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A B S T R A C T

The brain is highly enriched in long chain polyunsaturated fatty acids (LC-PUFAs) that are esterified into
phospholipids, the major components of cell membranes. They accumulate during the perinatal period when the
brain is rapidly developing. Hence, the levels of LC-PUFAs in the brains of the offspring greatly depend on
maternal dietary intake. Perinatal n-3 PUFA consumption has been suggested to modulate the activity of mi-
croglial cells, the brain's innate immune cells which contribute to the shaping of neuronal network during
development. However, the impact of maternal n-3 PUFA intake on microglial lipid composition in the offspring
has never been studied.

To investigate the impact of maternal dietary n-3 PUFA supply on microglia lipid composition, pregnant mice
were fed with n-3 PUFA deficient, n-3 PUFA balanced or n-3 PUFA supplemented diets during gestation and
lactation. At weaning, microglia were isolated from the pup's brains to analyze their fatty acid composition and
phospholipid class levels.

We here report that post-natal microglial cells displayed a distinctive lipid profile as they contained high
levels of eicosapentaenoic acid (EPA), more EPA than docosahexaenoic acid (DHA) and large amount of phos-
phatidylinositol (PI) / phosphatidylserine (PS). Maternal n-3 PUFA supply increased DHA levels and decreased
n-6 docosapentaenoic acid (DPA) levels whereas the PI/PS membrane content was inversely correlated to the
quantity of PUFAs in the diet. These results raise the possibility of modulating microglial lipid profile and their
subsequent activity in the developing brain.

1. Introduction

The central nervous system (CNS) is highly enriched in long-chain
polyunsaturated fatty acids (LC-PUFAs), in particular in arachidonic
acid (AA, 20:4 n-6) and docosahexaenoic acid (DHA, 22:6 n-3) [1–3].
These LC-PUFAs are esterified into phospholipids, the major compo-
nents of cell membranes. DHA is preferentially incorporated in phos-
phatidylethanolamine (PE), and phosphatidylserine (PS), while AA is
more present in phosphatidylinositol (PI), phosphatidylcholine (PC)
and PE [1,4,5]. Membranes are also rich in cholesterol, a lipid that
confers rigidity to their structure.

Humans can synthesize AA and DHA from precursors that are

mainly found in vegetables, linoleic acid (LA) and alpha-linolenic acid
(ALA), respectively. However, the conversion efficiency is very low
(<1%) [6,7], so that DHA and AA must also be provided through the
diet. Hence, the dietary intake of PUFAs and particularly of LC-PUFAs is
crucial to maintain a proper balance between n-6 and n-3 PUFA species.
Accordingly, low n-3 PUFA dietary intake induces a decrease in brain
DHA levels [2,8–10] and increases in brain AA and n-6 doc-
osapentaenoic acid (n-6 DPA, 22:5n-6), the molecular equivalent of
DHA [9,10]. Conversely, ingestion of fish oil rich in n-3 LC-PUFAs
(eicosapentaenoic acid (EPA) and DHA) results in partial replacement
of AA by EPA and DHA in cell membranes [11].

Most LC-PUFAs accumulate during brain development, at a period
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of intense cell division, synaptogenesis, white matter expansion, etc.
[12–14]. In humans, this accumulation starts at the beginning of the
third trimester of gestation until 2 years of age, corresponding to 7–21
postnatal days (P7-P21) in rodents [15–18]. Maternal LC-PUFAs are
provided to the offspring via placental exchange during gestation and
via lactation after birth, emphasizing the importance of maternal
dietary habits. Consequently, brain LC-PUFA levels in the offspring
greatly depend on maternal PUFA intake [19,20]. Dietary n-3 PUFA
deficiency, from the first day of gestation to P21, induces a decrease in
offspring's brain DHA [21]. Conversely, n-3 LC-PUFA dietary enrich-
ment during gestation and lactation increases brain DHA levels [22,23].
Adequate DHA supply during the perinatal period is essential for op-
timal CNS development and function, as n-3 PUFA intake promotes
neurogenesis, neuroplasticity and protects against oxidative stress and
neuroimmune dysregulation [20,24–29]. In contrast, dietary n-3 PUFA
deficiency impairs neuronal plasticity [21,30–33].

