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ORIGINAL ARTICLE

Nutritional omega-3 modulates neuronal morphology in the
prefrontal cortex along with depression-related behaviour
through corticosterone secretion
T Larrieu1,2, LM Hilal3,4, C Fourrier1,2, V De Smedt-Peyrusse1,2, Sans N3,4, L Capuron1,2 and S Layé1,2
Understanding how malnutrition contributes to depression is building momentum. In the present study we unravel molecular and
cellular mechanisms by which nutritional disturbances lead to impaired emotional behaviour in mice. Here we report that
nutritional n-3 polyunsaturated fatty acids (PUFA) deﬁciency induces a chronic stress state reﬂected by disrupted glucocorticoid
receptor (GR)-mediated signalling pathway along with hypothalamic–pituitary–adrenal (HPA) axis hyperactivity. This hyperactivity
in turn resulted in neuronal atrophy in the dorsolateral (dl)- and dorsomedial (dm)- prefrontal cortex (PFC) and subsequent moodrelated behaviour alterations, similarly to chronic social defeat stress. Supplementation of n-3 PUFA prevented detrimental chronic
social defeat stress-induced emotional and neuronal impairments by impeding HPA axis hyperactivity. These results indicate a role
for dietary n-3 PUFA in the prevention of HPA axis dysfunction associated with the development of some neuropsychiatric disorders
including depression.
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INTRODUCTION
Compared with other organs, the brain is highly enriched in longchain polyunsaturated fatty acid (PUFA) including arachidonic acid
(20:4n − 6) and docosahexaenoic acid (DHA, 22:6n − 3) that are
crucial to its normal development and function. In mammals,
arachidonic acid and DHA are converted from their precursors,
linoleic acid (LA, 18:2n − 6) and α-linolenic acid (ALA, 18:3n − 3),
respectively.1 LA and ALA are not synthesised de novo by
mammals and are solely provided through diet to maintain
sufﬁcient brain levels of long-chain PUFAs. A compelling body of
evidence suggests that anxiety and depressive disorders are
linked to dietary lipids, especially the n-3 PUFAs.2–4 Numerous
clinical studies revealed that subjects with depressive symptoms
and with social anxiety disorders display signiﬁcant lower levels of
n-3 PUFAs and higher ratio of n-6 to n-3 PUFAs in the blood and in
the brain.2–4 Supporting clinical observations, epidemiological
lines of evidence have linked nutritional n-3 PUFA deﬁciency
observed in industrialised countries5,6 and the prevalence of
mood disorders.7 In animal models, it has been shown that
transient or maternal n-3 PUFA-deﬁcient diet induces depressiveand anxiety-like symptoms8–10 as well as abnormal social
behaviour11 in adult offspring. However, mechanisms underlying
the effects of n-3 PUFA-deﬁcient diet on emotional behaviour
remain largely unknown. Interestingly, similar behavioural impairments occur in mice after exposure to chronic social defeat stress,
a well-characterised preclinical model of anxiety and
depression.12–14 Mechanisms of chronic stress-induced emotional
behaviour deﬁcits involve retraction of the apical dendritic tree
pyramidal neurons in several brain regions such as the prefrontal
cortex (PFC) and the hippocampus.15–18 Moreover, the

hypothalamic–pituitary–adrenal (HPA) axis is directly involved in
inducing anxiety- and depressive-like behaviour after chronic
social defeat stress as shown by the enhancement in behavioural
resiliency in mice adrenalectomised before social defeat.19 This led
us to an intriguing question regarding whether dietary n-3 PUFA
deﬁciency-induced emotional impairments are due to HPA axis
hyperactivity that induces neuronal atrophy in the PFC, similarly to
chronic social defeat stress.
To answer this question, we ﬁrst compared the effects of dietary
n-3 PUFA deﬁciency to those of social defeat stress on emotional
behaviour, morphology of PFC pyramidal neurons and HPA axis
function in C57BL6/J mice. We then tested whether HPA axis
malfunction is responsible for anxiety- and depressive-like
behaviours observed in n-3-deﬁcient mice by clamping HPA axis
output through adrenalectomy. Finally, we tested the hypothesis
that dietary n-3 PUFA-supplementation can preclude the occurrence of depression-like behaviour induced by chronic social
defeat stress by impeding HPA axis hyperactivity. This part directly
addresses the existing controversy regarding the beneﬁts of a
nutritional intervention in treating/preventing mood disorders.
MATERIALS AND METHODS
Animals
All experiments were performed according to criteria of the European
Communities Council Directive (50120103-A). Behavioural and biochemical
experiments were performed on C57Bl6/J mice obtained from Charles
River (Arbresle, France). Mice were maintained under standard housing
conditions on corn cob litter in a temperature- (23 ± 1 °C) and humidity
(40%) -controlled animal room with a 12-h light/dark cycle (0700–
1900 hours), with ad libitum access to food and water. Retired CD1
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breeders used as the aggressors in the social defeat experiments were
obtained from Charles River. All tests were conducted during the light
period. C57BL6/J male mice were housed two per cage and maintained in
a temperature- and humidity-controlled facility on a 12-h light dark cycle
with food and water ad libitum. Mice were 3- to 4-month-old when the
behavioural and biochemical analysis were conducted.

