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a b s t r a c t

Mimicking the breast milk lipid composition appears to be necessary for infant formula to cover the
brain’s needs in n-3 PUFA. In this study, we evaluated the impact of partial replacement of vegetable oil
(VL) in infant formula by dairy fat (DL) on docosahexaenoic acid (DHA) brain level, neuroplasticity and
corticosterone in mice. Mice were fed with balanced VL or balanced DL diets enriched or not in DHA
and arachidonic acid (ARA) from the first day of gestation. Brain DHA level, microglia number, neu-
rogenesis, corticosterone and glucocorticoid receptor expression were measured in the offsprings. DL
diet increased DHA and neuroplasticity in the brain of mice at postnatal day (PND) 14 and at adulthood
compared to VL. At PND14, ARA and DHA supplementation increased DHA in VL but not in DL mice
brain. Importantly, DHA and ARA supplementation further improved neurogenesis and decreased
corticosterone level in DL mice at adulthood. In conclusion, dairy lipids improve brain DHA level and
neuroplasticity.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Breastfeeding is highly recommended by the World Health
Organization (WHO), at least for the first six months of life, as it
provides young infant the nutrients they need for a healthy
growth. Importantly, for brain development, the needs in essential
fatty acids from the n-3 and n-6 families are crucial. Because the
organism cannot produce these fatty acids, alpha-linolenic acid
(ALA) and linoleic acid (LA) have to be provided by the maternal
diet. Even though infant formulas follow the recommended
guidelines in terms of fat composition for most fatty acids and
especially essential fatty acids, they are far from breast milk
composition as they are usually prepared using only vegetable oils.
Recently, infant formulas prepared with dairy fat have been re-
introduced in the panel of commercial infant formulas {Del-
planque, 2015 #1305}. Furthermore in an attempt to most ade-
quately mimic the composition of mother's milk, long chain fatty
acids (LCPUFA) can be added. Infant formulas containing dairy fats
[1] or evaporated milk [2] result in an intermediate LCPUFA status
compared to individuals fed with vegetable fat formulas or breast

milk. However, the use of lipid formulation does not necessarily
take into account brain's need in PUFAs.

Docosahexaenoic acid (DHA; 22:6n-3) and arachidonic acid
(ARA; 20:4n-6) are essential PUFAs and key structural compo-
nents of neuronal membrane phospholipids [3,4]. DHA and ARA
are metabolized from precursors ALA and LA [5] that cannot be
synthetized de novo by mammals and have to be provided
through the diet. The demand for complex lipids such as DHA is
important to form vital cell membrane structures during peri-
natal period [6] and it accumulates in the brain during the later
stages of gestation and lactation via placenta and maternal milk
or infant formula [6–9]. Previous studies have shown that dairy
fat-based formula with LA/ALA ratio leads to optimal DHA levels
in brain pups [10,11]. Moreover, dairy products have been shown
to have beneficial impact on the bioconversion of ALA in humans
or animals [12–14].

DHA and ARA are necessary for normal brain development and
function [15–19]. DHA promotes neuroplasticity, neurogenesis,
synaptogenesis and neuroimmune interactions [16,20–23]. Kang
et al. [24] recently discovered that the Fat-1 transgenic mouse,
which has enriched levels of DHA in the brain because it can
convert n-6 to n-3 fatty acids, exhibits increased hippocampal
neurogenesis. Neurogenesis is also increased in the hippocampus
of aged rats supplemented with DHA [25]. In opposite, Bertrand
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et al. demonstrated that neurogenesis is decreased in the DHA-
deficient embryonic rat brain [26].

PUFA are also powerful immunomodulators and n-3 PUFAs
such as DHA and their derivatives (resolvins, neuroprotectins,
maresins) exert anti-inflammatory effects and inhibit the pro-
duction of proinflammatory cytokines [20]. Microglia are the main
cellular component of the brain innate immune system and are
key players in the regulation and maintenance of central nervous
system (CNS) homeostasis [27–29]. It has been recently demon-
strated that microglia play a key role during brain development,
especially in neural circuit formation [30,31], by engulfing and
eliminating synapses during development, leading to maturation
of the CNS network [30–32]. Modulation of n-3/n-6 PUFA ratio
impacts microglia activity with functional effect during perinatal
and adult periods [22,23].

Numerous studies have shown that, in animal models of nu-
tritional n-3 PUFA deprivation, brain DHA decrease leads to anxi-
ety and depressive-like behaviors [33,34]. Chronic n-3 PUFA sup-
plementation has beneficial effects on anxiety, cognitive and de-
pressive-like behaviors in animals submitted to stress [35]. Sup-
plementation with n-3 PUFAs has been shown to prevent the
disruption of stress axis functionality associated with the devel-
opment of neuropsychiatric disorders. N-3 PUFA deficiency in-
duces hyperactivity of the hypothalamo-pituitary-adrenal (HPA)
axis, reflected by plasma corticosterone elevation whereas dietary
n-3 PUFA supplementation induces resilience to the effects of
chronic social stress on emotional behaviors, by preventing HPA
axis hyperactivity [36].

Providing the adequate amount of n-3 PUFA for optimal DHA
accretion in early life is of high importance to promote neuro-
plasticity. The aim of this study was to evaluate the short and long
term impact of partial replacement of vegetable oil in infant for-
mula by dairy fat supplemented or not in DHA and ARA on brain
DHA level and neuroplasticity (microglial cells number, neuro-
genesis) and corticosterone as well as glucocorticoid receptor
phosphorylation.

