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Dietary n-3 polyunsaturated fatty acids (PUFAs) are critical components of inflammatory response and memory impairment. However, the
mechanisms underlying the sensitizing effects of low n-3 PUFAs in the brain for the development of memory impairment following
inflammation are still poorly understood. In this study, we examined how a 2-month n-3 PUFAs deficiency from pre-puberty to adulthood
could increase vulnerability to the effect of inflammatory event on spatial memory in mice. Mice were given diets balanced or deficient in n-3
PUFAs for a 2-month period starting at post-natal day 21, followed by a peripheral administration of lipopolysaccharide (LPS),
a bacterial endotoxin, at adulthood. We first showed that spatial memory performance was altered after LPS challenge only in n-3
PUFA-deficient mice that displayed lower n-3/n-6 PUFA ratio in the hippocampus. Importantly, long-term depression (LTD), but not long-
term potentiation (LTP) was impaired in the hippocampus of LPS-treated n-3 PUFA-deficient mice. Proinflammatory cytokine levels were
increased in the plasma of both n-3 PUFA-deficient and n-3 PUFA-balanced mice. However, only n-3 PUFA-balanced mice showed
an increase in cytokine expression in the hippocampus in response to LPS. In addition, n-3 PUFA-deficient mice displayed higher
glucocorticoid levels in response to LPS as compared with n-3 PUFA-balanced mice. These results indicate a role for n-3 PUFA imbalance in
the sensitization of the hippocampal synaptic plasticity to inflammatory stimuli, which is likely to contribute to spatial memory impairment.
Neuropsychopharmacology (2015) 40, 2774–2787; doi:10.1038/npp.2015.127; published online 27 May 2015
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INTRODUCTION

Lipids are building blocks of the brain (Bazinet and Laye,
2014), a structure which is highly enriched in polyunsatu-
rated fatty acids (PUFAs) from the n-3 and n-6 families.
The brain contains particularly high amounts of long-
chain PUFAs, docosahexaenoic acid (DHA, 22 : 6 n-3) and
arachidonic acid (AA, 20 : 4 n-6). Mammals cannot synthe-
size de novo their precursors, namely α-linolenic acid (18 : 3
n-3) and linoleic acid (LA, 18 : 2 n-6), respectively, so they
have to be provided through dietary means. Adequate
precursor supplies are necessary to maintain sufficient brain
levels of the long-chain PUFAs, DHA and AA that are crucial
for the normal function of the brain (Bazinet and Laye,
2014). Clinical and epidemiological studies consistently
reported that low levels of dietary or blood content of
long-chain n-3 PUFAs are inversely correlated to cognitive
performance (recently reviewed in (Luchtman and Song,
2013; Joffre et al, 2014). Although in various animal models,

the reduction of brain DHA levels through nutritional n-3
PUFA deficiency has been associated with memory deficits
and neuronal plasticity alteration (Fedorova and Salem, 2006;
Arsenault et al, 2011; Lafourcade et al, 2011; Labrousse et al,
2012; Moranis et al, 2012; Luchtman and Song, 2013; Joffre
et al, 2014), the mechanisms underlying these effects are still
poorly understood.
In addition to their effects on neuronal plasticity, PUFAs

are neuroimmunomodulators and regulate the activity of
brain innate immune cells, so-called ‘microglia’ (Orr and
Bazinet, 2008; Bazan et al, 2011; Lalancette-Hebert et al,
2011; Calder, 2013; Chang et al, 2015). A simplistic view is
that n-3 PUFAs form the basis of lipid derivatives with
anti-inflammatory properties, whereas n-6 PUFAs are the
precursors of proinflammatory mediators, and stimulate the
production and activity of proinflammatory factors such as
cytokines (Farooqui et al, 2007; Orr et al, 2013; Serhan et al,
2014). As a result, we have previously demonstrated that low
dietary intake of n-3 PUFAs promotes neuroinflammatory
responses through the regulation of microglial cells activity
and polarization toward a pro-inflammatory phenotype,
whereas n-3 PUFA dietary supplementation is rather anti-
inflammatory (De Smedt-Peyrusse et al, 2008; Mingam et al,
2008; Labrousse et al, 2012; Madore et al, 2014; Delpech et al,
2015a). A dramatic reduction in the dietary supply of n-3
PUFAs could thus contribute to the sensitization of the brain
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immune response to further inflammation, and thus to the
development of spatial memory disorders.
Neuroinflammation is a common early feature of

most peripheral and central diseases and is known to alter
cognition, in particular spatial memory (for review,
(Cunningham and Sanderson, 2008; Yirmiya and Goshen,
2011). Neuroinflammation is characterized by the brain
synthesis and release of pro-inflammatory mediators known
to control neuronal function (Hanisch and Kettenmann,
2007; Cunningham and Sanderson, 2008; Yirmiya and
Goshen, 2011; Pascual et al, 2012; Delpech et al, 2015b).
Pro-inflammatory factors including interleukin-1 beta
(IL-1β), interleukin-6 (IL-6), and tumor necrosis factor
alpha (TNF-α) have been directly linked to impaired
neuronal plasticity in various animal models (Yirmiya and
Goshen, 2011; Delpech et al, 2015b). Several groups now
suggest an inverted U-shape relationship between the hippo-
campal inflammatory state and cognitive functions, whereby
a small increase in the inflammatory state is beneficial,
whereas a larger increase is detrimental to behavioral
and neuronal plasticity (Goshen et al, 2007; Goshen et al,
2009; Yirmiya and Goshen, 2011; Reshef et al, 2014). This
hypothesis was recently corroborated by an elegant study
demonstrating that depletion in microglia (the brain
producer of pro-inflammatory cytokines) induces learning
impairments in multiple learning and memory tasks
(Parkhurst et al, 2013).
Knowing the role of n-3 PUFAs in synaptic plasticity

and neuroinflammatory responses, we hypothesized that low
n-3 PUFAs is a vulnerability factor for the development
of memory impairment in inflammatory situation. Our
objective was then to identify the mechanisms underlying
the vulnerability associated with n-3 PUFA deficiency to
memory impairment in response to an immune challenge.
For this purpose, mice were fed with n-3 PUFA deficient vs
n-3 PUFA-balanced diet for 2 months, starting at weaning.
Adult mice were then injected peripherally with lipopoly-
saccharide (LPS), a potent producer of brain cytokines (Laye
et al, 1994). We assessed spatial memory and hippocampal
neuronal plasticity, blood and brain cytokine production
as they are known to modulate neuronal functions, as well
as glucocorticoid levels, a potent immunosuppressant
(Coutinho and Chapman, 2011). Our results showed that a
LPS challenge altered spatial memory performance only in
n-3 PUFA-deficient mice and this was paralleled by
impairment of long-term synaptic plasticity, namely long-
term depression (LTD), in these animals. We also found that
the brain inflammatory response to LPS challenge was
reduced in n-3 PUFA-deficient animals compared with
n-3 PUFA-balanced mice while blood concentrations of
inflammatory factors were similar in both groups. Finally,
glucocorticoid levels were significantly higher in the blood of
n-3 PUFA-deficient mice after LPS treatment.

