DHA supplements during early infancy.

supplemental algal oil (200 mg/d of DHA) or vegetable oil (no
DHA) from delivery for the first 4 months of lactation showed no
differences in visual function as assessed by multiple measures.
The 5 year-old children whose mothers received DHA versus
placebo performed higher on the Sustained Attention Subscale of
the Leiter International Performance Scale (46 +/- 9 vs 42 +/- 9).
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Overview
Phospholipids in brain and retina have abundant DHA (22:6n-3)
which enhances efficiency of visual signaling and neurite growth
plus ARA (20:4n-6) which enhances endocannabinoid feedback
control of neural transmission. Placental transport of n-3 and n-6
HUFA prepares the newborn for very rapid development of the brain
after birth, and there is evidence that supplementing infant formula
with ARA/DHA enhances cognitive development. There is a
continuing need to ensure the supply of ARA and DHA to infants to
support optimal development.
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