Diets
C57Bl6/J mice were given water and isocaloric experimental diets ad
libitum (pellets prepared by UPAE-INRA, Jouy-en-Josas, France replaced
daily) as previously described.11,20,21 Pellets were stored at +4 °C, and fatty
acid composition was regularly controlled via gas chromatography
analyses of organic extracts from manufactured food pellets. Nutritional
n-3 PUFA-deﬁciency experiments: after mating, C57BL6/J females were fed
throughout gestation and lactation with a diet containing 6% of rapeseed
oil (rich in α-linolenic acid, 18:3n-3; the control diet) or 6% fat in the form of
sunﬂower oil (rich in LA, 18:2n-6; the n-3-deﬁcient diet). After weaning,
male offsprings were fed with the same diet as their dam until the end of
the experiments. Nutritional n-3 PUFA-supplementation experiment:
C57BL6/J mice dams and their offsprings were kept on a standard diet
(A04, 3.1% lipids, SAFE, Augy, France) until weaning of the pups. At the age
of 3 weeks, male mice were assigned to the control diet or to a n-3
isocaloric supplemented diet containing 6% of tuna oil (rich in
eicosapentaenoic acid 20:5n-3 and docosahexaenoic acid 22:6n-3, the
n-3 supplemented diet) until they are 3-month-old (Supplementary Tables
S1 and S2). This period of time was chosen on the basis of previous studies,
showing that a 2-month supplementation with a diet enriched in tuna oil
increases DHA levels in the brain.21

Chronic social defeat stress
Social defeat was performed as previously described.12 Brieﬂy, intruder
mice (control diet, n-3-deﬁcient and n-3-supplemented) were exposed
individually to an aggressive CD1 mouse for 5 min per day, during which
they were attacked and displayed subordinate posturing. Each episode of
stress was followed by 3 h of protected sensory contact with their
aggressor. Mice were exposed to a different aggressor each day for 10 days
in order to prevent any habituation to the resident aggressor. Undefeated
mice were placed in pairs within a home cage set-up identical to that of
the defeated mice, with one undefeated mice per side separated by a
perforated Plexiglas divider for the duration of each sensory contact
session. Twenty-four hours after the last episode of social defeat, we
conducted social exploration test consisting of two consecutive sessions of
5 min. During the ﬁrst session, the open ﬁeld contained an empty wire
mesh in the corner of the ﬁeld. During the second session, a social target
animal (unfamiliar CD1 male mouse) was introduced into the cage and
active investigatory behaviour was recorded to assess social interaction.
Forty-eight hours after the last session of stress, open-ﬁeld test was
performed to assess anxiety-like behaviour. The same animals were used
for plasmatic corticosterone levels as well as morphological analyses. Basal
condition groups are indicated as ‘undefeated’ and social defeat condition
groups as ‘defeated’. To avoid maximum suffering, social defeat was
carried out with the minimum number of animals.

Behavioural testing
For social exploration measurement, mice were transferred to a new cage
(40 × 40 cm). A social exploration session comprised 5 min without target
followed by 5-min exposure of an unfamiliar adult CD1 male enclosed in a
wire mesh placed in the corner of the ﬁeld. Number of active investigatory
behaviour (mainly snifﬁng the anogenital region, mouth, ears, trunk and
tail) was manually counted by an experimenter blind to the conditions.
Open-ﬁeld test was performed as previously published.20 Each animal
was transferred to the open-ﬁeld apparatus (40 × 40 cm) and was allowed
to freely explore for 10 min the open ﬁeld. A video tracking system (Smart,
Panlab, Barcelona, Spain) recorded the exact track of each mouse as well as
total distance travelled (cm) and time spent in the inner region (%).
For the forced swimming test, each mouse was individually placed into a
dark-grey polyvinylchloride cylinder (15 cm in diameter, 30 cm high) half
ﬁlled with water (25 ± 1 °C), so that it would neither reach the base nor the
edge of the cylinder. The water was changed between subjects. The
amount of swimming during the 6-min test was used as an index of
despair-like behaviour. Videotaped behaviours of mice in the forced
swimming test were scored by using a time sampling technique to rate the
predominant behaviour over a 10-s interval.20 An animal was considered to
Translational Psychiatry (2014), 1 – 9

be immobile when it made only minimal movements to keep its head
above water.

