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INTRODUCTION

Omega-3 and -6 fatty acids (ω3 or n-3; ω6 or n-6) are necessary components of the brain, 
and diet is the main supplier of these essential lipids. Because the main source of n-3 fatty 
acids comes from seafood in western societies, a deficiency in n-3 is now highly widespread. 
It is considered that a balanced diet should supply a daily ratio of n-6/n-3 equal to 5, whereas 
nutritional studies show that the actual ratio in most developed countries is around 15. Many 
studies have focused on this problem, and preclinical studies have shown that n-3 in low 
amounts and n-6 in high proportions are detrimental to cerebral physiology and structures.1

This is especially important in infants. Indeed the synthesis capacities of the fetus and in-
fants are very limited. In the early phases of life, the fetus and infants are entirely dependent 
on the maternal diet and the maternal stores during either pregnancy or the lactating period.2

Maternal supplementation in omega 3 translates into numerous benefits for the children. 
Indeed, the children born to supplemented mothers, or fed a diet supplemented in n-3 are 
more attentive and less hyperactive.3 The reports showing a positive effect on IQ have been 
questioned though.4–6

Interestingly, the benefits of a n-3-rich diet on the children are not only immediate, but can 
be recorded for during several years in the childhood.3 Preclinical models have shown consis-
tent data: omega-3 supplementation proved protective toward emotional behavior, cognition, 
and neurogenesis in rodents.7–10

The supplementation is also necessary and beneficial to the mothers; indeed, under inad-
equate omega-3 supply, the maternal docosahexaenoic acid (DHA) stores are depleted under 
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a single reproductive cycle in the rat.11 In humans as well as in rodents, n-3 maternal supple-
mentation improves the mood of the expectant mothers and prevents the development of 
postpartum depression.12, 13

The omega-3 molecular action mechanisms are not fully unveiled, but several studies 
have pointed to the modification of gene transcriptions14 or DNA methylation.15 The latter 
study suggests that omega 3 induce epigenetic effects, which have been also described in 
other studies.16 For instance, we have shown that in vitro neural stem cells (NSCs) derived 
from pups born to deficient or supplemented mothers behave differently in vitro displaying 
a higher rate of proliferation, higher maturation, and modifications of gene expressions.17

In this report, we have questioned whether the dietary environment of pups born to 
omega-3 deficient or supplemented mothers could impact the proportions of PUFA in brain 
lipids and the rate of hippocampal neurogenesis in the adult offspring.

METHODS

Male Wistar rats bred in our own facilities were used for this experiment. Female rats were 
fed 2 weeks before mating with one of the two following diets: the “deficient” diet provided 
0.01% of the total energy as linoleic acid (5 mg/100 g diet), and the “supplemented” diet pro-
vided high levels of DHA (1.0% of the total energy, 500 mg/100 g diet). The diets contained 
6.6 g lipids/100 g and were prepared using mixtures of rapeseed, sunflower, and tuna fish 
oils, kindly provided by Lesieur (Asnières-sur-Seine, France).18

Before the pups were 1-week old, the litters were allocated to surrogate mothers, so that all 
the dams would adopt pups from another female. The sizes of the litters were similar for all 
the surrogate mothers (n = 6). Therefore, the pups were separated into four groups: (i) born 
to a supplemented mother, adopted by a supplemented mother (noted ω3-ω3), (ii) born to a 
supplemented mother, adopted by a deficient mother (ω3-ω6), (iii) born to a deficient mother, 
adopted by a deficient dam (ω6-ω6), and (iv) born to a deficient mother, adopted by a supple-
mented one (ω6-ω3).

After weaning, the offspring was fed the same diet as the surrogate dams up until 4 months 
of age, and were maintained in a comforting environment, at 2 per cage to avoid the stress 
of isolation. Three days before the sacrifice, they were intraperitoneally injected daily with 
50 mg/kg BrdU dissolved in 0.007 N NaOH in PBS (10 mg/mL). They were euthanized by 
decapitation and the brains were rapidly removed. The cerebellum was excised and saved 
for lipid analysis and the rest was rapidly frozen in chilled isopentane and kept at −80 degree 
until analysis.

The fatty acid compositions of the two main classes of membrane PLs, the 
 ethanolamine-phosphoglycerolipids (EPGs) and phosphatidylcholine (PC), were analyzed 
by gas chromatography, as previously described.18

Brains were sectioned at 16 μm with a cryostat and the sections were revealed for BrdU 
presence in the cells by immunohistochemistry as described before.19 The cells positive for 
BrdU in the dorsal hippocampus were counted using Image J.

Statistical analyses for lipid analyses and neurogenesis were performed in GraphPad 
prism by one- or two-way ANOVA (followed by Tukey’s multiple comparisons). The results 
are expressed as mean ± SD. Results were significantly different at P < .05.
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RESULTS

The pups’ weights at birth were similar (6 ± 0.5 g) regardless of the mothers’ diet. At 
4 months, the rats’ weights were not significantly different even though the animals born to de-
ficient dams and fed with high proportions of ω3 were a little heavier: ω3-ω3: 564 ± 22 g; ω3-ω6:  
546 ± 41 g; ω6-ω6: 548 ± 38 g; ω6-ω3: 611 ± 62.9 g.