2. Material and methods

2.1. Animals and experimental design

All experiments were conducted according to the INRA Quality
Reference System, and to relevant French (Directive 87/148, Min-
istère de l’Agriculture et de la Pêche) and European (Directive 86/
609, November 24th 1986, European Community) legislations.
They followed ethic protocols approved by the Région Aquitaine
Veterinary Services (Direction Départementale de la Protection des
Animaux, approval ID: A33-063-920) and by ethics committee (No.
50120112-A). Every effort was made to minimize suffering and the
number of animals used. Adult male and female swiss mice (CD-1
mice) were obtained from Janvier (St Berthevin, France) before
mating. They were housed in same sex pairs in polypropylene
cages and maintained in a temperature and humidity controlled
pathogen-free facility on a 12 h light-dark cycle with ad libitum
access to food and water.

Mice were fed with diets containing 5% of total lipids from
different sources: balanced vegetable lipids (VL), VL supplemented
in DHA (0.2%) and ARA (0.4%) (VLþDHAþARA), balanced dairy
lipids (DL) and DL supplemented in DHA (0.2%) and ARA (0.4%)
(DLþDHAþARA). The composition of the diets is described in
Tables 1 and 2. Diets were given to mice since the first day of
gestation and to the offsprings until adulthood (post-natal day,
PND90). Litters were harmonized at 12 pups/litter with as many
males as possible and a minimum of 3 females [37,38]. All studies
were performed in males at PND14 and PND90.

A first cohort (n¼30/dietary group, N¼120) was used to
evaluate the impact of the different diets on microglial number,
neurogenesis as well as corticosterone and GR expression and
phosphorylation in offspring's brain at PND14. A second cohort
(n¼15/dietary group, N¼60) was used to evaluate long term effect
of diets on neurogenesis and HPA axis activation at PND90. Plasma,
total brain or brain structures (cortex and hippocampus) were
collected and frozen in isopentane for further analysis.

2.2. Biochemical/histological measurements

2.2.1. Analysis of fatty acids in the cortex
Total lipids were analyzed in cortex of PND14 and PND90 mice as

previously described [17]. Briefly, lipids from the cortex were ex-
tracted according to the method of Folch [39] and fatty acids were
transmethylated according to the method of Morrison and Smith [40].

Table 1
Composition of the diets (g/kg diet).

Ingredient Amount

Casein 180
Cornstarch 460
Sucrose 230
Cellulose 20
Fat 50
Mineral mixa 50
Vitamin mixb 10

a Composition (g/kg): sucrose, 110.7; CaCO3, 240; K2HPO4, 215; CaHPO4, 215;
MgSO4,7H2O, 100; NaCl, 60; MgO, 40; FeSO4,7H2O, 8; ZnSO4,7H2O, 7; MnSO4,H2O,
2; CuSO4,5H2O, 1; Na2SiO7,3H2O, 0.5; AlK(SO4)2,12H2O, 0.2; K2CrO4, 0.15; NaF, 0.1;
NiSO4,6H2O, 0.1; H2BO3, O.1; CoSO4,7H2O, 0.05; KIO3, 0.04; (NH4)6Mo7O24,4H2O,
0.02; LiCl, 0.015; Na2SeO3, 0.015; NH4VO3, 0.01.

b Composition (g/kg): sucrose, 549.45; retinyl acetate, 1; cholecalciferol, 0.25;
DL-α-tocopheryl acetate, 20; phylloquinone, 0.1; thiamin HCl, 1; riboflavin, 1; ni-
cotinic acid, 5; calcium pantothenate, 2.5; pyridoxine HCl, 1; biotin, 1; folic acid,
0.2; cyanobalamin, 2.5; choline HCl, 200; DL-methionine, 200; p-aminobenzoic
acid, 5; inositol, 10.

Table 2
Composition of fatty acid in the diets.

Fatty acids VL VLþDHAþARA DL DL þ DHA þ ARA

8:0 – – 0.7 0.7
10:0 – – 1.6 1.6
12:0 0.2 0.2 1.9 1.9
14:0 0.8 0.9 6.2 6.1
15:0 0.1 0.1 0.6 0.6
16:0 28.8 28.8 18.4 18.5
17:0 0.1 0.1 0.3 0.3
18:0 3.9 4.0 7.0 7.1
20:0 0.4 0.4 0.3 0.3
22:0 0.3 0.3 0.4 0.4
24:0 0.2 0.2 0.2 0.2
Saturated 34.7 34.8 37.5 37.6
16:1n-9 – – 0.1 –

16:1n-7 0.2 0.2 0.9 0.9
17:1 – – 0.1 0.1
18:1 trans 0.1 0.1 1.3 1.2
18:1n-9 47.1 46.2 45.4 44.8
18:1n-7 1.1 1.1 1.3 1.3
20:1n-9 0.3 0.3 0.4 0.4
Monounsaturated 48.8 48.2 49.4 48.7
18:2n-6 15.1 15.0 10.8 10.8
20:4n-6 – 0.4 – 0.4
n-6 15.1 15.4 10.8 11.2
18:3n-3 1.3 1.3 2.2 2.2
22:6n-3 – 0.2 – 0.2
n-3 1.3 1.5 2.2 2.4
Polyunsaturated 16.5 17.0 13.1 13.7
n-6/n-3 11.3 10.0 4.8 4.6
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2.2.2. Microglia purification
At PND14 of age, microglia (approximately 3#105 cells/brain,

85% of microglia) were isolated from whole brain homogenates as
previously described [41]. Microglial cells were re-suspended in
Phosphate Buffer Saline solution (PBS)/0.1% Bovine to perform
flow cytometry analysis.