MATERIALS AND METHODS

Animals

All experiments were performed according to criteria of the
European Communities Council Directive (50120103-A).
Behavioral, electrophysiological, and biochemical experi-
ments were performed on C57Bl6/J male mice obtained

from Charles River (Arbresle, France). Mice were maintained
under standard housing conditions on corncob litter in a
temperature (23± 1 °C)- and humidity (40%)-controlled
animal room with a 12-h light/dark cycle (0700–1900 h),
with ad libitum access to food and water. All tests were
conducted during the light period.

Diets

Dams were kept on a standard diet (A04, 3.1% lipids, SAFE,
Augy, France) until the age of 3 weeks. At post-natal day 21,
pups were fed with a diet containing 5% of an lipid mixture
rich in rapeseed oil (rich in α-linolenic acid, 18 : 3n-3;
‘n-3 PUFA-balanced diet’) or 5% fat in the form of sunflower
oil (rich in LA, 18 : 2n-6; ‘n-3 PUFA-deficient diet’) for
2 months until the end of the experiments (Mingam et al,
2008; Lafourcade et al, 2011; Moranis et al, 2012). Pellets
were prepared by UPAE-INRA (Jouy-en-Josas, France)
and stored at 4 °C. Fatty acid composition was regularly
controlled via gas chromatography analyses of organic
extracts from manufactured food pellets as previously
described (Lafourcade et al, 2011; Larrieu et al, 2014;
Madore et al, 2014).

Treatments

To induce an inflammatory reaction, a dose of 125 μg/kg of
LPS (Escherichia coli, 0127:B8, Sigma-Aldrich, Lyon, France),
diluted in saline (NaCl 0.9%) was intraperitoneally injected
between 9 and 11am. LPS is a component of the cell wall
of Gram-negative bacteria and represents a useful model for
investigating changes that accompany brain inflammation
such as spatial memory impairment (Laye et al, 1994;
Mingam et al, 2008; Delpech et al, 2015a). Control mice
received an injection of saline solution (0.9%). Food
consumption (assessed by weighing the pellets) and body
weight were monitored 24 h after LPS injection as a marker
of sickness (Laye et al, 2000). For qPCR experiments, Bioplex
assays, and corticosterone measurements, mice were quickly
anesthetized by isoflurane inhalation and killed by decapita-
tion 2, 6, 12, or 24 h after treatment. For lipid measurements,
electrophysiological studies, and spine counting, mice were
quickly anesthetized by isoflurane and killed by decapitation
24 h after treatment. Twenty-four hours after the treatment,
mice have recovered from the sickness symptoms and
present a normal locomotor activity, allowing us to
investigate their spatial memory abilities (Delpech et al,
2015a).

Analysis of Fatty Acid Contents

Fatty acids from the hippocampus were analyzed as pre-
viously described (Labrousse et al, 2012; Madore et al, 2014;
Delpech et al, 2015a). Fatty acid composition is expressed as
the percentage of total fatty acids.

Plasma Cytokine Assay

Cytokine assays were performed as previously described
(Moranis et al, 2012). The limit of detection was 1.1 pg/ml
for IL-6, 2.3 pg/ml for TNF-α, 5.4 pg/ml for IL-1β, and
2 pg/ml for IL-10. Briefly, samples diluted 1/2 were added to

Omega-3 deficiency sensitizes the brain to inflammation
J-C Delpech et al

2775

Neuropsychopharmacology



a 96-well microtiter plate (25 μl/well) coated with beads
(Millipore, France), covered with aluminum foil and
incubated overnight on a shaker at 4 °C in the dark. After
removal of sample using a magnet, beads were incubated
with detection antibodies for 1 h at room temperature while
shaking, followed by streptavidin-PE for 30 min. The beads
were then resuspended in 150 μl Sheath Fluid and analyzed
using the BioPlex 200 system (Bio-Rad, France). The reader
was set to read a minimum of 50 beads with an identical
fluorescence expressed as the median fluorescence intensity.
Median fluorescence intensity readings were converted
to pg/ml using calibration curves prepared with cytokine
standards included in the kit. Results were expressed in
pg/ml.

Quantitative Real-Time PCR

Total RNA was extracted from whole hippocampi using
TRIzol (Invitrogen, Life TechnologiesTM). RNA purity and
concentration were determined using a Nanodrop spectro-
photometer (Nanodrop technologies, Wilmington, DE). One
microgram of RNA was reverse-transcribed to synthesize
cDNA using Superscript III (Invitrogen, Life Technolo-
giesTM) and random hexamers according to the manufac-
turer’s protocol (Labrousse et al, 2012; Madore et al, 2013;
Madore et al, 2014; Delpech et al, 2015a). Quantitative
PCR was performed to measure cytokine expression using
the Applied Biosystems (California, USA) assay-on-demand
gene expression protocol as previously described (Mingam
et al, 2008; Delpech et al, 2015a). In brief, cDNA was
amplified by real-time PCR where a target cDNA and a
reference cDNA (β2-microglobulin) were amplified simulta-
neously using an oligonucleotide probe with a 5′ fluorescent
reporter dye (6-FAM) and a 3′ quencher dye (NFQ).
Fluorescence was determined on an ABI PRISM 7500-
sequence detection system (Applied Biosystems, California,
USA). Data were analyzed using the comparative threshold
cycle (Ct) method, results are expressed as relative fold
change (Mingam et al, 2008; Madore et al, 2013; Madore
et al, 2014; Delpech et al, 2015a) to control target mRNA
expression.

Plasmatic Corticosterone Analysis

Trunk blood collection in ethylenediaminetetraacetic acid-
lined tubes was performed during diurnal rise period,
previously determined to occur 60 min before lights off.
Corticosterone was measured with an in-house radio
immunoassay in the plasma as previously described
(Richard et al, 2010; Larrieu et al, 2014). Briefly, after steroid
extraction with absolute ethanol, total corticosterone was
measured by competition between cold corticosterone (B)
and 3H-B (B*) by a specific anticorticosterone anti-
body provided by Dr H. Vaudry (University of Rouen,
France).

Spine Counting

Morphological analyses were conducted 24 h after LPS or
saline treatment. Brains were quickly removed, washed in
phosphate-buffered saline and processed for staining of
individual neurons following the manufacturer’s instructions

for the rapid Golgi kit (FD Neurotech, Columbia, MD, USA).
Golgi-stained brain slices of 100 μm containing the dorsal
hippocampus were used for morphological analysis. Images
were acquired by a trained experimenter blind to the
conditions using motorized Leica DM5000 microscope at a
× 63 magnification. The images were acquired using a CCD
Coolsnap camera and Metamorph software.
For analysis, we randomly selected pyramidal neurons

from the CA1 region of the dorsal hippocampus that
were fully penetrated by the Golgi coloration and clearly
distinguishable from other neurons. Neuron reconstruction
was performed using the Fiji software (Schindelin et al,
2012). Between three and five neurons were selected from
each animal. Spine density in these neurons was determined
by counting the number of spines on at least three basal and
three apical dendritic segments of 10 μm in length. Segments
from dendrites situated as far from the cell body as possible,
with no overlap with other dendrites were randomly selected.
Primary dendrites were never used for analysis as their
thickness hampers detection of spines. Spine density was
calculated per 10 μm and averaged across the different
segments in the same neuron.