Pharmacological experiments
To examine the role of endogenous corticosterone in the behavioural,
morphological and biochemical changes measured in n-3-deﬁcient mice,
corticosterone deﬁciency was created by adrenalectomy and low
corticosterone replacement or metyrapone pretreatment.
Surgery and chronic low corticosterone replacement. For corticosterone
replacement experiment, bilateral adrenalectomy (Adx) was performed
under isoﬂurane anaesthesia on 8-week-old control and n-3-deﬁcient mice
(n = 6–8 mice per group). Sham-operated animals were subjected to
anesthesia and bilateral laparotomy. Immediately after the surgery,
adrenalectomised mice received corticosterone (25 μg ml − 1 in 0.9% saline
and 2% absolute ethanol) through drinking water for 4 weeks. This
intervention has previously been used to both lower and normalise
corticosterone levels as well as to mimic the normal circadian pattern of
corticosterone secretion.19,22,23 Emotional behaviour, neuronal dendritic
arborisation within the PFC as well as plasma corticosterone levels were
then analysed as described above.
Metyrapone treatment. Metyrapone (Enzo Life Sciences, Villeurbanne,
France) is a corticosterone synthesis inhibitor24 that incompletely blocks
glucocorticoid synthesis. It was administered as an acute treatment to
avoid HPA axis adaptation to the drug over the course of a chronic
treatment. N-3-deﬁcient mice received a single intraperitoneal injection of
drug dissolved in saline (0.9% NaCI, 75 mg per kg; 0.1 mI per 10 g) or 0.9%
NaCl in control condition, 90 min before the forced swimming test, which
is known to be sensitive to acute treatment.

Plasmatic corticosterone analysis
Trunk blood collection in ethylenediaminetetraacetic acid-lined tubes
(EDTA) was performed during diurnal rise period, previously determined to
occur 60 min before lights off.25 Corticosterone was measured with an inhouse radioimmunosorbent assay in the plasma as previously described.25
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 antibody provided by Dr H Vaudry
(University of Rouen, France). We conducted corticosterone analysis
2 weeks after the last session of social defeat in order to validate our
model of social defeat previously reported to produce long-lasting effects
on several physiological parameters and behaviours.

Morphological analysis
Brains were quickly removed, washed in phosphate-buffered saline and
processed for staining of individual neurons following the manufacter’s
instructions for the rapid Golgi kit (FD Neurotech, Columbia, MD, USA).
Golgi-stained brain slices of 100 μm containing the dorsal PFC were used
for morphological analysis. Pyramidal neurons of PFC II/III layers have been
repeatedly characterized as those exhibiting remodelling in response to
chronic stress16 and, therefore, were chosen for morphological analysis in
our study. The dorsal PFC can be divided into dorsolateral PFC including
frontal association (FrA) cortex (from 2.58 to 3.08 mm anterior to bregma);
and dorsomedial PFC including prelimbic cortex (from 1.5 to 2.3 mm
anterior to bregma). Three to six neurons per mouse and per region were
reconstructed by a trained experimenter blind to the conditions using a
Leica (Westar, Germany) and a Zeiss microscope Axio Imager 2 (x100)
(Lena, Germany) and analysed using the Neurolucida software (Micro
Bright Field Europe, Magdeburg, Germany). Morphological analyses were
conducted 2 weeks after the last session of social defeat.

Western blot analysis
Another batch of n-3-deﬁcient and control diet mice was used for western
blot measurement performed as previously described.11,20 PFC and
hippocampus were homogenised in lysis buffer (TRIS 20 mM pH 7.5, antiprotease cocktail, 5 mM MgCl2, 1 mM dithiothreitol, 0.5 M EDTA, 1 mM NaOV,
1 mM NaF). After centrifugation, protein concentration was determined
using a BCA assay kit (Uptima, Montlucon, France). Equal amounts of
proteins (50 μg) were loaded onto SDS-PAGE gel (10%) and transferred
onto polyvinyl diﬂuoride membrane (Millipore, Billerica, MA, USA).
Membranes were incubated overnight (4 °C) with anti-GR (glucocorticoid
© 2014 Macmillan Publishers Limited
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Figure 1. Dietary n-3 PUFA deﬁciency induces chronic stress phenotype in mice. (a) Experimental timeline. Control diet (white) and n-3deﬁcient (red) mice were repeatedly (10 days) submitted to bouts of social defeat before behavioural tests (social exploration and open-ﬁeld
test). Undefeated n-3-deﬁcient mice showed (b) reduced number of contact in social exploration (interaction: F1,17 = 7.413, P = 0.01, two-way
ANOVA; *Po 0.05; **P o0.01, Bonferroni’s test, n = 5–6 per group), (c) reduced percentage of time spent in the centre of an open-ﬁeld
(interaction: F1,17 = 9.268, P o0.01, two-way ANOVA; *P o0.05; ***Po0.001, Bonferroni’s test, n = 5–6 per group), (d, e) simpliﬁcation of apical
dendritic tree on pyramidal neurons of the dlPFC (interaction: F1,59 = 11.57, P o0.001, two-way ANOVA; **P o0.01; ***Po 0.001, Bonferroni’s
test, n = 15 neurons per group) and dmPFC (interaction: F1,78 = 12.03, Po0.01, Two-way ANOVA; ***P o0.001, Bonferroni’s test, n = 20 neurons
per group) and (f) total corticosterone elevation (interaction: F1,17 = 5.592, P o0.05, two- way ANOVA; *P o0.05; **Po 0.01, Bonferroni’s test,
n = 5–6 per group). Data are displayed as mean ± s.e.m.
receptor; M-20; 1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-MR (mineralocorticoid receptor; H-300; 1:500, Santa Cruz Biotechnology), anti-BDNF (1:5000, Abcam, Cambridge, UK), anti-FKBP51 (1:500, Santa
Cruz Biotechnology) and anti-actin (1:2500, Sigma, Saint Louis, MA, USA).
After washing, membranes were incubated 1h with rabbit peroxidaseconjugated secondary antibody (1:5000, Jackson Immuno Research
laboratories, Westgrove, PA, USA). Between each revelation, membranes
were incubated 15 min in stripping buffer (Reblot plus, Millipore) to
remove the previous antibody. Staining was revealed with ECL- Plus
western blotting system (Perkin Elmer, Forest City, CA, USA). Chemiluminescence was captured and quantiﬁed using the gene Tools software
(Syngene, Cambridge, UK).