The effects of maternal dietary intake on brain cells lipid composi-
tion have been poorly addressed. Two studies described the effect of
maternal dietary n-3 PUFA supplementation on glial cells as a whole.
They found an increase in DHA in PE and PS in neonatal glia [22,23].
Bourre and colleagues showed that perinatal n-3 PUFA deficiency de-
creases DHA levels in neurons, astrocytes and oligodendrocytes in the
offspring [34,35].

However, nothing is known about the effects of n-3 PUFA dietary
supply on microglial lipid profile. Microglia are the brain's innate im-
mune cells and play a major role in development by regulating synaptic
pruning and synaptogenesis and by phagocytosing apoptotic bodies
[36–39]. Hence, microglia are a crucial partner for the shaping of
neuronal networks during the perinatal period. In vitro studies showed
that application of DHA increases DHA and PS levels in microglial cells
[25,40,41]. In vivo, we previously showed that maternal dietary n-3
PUFA deficiency alters microglia motility and promotes pro-in-
flammatory cytokine production at P21 [21]. However, while it impacts
on physiology during development, the consequences of maternal
dietary n-3 PUFA supply on postnatal microglial lipid composition re-
mains to be elucidated.

Pregnant mice were fed with differential dietary n-3 PUFA supply
and microglial lipid composition in the offspring was assessed at
weaning. The impact of maternal ALA deficient diet ("n-3 PUFA defi-
cient diet"), ALA balanced diet ("n-3 PUFA balanced diet") and n-3 LC-
PUFA enriched diet ("n-3 LC-PUFA supplemented diet") was evaluated
by fatty acid and phospholipid compositions in microglial membranes.

2. Experimental procedures

2.1. Animals

Animal husbandry and experimental procedures were in accordance
with the EU Directive 2010/63/EU for animal experiments and ap-
proved by the national ethical committee for care and use of animals
(approval ID A13169). All the experiments were performed on wild
type CD1 mice obtained from Janvier Labs (Le Genest-Saint-Isle,
France). Mice were maintained under standard housing conditions on
corncob litter in a temperature (23 ± 1 °C) and humidity (40%) con-
trolled animal room with a 12 h light/dark cycle (07–19 h), with ad
libitum access to food and water.

After mating with males fed with a standard diet, female pregnant
mice were fed with a diet containing 5% fat in the form of sunflower oil
(rich in LA, n-3 PUFA deficient diet) or a mixture of different oils
containing ALA (n-3 PUFA balanced diet) or a mixture containing fish
oil (rich in n-3 LC-PUFAs, n-3 LC-PUFA supplemented diet) from the
first day of gestation until weaning [21,42,43] (Table 1). Diets are
isocaloric and varied only by their lipid composition. The dose of n-3
LC-PUFA used (EPA+DHA) corresponds to 40mg/d in mice. Extra-
polating to human [44], it represents 3.8 g/d (60 kg). This dose is in the
range of those administered to pregnant women in previous studies

[45]. At P21, male offspring mice were quickly anesthetized by iso-
flurane inhalation and euthanized by decapitation. Brains were rapidly
dissected out to isolate microglia.