Electrophysiological Recordings

Coronal hippocampal slices (350 μm) were prepared from
adult mice fed with n-3 PUFA-balanced diet or n-3 PUFA-
deficient diet, 24 h after saline or LPS injection. Slices
were prepared with a vibrating blade microtome (VT1000S,
Leica Microsystems, Nussloch, Germany) in an oxygenated
artificial cerebrospinal fluid (ACSF) containing (in mM): 23
NaHCO3, 87 NaCl, 75 Sucrose, 25 Glucose, 4 MgCl2, 2.5 KCl,
0.5 CaCl2, 1.25 NaH2PO4. Slices were stored at room
temperature and recordings were started after at least 1 h
of rest. ACSF solution for storage contained (in mM): 23
NaHCO3, 130 NaCl, 11 Glucose, 2.4 MgCl2, 2.5 KCl, 1.2
CaCl2, 1.2 NaH2PO4.ACSF solution for recordings contained
(in nM): 23 NaHCO3, 130 NaCl, 11 Glucose, 1.2 MgCl2, 2.5
KCl, 2.4 CaCl2, 1.2 NaH2PO4. Extracellular field excitatory
post-synaptic potentials (fEPSPs) were evoked by stimulation
(150 μs, 0.1 Hz) of the Schaeffer collateral pathway afferents
(bipolar concentric electrode, Phymep, Paris, France and
stimulator A365, WPI, Sarasota FL, USA) and recorded in
the CA1 stratum radiatum with borosilicate glass pipettes of
5–10 MΩ resistance filled with recording ACSF. Recordings
were performed at 28 °C using a temperature control system
(TC-344B, Warner Instrument Corporation) and slices were
continuously superfused at 3–4 ml/min with ACSF contain-
ing picrotoxin at a final concentration of DMSO of 0.1%
and of picrotoxin of 100 μM. Signals were amplified using
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale,
CA, USA) controlled with pClamp 10.3 software via a
Digidata 1440 A interface (Molecular Devices). Stable fEPSPs
were recorded for 10 min at 0.1 Hz with a stimulus intensity
of 40–50% of the maximum fEPSP. Low frequency stimula-
tion (LFS) protocol consists in 1 Hz stimulation for 15 min
and high frequency stimulation (HFS) consists in three
stimulation trains at 100 Hz for 1 s with 20 s interval bet-
ween the three stimulation trains. After plasticity protocol,
fEPSPs were recorded for 45 min at 0.1 Hz. For each
experiment, fEPSP amplitudes were measured 10 min before
plasticity protocol (LFS or HFS) and up to 45 min after the
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protocol using Clampfit 10.3. All products for ACSF and
picrotoxin were provided by Sigma (Saint Quentin Fallavier,
France).

Behavioral Test—Y-maze

Spatial memory was assessed in mice fed with an n-3 PUFA-
deficient or -balanced diet, 24 h after saline or LPS treatment.
The Y-maze paradigm was used to assess spatial memory as
previously described (Labrousse et al, 2012; Moranis et al,
2012; Delpech et al, 2015a). Mice were handled and weighed
every day. All tests were conducted in a sound-attenuated
separate experimental room. Behavioral sessions were
recorded with a ceiling-mounted video camera and analyzed
using specific software (Smart software, Bioseb, France). The
apparatus was a Y-shaped maze made of gray plastic. Each
arm was 34-cm long, 8-cm wide and 14-cm high. The floor
of the maze was covered with used litter from the home cages
of all animals and was mixed between sessions to remove
olfactory cues. Visual cues were placed in the testing room
and kept constant during the whole test. In the first trial of
the test, one arm of the Y-maze was closed with a guillotine
door and mice were allowed to visit two arms of the Y-maze
for 5 min. After 30-min inter-trial interval, mice were placed
back in the start arm and allowed free access to the three
arms for 5 min. Start and closed arms were randomly
assigned for each mouse. Data are presented as the time
spent exploring the novel arm during the first 3 min of the
second trial.

Figure 1 LPS treatment induces spatial memory impairment in n-3
PUFA-deficient mice. Spatial memory was assessed in the Y-maze paradigm
for n-3 PUFA-deficient and n-3 PUFA-balanced mice 24 h after saline or
LPS treatment. The graph shows the time spent (in seconds) in the novel or
the familiar arm after a 30-min ITI. Only n-3 PUFA-deficient mice injected
with LPS exhibited a random exploration of the two arms, as a marker of
memory impairment. Data are expressed as mean± SEM (**po0.01). N-3
PUFA-deficient/saline: n= 9, n-3 PUFA-deficient/LPS: n= 10, n-3 PUFA-
balanced/saline n= 10, n-3 PUFA-balanced/LPS n= 8.

Table 1 N-6/n-3 PUFA Ratio Increases in the Hippocampus of n-3 PUFA-Deficient Mice

n-3-deficient diet n-3-balanced diet Statistics

Saline LPS Saline LPS diet effect interaction

Mean SD Mean SD Mean SD Mean SD

Fatty acids

SFA 42.57± 0.57 42.78± 0.30 43.16± 0.28 42.92± 0.33

MUFA 20.20± 0.99 20.58±0.61 19.43± 0.31 19.05± 0.72 **

18 : 2 n-6 0.27± 0.03 0.24± 0.03 0.44± 0.06 0.40± 0.02 ***

18 : 3 n-6 0.01± 0.01 0.02± 0.01 0.02± 0.00 0.02± 0.02

20 : 2 n-6 0.04± 0.01 0.04± 0.01 0.07± 0.00 0.07± 0.01 ***

20 : 3 n-6 0.37± 0.00 0.37± 0.02 0.28± 0.02 0.25± 0.02 ***

20 : 4 n-6 10.46± 0.33 10.17± 0.25 10.96± 0.19 11.06± 0.25 ***

22 : 4 n-6 2.27± 0.15 2.20± 0.04 2.64± 0.05 2.56± 0.07 ***

22 : 5 n-6 0.49± 0.03 0.46± 0.05 1.98± 0.10 2.22± 0.18 *** *

n-6 13.90± 0.50 13.51±0.27 16.39± 0.22 16.58± 0.37 ***

20 : 5 n-3 0.08± 0.04 0.08± 0.01 0.08± 0.02 0.09± 0.02

22 : 5 n-3 0.22± 0.03 0.19± 0.03 0.13± 0.02 0.15± 0.04 ***

22 : 6 n-3 15.20± 1.00 14.67± 0.20 12.57± 0.27 13.31± 0.54 ***

n-3 15.50± 0.97 14.94±0.19 12.78± 0.24 13.54± 0.55 *** *

n-6/n-3 0.90±0.05 0.90±0.01 1.28± 0.02 1.23±0.07 ***

20 : 3 n-9 0.22± 0.03 0.25± 0.03 0.10± 0.01 0.09± 0.01 *** *

PUFA 29.62± 1.20 28.70±0.45 29.28± 0.42 30.21± 0.51 *

Brain fatty acids composition in n-3-balanced diet and n-3-deficient diet mice (% wt of total fatty acids). Only diet effect and interaction were found positive
(***po0.001; **po0.01; *po0.05). No treatment effect was ever observed. n= 4 per group.
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Statistical Analyses

All data are expressed as mean± SEM (unless notified
‘SD’). For the analysis of PUFA level, spine counting, body
weight, and food intake, a two-way ANOVA with diet
(n-3-balanced vs n-3-deficient) and treatment (saline vs LPS)
as factors was performed. For the analysis of cytokine
expression (plasma and brain) and plasma corticosterone
concentration, a two-way ANOVA with diet (n-3-balanced
vs n-3-deficient) and treatment (saline vs LPS) as factors was
performed at each time point. In all cases, when a significant
interaction was reported, ANOVAs were followed by post
hoc Bonferroni test comparisons. For Y-maze analyses, a
three-way ANOVA with treatment and genotype as between-
subjects factors and arm (novel vs familiar) as the within-
subjects factor was performed. Specific comparisons between
novel and familiar arms were assessed by paired Student’s
t-tests. Statistical significance was set at po0.05. For electro-
physiological recordings, fEPSPs were normalized to 10min
baseline prior to plasticity induction. Significance of synaptic
plasticity was tested for each condition using a paired t-test
between normalized baseline value and normalized fEPSP value
at 45min after plasticity induction. To compare plasticity
between n-3 PUFA-balanced and n-3 PUFA-deficient animals,
we used a Mann–Whitney test. To compare time course of
synaptic plasticity for each diet, a two-way ANOVA with time
and treatment (saline vs LPS) as factors was performed and
when a significant interaction was reported, ANOVAs were
followed by post hoc Bonferroni test comparisons.