Statistical analyses
All values are given as mean ± s.e.m. Results obtained in social defeat
experiments (behavioural tests, neuronal arborisation and corticosterone
analysis) were all analysed by a two-way analysis of variance (ANOVA), with
social defeat stress and diet as ﬁxed factors. In Metyrapone experiment
(locomotor activity and forced swimming test), treatment and diet were
established as ﬁxed factors. Analyses were followed by the Bonferroni post
hoc test when appropriate. Pearson correlation coefﬁcients (r) were
calculated to establish relationships between neuronal arborisation in the
dlPFC, dmPFC and respective corticosterone plasma levels. Results
obtained in Adx experiments (behavioural tests, neuronal arborisation
and corticosterone analysis) were all analysed by an unpaired t-test. Results
obtained in western blot experiments (GR, MR, BDNF and FKBP51
expression) were all analysed by an unpaired t-test. All statistical tests
were performed with GraphPad Prism (GraphPad software, San Diego, CA,
USA) using a critical probability of Po 0.05. Statistical analyses performed
for each experiment are summarised in each legends of ﬁgures with the
chosen statistical test, n and P-values, as well as degree of freedom and F/t
values.

© 2014 Macmillan Publishers Limited

RESULTS
Experiment 1: dietary n-3 PUFA-deﬁciency induces chronic stress
phenotype in mice
We ﬁrst compared the effects of dietary n-3 PUFA deﬁciency to
those of social defeat stress on emotional behaviour, morphology
of PFC pyramidal neurons and HPA axis function in C57BL6/J mice
(Figure 1a). Undefeated n-3-deﬁcient mice displayed a decrease in
the number of active exploration of an unfamiliar mouse and in
the time spent exploring the centre of an open-ﬁeld compared
with undefeated control diet mice (Figures 1b and c). This is
consistent with previous reports from our group11,20 showing that
undefeated n-3-deﬁcient mice do not engage socially with
unfamiliar mice and exhibit anxiety-like behaviour. Dietary n-3
PUFA deﬁciency alone induced emotional impairment that was
similar to the one observed following social defeat stress. We next
used Golgi Cox staining to evaluate dendritic arborisation of
pyramidal neurons within the layer II/III of the dlPFC and dmPFC
(Supplementary Figure S1). Apical dendritic trees of both dlPFC
and dmPFC pyramidal neurons displayed decreased number of
intersections in undefeated n-3-deﬁcient mice compared with
undefeated control diet mice (Figures 1d and e). Interestingly,
neuronal atrophy in undefeated n-3-deﬁcient mice was similar to
that observed in defeated control diet mice. These effects were
speciﬁc to apical dendrites as complexity of basal dendrites was
not altered in any of the experimental groups (Supplementary
Figure S2). We also measured HPA axis activity and found that n-3
PUFA deﬁciency induced a signiﬁcant increase in plasma
corticosterone levels in undefeated n-3-deﬁcient mice compared
with undefeated control diet mice (Figure 1f). Similar increase in
basal corticosterone levels was found in undefeated n-3-deﬁcient
mice and defeated control diet mice. In addition, we observed an
inverse correlation between plasma corticosterone levels and the
number of apical dendritic intersections in the dlPFC and dmPFC
Translational Psychiatry (2014), 1 – 9
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Figure 2. Glucocorticoid receptors (GR) and GR targets expression is impaired in the PFC of n-3-deﬁcient mice. GR, MR, FKB51 and BDNF
proteins expression was measured with western blot analysis in the PFC and the hippocampus of control diet (white) and n-3-deﬁcient mice
(red). n-3-deﬁcient mice showed (a) a marked downregulation of GR expression within the PFC as compared with control diet mice
(t11 = 5.659, ***Po0.0001, unpaired t-test, n = 6–7 per group). (b) There was no signiﬁcant effect of n-3 PUFA-deﬁcient diet on either the 70kDa MR (t12 = 1.274, P40.05, unpaired t-test, n = 7 per group) or the 102-kDa MR (t12 = 0.05060, P40.05, unpaired t-test, n = 7 per group)
expression within the PFC. GR-dependent target (c) BDNF and (d) FKBP51 expression was signiﬁcantly reduced in the PFC of n-3-deﬁcient mice
as compared with control diet mice (t10 = 3.671, **P o0.01, unpaired t-test, n = 6 per group and t10 = 3.351, **Po 0.01, unpaired t-test, n = 6 per
group, respectively). There was no effect of dietary n-3 PUFA deﬁciency on the expression of (e) GR (t11 = 0.1953, P40.05, unpaired t-test,
n = 6–7 per group), (f) 70-kDa MR (t12 = 1.599, P40.05, unpaired t-test, n = 7 per group), 120-kDa MR (t10 = 0.8858, P40.05, unpaired t-test, n = 6
per group), (g) GR-dependent target BDNF (t11 = 1.097, P40.05, unpaired t-test, n = 6–7 per group) and (h) FKBP51 (t8 = 1.730, P40.05,
unpaired t-test, n = 5 per group) in the hippocampus as compared with control diet. Data are displayed as mean ± s.e.m.

