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Psychological stress during adolescence may cause enduring cognitive
deficits and anxiety in both humans and animals, accompanied by
rearrangement of numerous brain structures and functions. A healthy
diet is essential for proper brain development and maintenance of
optimal cognitive functions during adulthood. Furthermore, nutri-
tional components profoundly affect the intestinal community of
microbes that may affect gut-brain communication. We adopted a
relatively mild stress protocol, social instability stress, which when
repeatedly administered to juvenile rats modifies cognitive behaviors
and plasticity markers in the brain. We then tested the preventive
effect of a prolonged diet enrichedwith theω-3 polyunsaturated fatty
acids eicosapentaenoic acid, docosahexaenoic acid, and docosapentae-
noic acid and vitamin A. Our findings highlight the beneficial effects of
this enriched diet on cognitive memory impairment induced by social
instability stress, as stressed rats fed the enriched diet exhibited per-
formance undistinguishable from that of nonstressed rats on both
emotional and reference memory tests. Furthermore, in stressed rats,
the decline in brain-derived neurotrophic factor expression in the hip-
pocampus and shifts in the microbiota composition were normalized
by the enriched diet. The detrimental behavioral and neurochemical
effects of adolescent stress, as well as the protective effect of the
enriched diet, were maintained throughout adulthood, long after
the exposure to the stressful environment was terminated. Taken
together, our results strongly suggest a beneficial role of nutritional
components in ameliorating stress-related behaviors and associated
neurochemical and microbiota changes, opening possible new venues
in the field of nutritional neuropsychopharmacology.

contextual fear conditioning | novel object recognition | gut microbiota |
memory | SCFA

In rodents, as in humans, adolescence is a time of developmental
changes and reorganization in the brain and stress systems,

marked by cognitive maturation and behavioral changes (1). In-
teractions with age-matched conspecifics during adolescence are
important for appropriate rodent neurodevelopment, and any
alterations to such adolescent social experiences can result in
neurobehavioral measurements relevant to anxiety, depression,
and substance abuse (2). Preclinical research has focused on
earlier and later periods of development, with several studies
demonstrating that early-life stress in both rodents and humans
represents a neurodevelopmental risk with implications for
subsequent cognitive abilities in adulthood (3, 4).
Given the paucity of data on the key factors contributing to the

detrimental effects of adolescence stress, no effective strategies
have been developed to prevent or cure these problems. In this
respect, nutrition is one of the key lifestyle factors that contrib-
utes to mental health and has far-reaching consequences on
cognitive functions that extend into later life (5, 6).
Among the nutritional components associated with optimal

brain functioning, the ω-3 polyunsaturated fatty acids (ω-3
PUFAs) play critical roles in the development and function of

the central nervous system (CNS). In animal studies, prenatal
deficiency of brain ω-3 PUFAs is associated with enduring neuro-
anatomic and neurotransmitter alterations and neurocognitive defi-
cits; elevated behavioral indices of anxiety, aggression, and depression
(reviewed in ref. 7); and increased vulnerability to the effects of
inflammatory events (8, 9). Recent studies have demonstrated the
long-lasting beneficial cognitive effects of a diet supplemented with
the ω-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) on early stressful events, such as maternal separation
(10, 11), or following ω-3 PUFA deficiency during the perinatal
period (12, 13). Moreover, supplementation with ω-3 PUFAs has
been shown to prevent the emotional and neuronal impairments
induced by chronic social defeat in adult mice (14) and ameliorated
memory performance in aged animals (15).
Another essential nutrient is vitamin A, which through its

active metabolite retinoic acid plays a key role in cognitive
functions in adult (16) and aged rats (17). Vitamin A deficiency
increases hypothalamus-pituitary-adrenal axis activity, and vitamin
A-deficient rats show a delayed and heightened corticosterone
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response to restraint stress (18). In contrast, vitamin A supple-
mentation to adult rats was shown to prevent age-associated
spatial memory decline (19).
A vast literature indicates that ω-3 PUFAs and retinoic acid

signaling pathways may act together to modulate memory and
synaptic plasticity, and indeed, a combined diet enriched with
EPA-DHA and vitamin A demonstrated synergistic behavioral
and neurochemical effects in middle-aged rats (20). However,
the long-lasting effects of a prolonged diet enriched with these
micronutrients on the detrimental consequences of adolescent
stress remain largely unknown.
The gut microbiota has emerged as one of the key regulators

of brain health across the lifespan, including in adolescence (21–
23). Stress and other insults can seriously impact the composition
of the microbiome (24), and dietary interventions have been
shown to normalize such effects (10). Moreover, ω-3 PUFA
deficiency and supplementation have been shown to differen-
tially modulate microbiome composition (10, 13, 25).
In the present study, we hypothesized that a diet enriched in