RESULTS

N-6/n-3 PUFA Ratio Increases in the Hippocampus of
n-3 PUFA-Deficient Mice

We measured n-3 and n-6 PUFA contents in the hippo-
campus of mice fed with an n-3-deficient or n-3-balanced
diet for 2 months, starting at P21 (Table 1). Manipulating
PUFA contents for that period of time was enough to
significantly increase n-6/n-3 ratio in n-3-deficient animals
(two-way ANOVA with diet and treatment as factors; diet
effect: F(1,12)= 243.9, po0.0001) (Table 1 ‘n-6/n-3’). LPS
treatment had no additional effect on this ratio (LPS effect:
F(1,12)= 1.485, p= 0.2465; interaction: F(1,12)= 1.767,
p= 0.2085) (Table 1). Specifically, increase of n-6/n-3 PUFA
ratio was due to both a significant decrease of n-3 PUFAs
(diet effect: F(1,12)= 50.99, po0.0001) and a significant

increase of n-6 PUFAs (diet effect: F(1,12)= 244.1,
po0.0001) (Table 1 ‘n-3’ and ‘n-6’). More precisely, DHA
(22 : 6 n-3) and n-3 docosapentaenoic acid (n-3 DPA, 22 : 5
n-3) levels were significantly decreased in the hippocampus
of n-3-deficient animals (two-way ANOVA with diet and
treatment as factors; DHA: F(1,12)= 45.14, po0.0001; n-3
DPA: F(1,12)= 22.39, p= 0.0005) (Table 1). These changes
were associated with a significant increase in LA (18 : 2 n-6),
AA (20 : 4 n-6) and n-6 DPA (22 : 5 n-6) levels (two-way
ANOVA with diet and treatment as factors; diet effect: LA
F(1,12)= 85.38, po0.0001; AA F(1,12)= 28.04, p= 0.0002;
n-6 DPA F(1,12)= 898.4, po0.0001).
LPS treatment had no effects on n-6 and n-3 PUFA levels

(LPS effect: F(1,12)= 0.3390, p= 0.5712; interaction: F(1,12)=
2.718, p= 0.1252) and composition (LPS effect: DHA
F(1,12)= 0.12, p= 0.74; n-3 DPA F(1,12)= 0.1, p= 0.76; EPA
F(1,12)= 0.16, p= 0.7; LA F(1,12)= 3.39, p= 0.091; AA
F(1,12)= 0.47, p= 0.50; n-6 DPA F(1,12)= 3.65, p= 0.08).
We found a significant interaction between LPS treatment

and diet for n-3 PUFAs and for n-6 DPA (n-3 PUFAs:
interaction: F(1,12)=5.22, p=0.0413; LPS effect: F(1,12)=
0.1395, p=0.7153; n-6 DPA: F(1,12)=6.02, p=0.03; LA
F(1,12)=0.11, p=0.75; AA F(1,12)=2.24, p=0.16): the decrease
in total n-3 PUFAs and the increase in n-6 DPA were higher for
the LPS-treated mice than for the saline-treated mice.

Other fatty acids. We also measured 20 : 3 n-9, total
saturated fatty acid, total PUFA, and total monounsaturated
fatty acid levels in the hippocampus of n-3-deficient animals
compared with n-3-balanced mice. While saturated fatty
acid levels were similar in all groups, monounsaturated fatty
acids and 20 : 3 n-9 levels were significantly decreased
n-3-deficient animals compared with n-3-balanced mice.
(Two-way ANOVA with diet and treatment as factors;
diet effect: 20 : 3 n-9F(1,12)= 179.9, po0.0001; monounsa-
turated fatty acid F(1,12)= 10.75, p= 0.007) (Table 1). Total
PUFA levels were not significantly different between groups
but we found a significant interaction between diet and
treatment (two-way ANOVA with diet and treatment as
factors; interaction: F(1,12)= 6.55, p= 0.025).

Overall, our data showed that decreasing the levels of n-3
PUFAs in the diet for 2 months starting at post-natal day 21
was sufficient to significantly unbalance the hippocampal
n-6/n-3 PUFA ratio, towards more n-6 PUFAs in the form of
LA, AA, and DPA n-6 and less n-3 PUFAs in the form of
DHA and DPA n-3.

Figure 2 LPS treatment impairs LTD in the hippocampus of n-3 PUFA-deficient mice and decreases spine density of hippocampal neurons in both n-3
PUFA-balanced and n-3 PUFA-deficient mice. (a) High frequency stimulation (HFS) of CA1 stratum radiatum layer induced a long-term potentiation (LTP) of
evoked fEPSP recorded in CA1 stratum radiatum layer, in n-3 PUFA-balanced mice injected with either saline (n= 13 slices in 10 mice, white symbols) or LPS
(n= 16 slices in 14 mice, grey symbols), as well as in n-3 PUFA-deficient mice injected with either saline (n= 18 slices in 16 mice, black symbols) or LPS (n= 16
slices in 14 mice, grey symbols). Average time courses of mean fEPSP were normalized to baseline. Low frequency stimulation (LFS) of CA1 stratum radiatum
layer induced a long-term depression (LTD) of evoked fEPSP recorded in CA1 stratum radiatum layer, in n-3 PUFA-balanced mice injected with either saline
(n= 13 slices in 12 mice, white symbols) or LPS (n= 8 slices in 8 mice, grey symbols), as well as in n-3 PUFA-deficient mice injected with saline (n= 7 slices in 7
mice, black symbols). However, LTD was impaired in LPS-treated n-3 PUFA-deficient mice (n= 7 slices in 7 mice, grey symbols). Average time courses of
mean fEPSP were normalized to baseline (*po0.05). Last panel represents fEPSP (as a percentage of the baseline) 45 min after the protocol of stimulation.
Data are expressed as mean± SEM *po0.05, **po0.01, paired t-test between baseline and mean normalized fEPSP 45 min post induction); (b) Left panel:
representative images of Golgi staining from all conditions, scale bar= 10 μm. Right panel: Quantification of the number of spines on dendritic trees of
pyramidal neurons of the hippocampus (CA1 region). Data are presented as the number of spines per 10 μm. The first two graphs show the average number
of spines on the apical and basal dendrites respectively. N-3 PUFA-deficient/saline: n= 3, n-3 PUFA-deficient/LPS: n= 3, n-3 PUFA-balanced/saline n= 3, n-3
PUFA-balanced/LPS n= 5.
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LPS Treatment Induces Spatial Memory Impairment in
n-3 PUFA-Deficient Mice