2.2. Isolation of microglial cells

Microglia cells were isolated from the whole brain as previously
described [46,47]. Briefly, brains were homogenized in Hanks’ Ba-
lanced Salt Solution (HBSS, pH 7.4), homogenates were centrifuged at
600 g and cells were resuspended in 70% isotonic Percoll (GE-Health-
care, Aulnay-sous-Bois, France). A discontinuous Percoll density gra-
dient was set up (70%, 50%, 35% and 0%). Gradients were centrifuged
at 2000 g for 25min. Microglia cells collected at the interphase between
the 70% and 50% Percoll layers were washed, re-suspended in PBS and
stored at −80 °C until lipid analyses. Ten pup brains from 5 dams were
pooled for each replicate and 4–6 replicates were carried out to perform
lipidomic analyses. In total, microglial cells were isolated from 60 mice
in n-3 PUFA deficient group, 40 mice in n-3 balanced group and 40
mice in n-3 LC-PUFA supplemented group.

2.3. Lipidomic analysis

Lipids were extracted according to the Folch's method [48]. Total
lipids were stored at −20 °C in chloroform:methanol (2:1).

Phospholipid classes were separated by HPLC coupled to an eva-
porative light-scattering detector [49,50]. The different classes of
phospholipids were separated using a silica column (Spherisorb silice,
10 cm, 4.6mm, 3 µm; WATERS, Merck) and identified using commer-
cial standards (Avanti polar Lipids, USA). Results were expressed as %
of total phospholipids.

Total fatty acids were transmethylated according to the method of
Morrison and Smith [51]. Fatty acid methyl esters (FAMEs) were ana-
lyzed on a FOCUS GC gas chromatograph (Thermo Electron Corpora-
tion) equipped with a splitless injector and a flame ionization detector.
Separation of FAMEs was performed with a BPX70-fused silica capillary
column (50m length × 0.25mm internal diameter, 0.22 µm film
thickness; SGE, Courtaboeuf, France). Hydrogen was used as a carrier

Table 1
Fatty acid composition of the dietary lipids (% wt of total fatty acids).

diets n-3 PUFA
deficient diet

n-3 PUFA
balanced diet

n-3 LC-PUFA
supplemented diet

16:0 9.3 21.9 19.6
18:0 5.4 3.6 4.1
Other SFA 2.4 1.8 7.6
Total SFA 17.1 27.3 31.3
18:1n-9 35.8 56.4 24.6
18:1n-7 0.8 1.1 2.9
Other MUFA 0.4 0.7 9.1
Total MUFA 37.5 58.2 36.6
18:2n-6 (LA) 45.3 12.9 12.9
Other n-6

PUFA
n.d. n.d. 0.6

Total n-6
PUFA

45.3 12.9 14.0

18:3n-3 (ALA) 0.1 1.6 1.1
20:5 n-3 (EPA) n.d. n.d. 10.6
22:5 n-3 (n-3

DPA)
n.d. n.d. 0.9

22:6 n-3 (DHA) n.d. n.d. 5.6
Total n-3

PUFA
0.1 1.6 18.1

Total PUFA 45.4 14.5 32.1

FAs, fatty acids; PUFAs, polyunsaturated fatty acids; LA: linoleic acid; ALA: α-
linolenic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; DPA:
docosapentaenoic acid; MUFA: monounsaturated fatty acid; SFA: saturated
fatty acid; n.d., not detected (under the limit for the detection by gas chro-
matography, <0.05%).
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gas (inlet pressure, 100 kPa). The injector and detector temperatures
were maintained at 250 and 280 °C, respectively. The oven was held at
70 °C for 2min, increased to 150 °C at a rate of 15 °C/min with a 1-min
hold, increased to 190 °C at a rate of 1.5 °C/min with a 27-min hold and
increased to 230 °C at a rate of 20 °C/min and then held at this tem-
perature for 25min. FAMEs were identified by comparison with com-
mercial standards.