2.2.3. Flow cytometry
Microglial preparations were incubated with anti-CD16/CD32

antibody (eBiosciences, Paris, France) to block Fc receptors for
10 min on ice. Cells were washed and then incubated for 45 min
with the appropriate conjugated antibodies: anti-CD11b-APC, anti-
CD45-PerCP Cy5.5 (Biolegend, Saint Quentin Yvelines, France).
Cells were washed and resuspended in PBS/BSA 0.1%. Non-specific
binding was assessed using non-specific, isotype-matched anti-
bodies. Antigen expression was determined using a Becton–Dick-
inson LSRFortessa™ multicolor cytometer. Ten thousand events
were recorded for each sample and isotype matched-conjugate.
Data were analyzed using FlowJo software and gating for each
antibody was determined based on non-specific binding of ap-
propriate negative isotype stained controls [41].

2.2.4. Immunohistochemical detection of Doublecortin (DCX)-posi-
tive cells

After transcardiac perfusion with PBS (pH 7.4), followed by 4%
paraformaldehyde (PFA), brains were removed, post-fixed for 4 h
in PFA, cryoprotected in 30% sucrose for 24 h, snap frozen in liquid
nitrogen, and stored at $80 °C before sectioning. Free-floating
(30 mm) coronal sections containing the hippocampus (from
$0.9 mm to $3.1 mm relative to bregma) were collected on a
cryostat for immunohistochemistry. Neurogenesis in the hippo-
campus was evaluated as previously described [37]. The number of
DCX-positive cells was measured on three sections representing
the same three levels of the dentate gyrus for all animals [42].
Cells were discriminated between mature and immature forms
since immature cells present small neuronal processes.

2.2.5. Measurement of neurotrophins, neurotrophin receptor and
glucocorticoid receptors by western-blot

Western blot analyses of the neurotrophic factor BDNF and its
receptor TrkB and glucocorticoid receptors GR and its phos-
phorylated form (P-GR) were performed according to the method
described in Dinel et al. [37].

Table 3
Fatty acid composition of cortex at PND14.