The cerebellum were excised from the brains, and analyzed for the fatty acid compositions 
in EPG and PC.

Figs. 1 and 2 show abbreviated data from the fatty acid analyses for EPG and PC, respec-
tively: total n-6 and n-3 have been shown, along with 20:4 n-6 (arachidonic acid, AA) and 22:6 
n-3 (DHA) since AA and DHA are the main fatty acid from each family.

In EPG, statistical analysis showed that ω3-ω3 and ω6-ω3 are not statistically different; 
the levels of total n-3 and DHA are restored in pups born to deficient mothers by higher 
 proportions offered by the lactation and diet after weaning. This result shows that a diet 

FIG. 1 Modifications of the percentages of polyunsaturated fatty acids in the EPG fraction. For each group, six 
cerebellums were collected and analyzed by gas chromatography. Different superscripts denote a significant differ-
ence at P < .05.

FIG. 2 Modifications of the percentages of polyunsaturated fatty acids in the PC fraction. For each group, six cer-
ebellums were collected and analyzed by gas chromatography. Different superscripts denote a significant difference 
at P < .05.
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 supplemented as early as the lactating period was able to reverse the deficiency noted in  
ω6-ω6 animals. Indeed this group was deeply depleted in ω3.

In PC, total ω3 and DHA percentages obtained in ω3-ω3 offspring were similar to the ones 
obtained in the ω3-ω6 animals, but interestingly, total ω3 and DHA in ω6-ω3 animals remained 
lower than in animals born to supplemented mothers and fed the supplemented diet (ω3-ω3). 
This shows that ω3 supply at lactation and further could enhance the proportions of 22:6 n-3, 
but not to a level equivalent to the one registered in EPG and could not totally counteract the 
deficit created in utero.

To analyze the rate of hippocampal neurogenesis, the rats were injected with BrdU, and 
cells positive for BrdU were counted.

Fig. 3 shows the data obtained in the dorsal hippocampus. Cells positive for BrdU tend to 
be less numerous in ω6-ω6 than in ω3-ω3, although the difference is not statistically signifi-
cant. The ω6-ω3 animals had fewer positive cells than ω3-ω3 rats. This result shows that the 
level of dorsal hippocampal neurogenesis was not entirely restored by n-3 supplementation 
at lactation and by the diet.

DISCUSSION

Consistent with the data in the literature, we have shown that pups born to deficient moth-
ers display a deficit in total ω3 and DHA in the PL, and this deficit is present in the early 
fetal phases.19 This deficit can be totally (EPG) or partially (PC) erased by subsequent dietary 
supplementation. EPG and PC are the most abundant PL species in the cell membrane, with 
PC in higher quantities than EPG. Therefore, the composition of the membranes in deficient 
animals can be modified by a lifelong ω3 supplementation but the restoration of the levels 
registered in animals born to supplemented mothers is not entirely complete.

The animal body growth was not affected either.

FIG. 3 Number of cells positive for BrdU in the dentate gyrus of the dorsal hippocampus. Immunohistochemistry 
was performed and for each animal, cells from three consecutive sections were counted. Different superscripts de-
note a significant difference at P < .05.
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Yet, in the hippocampus, the rate of neurogenesis was lower in animals ω3-depleted in 
utero, even though they were fed adequate levels of ω3 after birth.

This result seems to suggest that a critical event in the development in which ω3 are deci-
sive, has been lacking in deficient animals.

On the other hand, ω3-ω6 rats that have been fed a deficient diet after birth but in utero 
have received an adequate level of ω3 are not impacted by the subsequent ω3 deficiency.

This is consistent with the idea that there seems to be a “window of opportunity” in the 
brain, as noted by Kodas et al.20 Indeed the study showed that dopaminergic neurotransmis-
sion was restored in deficient pups when ω3 were provided during lactation but not after 
weaning. Our result suggests that as far as neurogenesis is concerned, this window could take 
place even earlier.

The fact that the restoration of the levels of neurogenesis was not complete, also suggests 
that epigenetic effects can eventually modulate the fate of NSCs. NSCs are known to be sen-
sitive to epigenetic effects, and we have shown that NSCs derived from deficient or supple-
mented pups behave differently when cultured in vitro, with higher rates of proliferation and 
deeper maturation once allowed to differentiate.17 Furthermore, numerous epigenetic effects 
have been attributed to ω3, whether they modify gene transcription through DNA methyla-
tion or miRNA synthesis.16

Therefore, our study shows that while the fatty acid compositions of membrane PL is re-
stored by ω3 supplementation, hippocampal neurogenesis illustrates the fact that not all the 
consequences of ω3 deficiency in utero can be reversed by adequate levels provided after 
birth. Womb, birth, weaning: in the brain, these periods translate into different phases of 
development and “windows of opportunity.” The ω3 family has proven essential in these 
different events.

This result argue for a very early ω3 maternal supplementation, prior to and during 
pregnancy.
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