ω-3 PUFAs and vitamin A may prevent immediate and long-
lasting behavioral deficits and neurochemical and intestinal
microbiota changes induced by stress during adolescence. We
used social instability stress, a well-validated animal model of
social stress that produces long-lasting effects on cognitive and
emotional responses that may persist for the entire lifespan (2,
26). We adopted a multilevel approach at two different age
stages—immediately after completion of the social instability
stress procedure and at adulthood—using a battery of behavioral
tests assessing several domains potentially affected by chronic
stress: cognition pertaining to emotional and recognition mem-
ory, anxiety-like responses, and anhedonia-like responses. We
also measured the expression of brain-derived neurotrophic
factor (BDNF), which promotes neuronal survival, regulates
nerve cells differentiation, and may influence cognition (27), and
of synaptophysin, a synaptic vesicle-associated protein involved
in synaptic formation (28), in the hippocampus and frontal cor-
tex of adult and adolescent rats. These brain regions are par-
ticularly vulnerable to the negative impact of stress, especially
early in life (29). Finally, we investigated the short- and long-
term impact of social instability stress and our dietetic in-
tervention on caecal microbiota composition and short-chain
fatty acid (SCFA) production. Our findings reveal that the ω-3
PUFA/vitamin A–enriched diet prevented adolescent stress-
induced cognitive and microbiome changes.

Results
We adopted the social instability protocol (26) consisting of daily
isolation followed by a change of cage partners from postnatal
day (PND) 30 to PND 45 (Fig. 1A). In rodents, adolescence is
defined by the time interval between weaning at PND 21 and the
first signs of puberty, which in males coincides with preputial
separation occurring around PND 42 ± 3 (1). To assess whether
social instability stress causes acute and long-lasting deficits and
whether an ω-3 PUFA/vitamin A–enriched diet (SI Appendix,
Table S1) could ameliorate stress-induced deficits, we used a
battery of measurements and behavioral tests performed starting
on the day after completion of the stress protocol, PND 46 (in
adolescents) or PND 70 (in adults).

Effects of Stress and the Enriched Diet on Body Weight and Food
Consumption. As shown in Fig. 1B, adolescent stressed rats
gained less weight than nonstressed rats [F(2,61) = 9.950; P <
0.001], an effect that persisted until adulthood [F(2,59) = 5.262;
P < 0.01] (Fig. 1C), as reported previously (30). This effect was
counteracted by the ω-3 PUFA/vitamin A–enriched diet. At both
ages, rats ate comparable amounts of food independent of stress
and diet (SI Appendix, Fig. S1 A and B).

The Enriched Diet Prevented the Cognitive Impairments Induced by
Social Instability Stress. Two weeks of social instability stress had a
negative impact on recognition memory that persisted into
adulthood. For short-term memory (i.e., at 1 h after training),
adolescent rats spent significantly more time exploring the novel
object regardless of stress or diet [objects: F(1,34) = 62.88, P <
0.001; condition: F(2,34) = 0.0, P > 0.05; interaction: F(2,34) = 4.43,
P > 0.05] (Fig. 2A). Regarding long-term memory (i.e., at 4 h
after training), stressed rats fed the control diet (SCD rats) did
not discriminate between the two objects (Fig. 2B). In the
stressed rats fed with enriched diet (SED rats), the enriched diet
fully prevented the stress-induced impairment of object dis-
crimination [objects: F(1,30) = 59.11, P < 0.001; condition:
F(2,30) = 0, P > 0.05; interaction: F(2,30) = 15.01, P < 0.01]. The
cognitive impairment induced by the social instability stress
persisted into adulthood and was prevented by the enriched diet
administered since adolescence [objects: F(1,30) = 67.45, P <
0.001; conditions: F(2,30) = 0, P > 0.05; interaction: F(2,30) =
14.08, P < 0.001] (Fig. 2D).
We also tested rats with an emotional arousing training ex-

