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Increasing availability of v-3 fatty acid in the early-life
diet prevents the early-life stress-induced cognitive
impairments without affecting metabolic alterations
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ABSTRACT: Exposure to early-life stress (ES) is associated with cognitive and metabolic deficits in adulthood. The role

of early nutrition in programming these long-term effects is largely unknown. We focused on essential v-3 and v-6
long-chain polyunsaturated fatty acids (LCPUFA) and investigated whether ES affects central and peripheral FA
profiles, as well as if and how an early diet with increased availability of v-3 LCPUFA (via lowering v-6/v-3 ratio)
protects against ES-induced impairments. ES exposure [limited nesting and bedding paradigm from postnatal day
(P)2 to P9] altered central and peripheral FA profiles in mice. An early diet with low v-6/v-3 ratio from P2 to P42
notably prevented the ES-induced cognitive impairments, and the alterations in hippocampal newborn cell survival
and in CD68+ microglia, without affecting the ES-induced metabolic alterations. Other markers for hippocampal
plasticity, apoptosis, and maternal care were unaffected by ES or diet. Our findings highlight the importance of early
dietary lipid quality for later cognition in ES-exposed populations.—Yam, K.-Y., Schipper, L., Reemst, K., Ruigrok,
S. R., Abbink, M. R., Hoeijmakers, L., Naninck, E. F. G., Zarekiani, P., Oosting, A., Van der Beek, E. M., Lucassen, P. J.,
Korosi, A. Increasing availability of v-3 fatty acid in the early-life diet prevents the early-life stress-induced cognitive impairments without affecting metabolic alterations. FASEB J. 33, 5729–5740 (2019). www.fasebj.org
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Exposure to early-life stress (ES) increases the vulnerability
to develop cognitive impairments and metabolic disorders
(1–4). Although there is ample evidence for the involvement of maternal sensory stimuli and stress hormones in
such programming (5, 6), the role of nutritional factors (2,
7–11) in this is yet largely unexplored.
Because v-3 and v-6 long-chain polyunsaturated fatty
acids (LCPUFAs) are critical for cognitive (12–19) and
metabolic development (20–27), we focus here on a-linolenic acid (ALA, C18:3 v-3) and linoleic acid (LA, C18:2
ABBREVIATIONS: AA, arachidonic acid; ALA, a-linolenic acid; BrdU, 5bromo-29-deoxyuridine; CTL, control; DG, dentate gyrus; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ES, early-life stress; FA, fatty
acid; FDR, false discovery rate; LA, linoleic acid; LCPUFA, long-chain
polyunsaturated fatty acid; MANOVA, multivariate ANOVA; MUFA,
monounsaturated fatty acid; MWM, Morris water maze; OL, object location; OR, object recognition; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; TG, triglyceride
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microglia

v-6), which are obtained solely from dietary sources and
are mostly converted in the liver to docosahexaenoic acid
(DHA, C22:6 v-3) and arachidonic acid (AA, C20:4 v-6)
(28), respectively. Many studies have focused either on
overall restriction (29–31) or supplementation (32, 33) with
dietary v-3 LCPUFA; however, the ratio between dietary
LA and ALA is a key determinant of v-3 LCPUFA status
because LA and ALA compete for conversion to their respective LCPUFAs by the same enzymes. Therefore, the
shift toward an increased intake of dietary LA in our
modern society is considered a serious concern, because
an increased v-6/v-3 status (34–36) has been associated
with both psychopathologies (14, 36–41) and obesity
(42). In contrast, reducing the LA/ALA balance optimized LCPUFA status in the offspring’s brain (34) and
was beneficial to metabolic health status (43).
Little is known about the short- and long-term effects of
ES on LCPUFA status in the offspring and whether
LCPUFA can modulate ES-induced cognitive and metabolic changes. Few studies have found an increased v-6/
v-3 ratio in plasma or the hippocampus during adulthood
as a result of maternal separation in rats (44, 45) (see 46). In
addition, perinatal v-3 PUFA deficiency compromised
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metabolic outcomes and induced emotional dysfunction
after maternal separation (45, 47, 48). So far, however, it
remains unknown if ES exposure in mice alters LCPUFA
status or if improving v-3 PUFA availability by manipulation of the LA/ALA diet ratio during early life can
modulate the lasting ES-induced cognitive and metabolic
impairments.
We explored here the role of PUFAs in ES-induced programming and assessed if chronic ES affects central and peripheral FA status as well as hepatic lipid metabolism in the
short and long term. Next, we subjected ES and control (CTL)
mice early in life to either a high or low LA/ALA diet from P2
until P42 to reflect the infancy and prepubertal stage of life in
mice (49). We hypothesized that dietary exposure to low LA/
ALA would protect against the ES-induced cognitive and
metabolic alterations. It is interesting to study both cognitive
and metabolic aspects because there is evidence that metabolic factors, fat mass, and the released adipokines (e.g., leptin) are implicated in the modulation of cognitive functions
(50–53). Indeed, we previously showed that chronic ES in
mice lastingly affects the metabolic phenotype, including
persistent reduction in fat mass, which correlated with cognitive dysfunction and reduced circulating leptin (2). We
further investigated hippocampal proliferation, cell survival,
microglial phagocytosis, neuronal plasticity markers, apoptosis, and maternal care as potential (neuro)biologic substrates for ES-induced cognitive outcomes (1, 54–58).
Our studies show for the first time that 1) ES in mice
affects FA status both centrally and peripherally, 2) improving v-3 PUFA availability through a low LA/ALA
diet early in life protects against ES-induced cognitive,
but not metabolic, impairments at adult age, and 3) the
beneficial effects of the diet involve modulation of hippocampal cell survival and microglia.
MATERIALS AND METHODS