Cholesterol was analyzed by gas chromatography after silylation
with n-methyl imidazole/MSHFBA (1/20) according to the method NF
EN ISO 12228 modified for small amount of lipids. Especially the sa-
ponification step was carried out by adapting the quantities of reagents
and the thin layer chromatography step was suppressed. This pur-
ification was essential for the analysis of the phytosterols to avoid
coelution with vitamin E but without interest for the quantification of
cholesterol. The quantification of cholesterol was realized using 5β-
cholestanol (Sigma Aldrich) as internal standard. Cholesterol analysis
was performed with a ZB5-fused silica capillary column (30m
length× 0.25mm internal diameter, 0.25 μm film thickness; SGE,
Courtaboeuf, France). Hydrogen was used as carrier gas (constant flow,
1.5 mL/min). The injector and detector temperatures were maintained
at 300 °C and 340 °C, respectively. The oven was set at 240 °C, increased
to 255 °C at a rate of 4 °C/min with a 31-min hold, increased to 320 °C
at a rate of 50 °C/min and then held at this temperature for 1min.
Cholesterol and 5β-cholestanol were identified by comparison with
commercial standards.

2.4. Statistical analysis

2.4.1. Bivariate statistical analysis

Data were expressed as means ± SEM (standard error of the mean).
Analyses were carried out using the non-parametric Kruskal–Wallis
test. Significant values between two sample means were evaluated
using Mann–Whitney test. A p<0.05 was considered statistically
significant.

2.4.2. Principal component analysis (PCA)
PCA was used to assess the fatty acid pattern from dietary groups.

The PCA is a dimension-reduction technique that summarizes data into
principal components (PC) that maximize the variance of the data
considered. These PCs are uncorrelated linear combinations of the in-
itial variables which can be interpreted as pattern. PCA generates factor
loadings that reflect the correlation of each variable with the PC and a
principal component score for each individual. We selected the number
of components using the Cattell criterion. All data were expressed as
means ± SEM. Statistical analyses were performed using R version
3.3.0 (FactoMineR package).

3. Results

3.1. Maternal dietary n-3 PUFA intake alters phospholipid class distribution
in microglia

We investigated the impact of maternal n-3 PUFA supply on phos-
pholipid class distribution within microglial membranes (expressed in
% of total phospholipids). PC and PI/PS were the major lipid classes
represented (PC: 29.3–42.2%, PI/PS: 34.1–52.6%), while PE and SM
were present in low amounts (PE: 14.1–18.5% and SM: 3.9–5.2%)
(Table 2).

Differential maternal n-3 PUFA dietary supply significantly im-
pacted PI/PS and PC proportions (PI/PS p<0.01; PC p<0.01)
(Table 2). N-3 LC-PUFA supplementation induced a significant decrease
in PI/PS contents as compared to n-3 PUFA deficient diets (34.1–52.6%,
p<0.05) and increase in PC content as compared to the n-3 PUFA
deficient diet (42.2–29.3%, p<0.01). Diets tended to change PE and
SM contents but it did not reach significance (PE p=0.09; SM

p=0.10).

3.2. Maternal dietary n-3 PUFA intake affects microglial fatty acid
composition

Fatty acid composition of microglial cells was characterized by high
levels of saturated fatty acids (39.2–50.7%) and monounsaturated fatty
acids (31.4–37.1%) (Table 3). PUFAs represented 16.9–22.0% of the
total fatty acids (Table 3). The main n-3 PUFAs were EPA (2.5–5.0%)
and ALA (1.3–1.8%). DHA was present at low level (0.6–2.1%). N-6
PUFAs were mainly represented by LA (8.0–10.4%) and AA (1.0–1.6%).

Fatty acid composition was next analyzed in microglia of P21 pups
from mothers fed with n-3 PUFA deficient, n-3 PUFA balanced, n-3 LC-
PUFA supplemented diets. Dietary n-3 PUFA deficiency increased n-6
DPA levels as compared to n-3 PUFA balanced diet and n-3 LC-PUFA
supplemented diet (0.0–0.6% p<0.01) and decreased DHA and DHA/
AA ratio as compared to n-3 LC-PUFA supplemented diet (DHA:
0.6–2.1% p<0.05, DHA/AA: 0.5–1.3 p<0.05). Dietary n-3 PUFA
deficiency also increased 20:1 content as compared to the n-3 LC-PUFA
supplementation (0.7–1.7% p<0.05) (Table 3).