Because inflammation and nutritional manipulations are
both known to interfere with spatial memory (Yirmiya and
Goshen, 2011; Moranis et al, 2012; Delpech et al, 2015a),
we evaluated spatial memory performances using a Y-maze
test with a 30-min of inter-trial interval in mice fed an

n-3 PUFA-deficient or -balanced diet (Figure 1). A three-way
ANOVA analysis revealed a significant effect of novelty
(F(1,49)= 43.33, po0.0001) and a significant inter-
action between arm, treatment, and diet (F(2,49)= 4.47,
p= 0.017), with no significant effect of diet alone or
treatment alone (diet effect F(2,49)= 0.45, p= 0.64; LPS
effect F(1,49)= 0.18, p= 0.67). Post hoc analysis revealed
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that both n-3 PUFA-balanced and n-3 PUFA-deficient
mice spent more time in the novel arm compared with the
familiar one after saline treatment (po0.01) (Figure 1).
However, only n-3 PUFA-balanced mice significantly
distinguished between the novel and the familiar arm after
LPS treatment (po0.01), while n-3 PUFA-deficient mice
exhibited a random exploration of the two arms (p= 0.72).
Thus, our behavioral data suggested that dietary n-3
deficiency increased vulnerability to LPS-induced spatial
memory impairment.

LPS Treatment Impairs LTD in the Hippocampus of n-3
PUFA-Deficient Mice

To correlate behavioral observations with neuronal activity,
we measured long-term synaptic plasticity using ex vivo
electrophysiology in the CA1 region of the dorsal hippo-
campus known to be involved in spatial memory (Goshen
et al, 2011) (Figure 2a). Basal synaptic excitability was first
assessed by plotting fEPSP amplitude against stimulation
intensity (input/output curves). We could not find any signi-
ficant difference between mice fed either diet (data not
shown). We next investigated paired pulse ratio as a marker
of presynaptic short-term plasticity (Katz and Miledi, 1968).
We evoked paired fEPSP with intervals ranging from 25 to
500 ms and we observed paired pulse facilitation, with
greater amplitude of fEPSP2 compared with fEPSP1. The
ratio fEPSP2/fEPSP1 did not differ between mice fed
with n-3 PUFA-balanced diet or n-3 PUFA-deficient diet,
suggesting no change in release probability (n-3 PUFA-
balanced diet (n= 4) vs n-3 PUFA-deficient diet (n= 12),
respectively, 25 ms: 2.18± 0.54 vs 1.78± 0.12; 50 ms: 2.02 ±
0.43 vs 1.62± 0.06; 100 ms: 1.43± 0.08 vs 1.43± 0.03; 200 ms:
1.22± 0.05 vs 1.17± 0.05; 300 ms: 1.11± 0.02 vs 1.10±
0.03; 500 ms: 1.05± 0.01 vs 1.07± 0.01; p40.05, Mann–
Whitney test).
On each experimental group, we then performed HFS and

LFS protocols to elicit long-term potentiation (LTP) and
LTD, respectively (Figure 2a). In animals under n-3 PUFA-
balanced diet, HFS elicited LTP with a significant increase of
fEPSP amplitude compared with baseline (99.6± 0.2% base-
line vs 131.9± 18.3% 45 min after LTP induction; paired
t-test, p= 0.0327) (Figure 2a). This response was not affected
by LPS treatment 24 h prior to recordings (100.3± 0.5%
baseline vs 115.4± 5.5%; p= 0.0170). In n-3 PUFA-deficient
animals, LTP was also significantly induced by HFS protocol
(99.7± 0.2% baseline vs 138.6± 11.9%; p= 0.0044) and LPS
injection did not alter this effect (99.9± 0.1% baseline vs
126.8± 7.6%; p= 0.0031). It should be noted that LTP
magnitude was the same in both n-3 PUFA-balanced diet
and n-3 PUFA-deficient mice (Mann–Whitney test,
p= 0.3213).
When applying LFS protocol in n-3 PUFA-balanced

animals, we observed a significant decrease of fEPSPs
compared with baseline (99.9± 0.1% baseline vs 87.9±
4.4%; p= 0.0134) that was not affected by LPS injection
(99.9± 0.1% baseline vs 74.8± 6.8%; p= 0.0077). In saline-
treated n-3 PUFA-deficient animals, LFS protocol also
induced a significant LTD (99.9± 0.1% baseline vs 77.8±
6.0%, p= 0.0101) that was not different from LTD in n-3
PUFA-balanced animals (Mann–Whitney test, p= 0.8357).
Remarkably, we observed that LPS treatment 24 h prior to

recordings completely prevented LTD induction in n-3
PUFA-deficient animals following LFS protocol (100.0±
0.1% baseline vs 95.6± 4.6%, p= 0.3750) (Figure 2a).

LPS Treatment Decreases Spine Density in the
Hippocampus of Both n-3 PUFA-Balanced and n-3
PUFA-Deficient Mice

We then quantified dendritic arborization and spine density
on basal and apical arborizations of pyramidal neurons in
the CA1 region of the dorsal hippocampus. No effect of diet
nor treatment was revealed on dendritic arborization (data
not shown). However, a 24-h LPS treatment significantly
decreased the number of spines on both side (basal and
apical) of CA1 neurons (Figure 2b). PUFA dietary interven-
tion had no effect on spine density whatever the arborization
considered (two-way ANOVA with diet and treatment as
factors; treatment effect, apical arborization F(1,10)= 8.3,
p= 0.016; basal arborization F(1,10)= 5.9, p= 0.03; diet effect:
apical arborization F(1,10)= 0.09, p= 0.77; basal arboriza-
tion F(1,10)= 0.07; p= 0.8; interaction: apical arborization
F(1,10)= 0.07, p= 0.8; basal arborization F(1,10)= 0.003;
p= 0.96).

N-3 PUFA Deficiency Alters LPS-Induced Hippocampal
Production of Cytokines

Both cytokines and chemokines produced by the brain in
response to an immune challenge are known to control
neuronal function and memory (Hanisch and Kettenmann,
2007; Yirmiya and Goshen, 2011). Because we found that
spatial memory and LTD were altered in LPS-treated n-3
PUFA-deficient mice only, we thus quantified the hippo-
campal levels of pro-inflammatory cytokines. Our data
showed that LPS induced pro- and anti-inflammatory
cytokine mRNA synthesis in both diet groups. However,
the extent of the induction was significantly lower in the
hippocampus of n-3 PUFA-deficient mice compared
with the n-3 PUFA-balanced group over time (Figure 3a
for LPS/saline ratio and Table 2 for raw data). The effect
was the most obvious 2 h post LPS injection (at 2 h, po0.001
for IL-1β, IL-6 and TNF-α and po0.05 for IL-10; two-way
ANOVA with time and diet/treatment as factors; time
effect, IL-1β F(3,62)= 29.59, po0.0001; IL-6 F(3,64)= 32.60,
po0.0001; TNF-α F(3,66)= 16.72, po0.0001; IL-10 F(3,62)=
24.60, po0.0001; LPS/diet effect: IL-1β F(3,62)= 43.71,
po0.0001; IL-6 F(3,64)= 14.26, po0.0001; TNF-α F(3,66)=
38.52, po0.0001; IL-10 F(3,62)= 12.00, po0.0001; inter-
action: IL-1β F(9,62)= 16.34, po0.0001; IL-6 F(9,64)= 19.09,
po0.0001; TNF-α F(9,66)= 11.02, po0.0001; IL-10 F(9,62)=
8.43, po0.0001).
In addition, like for the cytokines, CXCL10 mRNA