throughout the study. In study 2, all diets (Ssniff-Spezialdiäten,
Soest, Germany) were semisynthetic, containing a macro- and
micronutrient composition according to the AIN-93G-purified
diets for laboratory rodents (60). Dams were fed 2 wk before
pregnancy with AIN-93G chow, which contains a higher protein
and fat content to support growth and development of juvenile
offspring and to optimally support maternal nutritional requirements during pregnancy and lactation. At P2, dams and litters
were randomly assigned to isocaloric AIN-93G–based diets containing either a high or low v-6/v-3 diet until P42. The FA composition of these diets was carefully formulated to ensure similar
total PUFA between the 2 diets, with differences only in LA and
ALA. Hence, the high and low v-6/v-3 diet consists of a LA/ALA
ratio of 15:1 and 1:1, respectively (Table 1). After P42, all animals
were switched to AIN-93M, which provides all nutrients required
for the maintenance of adult animals (Fig. 2A). To study the various parameters at different ages for study 2, the following various
groups were generated: P9 [CTL = 8, ES = 9 (high v-6/v-3 diet);
CTL = 9, ES = 7 (low v-6/v-3 diet)], P42 [CTL = 8, ES = 10 (high
v-6/v-3 diet); CTL = 8, ES = 8 (low v-6/v-3 diet)], P180 [CTL = 11,
ES = 11 (high v-6/v-3 diet); CTL = 10, ES = 9 (low v-6/v-3 diet)],
and P245 [CTL = 9, ES = 9 (high v-6/v-3 diet); CTL = 10, ES = 11
(low v-6/v-3 diet)].

Behavioral observations and testing
In study 2, maternal care was observed and scored in CTL and ES
dams during P3–P7 in the dark phase as previously described (1).
Behavioral assessment of offspring was carried out in the active
phase of the (reversed) light-dark cycle (lights off at 8 AM),
recorded by EthoVision, and scored manually using Observer
(Noldus, Wageningen, The Netherlands) by an experimenter
blinded to the conditions. Mice were handled for 3 d prior to
testing. At P42 and P120, mice were exposed to the T-maze (61)
(2 d, 3 trials/day; 2 h intertrial interval; each trial ,2 min)
(Fig. 4A). Furthermore, we conducted a battery of behavioral
tests starting at P120 until P180, which included the object recognition (OR) and object location (OL; 24 h intertrial interval;
index of memory: time spent exploring novel or relocated object
compared with familiar object) as well as the Morris water maze
(MWM; 2 cued trials followed by 6 acquisition d and a single
probe trial) as previously described (1).

Animals and ES paradigm
C57Bl/6J mice (Harlan Laboratories, Venray, The Netherlands)
were bred in-house (2). The day litters detected between 9 and 10 AM
were assigned P1. Chronic ES based on limited nesting and bedding
material was induced as previously described (1, 2, 59) (Fig. 1A).
Briefly, at P2, litters were culled to 6 pups/dam (sex ratio of 3:3 or 4:
2), randomly assigned to CTL or ES condition, and left undisturbed
until P9. CTL dams received standard nesting and bedding material
and stressed dams were placed on a fine-gauge stainless-steel mesh
positioned 1 cm above the sawdust-covered cage floor and a reduced amount of nesting material. Mice were weaned at P21, and
male littermates were group-housed (2–3 animals/cage). All experimental procedures complied with the principles of laboratory
animal care, were carried out in compliance with national legislation
following the European Union Directive 2010/63/EU for the protection of animals used for scientific purposes, and were approved
by the ethics committee for animal experimentation and Animal
Welfare Body of the University of Amsterdam.
Diets
In study 1, dams and male offspring (P9-CTL = 7; ES = 10; P180CTL = 7; ES = 9) were fed a standard grain-based diet (Teklad
Global Rodent Diet 2018; Envigo, Supplemental Table S1)
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Tissue collection and dissections
In study 1, P9 and P180 male mice were weighed and decapitated
without anesthesia; subsequently, trunk blood, stomach milk,
liver, and hippocampus were dissected for FA composition or
triglyceride (TG) measurements.
In study 2, dams (P21) were weighed and decapitated after
isoflurane anesthesia, followed by trunk blood and liver collection to measure FA composition. At P42, -100, and -180,
male offspring underwent the dual-energy X-ray absorptiometry scan (Lunar PIXImus; GE Healthcare, Madison, WI,
USA) to determine body composition as described earlier (2).
Additionally, body weights of each animal and food intake/
cage were monitored weekly during P21–P230. At P42 and
P180, mice were unfed for 4 h, weighed, and decapitated after
isoflurane anesthesia, and trunk blood was collected. Plasma
was used to measure leptin and erythrocytes for FA analyses.
Stomach milk, liver, hippocampus, and white adipose tissue
depots (gonadal, inguinal, mesenteric, perirenal, and retroperitoneal) were dissected, weighed, and stored at 280°C
until further analysis. At P210, 4 wk after the last behavioral
task, mice were intraperitoneally injected with 5-bromo-29deoxyuridine (BrdU, 100 mg/kg, 2 3 4 d Sigma-Aldrich
Chemie, Zwijndrecht, The Netherlands) (Fig. 5A). Four weeks
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Figure 1. Central and peripheral
FA proﬁles are affected by ES
throughout life, whereas hepatic TG and lipid metabolism–
related gene expression are
unaffected. A) Timeline illustrating the ES period from P2
to P9 in CTL and ES mice fed
with standard grain-based chow
(study 1). † represents the endpoint of mice. B) Overview
demonstrating the direction of
ES effects on the FA composition in central and peripheral
tissues at P9 and P180. An overview of the FA values in the
stomach milk, liver, erythrocytes, and hippocampus are
presented in Supplemental
Table S3. C–E) Prominent ES
effects were found in the hippocampus, showing no differences
in the SFA, increased MUFA,
and decreased PUFA (C ); unaltered v-6/v-3 ratio (D); and
decreased DPA and AA, increased LA, and decreased
DHA, whereas EPA and ALA
were not detectable after ES
exposure at P9 (E ). F ) At
P180, ES decreased SFA and
MUFA, whereas PUFA was increased. G) Moreover, ES decreased the v-6/v-3 ratio. H )
ES also increased AA, decreased
LA, increased DHA, and did not
affect ALA; DPA and EPA levels
were not detectable. I–K) At P9,
liver weight was unaltered (I ),
v-6/v-3 reduced (J ), and TG
content unaltered (K ) after ES.
L–N) At P180, liver weight was
increased (L), whereas v-6/v-3
was decreased (M ) and TG
unaffected (N ) by ES. O, P) ES
further did not alter the hepatic lipid metabolism, including processes related to FA
uptake and b-oxidation, de novo
lipogenesis, very low-density lipoprotein secretion at P9 (O)
and P180 (P ). Data are presented as means 6 SEM; independent 1-sample t test with
Benjamini Hochberg multiple
testing correction for SFA, MUFA,
PUFA, DPA, AA, LA, DHA, EPA,
and ALA. *FDR ,0.1.