To further explore the global effect of the diets on PUFA composi-
tion of microglia cells, we used PCA to produce visual summary of
observed variation in PUFA composition in the three experimental
groups. Two main principal components were extracted explaining to-
gether 61.27% of overall variance: the 1st component (“pattern 1”) and
the 2nd component (“pattern 2”) explained 35.26% and 26.01% of the
total variance, respectively. The 1st component comprised strong po-
sitive loadings with LA, total n-6 PUFA, total PUFA and n-6/n-3 PUFA
and negative score for EPA (Fig. 1A). The 2nd component comprised
positive score for EPA, n-3 DPA, DHA, total n-3 PUFA and total PUFA
and negative score for n-6 DPA (Fig. 1A).

Based on PCA visualization of individuals (Fig. 1B), n-3 LC-PUFA
group showed a positive average for the 2nd component whereas n-3
PUFA deficient group showed a negative average for the 2nd compo-
nent. The PCA revealed a greater differentiation between n-3 LC-PUFA
supplemented group and the two other groups: n-3 PUFA deficient and
n-3 PUFA balanced groups (Fig. 1B). The 2nd component revealed
significant diet effects (p<0.05). The fatty acid composition of the n-3
PUFA balanced and n-3 PUFA deficient groups were comparable and
differed from that of the n-3 LC-PUFA supplemented group (Fig. 1B).

3.3. Maternal dietary n-3 PUFA intake had no effect on microglial
cholesterol levels

Microglial cells contained 8.0–9.8 µg/mg protein of cholesterol
(Table 4). No significant differences were observed between all dietary
groups.

Table 2
Phospholipid class levels in microglial cells isolated from P21 mice brains
(expressed as % of total phospholipids). Values are expressed as means ± SEM.
Values with different superscript letters (a, b, c) are significantly different
(p<0.05).

n-3 PUFA
deficient diet

n-3 PUFA
balanced diet

n-3 PUFA
supplemented
diet

Statistical
significance

(n=5) (n=4) (n=4)

PE 14.1 ± 1.57 15.3 ± 0.65 18.5 ± 0.92 p=0.09
PI/PS 52.6 ± 4.21a 44.0 ± 2.11ab 34.1 ± 1.05b p<0.01
PC 29.3 ± 2.55a 35.9 ± 1.87ab 42.2 ± 0.74b p<0.01
SM 3.9 ± 0.38 4.8 ± 0.29 5.2 ± 0.48 p=0.10

PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphati-
dylserine; PC: phosphatidylcholine; SM: sphingomyelin.
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Table 3
Fatty acid composition of lipids in microglial cells isolated from P21 mice brains (expressed as % of total fatty acids, except n-6 PUFA/n-3 PUFA and DHA/AA).
Values are expressed as means ± SEM. Values with different superscript letters (a, b, c) are significantly different (p<0.05).

n-3 PUFA deficient diet n-3 PUFA balanced diet n-3 LC-PUFA supplemented diet Statistical significance
(n=6) (n=4) (n=4)