VL VLþDHAþARA DL DLþDHAþARA Statistical effects

Lipid quality effect Supplemen-tation effect Interaction

14:0 0.76þ0.04BCE 0.74þ0.032c 0.81þ0.02b 0.92þ0.005a o0.01 NS o0.05
15:0 0.09þ0.003c 0.07þ0.003a 0.09þ0.005c 0.07þ0.003b o0.001 NS o0.001
16:0 26.1þ0.15 25.8þ0.15 26.6þ0.18 26.2þ0.18 o0.05 0.06 NS
17:0 0.11þ0.06c 0.10þ0.03a 0.11þ0.005c 0.13þ0.003BCE o0.05 NS o0.01
18:0 19.2þ0.21 19.4þ0.03 19.2þ0.16 19.6þ0.06 NS o0.05 NS
20:0 0.1þ0.008 0.1þ0.006 0.1þ0.006 0.1þ0.01 0.05 NS NS
22:0 0.1þ0.006 0.1þ0.003 0.1þ0.007 0.05þ0.02 0.05 NS NS
24:0 0.1þ0.005 0.1þ0.006 0.1þ0.003 0.1þ0.003 NS NS NS
Saturated 46.5þ0.20 46.4þ0.14 47.1þ0.13 47.2þ0.16 o0.01 NS NS
16:1n-9 1.1þ0.04 1.1þ0.02 1.0þ0.005 1.0þ0.04 o0.01 NS NS
16:1n-7 1.03þ0.002ab 1.0þ0.002a 0.98þ0.025b 1.09þ0.034a NS NS o0.05
18:1t 0.1þ0.006 0.1þ0.003 0.1þ0.01 0.1þ0.004 NS NS NS
18:1n-9 10.4þ0.03 10.2þ0.05 10.5þ0.14 10.1þ0.10 NS o0.05 NS
18:1n-7 2.9þ0.03 2.8þ0.01 2.9þ0.05 2.8þ0.02 NS o0.01 NS
20:1n-9 0.3þ0.006 0.3þ0.006 0.3þ0.011 0.3þ0.010 NS NS NS
20:1n-7 0.1þ0.004 0.1þ0.00 0.1þ0.004 0.1þ0.006 NS o0.05 NS
24:1n-9 0.1þ0.007 0.1þ0.01 0.1þ0.005 0.1þ0.009 NS NS NS
Monounsaturated 16.1þ0.06 15.6þ0.01 15.9þ0.18 15.6þ0.06 NS o0.01 NS
18:2n-6 0.56þ0.013ab 0.61þ0.009a 0.54þ0.006b 0.52þ0.009b o0.001 NS o0.01
20:2n-6 0.14þ0.006c 0.16þ0.00ac 0.15þ0.004c 0.13þ0.003b o0.01 NS o0.01
20:3n-6 0.37þ0.02 0.37þ0.01 0.41þ0.003 0.39þ0.007 0.05 NS NS
20:4n-6 13.2þ0.19 13.2þ0.02 12.4þ0.07 12.7þ0.11 o0.001 NS NS
22:4n-6 3.0þ0.07 2.9þ0.02 2.5þ0.09 2.6þ0.02 o0.0001 NS NS
22:5n-6 2.6þ0.04a 1.7þ0.01b 1.4þ0.02c 1.0þ0.03d o0.0001 o0.0001 o0.0001
n-6 19.9þ0.17a 18.9þ0.03c 17.4þ0.10d 17.4þ0.11bd o0.0001 o0.01 o0.01
22:5n-3 0.16þ0.01BCE 0.14þ0.01c 0.18þ0.01b 0.21þ0.01a o0.0001 NS o0.01
22:6n-3 11.0þ0.30d 12.7þ0.13c 13.0þ0.13b 13.6þ0.22ab o0.0001 o0.001 o0.05
n-3 11.1þ0.29d 12.9þ0.13c 13.2þ0.14b 13.8þ0.22ab o0.0001 o0.001 o0.05
20:3n-9 0.3þ0.04 0.2þ0.01 0.4þ0.01 0.3þ0.02 o0.05 o0.05 NS
Polyunsaturated 31.3þ0.15 32.0þ0.10 31.0þ0.19 31.5þ0.11 o0.05 o0.01 NS
DMA16:0 2.7þ0.05 2.6þ0.01 2.7þ0.01 2.6þ0.02 0.06 o0.05 NS
DMA 18:0 2.0þ0.06 2.0þ0.02 2.0þ0.02 1.9þ0.03 o0.05 NS NS
DMA18:1n-9 0.6þ0.01 0.5þ0.01 0.6þ0.02 0.5þ0.01 NS NS NS
DMA18:1n-7 0.50þ0.006c 0.46þ0.000a 0.47þ0.008b 0.47þ0.008ab NS o0.01 o0.01
DMA 5.8þ0.10 5.7þ0.03 5.7þ0.04 5.4þ0.03 o0.05 o0.05 NS
n-6/n-3 1.8þ0.06a 1.5þ0.02b 1.3þ0.01c 1.2þ0.03c o0.0001 o0.001 o0.01
AA/DHA 1.21þ0.047a 1.03þ0.012b 0.95þ0.005c 0.93þ0.023c o0.0001 o0.01 o0.05
Δ9 desaturase 0.5þ0.01 0.5þ0.003 0.5þ0.01 0.5þ0.01 NS o0.05 NS
Δ6 desaturase 0.7þ0.03 0.6þ0.01 0.75þ0.01 0.7þ0.01 o0.0001 NS NS
Δ5 desaturase 35.8þ1.96 35.4þ1.08 30.4þ0.32 32.5þ0.79 o0.01 NS NS

Values are means7SEM. Statistical significance between groups was analyzed by two-way ANOVA (lipid quality# supplementation) followed by Bonferroni post hoc test
when appropriate. VL: vegetable lipids; DL: dairy lipids; AA: arachidonic acid; DHA: docosahexaenoic acid; DMA: dimethylacetals; Δ9 desaturase: 18:1n-9/18:0; Δ6 de-
saturase: 20:3n-6/18:2n-6; Δ5 desaturase: 20:4n-6/:20:3n-6.

A.L. Dinel et al. / Prostaglandins, Leukotrienes and Essential Fatty Acids 109 (2016) 29–38 31



2.2.6. Assessment of corticosterone level by enzyme immunoassay
A commercially prepared Enzyme Immunoassay kit was used to

measure corticosterone concentrations in plasma (Corticosterone

enzyme immunoassay kit, Arbor Assay, USA) according to the
manufacturer's instructions. The sensitivity of the assay was
18.6 pg/mL [43].

Table 4
Fatty acid composition of cortex at PND90.