after BrdU injection, at P245, mice were anesthetized (pentobarbital, 120 mg/kg, i.p., Euthasol; ASTfarma, Oudewater,
The Netherlands) and perfused transcardially with 4% paraformaldehyde (Sigma-Aldrich Chemie). Perfused brains were
NUTRITION PROTECTS THE EARLY-LIFE STRESS-EXPOSED BRAIN

carefully removed and postfixed (4% paraformaldehyde; 24 h).
Cryoprotected frozen brains were sliced into 40-mm–thick
coronal sections using a microtome, divided over 6 parallel
series, and stored at 220°C until use.
5731
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TABLE 1. Diet composition of the experimental high and low v-6/v-3
diets (grams/kilogram diet)
Ingredient

Cornstarch, pregelatinized
Casein
Maltodextrin 10 DE
Sucrose
Cellulose
Mineral premix
Vitamin premix
L-cystein
Choline CL (50%)
Oil blend
Coconut oil. hydrogenated
Peanut oil
Safﬂower oil
Linseed oil
Soybean oil
Fatty acids (% total fatty acids)
C6:0
C8:0
C10:0
C12:0
C14:0
C16:0
C18:0
C20:0
S SFA
C18:1
C20:1
S MUFA
C18:2n-6 (LA)
C18:3n-3 (ALA)
S PUFA
LA/ALA

High v-6/v-3

Low v-6/v-3

397.5
200.0
132.0
100.0
50.0
35.0
10.0
3.0
2.5
70.0
23.8
21.3
20.2
2.2
2.5

397.5
200.0
132.0
100.0
50.0
35.0
10.0
3.0
2.5
70.0
23.6
20.0
6.7
19.7
—

0.1
1.9
1.9
15.3
6.9
9.6
6.0
1.0
42.6
21.6
0.6
22.1
30.6
2.0
32.6
15.3

0.1
1.9
1.9
15.4
6.9
9.1
6.3
0.9
42.4
22.1
0.4
22.6
17.3
15.3
32.6
1.1

Leptin, FA composition, and TG analyses
Plasma leptin was assessed at P9, -42, and -180 in study 2 (Milliplex Mouse Adipokine; MilliporeSigma). In both studies 1 and
2, stomach milk, hippocampus, and liver tissues were homogenized and diluted 503 in Milli-Q. Lipids from these tissues and
erythrocytes were extracted (62), and membrane FA composition
was assessed by gas chromatography (percent of total FA). Furthermore, in study 1, TG content was determined by enzymatic
colorimetric assays (TG liquicolor; Human Diagnostics, Wiesbaden, Germany) in liver samples at P9 and P180.
Immunohistochemistry and quantification
At P245 in study 2, 3 of the 6 parallel brain series were stained for
BrdU (rat-a-BrdU, 1:200/24 h; Accurate Chemical Scientific Corporation, Westbury, NY, USA), Ki67 (rabbit-a-Ki67, 1:20.000/24 h;
Leica Microsystems, Buffalo Grove, IL, USA), and CD68 (rata-CD68, 1:400/24 h; AbD Serotec, Raleigh, NC, USA) (54) (Fig. 5A).
Volume of the granular zone of the dentate gyrus (DG) was
determined based on 8 bregma levels (21.36 to 23.28) as previously
described (1). Cells were manually counted in the subgranular and
granular zone of the DG for BrdU and Ki67 and expressed per
DG and in the whole hippocampus for CD68 (8 bregma levels
multiplied by 6; 320/40 magnification).
Gene expression analyses
Frozen hippocampal tissues (from study 2) and liver tissues
(from study 1) were treated with Trizol (Thermo Fisher Scientific,
5732
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Breda, The Netherlands) and cDNA synthesis performed using
250 and 1000 ng RNA, respectively (iScript; Thermo Fisher Scientific). Gene expression of hepatic lipid metabolism, neuronal
plasticity, and apoptotic markers were quantified using highly
specific primers (Thermo Fisher Scientific; Supplemental Table
S2). Stability of 2–3 housekeeping genes was verified using
GeNorm (gene stability value ,0.5; coefficients variation ,0.2)
and used for normalization (qBase+3.0; Biogazelle, Ghent,
Belgium).
Statistical analyses
Data were analyzed using SPSS 22.2 (IBM Software, Armonk,
NY, USA) and graphical design using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). We used the independent and
1-sample t test, mixed model 2-way, multivariate or repeated
measures ANOVA with Tukey HSD test (when appropriate),
and Pearson’s correlations (details given in results section). Furthermore, the Benjamini Hochberg was used to correct for multiple testing. The q value, also known as the false discovery rate
(FDR), was set at a critical value of 0.1 to minimize the chance on
false positives. The z score for each behavioral task was calculated
as z = (x2m)/s, where x is the individual data of the observed
parameter, m is mean, and s is the SD of the CTL group (CTL+high
v-6/v-3) (63). “Hippocampal learning score” is the sum of
z scores per behavioral test divided by the number of tests. Mice
from at least 2 different litters were included in each experimental group, and litter was included as random factor. All data
are presented as means 6 SEM and considered statistically significant when P , 0.05 (2-tailed) or when below the FDR of 0.1.