16:0 25.5 ± 2.76 26.3 ± 3.33 18.5 ± 1.95 0.23
18:0 14.6 ± 2.00 18.7 ± 2.32 16.6 ± 3.23 0.38
Other SFA 5.1 ± 0.82 5.7 ± 0.44 4.1 ± 0.55 0.38
Total SFA 45.2 ± 4.23 50.7 ± 5.32 39.2 ± 3.62 0.20
16:1 1.8 ± 0.41 1.6 ± 0.16 3.6 ± 0.74 0.08
18:1 n-9 30.6 ± 2.67 24.7 ± 4.60 27.9 ± 3.12 0.44
18:1 n-7 1.5 ± 0.19 1.6 ± 0.44 2.1 ± 0.21 0.24
20: 1 1.7 ± 0.31a 1.8 ± 0.57ab 0.7 ± 0.24b p<0.05
Other MUFA 1.5 ± 0.18 1.7 ± 0.24 2.4 ± 1.04 0.76
Total MUFA 37.1 ± 2.15 31.4 ± 4.79 36.7 ± 4.23 0.43
18:2 n-6 (LA) 8.3 ± 2.38 8.0 ± 2.00 10.4 ± 3.49 0.86
20:4 n-6 (AA) 1.5 ± 0.45 1.6 ± 0.49 1.0 ± 0.34 0.76
22:4 n-6 0.0 ± 0.05 0.0 ± 0.00 0.1 ± 0.06 0.60
22:5 n-6 (n-6 DPA) 0.6 ± 0.16a 0.0 ± 0.00b 0.0 ± 0.00b p<0.01
Other n-6 PUFA 1.0 ± 0.17 1.4 ± 0.64 3.0 ± 1.56 0.59
Total n-6 PUFA 11.4 ± 2.31 11.0 ± 0.92 14.5 ± 4.17 0.92
18:3 n-3 (ALA) 1.8 ± 0.53 1.3 ± 0.66 1.4 ± 0.35 0.69
20:5 n-3 (EPA) 2.5 ± 0.63 3.7 ± 1.48 5.0 ± 1.97 0.69
22:5 n-3 (n-3 DPA) 0.1 ± 0.03 0.1 ± 0.01 0.2 ± 0.08 0.16
22:6 n-3 (DHA) 0.6 ± 0.16a 0.8 ± 0.13ab 2.1 ± 0.49b p<0.05
Total n-3 PUFA 5.1 ± 0.82 5.9 ± 1.48 8.8 ± 1.58 0.23
Total n-9 PUFA 0.5 ± 0.14 0.5 ± 0.11 0.3 ± 0.13 0.61
Total PUFA 16.9 ± 2.54 17.5 ± 0.74 22.0 ± 2.01 0.19
DMA 0.6 ± 0.24 0.5 ± 0.20 0.5 ± 0.11 0.97
n-6 /n-3 PUFA 2.6 ± 0.57 2.4 ± 0.68 1.8 ± 0.67 0.47
DHA/AA 0.5 ± 0.10a 0.5 ± 0.08ab 1.3 ± 0.28b p<0.05

AA: arachidonic acid; ALA: α-linolenic acid DHA: docosahexaenoic acid; DPA: docosapentaenoic acic; DMA: dimethylacetal; EPA: eicosapentaenoic acid; LA: linoleic
acid; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; SFA: saturated fatty acids. Other SFA: 10:0, 14:0, 15:0, 17:0, 20:0, 22:0, 24:0; other
MUFA: 17:1, 18:1 trans, 22:1, 24:1; Other n-6 PUFA: 18:3 n-6, 20:2 n-6, 20:3 n-6.

Fig. 1. Principal component analysis (PCA). (A): Correlation between each variable and the principal component score from PCA. (B): Individuals map of PCA
analysis. Individual variables are represented as circle.
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4. Discussion

The present study is the first to describe how modulating dietary n-3
PUFA intake affects microglial lipid profile in the developing brain.

Many in vitro studies have investigated the ability of macrophages,
lymphocytes and microglial cells to incorporate fatty acids [25,52,53].
None of them were performed in situ. We here found that at P21, mi-
croglial cells displayed a distinctive fatty acid composition, as they
contained measurable amounts of EPA, with higher proportion of EPA
than DHA. This result differs from previous data obtained in vitro on
BV2 microglial cell line in which DHA is the main measurable n-3
PUFAs while EPA levels are low [25,40,54]. Many studies have ques-
tioned the relevance of studying microglia in vitro as the transcriptomic
signature of these cells in culture is significantly different from freshly
isolated microglia [55–58]. Our results also support this statement and
allow extending it to fatty acid profile.