VL VLþDHAþARA DL DLþDHAþARA Statistical effects

Lipid quality effect Supplemen-tation effect Interaction

14:0 0.10þ0.005b 0.09þ0.000c 0.11þ0.002b 0.14þ0.003a o0.0001 o0.05 o0.0001
15:0 0.04þ0.005 0.03þ0.005 0.05þ0.000 0.05þ0.003 o0.001 NS NS
16:0 22.3þ0.54 22.6þ0.13 22.4þ0.21 22.2þ0.24 NS NS NS
17:0 0.12þ0.004 0.12þ0.003 0.13þ0.006 0.15þ0.003 o0.01 NS NS
18:0 20.9þ0.16 21.3þ0.13 21.5þ0.12 21.5þ0.06 o0.05 NS NS
20:0 0.20þ0.0011 0.21þ0.003 0.21þ0.003 0.25þ0.012 o0.05 o0.01 NS
22:0 0.15þ0.017c 0.16þ0.004b 0.14þ0.006c 0.21þ0.007a NS o0.01 o0.05
24:0 0.16þ0.013b 0.16þ0.003b 0.15þ0.016b 0.24þ0.015a o0.05 o0.01 o0.01
Saturated 44.0þ0.65 44.7þ0.22 44.7þ0.25 44.8þ0.26 NS NS NS
16:1n-9 0.20þ0.010 0.14þ0.023 0.20þ0.005 0.18þ0.007 NS o0.05 NS
16:1n-7 0.5þ0.003 0.5þ0.006 0.5þ0.017 0.6þ0.022 NS NS NS
18:1t 0.04þ0.002 0.04þ0.003 0.04þ0.00 0.04þ0.003 NS NS NS
18:1n-9 11.9þ0.27 12.2þ0.07 12.0þ0.13 12.1þ0.05 NS NS NS
18:1n-7 3.3þ0.01 3.2þ0.02 3.3þ0.04 3.3þ0.05 NS NS NS
20:1n-9 0.69þ0.09 0.71þ0.02 0.66þ0.04 0.72þ0.02 NS NS NS
20:1n-7 0.20þ0.016 0.20þ0.008 0.20þ0.004 0.21þ0.003 NS NS NS
22:1n-9 0.1þ0.009 0.1þ0.005 0.1þ0.009 0.1þ0.003 NS NS NS
24:1n-9 0.6þ0.09 0.6þ0.03 0.5þ0.07 0.8þ0.06 NS NS NS
Monounsaturated 17.6þ0.42 17.7þ0.11 17.6þ0.20 18.1þ0.05 NS NS NS
18:2n-6 0.31þ0.009 0.29þ0.012 0.32þ0.012 0.31þ0.009 NS NS NS
20:2n-6 0.08þ0.004 0.08þ0.003 0.08þ0.005 0.07þ0.015 NS NS NS
20:3n-6 0.33þ0.009 0.32þ0.004 0.40þ0.014 0.39þ0.017 o0.001 NS NS
20:4n-6 9.6þ0.02 9.4þ0.8 9.3þ0.2 8.9þ0.08 o0.01 o0.05 NS
22:4n-6 2.6þ0.15 2.5þ0.05 2.2þ0.03 2.1þ0.06 o0.01 NS NS
22:5n-6 1.5þ0.14a 1.0þ0.09b 0.7þ0.03c 0.6þ0.03c o0.0001 o0.05 o0.05
n-6 14.5þ0.13 13.6þ0.06 13.1þ0.18 12.5þ0.15 o0.0001 o0.0001 NS
22:5n-3 0.13þ0.033 0.09þ0.030 0.19þ0.009 0.17þ0.003 o0.05 NS NS
22:6n-3 15.5þ0.14 16.0þ0.07 16.4þ0.10 16.7þ0.19 o0.0001 o0.05 NS
n-3 15.6þ0.12 16.1þ0.05 16.6þ0.09 16.8þ0.19 o0.0001 o0.05 NS
20:3n-9 0.2þ0.004 0.1þ0.004 0.2þ0.01 0.2þ0.02 o0.0001 o0.01 NS
Polyunsaturated 30.3þ0.14 29.8þ0.05 29.9þ0.10 29.5þ0.10 o0.01 o0.01 NS
DMA16:0 2.1þ0.07 2.0þ0.03 2.1þ0.05 1.9þ0.04 NS o0.05 NS
DMA18:0 3.8þ0.09 3.7þ0.02 3.7þ0.03 3.5þ0.09 o0.05 o0.05 NS
DMA18:1n-9 1.0þ0.07 1.0þ0.03 0.9þ0.06 1.0þ0.03 NS NS NS
DMA18:1n-7 1.2þ0.08 1.1þ0.04 1.1þ0.06 1.2þ0.03 NS NS NS
DMA 8.1þ0.29 7.8þ0.08 7.8þ0.11 7.6þ0.13 NS NS NS
n-6/n-3 0.93þ0.012 0.85þ0.006 0.78þ0.014 0.74þ0.015 o0.0001 o0.001 NS
AA/DHA 0.6þ0.009 0.6þ0.004 0.6þ0.014 0.5þ0.009 o0.001 o0.05 NS
Δ9 desaturase 0.6þ0.016 0.6þ0.005 0.6þ0.007 0.6þ0.00 NS NS NS
Δ6 desaturase 1.1þ0.05 1.1þ0.05 1.2þ0.09 1.2þ0.02 o0.05 NS NS
Δ5 desaturase 28.8þ0.83 29.6þ0.33 23.4þ1.13 23.2þ0.92 o0.0001 NS NS

Values are means7SEM. Statistical significance between groups was analyzed by two-way ANOVA (lipid quality# supplementation) followed by Bonferroni post hoc test
when appropriate. VL: vegetable lipids; DL: dairy lipids; AA: arachidonic acid; DHA: docosahexaenoic acid; DMA: dimethylacetals; Δ9 desaturase: 18:1 n-9/18:0; Δ6 de-
saturase: 20:3n-6/18:2n-6; Δ5 desaturase: 20:4n-6/:20:3n-6.

Fig. 1. Correlation between level of DPA n-6 and DHA in cortex of mice at PND 14 and PND 90. ***po0.001 means significant correlation.
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3. Statistical analysis

All data were expressed as the mean7SEM. A p-valueo0.05
was considered as significant. Data were statistically analyzed
using a two-way ANOVA comparison factor 1: lipid quality (VL,
DL), factor 2: supplementation (ARAþDHA) followed by a Bon-
ferroni post-hoc when interaction was significant.