(Supplementary Figure S3). Importantly, social defeat did not
induce further modiﬁcations of emotional behaviour, neuronal
morphology or corticosterone levels in n-3-deﬁcient mice (Figures
1b–f). This suggests that dietary n-3 PUFA deﬁciency induces a
state of chronic stress that is identical to chronic social defeat
stress.
High corticosterone levels in n-3-deﬁcient mice prompted us to
further investigate the expression of its receptors (GR and MR) as
well as the GR-dependent target BDNF and FKBP51. We observed
that exposure to dietary n-3 PUFA deﬁciency not only affected
corticosterone secretion but also disturbed GR-mediated signalling pathway in PFC (Figure 2). Precisely, expressions of GR
(Figure 2a) and GR-responsive genes, that is, BDNF (Figure 2c) and
FKBP51 (Figure 2d), were downregulated speciﬁcally in PFC but
not in the hippocampus (Figures 2g and h) of n-3-deﬁcient versus
control diet mice. No signiﬁcant change was revealed in both 70and 102-kDa MR expressions in the PFC (Figure 2b) or HC
(Figure 2f) whatever the group. Collectively, these results show
that dietary n-3 PUFA deﬁciency alone induces neuronal atrophy
in the PFC and HPA axis hyperactivity similarly to social defeat
stress.
Translational Psychiatry (2014), 1 – 9

Experiment 2: Dietary n-3 PUFA deﬁciency induces chronic stress
phenotype through HPA axis hyperactivity
To test whether HPA axis hyperactivity is responsible for dietary
n-3 PUFA deﬁciency-induced emotional impairment, we clamped
the HPA axis output by adrenalectomy followed by low
corticosterone replacement19 (Adx groups; Figure 3a). In the
absence of high corticosterone levels, Adx n-3-deﬁcient mice
exhibited an increase in the number of social exploration and in
the time spent exploring the centre of an open ﬁeld compared
with sham-operated n-3-deﬁcient mice. In addition, complexity of
neuronal arborisation in the dlPFC and dmPFC was higher in Adx
n-3-deﬁcient mice than sham-operated n-3-deﬁcient mice (Figures
3b–e). Adrenalectomy and low corticosterone replacement maintained plasma corticosterone levels in Adx n-3-deﬁcient mice at
50% lower than those measured in sham-operated n-3-deﬁcient
mice (Figure 3f). No effect of Adx and low corticosterone
replacement was found in control diet mice on all the parameters
measured (Supplementary Figure S4). Furthermore, acute administration of a corticosterone synthesis blocker, Metyrapone,
reversed despair-like behaviour previously reported in n-3deﬁcient mice using the forced swimming test11,20 (Figure 4).
© 2014 Macmillan Publishers Limited
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Figure 3. Dietary n-3 PUFA deﬁciency induces chronic stress phenotype through HPA axis hyperactivity. (a) Experimental timeline. n-3deﬁcient mice (2-month-old) were bilaterally adrenalectomised (Adx) or sham-operated. Adx mice were provided low dose (25 μg ml − 1of
corticosterone for 4 weeks before behavioural measurements. (b) Adx n-3-deﬁcient mice increased the number of contacts in social
exploration (t13 = 1.855, #P o0.09, unpaired t-test, n = 7–8 per group) and (c) the percentage of time spent in the centre of an open ﬁeld
(t13 = 2.319, *P o0.05, unpaired t-test, n = 7–8 per group). Total apical dendritic intersections of (d) dlPFC (t52 = 5.287, ***P o0.001, unpaired ttest, n = 27 neurons per group) and (e) dmPFC (t43 = 2.983, **Po 0.01, unpaired t-test, n = 22 neurons per group) pyramidal neurons were
increased in Adx n-3-deﬁcient mice. (f) Adx n-3-deﬁcient mice with corticosterone replacement showed an expected reduction of plasma
corticosterone levels (t8 = 5.586, ***P o0.001, unpaired t-test, n = 5 per group). Data are displayed as mean ± s.e.m.