RESULTS
ES affects central and peripheral FA profiles
throughout life without altering hepatic TG
content and lipid metabolism–related
gene expression
In study 1, chronic ES (Fig. 1A) altered FA profiles at P9
and P180 in brain and liver (Fig. 1B–N). ES-exposed P9
hippocampus contained higher monounsaturated FA
(MUFA; FDR = 0.10) and lower PUFA (FDR trend = 0.11;
Fig. 1C), reflected by lower DHA, AA, and DPA (v-6; all
FDR = 0.08), whereas LA was increased (FDR = 0.08; Fig.
1E), and total v-6/v-3 PUFA was unaltered (Fig. 1D). ES
led to opposite effects on the FA profile in P180 hippocampus when compared with P9, demonstrating decreased saturated FA (SFA) and MUFA and increased
PUFA (all FDR = 0.08; Fig. 1F), accompanied by decreased v-6/v-3 PUFA (t12 = 2.44, P = 0.03; Fig. 1G).
Furthermore, ES increased AA (FDR trend = 0.11) and
DHA (FDR = 0.09), and LA was decreased (FDR = 0.09;
Fig. 1H). Neither total PUFA (R2 = 0.04, P = 0.58) nor
DHA (R2 = 0.00, P = 0.98) showed correlation with OR
performances in this P180 cohort (2).
In the liver, ES decreased v-6/v-3 at P9 (t28 = 2.82, P =
0.01; Fig. 1J), including decreased DPA (FDR = 0.00) as well
as higher DHA (FDR trend = 0.12) and eicosapentaenoic
acid (EPA; FDR = 0.00, Supplemental Table S3), without
affecting liver weight (Fig. 1I), hepatic TG content (Fig. 1K),
and gene expression related to hepatic lipid metabolism
(FA uptake and oxidation, de novo lipogenesis, and very
low-density lipoprotein secretion) (Fig. 1O). Alterations in
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Figure 2. Effects of ES and a high or low v-6/v-3 diet on FA proﬁles in central and peripheral tissues of P9, -42, and -180 mice. A)
Timeline illustrating the period of ES from P2 to P9 and dietary intervention with a high or low v (v)-6/v-3 diet from P2 to -42
(study 2). † represents the end-point of mice. B) Table overview demonstrating the direction of ES and diet effects on the FA
composition in central and peripheral tissues at P9, -42, and -180. An overview of FA values in stomach milk, liver, erythrocytes,
and hippocampus are presented in Supplemental Table S4. C ) In the hippocampus at P9, the SFA and PUFA were unaffected by
ES and diet, whereas ES decreased MUFA levels in mice on low v-6/v-3 diet. D) Furthermore, v-6/v-3 ratio was unaltered after
ES in both diet groups. E ) Also, AA levels were decreased in the low v-6/v-3 diet group, whereas LA was increased by ES and low
v-6/v-3 diet, DHA was unaltered, EPA decreased by ES and low v-6/v-3 diet, and DPA and ALA levels were not detectable. Data
are presented as means 6 SEM; MANOVA with SFA, MUFA, PUFA, DPA, AA, LA, DHA, EPA, and ALA; interaction between
condition (C) and diet (D) followed by 2-way ANOVA and Tukey post hoc test when appropriate; *main effect of condition, #main
effect of diet, ^interaction conditionpdiet. P , 0.05.