4. Results

4.1. Effect of lipid quality and DHAþARA supplementation on fatty
acid level in mice cortex at PND14 and PND90

At PND14, the analysis of n-3 PUFA revealed a lipid quality ef-
fect (F(1,11)¼49.39, po0.001), a DHAþARA supplementation ef-
fect (F(1,11)¼29.20, po0.001) and an interaction lipid qual-
ity# supplementation effect (F(1,11)¼6.949, po0.05). N-6 PUFA
changes were the opposite of n-3 PUFA modification and statistical
analysis demonstrated a lipid quality effect (F(1,11)¼265.4,
po0.001), a DHAþARA supplementation effect (F(1,11)¼17.70,
po0.01) and an interaction lipid quality# supplementation effect
(F(1,11)¼13.87, po0.01). At PND90, n-3 PUFAs were increased in
DL diet compared to VL (F(1,11)¼63.52, po0.001) and DHAþARA
supplementation increased n-3 PUFA level (F(1,11)¼9.478,
po0.05). In opposite, n-6 PUFAs were decreased by DL diet
compared to VL (F(1,11)¼85.12, po0.001) and DHAþARA sup-
plementation induced a decrease in n-6 PUFA (F(1,11)¼26.07,
po0.001). Data are presented in Table 3 (PND14) and Table 4
(PND90).

Interestingly, as expected, DHA level was significantly corre-
lated with docosapentaenoic acid (DPA) n-6 level at PND14
(po0.0001, R2¼0.9205) and at PND90 (po0.001, R2¼0.5970)
(Fig. 1).

At PND14, lipid quality (F(1,11)¼45.79, po0.001), DHAþARA
supplementation (F(1,11)¼28.74, po0.001) and their interactions
(F(1,11)¼7.278, po0.5) significantly increased DHA (22:6n-3) le-
vel (Fig. 2A). Post-hoc analysis revealed a significant increase of
DHA levels in VLþDHAþARA (po0.001), DL (po0.001) and
DLþDHAþARA (po0.001), compared to VL. ARA level was de-
creased in DL mice as compared to VL mice (lipid quality effect, F
(1,11)¼24.33, po0.001). At PND90, there was a significant effect
of lipid quality (F(1,11)¼43.39, po0.001) and of supplementation
(F(1,11)¼8.877, po0.5) on DHA levels. ARA level was significantly
lower in DL compared to VL (lipid quality effect, F(1,11)¼16.84,
po0.01). A significant effect of DHAþARA supplementation was
revealed (F(1,11)¼8.967, po0.5) (Fig. 2B). Fig. 2C summarizes the
effect of diets on DHA and ARA in the cortex of mice at PND14 and
PND90 and emphasizes that DL diet efficiently increase DHA in-
dependently of age and supplementation.

4.2. Effect of lipid quality and DHAþARA supplementation on mi-
croglia number in mice brain at PND14

Microglia number in the developing brain is dependent on DHA
[41]. Using CD11b and CD45 as markers, brain microglia and
macrophages were analyzed by flow cytometry (Fig. 3). The re-
presentative bivariate dot plots show that the majority of viable
cells displayed low levels of CD11þ/CD45 in all dietary groups
(Fig. 3A). Statistical analysis revealed a significant effect of lipid

Fig. 2. Fatty acid compositions in PFC. Percentage of DHA and ARA were measured by HPLC on prefrontal cortex at postnatal day (PND) 14 (A) and 90 (B). Data are expressed
as mean7SEM, *po0.05, **po0.01, ***po0.001, for lipid quality or supplementation factors effect. ###, po0.001 for comparison to VL group. (c) Comparison between
DHA and ARA accretion in the different groups.
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quality on Cd11bþ/CD45 low cell number (F(1,13)¼7.852,
po0.05) with no effect on CD11bþ/Cd45 high cells (Fig. 3B and
C). These results suggest that DL increases microglia number in the
brain of PND14 mice.

4.3. Effect of lipid quality and DHAþARA supplementation on neu-
rogenesis in mice hippocampus at PND14 and PND90

DCX labeling of proliferating neurons [42] was used to study the
effect of diets on neurogenesis [37] at PND 14 (Fig. 4A) and PND90
(Fig. 5A). Intensity of DCX-labeling was first measured in the den-
tate gyrus of PND14 mice, as an index of neuronal proliferation [44].
The intensity of DCX labeling was significantly increased in the
dentate gyrus of DL mice compared to VL mice (F(1,37)¼6.083,
po0.05) (Fig. 3A). No significant effect of supplementation was
revealed. At PND90, the total number of DCX positive cells was not
affected by the diet and/or supplementation. However, the number
of immature DCX positive cell was significantly reduced in the DL
group (F(1,16)¼8.980, po0.01) with an additional effect when
ARAþDHA was present in DL mice (lipid quality# supplementa-
tion, F(1,16)¼5.470, po0.05, po0.05) (Fig. 5A).

4.4. Effect of lipid quality and DHAþARA supplementation on neu-
rotrophic factors in mice hippocampus at PND14 and PND90

BDNF has been implicated in regulating adult neurogenesis in
the subgranular zone of the dentate gyrus [45]. Since neurogenesis
was modulated by diets, we then assessed the expression of BDNF
and its receptor (TrkB high, TrkB low) by western-blot in the
hippocampus of PND14 and PND90 mice [46] (Figs. 4 and 5). At
PND14 (Fig. 4B), BDNF expression was significantly increased in
the hippocampus of mice fed with DL compared to those fed with
VL (diet effect, F(1,11)¼8.584, po0.05). The expression of the TrkB
receptor subunit high (145 kDa) was significantly decreased by the
supplementation (F(1,12)¼6.216, po0.05). No significant effect of
the diets was detected on TrkB low subunit. At PND90 (Fig. 5B),
expression of BDNF (F(1,18)¼5.044, po0.05) and TrkB low (F
(1,18)¼7.115, po0.05) were significantly decreased in the hippo-
campus of DL mice compared to VL. In addition, the expression of
high TrkB subunit was significantly decreased in the hippocampus
of mice fed with DLþDHAþARA compared to those fed with
VLþDHAþARA (interaction lipid quality# supplementation, F
(1,18)¼7.899, po0.05; po0.05).