Figure 4. Corticosterone synthesis inhibitor blunts depressive-like
behaviour in forced swimming test in n-3-deﬁcient mice. n-3deﬁcient mice displayed (b) reduced swimming occurrence as
compared with control diet mice. Metyrapone administration (75
mg kg − 1) 90 min before forced swimming test prevented
depressive-like behaviour in n-3-deﬁcient mice (interaction:
F1,27 = 7.486, Po0.05, two-way ANOVA; **P o0.01, Bonferroni’s test,
n = 7–8 per group) that was not due to (a) locomotor activity
changes (interaction: F1,27 = 1.407, P40.05, diet effect: F1,27 = 1.795,
P40.05, treatment effect: F1,27 = 0.06567, P40.05, two-way ANOVA,
n = 7–8 per group). Data are displayed as mean ± s.e.m.

These data demonstrate that dietary n-3 PUFA deﬁciency leads to
emotional and neuronal impairments through chronic adrenal
activation.

© 2014 Macmillan Publishers Limited

Experiment 3: dietary n-3 PUFA supplementation prevents chronic
stress phenotype in mice
As we show that both social defeat stress and dietary n-3 PUFA
deﬁciency induce HPA axis hyperactivity, we wondered whether
n-3 PUFA supplementation that normalises HPA axis activity in
chronically stressed rats26 could attenuate the effects of chronic
social defeat stress on emotional behaviour (Figure 5a). Increase in
corticosterone levels after defeat in control diet mice was
completely prevented by chronic dietary n-3 PUFA supplementation (Figure 5f). Although chronic dietary n-3 PUFA supplementation failed to reduce social avoidance after defeat (Figure 5b), it
was sufﬁcient to attenuate social defeat-induced anxiety-like
behaviour (Figure 5c). Moreover, complexity of neuronal dendrites
in both dlPFC and dmPFC of defeated n-3-supplemented mice
was similar to that observed in undefeated n-3-supplemented
mice (Figures 5d and e). Collectively, after social defeat stress, n-3supplemented mice showed signiﬁcant resilience to the effects of
social defeat on behaviour, dendritic arborisation in the PFC and
HPA axis activity. Hence, it is possible to attenuate chronic stressinduced emotional impairment through n-3 PUFA supplementation that prevents HPA axis hyperactivity and neuronal atrophy in
the PFC.
DISCUSSION
During the industrial era, the rapid expansion of Western countries
has been associated with a huge shift in the ratio of dietary PUFAs
leading to n-3 PUFA deﬁciency and a high ratio of n-6 to n-3
PUFAs. Nutritional n-3 PUFA deﬁciency has been associated with
many diseases, including mood disorders in Western countries. In
the present study we unravel molecular and cellular mechanisms
by which nutritional disturbances lead to impaired emotional
behaviour in mice. First, we report that nutritional n-3 PUFA
deﬁciency, such as chronic social defeat stress, induces detrimental morphofunctional changes inducing a chronic stress state.
Translational Psychiatry (2014), 1 – 9
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Figure 5. Dietary n-3 PUFA supplementation prevents chronic stress phenotype in mice. (a) Experimental timeline. Social defeat was
conducted once a day for 10 days before behaviours on control diet (white) and n-3-supplemented (yellow) mice. n-3 PUFA supplementation
(b) failed to reduce number of social exploration (interaction: F1,30 = 6.305, P = 0.0177, two-way ANOVA; **Po0.01; ***P o0.001, Bonferroni’s
test, n = 8–9 per group) but prevented (c) anxiety-like behaviour induced by social defeat (interaction: F1,30 = 6.012, P o0.05, Two-way ANOVA;
*Po 0.05; **Po 0.01, Bonferroni’s test, n = 8–9 per group), (d, e) simpliﬁcation of apical dendritic tree on pyramidal neurons of the dlPFC
(interaction: F1,54 = 4.201, Po0.05, two-way ANOVA; *Po 0.05; ***P o0.001, Bonferroni’s test, n = 14 neurons per group) and dmPFC
(interaction: F1,60 = 7.260, P o0.01, two-way ANOVA; ***P o0.001, Bonferroni’s test, n = 16 neurons per group) and (f) total corticosterone
elevation (interaction: F1,24 = 4.144, P = 0.05, two-way ANOVA; *Po 0.05, Bonferroni’s test, n = 7 per group). Data are displayed as mean ± s.e.m.