expression was significantly lower in the hippocampus of
n-3 PUFA-deficient mice compared with n-3 PUFA-
balanced mice 2 h post LPS treatment (two-way ANOVA
with time and diet/treatment as factors; at 2 h, n-3
PUFA-deficient vs n-3 PUFA-balanced, po0.001; time effect,
F(3,65)= 31.51, po0.0001; LPS/diet effect: F(3,65)=
14.40, po0.0001; interaction: F(9,65)= 10.56, po0.0001)
(Figure 3b).
We finally measured mRNA levels of GPR84, a lipid

receptor that has been recently identified as microglia-

Omega-3 deficiency sensitizes the brain to inflammation
J-C Delpech et al

2780

Neuropsychopharmacology



specific (Audoy-Remus et al, 2015). While LPS injection
significantly increased GPR 84 mRNA expression, we could
not find any difference between diets 24 h post LPS
(Figure 3c) suggesting that the number of microglia does

not vary in our paradigm (two-way ANOVA with diet and
treatment as factors: diet effect, F(1,15)= 0.002, p= 0.96;
treatment effect: F(1,15)= 13.54, p= 0.0022; interaction:
F(1,15)= 0.06, p= 0.81). These data confirmed our previous

Figure 3 N-3 PUFA deficiency alters LPS-induced hippocampal production of cytokines. (a) Kinetics of expression of IL-1β, IL-6, TNF-α, and IL-10 mRNA
in response to saline or LPS injection (ratio LPS/saline, arbitrary unit). Data are expressed as mean± SEM (n-3 PUFA-deficient vs n-3 PUFA-balanced mice,
*po0.05; ***po0.001). n= 4–6 mice per goup; (b) Kinetics of expression of CXCL10 mRNA in response to saline or LPS injection (ratio LPS/saline, arbitrary
unit). Data are expressed as mean± SEM (n-3 PUFA-deficient vs n-3 PUFA-balanced mice, ***po0.001). n= 4–6 mice per goup. (c) GPR 84 mRNA
expression in the hippocampus 24 h post saline or LPS injection. Data are expressed as mean± SEM (treatment effect, **p= 0.0022). n= 4–5 mice per group.
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results showing that neither dietary n-3 PUFA deficiency nor
transgenic increase in n-3 PUFA modify the number of
microglial cells in the hippocampus (Madore et al, 2014;
Delpech et al, 2015a).

LPS Treatment Similarly Increases Cytokine Release,
But Not Corticosterone in Plasma of Both n-3
PUFA-Balanced and n-3 PUFA-Deficient Mice

The production of brain pro-inflammatory cytokines in
response to an immune challenge relies on the peripheral
synthesis of inflammatory factors by the innate immune
system (Dantzer et al, 2008).
We then analyzed the time course of plasma cytokine

release at 2, 6, 12, and 24 h post LPS treatment (Figure 4).
The pro-inflammatory cytokines IL-1β, IL-6, and TNF-α
as well as the anti-inflammatory cytokine IL-10 were all
significantly increased 2 h post immune challenge indepen-
dently on the diet (po0.001) (Figure 4a). Cytokine plasma
levels followed the same kinetics of expression after LPS or
saline treatment whatever the diet considered (two-way
ANOVA with time and diet/treatment as factors; time effect:
IL-1β F(3,71)= 12.80, po0.0001; IL-6 F(3,74)= 90.12,
po0.0001; TNF-α F(3,80)= 32.90, po0.0001; IL-10
F(3,79)= 23.03, po0.0001; LPS/diet effect: IL-1β F(3,71)=
24.74, po0.0001; IL-6 F(3,74)= 37.95, po0.0001; TNF-α
F(3,80)= 13.98, po0.0001; IL-10 F(3,79)= 16.70, po0.0001;

interaction: IL-1β F(9,71)= 5.643, po0.0001; IL-6 F(9,74)=
31.23, po0.0001; TNF-α F(9,80)= 10.76, po0.0001; IL-10
F(9,79)= 7.367, po0.0001). Only IL-1β at 6 h was
found to be significantly more expressed in LPS-treated
n-3 PUFA-deficient animals compared with LPS-treated
n-3 PUFA-balanced mice (n-3 PUFA-deficient/LPS vs n-3
PUFA-balanced LPS, po0.01). LPS-induced peripheral cyto-
kine production was accompanied by a significant decrease
in the weight of mice at 24 h independently on the diet
(two-way ANOVA with diet and treatment as factors;
diet effect F(1,35)= 0.147, p= 0.7033; LPS effect F(1,35)=
111.12, po0.0001; interaction F(1,35)= 1.237, p= 0.2737).
(Figure 4b). This weight loss was paralleled by a significant
decrease in food intake after LPS injection in both groups
(two-way ANOVA with diet and treatment as factors; diet
effect F(1,35)= 0.132, p= 0.7183; LPS effect F(1,35)= 85.969,
po0.0001; interaction F(1,35)= 3.806, p= 0.0591).
In addition, levels of corticosterone, a well-known

modulator of peripheral and brain cytokine production
(Bellavance and Rivest, 2014), were measured in the blood of
n-3 PUFA-deficient and -balanced mice 2, 6, 12, and 24 h
after saline or LPS treatment (Figure 4c). Corticosterone
levels were the same in saline-treated animals whatever
the diet considered. Only at 6 h post saline injection, we
could detect a slight but significant difference between n-3
PUFA-deficient and n-3 PUFA-balanced animals (po0.05).
In response to LPS injection, corticosterone levels were
significantly higher in the blood of n-3 PUFA-deficient mice
compared with n-3 PUFA-balanced mice (two-way ANOVA
with time and diet/treatment as factors; time effect, F(3,48)=
134.5, po0.0001; diet/treatment effect, F(3,48)= 45.43,
po0.0001; interaction, F(9,48)= 21.38, po0.0001; at 2 h
post LPS injection, n-3 PUFA-deficient/LPS vs n-3 PUFA-
balanced LPS: po0.0001).