Fig. 3. Flow cytometric analysis of microglial phenotype. (A) Flow cytometric analysis of the cell suspensions. A first population (P1) was selected based on granulocity and
size of the cells (SSC for side scatter:granularity; FSC for forward scatter: size) (B) Representative bivariate dot plots of Percoll isolated cells (P1 population) gated on
CD11bþ/CD45low expression for microglia in saline or LPS conditions. All analyses were completed using the CD11bþ/CD45low microglia. (C) Average percentage of events
that were CD11bþ/CD45low and CD11bþ/CD45high. Data are expressed as mean7SEM, *po0.05, for lipid quality factors effect.
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4.5. Effect of lipid quality and DHAþARA supplementation on cor-
ticosterone and glucocorticoid receptor phosphorylation in mice
hippocampus at PND14 and PND90

BDNF is regulated by the activity of the HPA axis [47] and DHA
is a strong regulator of corticosterone and GR phosphorylation in
the brain [36,48]. Therefore, total and phosphorylated GR (PGR)
expressions in the hippocampus and blood corticosterone - both
used as a marker of HPA axis activity - were measured at PND14
and PND90 [49]. No significant effect of lipid quality or supple-
mentation was revealed for GR expression in the hippocampus of
juvenile and adult mice (data not shown). Importantly, PGR/GR
ratio was significantly decreased in the hippocampus of PND14
mice fed with DL compared to those fed with VL (F(1,12)¼27.56,
po0.001) (Fig. 4C). No significant difference was revealed for
corticosterone level (Fig. 4C). At PND90, DL significantly increased
PGR/GR (F(1,18)¼4.754, po0.05) while only supplementation in
DL mice had a significant effect on corticosterone (supplementa-
tion effect F(1,19)¼10.07, po0.01) (Fig. 5C). In addition, interac-
tion between lipid quality and supplementation was revealed
(PGR/GR F(1,18)¼5.097, po0.05; corticosterone F(1,19)¼5.429,
po0.05, po0.01F,p). As a result, DLþDHAþARA significantly
reduced corticosterone level as compared to DL (po0.01) (Fig. 5C).

5. Discussion

The present study demonstrates the importance of dairy lipids
for DHA accretion in the developing and adult brain and further
demonstrates that the quality of lipids in the diet impacts brain
neuroplasticity on both short (PND14) and long (PND90) term.

Here, we first show that dairy lipids in the maternal diet induce
an increase in DHA level in the prefrontal cortex of offsprings at
PND14 and PND90. These results are in accordance with previous
results showing that dairy lipids consumption for 6 weeks at
weaning significantly increases brain DHA [10]. Beneficial effect of
dairy lipids on brain DHA accretion could be due to short- and
medium-chain fatty acids [10]. These fatty acids are highly oxi-
dized after absorption [50,51]. They may thereby spare ALA, one of
the best b-oxidation substrates, from oxidation, and favor ALA
partitioning towards the desaturation and elongation pathways
and its conversion into very LCPUFA [10]. Indeed, short chain fatty
acids were increased in the offspring brain at PND14 and PND90
(Table 1). However, their role in brain DHA accretion of offsprings
fed with dairy lipids remains to be demonstrated. DHA and n-6
DPA levels were negatively correlated in brain of PND14 and
PND90 mice (Fig. 1), suggesting that DHA increase is at the ex-
pense of n-6 DPA as previously reported [52]. Importantly, DHA
increase as compared to ARA decrease is higher in dairy lipid diet
group, even when supplementation with ARAþDHA was given to
the mice (Fig. 2(C)). In our work, DHA was only measured in the
cortex since the same animals were used for assessing the impact
of diets on neuroplasticity. Because previous work reported that
diets enriched in n-3 PUFAs similarly increased DHA level in all
brain structures [15,53,54], one could assume that the increase in
DHA observed in the cortex of dairy fed mice also occurs in other
brain structures. Altogether, these data emphasize the importance
of diary diet for brain DHA accretion.

We previously showed that brain DHA influences microglia
activity at birth and at PND21 [29] as well as at adulthood
[16,18,22]. Here, we found that the number of microglia is in-
creased in the brain of PND14 offspring fed with a dairy diet.