Second, our data provide clear evidence that n-3 PUFA deﬁciency
induces HPA hyperactivity, reﬂected by plasma corticosterone
elevation that leads to neuronal atrophy in PFC and emotional
alterations. Third, we showed that dietary n-3 PUFA supplementation induces resilience to the effects of chronic social defeat stress
on emotional behaviours by preventing HPA axis hyperactivity
and neuronal atrophy in PFC. This ﬁnding provides new
arguments in favour of the hypothesis suggesting that increased
dietary intake of n-3 PUFAs may be of beneﬁt in treating mood
and anxiety disorders.27
By submitting mice to a long-term dietary n-3 PUFA deﬁciency,
we were able to reproduce several behavioural and cellular
phenotypes that have been frequently described after exposure to
chronic social defeat stress.12,18,28 We found in experiment 1 that
n-3 PUFA-deﬁcient diet alone disturbed social behaviour as well as
increased anxiety-related behaviour in an open-ﬁeld test. Our data
agree with previous reports showing that transient or maternal
dietary n-3 PUFA deﬁciency induces the development of anxietyand depressive-like behaviours along with abnormal social
interaction in both rats and mice.8–11,20,29 Interestingly, undefeated n-3-deﬁcient mice exhibited a behavioural phenotype
comparable to that of mice exposed to chronic social defeat stress.
To investigate cellular mechanisms, we focused our attention on
the dendritic arborisation of pyramidal neurons within the layer II/
III of the dlPFC and dmPFC for analysis of the effects of n-3 PUFA
deﬁciency on neuronal morphology. The PFC is normally
implicated in executive tasks and reward and has recently been
proposed to be involved in emotional behaviour and the
pathophysiology of depression.30,31 To our knowledge, this is
the ﬁrst study reporting a drastic decrease in the apical but not
basal dendritic complexity, reﬂected by a decreased number of
total intersections in the PFC, following long-term n-3 PUFA
deﬁciency in mice. This ﬁnding is in line with previous reports in
which neurite growth and synaptogenesis are decreased in the
brain of n-3 PUFA-deprived mice,32 although promoted by DHA
in vitro.33 Moreover, previous studies have shown that chronic
Translational Psychiatry (2014), 1 – 9

stress reduces apical but not basal dendritic arborisation complexity of pyramidal neurons in layer II/III of the PFC.15–17,34–36
The mechanism by which chronic stress leads to dendritic
simpliﬁcation has been demonstrated to involve the action of
corticosterone.35,37 In this study, we showed that HPA axis activity
was severely disrupted after exposure to dietary n-3 PUFA
deﬁciency, in a similar way to chronic stress. We reported an
increase in plasma corticosterone release and downregulation of
GR and their downstream targets: BDNF and FKBP51 following n-3
PUFA deﬁciency. Such a decrease in GR expression in the brain
could be linked to high corticosterone levels observed in n-3deﬁcient mice as previous studies have shown that corticosterone
regulates GR expression in the PFC. Accordingly, Adx-induced
upregulation of GR expression in the PFC of rats is downregulated
by 1 week of corticosterone administration.38 In addition,
defective GR signalling increases anxiety-like behaviour and
reduces FKBP51 expression in the cortex,39 supporting our results.
In addition, a recent study in a clinical cohort has demonstrated a
link between FKBP51 and stress-related psychiatric disorders.40
Our results further support previous data showing decreased
expression of BDNF in the PFC of rats deprived of n-3 PUFAs for
15 weeks.41 Recent data have elegantly linked BDNF and HPA axis
activity by using knock-in mice for BDNF(met) polymorphism
originally identiﬁed in depressed patients.42,43 Indeed, heterozygous BDNF(+/Met) mice display HPA axis hyper-reactivity as well
as increased anxiety- and depressive-like behaviours. GR signalling
and BDNF have a crucial role in neuronal plasticity including
axonal growth neuritis maturation and neuronal activity. They
have been postulated to be key mediators of stress-induced
neural atrophy in the PFC.44–46 Finally, we aim in future studies to
examine neuronal morphology in a control structure, the
hippocampus, in which no change was observed in GR and GRtarget genes expression in n-3-deﬁcient mice. If no change in
dendritic arborisation is found in hippocampal pyramidal neurons,
this would strongly suggest that GR sensitivity is closely associated
with neuronal atrophy in n-3-deﬁcient mice.
© 2014 Macmillan Publishers Limited
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In our study, we observed that chronic social defeat stress did
not induce further modiﬁcations of emotional behaviour, neuronal
morphology or corticosterone levels in n-3-deﬁcient mice,
supporting the idea that these mice are under a state of chronic
stress. Taken together, these data suggest that n-3 PUFA brain
contents modulate neuronal morphology in PFC along with
depressive- and anxiety-related behaviours similarly to chronic
social defeat stress through corticosterone secretion. In support of
this hypothesis, we observed an inverse correlation between
plasma corticosterone levels and the number of apical dendritic
intersections in the dlPFC and dmPFC. In addition, repeated
administration of corticosterone in rodents is known to reduce the
dendritic arborisation of apical pyramidal neurons within the PFC
along with altered emotional behaviour.37,47 We also established a
causal link between n-3 deﬁciency-induced morphofunctional
changes and HPA axis hyperactivity by clamping corticosterone
secretion in n-3-deﬁcient mice. We demonstrated that Adx and
low corticosterone replacement in n-3-deﬁcient mice improved
both social interaction and anxiety-like behaviour as compared
with Sham-operated n-3-deﬁcient mice. These ﬁndings are
consistent with previous studies showing that Adx improves
behavioural impairment in mice exposed to chronic social defeat
stress.19 Moreover, we showed that corticosterone synthesis
inhibition following treatment with Metyrapone prevented
depressive-like behaviour by increasing the occurrence of swimming in n-3-deﬁcient mice evaluated in the FST as compared with
saline n-3-deﬁcient mice. These ﬁndings demonstrate that
normalising HPA activity either by Adx or Metyrapone is
associated with signiﬁcant behavioural enhancement in various
tests assessing anxiety- and depressive-like behaviours. We further
revealed that elevated corticosterone in n-3-deﬁcient mice is
responsible for pyramidal neuron arborisation atrophy within the
PFC as Adx n-3-deﬁcient mice displayed enhancement of apical
dendritic arborisation. Altogether, data in experiment 2 provide
clear evidence that nutritional n-3 PUFA deﬁciency induces
chronic adrenal activation that leads to neuronal atrophy in the
dlPFC and dmPFC and mood-related behaviour alteration.
Although mechanisms by which n-3 PUFA deﬁciency induces
HPA axis hyperactivity remain largely unexplored, the relationship
between n-3 PUFA deﬁciency and the endocannabinoid (eCB)
system is indicated. Molecularly, the two principal eCBs, anandamide and 2-arachidonoylglycerol, are signalling lipids produced
from membrane long-chain PUFAs.48 The eCB system has
emerged as a fundamental regulator of HPA axis negative
feedback and an important modulator of emotional behaviour.49
In our recent studies, we found that nutritional n-3 PUFA
deﬁciency ablates long-term synaptic depression mediated by
eCB in the mPFC via a desensitisation of the cannabinoid type 1
receptor (CB1).11 Moreover, the effect of the CB1 agonist
WIN55,212-2 in anxiety-like behaviour is abolished and the CB
receptor signalling pathways are altered in the PFC of n-3deﬁcient mice.20 One hypothesis is that HPA axis hyperactivity
observed in n-3-deﬁcient mice in this study is due to the reduction
of CB1 receptor function in the PFC of these mice.
Experiment 3 shows that chronic n-3 PUFA supplementation
prevents detrimental chronic stress-induced emotional and
neuronal impairments by impeding HPA axis hyperactivity. This
experiment provides a stronger causal link between dietary n-3
PUFAs and a chronic stress mechanism (HPA axis hyperactivity)
regarding the occurrence of mood-related behaviours. These
ﬁndings support data suggesting that n-3 PUFA supplementation
can preclude the occurrence of depression-like behaviour induced
by chronic stress by acting on HPA axis.26 Numerous clinical
studies revealed that subjects with depressive symptoms and/or
with social anxiety disorders display signiﬁcantly lower levels of
n-3 PUFAs (mainly ALA, EPA and DHA) in the blood and/or in the
brain 2–4,50 as compared to non-depressed subjects or subjects
with mild symptoms.51 This part of our work addresses an
© 2014 Macmillan Publishers Limited