DISCUSSION

Overall, our data showed that a 2-month exposure to an n-3
PUFA-deficient diet was sufficient to significantly unbalance
hippocampal n-6/n-3 PUFA ratio, towards more n-6 PUFAs
and less n-3 PUFAs. These changes in hippocampal fatty
acid contents increased vulnerability of these mice to develop
spatial memory alteration in response to LPS. Decreased
spine density in the hippocampus and increased plasma
cytokine production were similar in both n-3 PUFA-
deficient and -balanced mice in response to LPS. On the
opposite, long-term synaptic plasticity, namely LTD,
together with cytokine and chemokine production was
attenuated only in the hippocampus of n-3 PUFA-deficient
mice after LPS treatment. In addition, plasma corticosterone
levels were higher. All together, our results suggested that n-3
deficiency increases the vulnerability of mice to LPS-induced
memory impairment through specific alteration of synaptic
plasticity and cytokines/chemokines production in the
hippocampus.
To evaluate the potentiality of a 2-month diet exposure to

modulate spatial memory and inflammatory processes, we
fed mice with n-3 PUFA-deficient vs -balanced diet for
2 months, starting after the lactation phase, and quantified
hippocampal PUFAs contents. The role of dietary n-3
PUFAs in cognitive function has already been extensively

Table 2 mRNA Expression of Cytokines in the Hippocampus

n-3-deficient diet n-3-balanced diet

Saline LPS Saline LPS

IL-6

2 h 1.11± 0.27 3.17± 1.26 1.02± 0.09 12.58± 2.23 ###

6 h 1.02± 0.06 0.92± 0.08 1.00± 0.04 0.91± 0.07

12 h 1.04± 0.17 0.90± 0.09 1.01± 0.08 0.70± 0.17

24 h 0.84± 0.05 0.15± 0.02 1.02± 0.09 0.20± 0.03

IL-1β
2 h 1.66± 0.74 11.21± 5.20 1.06± 0.19 36.29± 4.81 ###

6 h 0.89± 0.17 7.12± 0.44 1.08± 0.22 6.23± 0.43

12 h 0.66± 0.06 4.61± 1.09 1.04± 0.15 4.52± 0.27

24 h 1.12± 0.15 3.73± 0.23 1.03± 0.13 5.35± 1.25

TNF-α
2 h 1.20± 0.22 6.38± 2.27 1.01± 0.07 19.06± 3.07 ###

6 h 0.95± 0.11 4.65± 0.34 1.09± 0.20 5.00± 0.42

12 h 0.75± 0.12 5.46± 1.46 1.04± 0.13 4.10± 0.52

24 h 0.97± 0.15 1.98± 0.34 1.00± 0.05 3.74± 0.83

IL-10

2 h 1.41± 0.81 7.87± 3.15 1.37± 0.52 14.23± 2.35 ###

6 h 0.69± 0.13 1.18± 0.15 1.08± 0.16 1.60± 0.52

12 h 0.57± 0.11 1.74± 0.46 1.23± 0.43 0.70± 0.25

24 h 1.62± 0.47 3.41± 0.73 1.01± 0.06 2.98± 1.06

Although LPS treatment significantly induced cytokines production in both diet
groups, only statistics for ‘n-3-deficient LPS vs n-3-balanced LPS’ appear in the
table for clarity sake, see #.
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Figure 4 LPS treatment similarly induces sickness behavior and cytokine release, but not corticosterone, in the plasma of n-3 PUFA balanced and n-3
PUFA-deficient mice. (a) Plasma concentration of the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α and the anti-inflammatory cytokine IL-10 in response
to saline or LPS injection (in pg/ml). Measures were performed 2, 6, 12, and 24 h post treatment. Data are expressed as mean± SEM. * n-3 PUFA-balanced/
saline vs n-3 PUFA-balanced/LPS; $ n-3 PUFA-deficient/saline vs n-3 PUFA-deficient/LPS, # n-3 PUFA-deficient/LPS vs n-3 PUFA-balanced/LPS (*,#po0.05;
$$,##po0.01; ***,$$$, ###po0.001). n= 5–6 mice per group; (b) Weight loss and food intake of mice fed an n-3 PUFA-deficient or n-3 PUFA-balanced diet
24 h after saline or LPS treatment. All mice developed a sickness behavior of same amplitude in response to LPS injection. Data are expressed as mean± SEM
(***po0.001). n= 6 per group; (c) Left panel: Plasma concentration of corticosterone in response to saline or LPS in n-3 PUFA-deficient and n-3 PUFA-
balanced animals (hormonal concentration expressed as ng/ml). Measures were performed 2, 6, 12, and 24 h post treatment. Data are expressed as
mean± SEM. * n-3 PUFA-balanced/saline vs n-3 PUFA-balanced/LPS; $ n-3 PUFA-deficient/saline vs n-3 PUFA-deficient/LPS, # n-3 PUFA-deficient/LPS vs n-3
PUFA-balanced LPS, £ n-3 PUFA-deficient/saline vs n-3 PUFA-balanced/saline (£po0.05; ***,$$$, ###po0.001); Right panel: LPS/saline ratio of corticosterone
concentration (***po0.001). n= 5 mice per group.
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studied either during the perinatal period (the most sensitive
period in terms of brain development and lipid accretion), or
in aging (a period of high vulnerability for cognitive decline
and dementia) (Luchtman and Song, 2013; Joffre et al, 2014).
In most of animal models, brain n-3 PUFA deficiency is
induced by feeding an n-3 PUFA-deficient diet throughout
life for two to three generations (Gamoh et al, 1999;
Moriguchi et al, 2000; Moriguchi and Salem, 2003; Su,
2010; Orr et al, 2013), and only few studies dealt with the
effect of a 2-month exposure to low n-3 PUFA on cognition
at adulthood (Joffre et al, 2014). Moreover, only few studies
reported the brain contents in PUFAs in their experimental
context making difficult the comparison with our results.
The present data showed that a 2-month exposure to these
diets over one single generation is sufficient to significantly
modulate brain lipids. More specifically, in accordance with
a previous report, DHA levels were significantly decreased in
n-3 PUFA-deficient animals compared with n-3 PUFA-
balanced mice, while we found an increase in n-6 PUFA
contents, especially of DPA n-6 and AA (Lalancette-Hebert
et al, 2011).
Many studies indicate that hippocampal n-3 PUFA levels

modulate cognitive performances (Joffre et al, 2014). We and
others have previously shown that increased brain content
of DPA n-6, together with reduced brain DHA content, is
associated with behavioral impairment in adult rodents fed
with diet deprived of n-3 PUFAs (Lim et al, 2005a; Mingam
et al, 2008; Lafourcade et al, 2011; Igarashi et al, 2012;
Larrieu et al, 2012; Moranis et al, 2012; Larrieu et al, 2014).
Of note, in all these studies, n-3 PUFA deficiency started
early in life, covering the in utero and lactation period. In the
present work, mice were fed with a deficient diet starting at
weaning for 2 months and did not display spatial memory
impairment as measured in the Y-maze test at adulthood.
Although in both experimental paradigms, we could always
find the same fatty acids varying the same way, the
amplitude of such modifications is different, especially for
DHA (50% decrease when diet starts on the first day of
gestation vs 20% in the present study) and DPA n-6
(sevenfold increase when diet starts on the first day of
gestation vs fourfold increase in the present study) (Mingam
et al, 2008; Lafourcade et al, 2011; Moranis et al, 2012). More
studies are thus needed to understand how different lipid
proportions lead to different behavioral outcomes.
The positive impact of n-3 PUFAs on cognition was not

correlated to fine modifications of hippocampal neuron
morphology. Indeed, PUFA dietary modulations had no
effect on spine density on both basal and apical arborization.
Our data are the first to evaluate the impact of a 2-month
exposure to n-3 PUFA-deficient diet from pre-puberty to
adulthood on neuronal architecture at adulthood. Here, we
point out that the period of exposure to n-3 PUFAs might
be critical as a previous work showed that DHA depletion
in fetal hippocampi from E2 to E16 resulted in decrease
in the number of synapses (Cao et al, 2009). Additionally,
experiments performed in vitro on hippocampal neurons in
culture showed that application of 1 μM of DHA increased
significantly the total number of synapses compared with
control cultures (Kim et al, 2011). This confirmed previous
results from Cao et al. (2009) showing that 10 days of in vitro
supplementation with DHA at 1 μM significantly promotes
synaptogenesis. It would thus be very interesting to quantify