Fig. 4. Evaluation at postnatal day 14 (PND14) of (A): doublecortin (DCX)-positive cells in the dentate gyrus of the hippocampus. Lipid quality effect, po0.05 (B): BDNF
protein level and its TrkB receptor in the hippocampus. BDNF: lipid quality effect, po0.05; TrkB high: supplementation effect, po0.05 (C): phosphorylated glucocorticoid
receptor/glucocorticoid receptor ratio of the hippocampus and corticosterone level in plasma. PGR/GR: lipid quality effect, po0.001. Data are expressed as mean7SEM.2
way ANOVA analyses were realized. *po0.05, ***po0.001, for lipid quality or supplementation factors effect.
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During development, microglia engulfs dead neurons and synaptic
material, therefore playing a major role in brain maturation [30].
Impairment of synaptic pruning results in an excess of immature
synapses and is associated with a persistence of immature brain
circuitry [30]. One could assume that the increase in microglia
number observed in the brain of dairy fed pups could be beneficial,
since synaptic pruning is particularly efficient at PND14 [55] and
pruning abnormalities are observed in neurodevelopmental dis-
orders such as autism [56,57]. However, further studies need to be
performed to evaluate the biological relevance of this increase.

Dairy lipids efficiently promote neurogenesis in both juvenile
and adult mice as revealed by the increased number of DCX po-
sitive cells. This effect could be linked to increased DHA, since
dietary supplementation with DHA has previously been shown to
promote neurogenesis, neuritogenesis and neurite growth in hip-
pocampal neurons in the newborn [58] as well as in the adult
[25,59–61]. Importantly, dairy lipids decrease the number of im-
mature DCX positive neurons (identified as cells with small pro-
cesses), in accordance with previous work with n-3 PUFA-rich or
deprived diets [62–64]. In addition, dairy lipid significantly in-
creased BDNF expression in the hippocampus of PND14 mice. This
is in accordance with results showing that DHA decrease in the
prefrontal cortex is accompanied by a decrease of BDNF expression
[47], while n-3 PUFA dietary supplementation associated with vi-
tamin B12 increases the level of DHA and BDNF in the hippo-
campus of rats [65]. Since the neurotrophin BDNF is a critical
mediator of neuronal survival, differentiation, and plasticity [66],
this neurotrophic factor could be involved in the improvement of
neurogenesis observed in juveniles fed with dairy lipid. However,
this effect could be specific to the developmental period since at

Fig. 5. Evaluation at postnatal day 90 (PND90) of (A): doublecortin (DCX)-positive cells in the dentate gyrus of the hippocampus. % of immature cells: diet effect, po0.01.
(B): BDNF protein level and its TrkB receptor in the hippocampus. BDNF: diet effect, po0.05; TrkB high: diet effect, po0.05 (C): phosphorylated glucocorticoid receptor/
glucocorticoid receptor ratio of the hippocampus and corticosterone level in plasma. PGR/GR: diet effect, po0.05; corticosterone: supplementation effect, po0.01. Data are
expressed as mean7SEM.2 way ANOVA analyses were realized. *po0.05, **po0.01, for lipid quality or supplementation factors effect. # po0.05 for post-hoc analysis.

Fig. 6. Graphic representation of impact of lipid quality in diet at postnatal day 14
and 90. Results are normalized by fraction between maximum result and minimum
result and represented through 3 axis. At PND14: axe 1: DHA accretion, axe 2,
neuroplasticity (number of microglia, BDNF protein expression, neurogenesis), axe
3: CORT/GR (corticosterone level, PGR/GR protein expression). At PND90: axe 1:
DHA accretion, axe 2: neuroplasticity (BDNF protein expression, neurogenesis), axe
3: CORT/GR (corticosterone level, PGR/GR protein expression).
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adulthood, BDNF and its receptor were both decreased by DL diet.
Recent findings suggested that the ontogenetic stage during which
neurons are generated is crucial for their function. Neurons born
during early postnatal life and neurons born in adulthood are ac-
tivated under different behavioral testing conditions [67].

We further found that GR phosphorylation was decreased in
the hippocampus of dairy lipids mice at PND14 with no change in
corticosterone level. On the contrary, GR phosphorylation and
corticosterone levels were higher in DL adult mice. DHA is a potent
modulator of the activity of the HPA axis, both at the level of
corticosterone and GR phosphorylation [48]. Opposite regulation
of HPA axis at PND14 and at adulthood could be linked to age as
HPA axis maturates at PND14 [68]. At PND14, the stress system
shifts from a hyporesponsive state to an adult state, but the de-
velopment of brain stress marker continue [69]. Indeed, high fat
diet exacerbates the neuroendocrine response to stress and causes
prolonged secretion of glucocorticoids in adults, while it inhibits
HPA response in juvenile, suggesting that the type of fatty acid
(saturated vs. unsaturated) can display quite different effects on
the HPA axis [70]. When supplemented with DHAþARA, DL effect
on HPA axis activity is reversed with decreased glucocorticoid
phosphorylation and the corticosterone level at adulthood but not
at PND14. As DHA accretion in the brain of DLþARAþDHA mice
(as compared to DL) is higher at PND14 than at adulthood, one
could assume an early life impact of supplementation on HPA axis.
However, this remains to be demonstrated.

In conclusion, our data suggest that dairy lipids potently in-
fluence DHA accretion, microglia number, neurogenesis and HPA
axis activity as graphically represented in Fig. 6. Perinatal ex-
posure to DL defines an early and specific profile with the pro-
motion of brain DHA and neuroplasticity distinct to the one
found with VL. DHA and ARA supplementation does not allow
reaching DL profile. At adulthood, DL mice profile maintains a
high level of brain DHA and neuroplasticity as compared to VL.
DHA and ARA supplementation influence HPA axis activity. Our
results bring new data to understand the effect of dairy lipids in
brain development and function and could help to evaluate their
use in infant formulas.
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