important question regarding the prevention of depression
through dietary n-3 PUFA intake. Indeed, our data create a very
strong argument for a prophylactic effect of n-3
supplementation52,53 by acting on HPA axis and neuronal
morphology. In line with our results, chronic n-3 PUFA supplementation with ﬁsh oil rich in EPA and DHA in healthy humans
prevents adrenal activation elicited by a mental stress54 or by
inﬂammatory stimuli55 as compared with control. In addition, n-3
supplementation reduces anxiety symptoms among healthy
young adults.56 Taken together, these data reinforce the idea
that n-3 PUFA supplementation can be efﬁcient as an early
prevention for subjects at high risk for mood disorders, including
anxiety and depression.57
Protective effect of long-chain n-3 PUFAs could be linked to
hippocampal neurogenesis (recently reviewed in Zainuddin et al.58
). N-3 PUFAs have been associated with changes in hippocampal
neurogenesis in several rodent models.32,59–61 In addition,
changes in hippocampal neurogenesis and cell survival in the
dentate gyrus have been correlated with depressive-like behaviour. Interestingly, a recent study demonstrated that clamping
glucocorticoid levels prevent chronic social defeat-induced
decreases in neurogenesis and depressive-like behaviour in WT
mice, but not in mice with a genetic ablation of neurogenesis.19
This is particularly relevant to our results showing that long-chain
n-3 PUFA supplementation prevents chronic social defeat-induced
HPA axis deregulation. However, whether the beneﬁcial effect of
n-3 PUFAs on glucocorticoids and mood is dependent on
neurogenesis remains to be evaluated.
In conclusion, this is the ﬁrst report providing evidence that
long-term dietary n-3 PUFA deﬁciency induces a chronic stress
state marked by emotional alterations that are due to HPA axis
hyperactivity and cortical neuronal atrophy. Moreover, these data
demonstrate that chronic dietary n-3 PUFA supplementation
prevents detrimental chronic stress-induced emotional and
neuronal impairments by impeding HPA axis hyperactivity. Our
study presents dietary n-3 PUFAs as a potential tool in the
prevention of neuropsychiatric disorders associated with HPA axis
dysfunction such as depression and anxiety.
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