The fatty acid composition of acutely isolated microglia differed
from neurons, astrocytes and oligodendrocytes lipid profiles. In all
these cells, DHA is the predominant form of n-3 PUFAs [34,35,59]
while EPA was the major n-3 PUFA in P21 isolated microglia. Finally,
microglial fatty acid composition also differed from whole structure
fatty acid composition. Hippocampus from P21 mice contained higher
quantities of DHA than EPA [21]. EPA is considered to be 250–300
times lower than DHA because of its rapid β-oxidation in the brain [60].
Our results thus raise the questions of β-oxidation processes within
microglia and of how EPA modulates microglial function as a structural
component and signaling molecule. During brain development, one of
the main functions of microglia is to phagocytose non-functional and/or
immature synapses [36,61]. Because EPA is higher than DHA, it should
be of interest to compare the role of both fatty acids in this function.
EPA is the precursor of several oxidative products called oxylipins,
which play various biological roles [62]. Most notably, EPA derived-
resolvin E1 (RvE1) is of interest in the resolution of inflammation [63].
We and others have previously shown that RvE1 inhibits LPS-induced
microgliosis and pro-inflammatory cytokine release in vitro [64–66].
RvE1 also significantly alters the inflammatory profile and activation of
microglia in mice [67] and inhibits spinal cord microglial activation
following peripheral nerve injury [64,66]. EPA-enriched microglia
could synthesize higher amounts of RvE1 at P21, hence promoting pro-
resolution-like mechanisms. Fatty acid composition of microglia should
also be measured at adulthood to evaluate if the specific high level of
EPA is maintained.

In this study, we showed that n-3 LC-PUFA dietary intake affects the
fatty acid composition in offspring's microglia cells as compared to n-3
PUFA deficient and balanced diets. DHA level increased following
dietary n-3 LC-PUFA supplementation while n-6 DPA content de-
creased. Our results are in line with previous reports on other brain
cells. Maternal n-3 PUFA supplementation during gestation and lacta-
tion induces an increase in DHA in glial cells of pups at P14 [22,23].
Conversely, maternal n-3 PUFA deficiency decreases DHA levels in
neurons, oligodendrocytes and total hippocampus that is compensated
by an increase in n-6 DPA [21,34,35]. Interestingly, our results show
that n-3 PUFA deficient diet increases n-6 DPA level as compared to n-3
PUFA balanced diet but does not impact DHA levels in this group. Our
data suggest that microglia DHA content was only impacted by

maternal increases in dietary n-3 LC-PUFA in the offspring. N-3 PUFA
balanced and deficient diets displayed similar DHA content suggesting
that 1) ALA supply is not sufficient to modulate DHA membrane level
and 2) microglia cells seem to be protected from n-3 PUFA deficiency
for DHA level.

During brain development, microglia acts as guidepost cells to
monitor, guide neurons and control neural circuits formation. Microglia
eliminate redundant neurons and phagocytose dendritic spines to pro-
mote healthy brain development [36,68]. Dietary n-3 PUFA deficiency
during perinatal period alters microglia phenotype and motility and
neuronal plasticity-related gene expression at P21, which contributes to
microglia activation, neuroinflammation and brain neuronal network
alterations [21]. In addition, a maternal immune activation-triggered
neuroinflammatory events in the developing brain of offspring has been
linked to neurodevelopmental disorders such as autism spectrum dis-
order [21,69].