the number of spines on hippocampal neurons in animals
under n-3 PUFA deficiency since the first day of gestation.
On the basis of the literature, one might expect a decrease in
spine density in n-3 PUFA-deficient animals compared with
controls.
Although the diet had no effect, LPS treatment, however,

significantly decreased the number of spines in both n-3
PUFA-deficient and -balanced groups. A previous report
already showed that spines were less stable in intraperitone-
ally LPS-treated mice. This was due to enhanced spine
turnover so that over 8 weeks after a single LPS injection, the
fraction of eliminated spines amounted to 20% of the initial
population and this persistent destabilization resulted in a
reduction of the total spine density (Kondo et al, 2011).
However, when looking earlier, at 48 h after the injection,
they could not find any difference in spine density (Kondo
et al, 2011). Although LPS effects might be exacerbated by
the nutritional context and/or the structure considered
(cortex vs hippocampus), we here confirmed that a
peripheral immune stimulation has an effect on spine
density and highlight that n-3 PUFA deficiency does not
exacerbate this effect.
Because brain inflammation and nutritional manipulations

are both known to interfere with spatial memory
(Cunningham and Sanderson, 2008; Su, 2010; Yirmiya and
Goshen, 2011; Luchtman and Song, 2013), we evaluated
spatial memory performances using a Y-maze test in mice
fed an n-3 PUFA-deficient or n-3 PUFA-balanced diet.
Our behavioral data demonstrated that n-3 PUFA-deficient
mice were more vulnerable to LPS-induced spatial memory
impairment than n-3 PUFA-balanced mice. This is in
agreement with our previous studies showing that Fat-1
mice that exhibit lower n-6/n-3 PUFA ratio compared with
their wild-type littermates are protected from LPS-induced
spatial memory deficits (Delpech et al, 2015a). Thus, the
increase of hippocampal n-6/n-3 PUFA ratio sensitizes the
mice to the deleterious effect of LPS on memory. Interest-
ingly, in a separate set of studies, we also showed that LPS
induced alterations in hippocampal synaptic plasticity,
namely LTD, whereas LTP was not affected. Recently, it
has been proposed that LTD could increase the signal-to-
noise ratio of a memory trace (Nicholls et al, 2008). Nicholls
et al. (2008) showed that LTD could weaken previous
memory traces, thereby preventing those traces from
interfering with newly encoded information when the
demands of a task change as it is the case in a working
memory experiment (Malleret et al, 2010). The persistence of
LTD may allow acquisition of new information by restricting
the body of previously stored information and suppressing
interference (Malleret et al, 2010). Thus, LPS-induced
inhibition of LTD in n-3 PUFA-deficient animals might be
the electrophysiological basis for working memory impair-
ment in the Y-maze. The molecular mechanisms underlying
LPS-induced LTD impairment in n-3-deficient mice remain
to be determined. One interesting molecular pathway is CR3
(for Complement Receptor 3) protein expressed by microglia
as it has been recently demonstrated that this receptor
triggers LTD in surrounding hippocampal neurons in
response to LPS (Zhang et al, 2014). As n-3 PUFA deficiency
influences microglia phenotype (Madore et al, 2014; Delpech
et al, 2015a) and CR3 is involved in microglia priming
(Ramaglia et al, 2012) and synaptic plasticity (Brennan et al,
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2012), the complement/CR3 could be a molecular inter-
mediary of n-3 PUFA sensitization to LPS-induced synaptic
activity impairment. It would then be very interesting to
evaluate CR3 expression and activation under nutritional n-3
PUFA manipulation.
Animals fed an n-3 PUFA-deficient diet developed

sickness behavior and cytokine release to the same extent
as controls in response to LPS administration. However,
the brain cytokine production was less activated in their
hippocampus though still significantly increased, suggesting
an uncoupling inflammatory response in n-3-deficient mice
to LPS. This is in agreement with our previous study showing
an uncoupling of peripheral and central inflammatory events
in n-3-deficient mice (Mingam et al, 2008). Mingam et al.
(2008) demonstrated that LPS-induced IL-6 expression was
not impaired but its signaling pathway (namely STAT3) was
not activated in the brain of n-3 PUFA deficient mice given
from gestation to 8 weeks of age. The mechanisms under-
lying the dichotomy between peripheral and central inflam-
matory responses under n-3 PUFA deficiency still need to be
addressed thoroughly. However, corticosterone could be
involved as this hormone, which is well known to regulate
cytokine production both at the periphery and in the brain is
chronically released in n-3 PUFA mice (Larrieu et al, 2014)
and overproduced in response to LPS as shown here. A
deeper evaluation of HPA axis activity is required to firmly
conclude on this point. In addition, despite n-6 DPA does
not completely replace DHA in n-3 PUFA-deficient animals
(Greiner et al, 2003), its increase could be involved in the
lower proinflammatory cytokine production in the brain of
n-3 PUFA-deficient mice. Indeed, it was shown that n-6
DPA reduces inflammatory mediators in human peripheral
mononuclear cells in vitro (Dangi et al, 2009; Nauroth et al,
2010). Moreover, n-6 DPA can be the precursor for resolvins,
involved in dampening and resolution of inflammation in
macrophages (Lim et al, 2005b; Chiu et al, 2012). Further
investigations are needed to decipher whether corticosterone
or n-6 DPA participates to the blunting of central
inflammatory response after LPS injection. One puzzling
question anyway is that the attenuated brain cytokine
production did not protect from the adverse effect of LPS
in n-3 PUFA-deficient mice, further reinforcing the idea that
nutritional n-3 PUFAs are key components of brain response
to inflammation. We and others already published that ATP,
another inflammatory mediator, was more potent to induce
behavioral deficits under neuroinflammation than cytokines
themselves (Pascual et al, 2012; Delpech et al, 2015b).
Finally, we cannot exclude that the observed effects may be

specific to adolescent period as animals were deprived from
post-natal day 21 for 2 months. Indeed, a recent study
demonstrated that modulating n-3 PUFA levels throughout
development (both pre- and post-weaning) may increase
resiliency to emotional stressors and decrease susceptibility
to mood disorders that commonly arise during adolescence
(Weiser et al, 2015). Another study also reported a
nutritional contribution to optimal cognitive and affective
functioning in adolescents. More specifically, n-3 PUFA
deficiency disrupts adolescent behaviors through enhanced
dorsal striatal dopamine availability (Bondi et al, 2014).
Finally, in adolescents, dietary n-3 PUFA deficiency across
consecutive generations produced a modality-selective and
task-dependent impairment in cognitive and motivated

behavior distinct from the deficits observed in adults (Rao
et al, 2007).
In conclusion, the present study looked at the role of

PUFAs on the effect of an immune challenge on both
inflammatory response and neuronal activity using a model
of post-developmental n-3 PUFA deficiency. Our results
indicated that a greater hippocampal n-6/n-3 PUFA ratio
was associated with LPS-induced cognitive alterations that
were likely to rely on synaptic plasticity deficits suggesting
that a 2-month exposure to n-3 PUFA dietary deficiency
greatly sensitizes the brain to adverse immune stimuli. The
results of this study not only provide insight into how lipids
can influence immune response but also suggest a role for
n-3 PUFAs in the prevention of spatial memory deficit
linked to inflammation.
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