liver FA profile persisted until P180, as demonstrated by
reduced v-6/v-3 ratio in ES (t12 = 2.95, P = 0.01; Fig. 1M),
including increased DPA and decreased ALA (both FDR
trend = 0.11, Supplemental Table S3). This was accompanied by increased liver weight (t13 = 24.05, P , 0.01; Fig.
1L), with no alterations in hepatic TG content (Fig. 1O) and
gene expression related to lipid metabolism (Fig. 1P).
Furthermore, there were no major effects of ES on the
FA composition in stomach milk and erythrocytes at P9
and P180 (detailed overview in Supplemental Table S3).
Effects of high and low v-6/v-3 diets on
central and peripheral FA profiles after ES
Next, in study 2, we modulated central and peripheral FA
profiles after exposure to high or low v-6/v-3 diet (Fig. 2A)
and confirmed that maternal low v-6/v-3 diet reduced
v-6/v-3 ratio in erythrocytes (F1,15 = 146.06, P , 0.01) and
liver (F1,14 = 1166.78, P , 0.01; Supplemental Table S4). The
maternal low v-6/v-3 diet also affected P9 offspring FA
NUTRITION PROTECTS THE EARLY-LIFE STRESS-EXPOSED BRAIN

status, as shown by lower v-6/v-3 and altered LCPUFA
composition in stomach milk, liver, and erythrocytes
(Supplemental Table S4).
In the hippocampus, ES-exposed P9 offspring on a high
v-6/v-3 diet showed comparable FA composition changes
to standard grain-based P9 mice, as described above in study
1 (Fig. 2B–E). ES P9 on low v-6/v-3 diet showed decreased
hippocampal MUFA compared with CTL [multivariate
ANOVA (MANOVA), conditionpdiet: F3,20 = 3.40, P = 0.04,
HT = 0.51; 2-way ANOVA-MUFA, conditionpdiet: F1,22 =
8.05, P = 0.01; Fig. 2C]. ES did not affect hippocampal v-6/
v-3 (Fig. 2D) but increased LA and decreased EPA in both
diet groups (MANOVA, condition: F4,19 = 3.90, P = 0.02,
HT = 0.82; diet: F4,19 = 103.94, P , 0.01, HT = 21.88; 2-way
ANOVA-LA, condition: F1,22 = 7.03, P = 0.02; diet: F1,22 =
50.30, P , 0.01; EPA, condition: F1,22 = 7.81, P = 0.01; diet:
F1,22 = 77.82, P , 0.01; Fig. 2E). Lastly, low v-6/v-3 diet
reduced AA regardless of ES (F1,22 = 8.18, P = 0.01; Fig. 2E).
At P42, low v-6/v-3 diet increased PUFA (F1,30 = 5.07, P =
0.03; Supplemental Table S4), LA (F1,30 = 16.76, P , 0.01),
DHA (F1,30 = 32.32, P , 0.01), EPA (F1,30 = 265.93, P , 0.01),
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and ALA (F1,30 = 157.61, P , 0.01), whereas it decreased v-6/
v-3 ratio (F1,30 = 94.13, P , 0.01), MUFA (F1,30 = 26.45, P ,
0.01), DPA (F1,30 = 38.36, P , 0.01), and AA (F1,30 = 25.28, P ,
0.01) without ES effects in erythrocytes.
We further found interactions between condition and diet
on FA compositions in the liver on SFA (MANOVA conditionpdiet: F3,25 = 4.75, P = 0.01, HT = 0.57; 2-way ANOVA
conditionpdiet: F1,27 = 11.19, P , 0.01; Supplemental Table
S4), MUFA (F1,27 = 14.89, P , 0.01), PUFA (F1,27 = 13.58, P ,
0.01), AA (MANOVA conditionpdiet: F6,22 = 4.40, P = 0.01,
HT = 1.20; 2-way ANOVA conditionpdiet: F1,27 = 7.71, P =
0.01), DHA (F1,27 = 15.56, P , 0.01), EPA (F1,27 = 24.98, P ,
0.01), and v-6/v-3 ratio (F1,27 = 6.12, P = 0.02).
Furthermore, hippocampal FA composition was only
affected by the low v-6/v-3 diet, demonstrating reduced
v-6/v-3 ratio (F1,28 = 318.28, P , 0.01) and AA (F1,28 =
45.26, P , 0.01) and increased LA (F1,28 = 87.08, P , 0.01),
DHA (F1,28 = 34.23, P , 0.01), and EPA (F1,28 = 16.92, P ,
0.01; Supplemental Table S4).
At P180, 20 wk after being switched to AIN-93M chow,
there were no effects of ES on FA composition in liver,
erythrocytes, and hippocampus and only marginal effects
by the early diet (Supplemental Table S4).

ES-induced reductions in adipose tissue
deposition and leptin levels are not altered
by the diet
In study 2, ES, regardless of dietary exposure, reduced
body weight throughout life until P180 (P9: F1,61 = 22.26,
P , 0.01; P100: F1,28 = 8.31, P , 0.01; P180: F1,36 = 10.24, P ,
0.01; Fig. 3A). This was accompanied by reductions in lean
mass (P100: F1,28 = 4.77, P = 0.04; P180: F1,28 = 6.58, P = 0.02;
Fig. 3B) and total body fat mass (P180: F1,28 = 13.89, P ,