Microglial phenotype modification could be explained by direct
effect on microglial fatty acid composition, through changes in n-6 DPA
and/or by specific response to dietary lipids. Indeed, exposure to sa-
turated fatty acids induces the accumulation of microglia and astrocytes
in the hypothalamus, yet only microglia are activated [70]. Moreover,
maternal exposure to a high-fat diet induces an increase in hippocampal
microglial activation both at birth and at adulthood [71,72]. Finally,
microglia express a wide range of key lipid metabolism-related genes as
well as lipoprotein lipase and lipid-sensitive receptors such as CD36,
receptors for endocannabinoids, prostaglandins, phospholipids
[73–76]. It was suggested that in lipoprotein lipase knock-down mice,
microglia presented morphological changes in hippocampus and cortex
and altered phagocytic activity [73]. These results highlight the influ-
ence of lipid metabolism on microglial activity. It should be of interest
to further investigate this point since microglia likely represent a un-
ique CNS lipid sensor that initiates inflammation in response to lipids
[64]. In contrast to creating n-3 PUFA deficiency, clinical trials con-
ducted on n-3 PUFA supplementation during the perinatal period shows
favorable effects on cognition [77,78]. However, results are conflicting
since other studies also shows that early-life n-3 PUFA supplementation
has no effect or negative effect on cognition and behavior of the off-
spring [45,79–82]. These discrepancies could be due to the source and
dose of n-3 PUFAs, the duration of n-3 PUFA intake or the sufficient n-3
PUFA status of women at the beginning of trials that supports adequate
infant neurodevelopment. According to our results, the beneficial ef-
fects of n-3 LC-PUFA supplementation may be due to increases in mi-
croglial DHA that could allow for an optimal development of neuronal
network.

Acutely isolated microglial cells were composed of a large amount
of PI/PS and PC. These classes of phospholipids classically contain
higher amount of monounsaturated fatty acids (MUFAs) [22] in line
with high level of MUFA observed in microglia cells. Thus, microglia
displayed a specific phospholipid profile, since total brain phospholi-
pids are mostly PE and PC [83]. PI and PS are key signaling molecules.
PS is known to have anti-inflammatory effects on microglia by mod-
ulating the microglia phenotype and reducing pro-inflammatory med-
iator production and release [84,85]. PI is involved in the phosphory-
lated PI signaling cascade involved in many cellular functions such as
cell signaling, membrane trafficking and survival [86]. PI through PIP2
signaling pathway, mediates microglial immune response [87]. These
PI and PS signaling pathways could be highly activated in microglial
cells to maintain healthy brain development involving maturation of
synapses and microglial proliferation [36,88].

Microglial PI/PS content is inversely correlated to n-3 LC-PUFA
supply. This result was unexpected since PS is a DHA carrier [4,22].
Moreover, Murthy et al. previously showed that the proportion of PS is
lower in the hippocampus of n-3 PUFA deficient rats [89]. This dis-
crepancy could be explained by fatty acid remodeling in the microglia
phospholipids that could be fundamental for normal development [90].
The decrease in PI/PS was compensated by an increase in PC and a

Table 4
Cholesterol content in microglial cells isolated from P21 mice brains (expressed
as µg/mg protein). Values are expressed as means ± SEM.

n-3 PUFA
deficient diet

n-3 PUFA
balanced diet

n-3 LC-PUFA
supplemented
diet

Statistical
significance

(n=6) (n=4) (n=4)

Cholesterol 9.8 ± 1.69 8.0 ± 0.55 8.5 ± 2.40 p=0.74
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tendency to PE increase. PE is one of the most DHA-enriched class of
phospholipids. Increased levels of PE is in agreement with previous
studies showing that maternal n-3 LC-PUFA supplementation increases
DHA in PE in P14-old pups [22,23], supporting the hypothesis of DHA
remodeling in microglial cell phospholipids.

In summary, our findings define the specific lipid composition of
microglial cells in the developing brain. Maternal dietary n-3 PUFAs
given from the first day of gestation until weaning modified fatty acid
contents in microglial cells and changed the distribution of phospho-
lipid classes. The consequences on microglial function during devel-
opment and the cognitive and behavioral impact on offspring still need
to be addressed.
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