0.01; Fig. 3C). In line with the dual-energy X-ray absorptiometry measurements in these mice, ES decreased white
adipose tissue depot weights at P9 (F1,12 = 12.20, P = 0.02),
P42 (F1,29 = 6.94, P = 0.01), and P180 (F1,35 = 6.10, P = 0.02),
but not at P245 (Fig. 3D), regardless of diet. The reduction in
adiposity was accompanied by reduced circulating leptin
at P9 (F1,24 = 8.75, P , 0.01), P42 (F1,21 = 6.68, P = 0.02), and
P180 (F1,30 = 4.85, P = 0.04; Fig. 3E) without any diet effects.
Furthermore, food intake between P42 and P230 remained
unaffected by either ES or diet condition (Fig. 3F).
Low v-6/v-3 diet prevents ES-induced
cognitive impairments
In study 2, we found ES-induced impairments in 4-mo-old
mice exposed to high v-6/v-3 diet (Fig. 4A–G), confirming
previous reported findings under standard grain-based
conditions (1, 2, 59). Importantly, low v-6/v-3 diet
prevented these ES-induced cognitive impairments in 3
hippocampal-dependent tasks (conditionpdiet OR: F1,56 =
7.24, P = 0.01; OL: F1,22 = 5.38, P = 0.03; MWM probe, condition: F1,64 = 4.08, P = 0.048; diet: F1,64 = 4.81, P = 0.03; Fig. 4C,
E, G), which was further highlighted by the “hippocampal
learning score” calculated by combining the z scores of these
tasks (conditionpdiet: F1,45 = 15.13, P , 0.01; Fig. 4J–M).
Working memory, as measured by the T-maze at P42 (Fig.
4H) and P120 (Fig. 4I), however, remained unaffected by ES
and diet.
Low v-6/v-3 diet prevents the ES-induced
reduction in hippocampal cell survival and
the increase in the phagocytic marker CD68
In study 2, we showed that chronic ES reduced hippocampal newborn cell survival in adult (P245) mice on high

Figure 3. Adiposity and leptin levels in ES-exposed mice are unaffected by the diets throughout life. A–E) ES decreased body weight (A)
from P9 until P180, accompanied by decreased lean mass at P100 and P180 (B), and the total fat mass at P180 (C) without diet effects. In
addition, ES decreased the amount of white adipose tissues at P9 (inguinal white adipose tissues), P42 (gonadal, inguinal, mesenteric, and
retroperitoneal), and P180 (gonadal, inguinal, mesenteric, perirenal, and retroperitoneal) in both diet groups (D) as well as the
circulating leptin levels at P9, P42, and P180 (E). F) Moreover, food intake over time from P42 until P230 was unaffected between the
experimental groups. DEXA, dual-energy X-ray absorptiometry. Data are presented as means 6 SEM; 2-way ANOVA and Tukey post hoc test
when appropriate; *main effect of condition. P , 0.05.
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Figure 4. Lasting ES-induced hippocampus-dependent cognitive impairments are prevented by the low v-6/v-3 diet. A) Timeline
illustrating the time period in which mice were exposed to ES from P2 to -9 and the high or low v-6/v-3 diet from P2 to P42. B–E) A battery
of behavioral tasks was carried out. On training day, there were no differences in exploration time between the groups in the OR task (B).
On testing day, ES mice on high v-6/v-3 diet showed impaired learning, whereas ES mice on low v-6/v-3 diet demonstrated improved
learning in the OR (C). Similarly, there were no differences in exploration time between the groups in the OL task on training day (D). And
on testing day, ES mice on high v-6/v-3 diet had impaired learning, whereas learning was improved in ES mice on low v-6/v-3 diet in the
OL (E). F, G) Over a time period of 6 d, all mice learned to ﬁnd the hidden platform in the MWM task (F), and ES mice on low v-6/v-3
diet showed improved learning in the probe trial as compared to ES mice on high v-6/v-3 diet (G). H, I) Spontaneous alternations for 2
consecutive days with 3 trials a day in P42 (H) and P120 (I) mice were not affected by ES and diet as assessed by the T-maze. J–M) Z
normalization was calculated for the OR (J), OL (K), and MWM (L) probe trial, resulting in an overall “hippocampal learning score” (M).
Data are presented as means 6 SEM; 2-way ANOVA and Tukey post hoc test when appropriate; *main effect of condition, #main effect of diet,
^
interaction conditionpdiet. One-sample t test to compare the performances above chance level; $Repeated measures ANOVA for the
acquisition days; §main effect of time. P , 0.05.

v-6/v-3 diet (Fig. 5D–F), confirming our earlier findings
(1). The low v-6/v-3 diet prevented this reduced cell
survival in ES mice (F1,26 = 4.12, P = 0.05; Fig. 5D–F),
whereas hippocampal proliferation (Fig. 5B, C) and the DG
volume (granular zone; data not shown) were unaffected
by ES and the diets. Moreover, ES increased the number of
hippocampal microglial CD68+ cells in the high v-6/v-3
group as previously shown (54), which was prevented by
the low v-6/v-3 diet (F1,16 = 4.94, P = 0.04; Fig. 5G, H). In
addition, hippocampal learning score (Fig. 4M) was negatively correlated with microglial CD68 cells (R2 = 20.41,
P , 0.01; Fig. 5J) but not with newborn cell survival (Fig. 5I).
Expression of hippocampal plasticity markers Bdnf, Synapsin, and Psd95 at P9, -42, and -180 in study 2 was mostly
unaffected by ES or diet with a few exceptions. Bdnf mRNA
NUTRITION PROTECTS THE EARLY-LIFE STRESS-EXPOSED BRAIN

was decreased in P9 on low v-6/v-3 diet (F1,16 = 6.09, P = 0.03;
Fig. 5K) and was transiently increased in P42 ES mice in the
high v-6/v-3 diet group only (F1,13 = 6.73, P = 0.02). No ES or
diet effects were found on Bdnf expression at P180.
Moreover, hippocampal ratio of Bax (proapoptotic) and
Bcl2 (antiapoptotic) mRNA was reduced at P180 by ES
without diet effects (F1,35 = 10.72, P , 0.01; Fig. 5L), whereas at
P9 and P42, no effects of ES or diet were detected.

Diet does not affect the ES-induced effects on
maternal care, body weight, and food intake
In study 2, ES-induced fragmented maternal care (e.g.,
increased time of pups out of nest: high v-6/v-3 group,
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Figure 5. ES-induced alterations on hippocampal cell survival and the phagocytic CD68 marker are prevented by the low v-6/v-3 diet. A,B)
Timeline (A) showing the ES from P2 to P9 and the high or low v-6/v-3 diet from P2 to P42. Mice were injected with BrdU 1 mo after
behavior at P210 to assess hippocampal cell survival in P245 mice, in which hippocampal proliferation (B) was unaltered by ES and diet.
† represents the end-point of mice. C) Representative picture of the DG containing Ki67+ cells. D) ES-induced reduction in hippocampal
cell survival was prevented by the low v-6/v-3 diet. E, F) Representative picture of the DG containing BrdU+ cells. G) Moreover, ES-induced
increases in CD68 were prevented by the low v-6/v-3 diet. H) Representative picture of CD68+ cells of CTL and ES mice on high and low
v-6/v-3 diet. I, J) No correlation was found between hippocampal learning z score and cell survival (I), whereas it was negatively correlated
with the amount of CD68+ cells (J). K) Hippocampal Bdnf expression was decreased by the low v-6/v-3 diet at P9, and ES increased Bdnf
only in P42 ES-exposed mice in the high v-6/v-3 diet group. L) ES reduced the Bax/Bcl2 ratio in P180 mice in both diet groups. Scale bars
represent 100 mm. Data are presented as means 6 SEM; 2-way ANOVA and Tukey post hoc test when appropriate; *main effect of condition,
#
main effect of diet, ^interaction conditionpdiet. P , 0.05.

F1,9 = 28.61, P , 0.01; low v-6/v-3 group, F1,10 = 34.75,
P , 0.01; Fig. 6A; number of dam nest exits: high v-6/
v-3 group, F1,6 = 45.00, P , 0.01; low v-6/v-3 group,
F 1 , 9 = 45.77, P , 0.01; Fig. 6B; no effect on time
spent nursing; Fig. 6C). In addition, ES decreased
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body weight gain in dams between P2 to P9 (F1,39 =
4.27, P = 0.46; Fig. 6D) and increased food intake
(F1,39 = 21.42, P , 0.01; Fig. 6E) without affecting water
intake (Fig. 6F). There were no effects of diet on
these parameters.
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Figure 6. A, B) ES-induced fragmented maternal care, altered body weight, and food intake are not affected by the diet. ESinduced fragmented maternal care as assessed by the increased time of pups out of nest (A) and increased frequency of exits
from the nest by dams (B) in both diet groups throughout P3 until P7. C–F) Nursing time (C ) was unaffected by both ES and diet.
From P2 to P9, ES dams showed reduced body weight gain (D), increased food intake (E ), and unaffected water intake (F ). Data
are presented as means 6 SEM; repeated measures ANOVA; *main effect of time. P , 0.05.

DISCUSSION
ES exposure has a lasting impact on cognition and metabolism. Our study showed that ES alters the central FA
profile of the offspring and that restoring this profile via a
diet with a low v-6/v-3 ratio from P2 to P42 has lasting
benefits for cognitive function. This relatively short exposure to a diet with low v-6/v-3 counteracted the
negative effects of ES in OR, OL, and MWM performance
but did not rescue the ES-induced metabolic alterations.
This indicates that the ES-induced alterations in FA
during this critical developmental period might be a
determinant factor in the cognitive impairments observed in adulthood. Furthermore, the diet did not
alter maternal care and markers of synaptic plasticity or
apoptosis but prevented the ES-induced alterations
in hippocampal cell survival and microglial CD68 expression in adulthood, indicating that these processes
might underlie the beneficial effects of early diet on
cognition.
Diet with low v-6/v-3 ratio protects against
ES-induced cognitive impairments
In our study, ES did not alter the hepatic TG content or
lipid metabolism–related gene expression. However, ES
affected the FA profile in the offspring liver and hippocampus at P9, suggesting that ES might have induced
changes in offspring FA uptake, synthesis, and metabolism (64–67).
Interestingly, although ES reduced the v-6/v-3 ratio in
the liver at P9, suggestive of a higher v-3 bioavailability,
the hippocampus showed opposite effects (e.g., reductions
in total PUFA content, mostly because of a reduction in the
2 most abundant LCPUFA in the brain: DHA and AA).
NUTRITION PROTECTS THE EARLY-LIFE STRESS-EXPOSED BRAIN

Considering that DHA is highly accreted in the rodent
brain during the first weeks of postnatal life (14, 68) and
v-3 PUFA deficiencies during this early period are associated with cognitive and emotional disorders in adulthood (14, 15, 69–72), our data suggest that early reduction
in central PUFA after ES is involved in programming adult
cognitive functions.
In adulthood, ES reduced v-6/v-3 ratio in the liver and
increased hippocampal LCPUFA (AA and DHA). Despite
this apparent “beneficial” LCPUFA profile, adult ES mice
exhibit cognitive impairments, suggesting that mechanisms other than adult brain FA status mediate cognitive
functions after ES. Possibly, the adult PUFA levels could be
a compensatory mechanism, though insufficient to prevent the cognitive impairments. Alternatively, there is
evidence that inflammation (e.g., induced by LPS) can increase level of PUFA in the brain, particularly released by
astrocytes (73). Considering that ES leads to a more
proinflammatory profile in the adult brain (54), this might
possibly stimulate increased release of PUFA by the astrocytes and lead to the observed increase in ES-induced
PUFA in the brain.
We have further demonstrated that low dietary v-6/
v-3 early in life prevented ES-induced impairments. ES
effects on hippocampal FA profiles were similar between
mice under standard grain-based chow conditions (study
1) and those on high v-6/v-3 diet (study 2) at P9. Later in
life, there were no effects of ES at P180 in mice previously
fed high or low v-6/v-3 diets in contrast with the standard
grain-based diet, which might be related to subtle differences in nutritional composition between diets. However,
under both diet conditions, the ES paradigm led to similar
cognitive impairments. Importantly, the low v-6/v-3 diet
prevented these ES-induced reductions in DHA at P9,
suggesting that the restored early-life DHA status might
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(at least partly) mediate the ES-induced cognitive impairments in adulthood.
Although the low v-6/v-3 diet prevented the ESinduced cognitive impairments, it did not affect adiposity
and leptin levels in CTL and ES mice in the short and long
term. Possible protective effects of the diet on the ESinduced metabolic phenotype might be more apparent
under metabolic challenges (e.g., Western-style diet exposure). Indeed, it has been shown that early-life exposure to
a reduced v-6/v-3 diet protects against excessive body fat
accumulation caused by adult Western-style diet exposure
(20, 43). Also, we previously showed that ES reduced adiposity in mice on standard diet, whereas it increased body
fat accumulation when mice were challenged with a
moderate Western-style diet (20% fat) in adulthood (2).
Taken together, the low v-6/v-3 diet–induced improvements in hippocampal FA profile during early
development might be instrumental for hippocampal
function later in life and contribute to the prevention of
the ES-induced cognitive deficits in adulthood. This supports the concept that the developmental central FA status, determined by diet, is key for later brain function.

Potential mechanisms underlying the
beneficial effects of the low v-6/v-3 diet on
ES-induced cognitive impairments
We assessed several possible processes potentially contributing to the beneficial effects of low v-6/v-3 diet on
cognition after ES. We replicated the finding that similar to
grain-based diet, ES reduced survival of newborn cells
under the high v-6/v-3 diet and demonstrated that the
low v-6/v-3 diet prevented the ES-induced reductions in
hippocampal cell survival. Our findings are in line with
existing reports showing stimulating effects of increased
v-3 PUFA on adult hippocampal neurogenesis (31, 74–76)
and support the notion that neurogenesis contributes to
the beneficial effect of the low v-6/v-3 diet in preventing
the ES-induced cognitive impairments.
As an additional possible mechanism, we studied
microglia and reproduced our recent findings of ES, increasing the number of CD68+ cells, a marker for immunoreactive phagocytic microglia (77), in the hippocampus of
adult mice exposed to the high v-6/v-3 diet (54). Importantly, this effect was prevented by the low v-6/v-3 diet,
suggesting that, in line with the anti-inflammatory properties
of v-3 FA (19, 78), increased v-3 status early in life suppresses
the ES-induced increase in the microglial phagocytic marker
CD68, possibly mediating the improvement in cognition.
This is further supported by the negative correlation between
hippocampal learning and CD68 expression. Additionally,
microglia might also contribute to the changes in neurogenesis because, among their many functions, microglia play
critical roles in synaptic tuning and pruning of newborn
neurons (79–81), thereby contributing to the beneficial effects
on cognition after ES. Contributing to the cognitive impairments as well as the alterations in the neuroinflammation
that we observe after ES and diet, inflammatory changes and
oxidative mechanisms in the circulatory and gastrointestinal
systems may be involved as well (82).
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In the current study, we further demonstrated that
hippocampal Bdnf gene expression was reduced by the low
v-6/v-3 diet at P9 and transiently increased by ES at P42.
This is in contrast with other studies showing decreased
Bdnf protein levels in the hippocampus and prefrontal
cortex after ES in later life (57, 83). Moreover, we only found
ES-induced alterations on maternal care, body weight, and
food intake as well as in the adult hippocampal Bax/Bcl2
ratio in offspring without further diet effects.
Taken together, we show that ES affects central and
peripheral FA composition, and a relatively subtle modulation of PUFA composition (e.g., a low v-6/v-3 ratio in
the diet) during the early sensitive period provides protection against the adverse lasting effects of ES on later
cognition that involves modulations of hippocampal cell
survival and microglia. Our study highlights the relevance
of early nutrition for later brain functions and hence as a
powerful and promising tool for possible future interventions in vulnerable populations exposed to stress
during early life.
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Pallet, V., Layé, S., and Joffre, C. (2018) Maternal n-3 polyunsaturated
fatty acid dietary supply modulates microglia lipid content in the
offspring. Prostaglandins Leukot. Essent. Fatty Acids 133, 1–7
82. Wohleb, E. S., and Delpech, J. C. (2017) Dynamic cross-talk
between microglia and peripheral monocytes underlies stressinduced neuroinﬂammation and behavioral consequences. Prog.
Neuropsychopharmacol. Biol. Psychiatry 79 (Pt A), 40–48
83. Roceri, M., Hendriks, W., Racagni, G., Ellenbroek, B. A., and Riva,
M. A. (2002) Early maternal deprivation reduces the expression of
BDNF and NMDA receptor subunits in rat hippocampus. Mol.
Psychiatry 7, 609–616

The FASEB Journal x www.fasebj.org

Received for publication November 5, 2018.
Accepted for publication January 2, 2019.

YAM ET AL.

www.fasebj.org by Universiteit van Amsterdam (UVA) (145.18.108.49) on August 07, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber(