perience that engages both contextual and emotional memory
processing: the contextual fear conditioning paradigm. Freezing
time obtained during a 3-min reexposure of rats to the condi-
tioning apparatus at 24 h after acquisition served as an index of
memory of the aversive experience. As shown in Fig. 3A, social
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Fig. 1. (A) Time line for the adolescent social instability stress experiment.
Adolescent rats were randomly assigned to three experimental groups:
NSCD, SCD, and SED. (B and C) Effects of stress and enriched diet on body
weight at PND 45 on completion of the stress procedure (B) and at PND 70
(C). n = 18–24 rats/group. ***P < 0.001, *P < 0.05 vs. NSCD rats; ##P < 0.01,
#P < 0.05 vs. NSCD by one-way ANOVA and the Bonferroni test.
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instability stress did not affect the acquisition of fear memory
irrespective of diet, whereas SCD adolescent rats froze less
during context retrieval compared with non-stressed adolescent
rats fed with control diet [NSCD, F(5,55) = 22.77, P < 0.001]. The
enriched diet restored contextual fear memory expression, as
SED rats spent significantly more time freezing at recall com-
pared with SCD rats, which were indistinguishable from NSCD
rats. The emotional memory deficit and beneficial effects of the
enriched diet were long-lasting, as the SED rats froze signifi-
cantly longer than the SCD rats [F(5,55) = 47.95, P < 0.001]
(Fig. 3B)

The Enriched Diet Prevented Short- and Long-Term Effects of Social
Stress on BDNF Expression. To investigate the effect of stress and
diet on brain plasticity, we assessed the expression of BDNF in
the brain. We found significant differences in BDNF protein
levels in the hippocampus of adolescent rats [F(2,27) = 10.33, P <
0.001; Fig. 4A]. BDNF expression was decreased in SCD rats
compared with NSCD rats, and this effect was prevented by the
enriched diet. In the frontal cortex of adolescent rats, stress did
not significantly modify BDNF expression, whereas the enriched
diet increased BDNF levels [F(2,27) = 5.808, P < 0.01] (Fig. 4B).
Interestingly, social instability stress led to a long-lasting de-
crease in hippocampal BDNF expression, while the enriched diet
prevented the effects of social instability stress [F(2,28) = 6.896,
P < 0.01] (Fig. 4C). BDNF levels in the frontal cortex were
significantly increased following the enriched diet in adult rats as
well [F(2,24) = 3.680, P < 0.05] (Fig. 4D).
We also used Western blot analysis to detect synaptophysin (a

glycoprotein associated with presynaptic vesicles) as a marker of
synaptic density. Synaptophysin expression was not significantly
affected by stress in both adolescent and adult rats (SI Appendix,
Fig. S2), in agreement with a previous report (31). In adolescent
rats, the enriched diet did not significantly affect synaptophysin
expression in the hippocampus [F(2,28) = 2.121, P > 0.05] or in
the cortex [F(2,29) = 2.727, P > 0.05]. In adult rats, however, we
observed a significant diet-induced increase of synaptophysin
expression in both the hippocampus [F(2,26) = 8.858, P < 0.001]
and the frontal cortex [F(2,27) = 3.705, P < 0.05], which is con-
sistent with the previous observation that long exposure to ω-3
PUFAs increases hippocampal synaptophysin expression (32).

Anhedonia-Like Behavior. In agreement with recent data (33), we
observed no differences between SCD and NSCD rats in terms
of preference for the consumption of a sweetened solution when
evaluated at different time points (SI Appendix, Fig. S3). Neither
stress nor the enriched diet had an effect on anhedonia-like
behavior, as the preference for a sucrose-sweetened drink was
not affected by any of the experimental manipulations in either
age group tested.

Locomotor Activity and Anxiety-Related Behaviors. Locomotor ac-
tivity, measured as the distance traveled and time spent moving
in an open field, was comparable across the three cohorts in each
age group, although adult rats were less active than adolescents
(SI Appendix, Table S2). Neither stress nor diet affected the
number of entries and time spent in the center or the periphery
of the open field (SI Appendix, Table S2). Treatment conditions
did not affect other exploratory behaviors indicative of a non-
distressed state, such as climbing, rearing, and grooming. Ac-
cordingly, treatment conditions also had no effect on the number
of entries and percentage of time spent by adolescent or adult
rats in the open arms of the elevated plus maze (SI Appendix,
Table S3).

The Enriched Diet Prevented Acute Stress-Induced Changes in the
Caecal Microbiota Composition of Adolescent Rats. We found that
the microbiome was relatively homogeneous and thus charac-
teristic of the animal species under study, with no significantly
different patterns between and within groups (SI Appendix, Fig.
S4A). However, the enriched diet increased alpha diversity
(Chao1, a measure that reflects species richness) of the caecal
microbiota in adolescent SED rats compared with both SCD rats
(P < 0.05) and NSCD rats (P < 0.01) (SI Appendix, Fig. S4B).
Consequently, significant differences were found in observed
species (species count, SI Appendix, Fig. S4B) (P < 0.05 and P <
0.01, respectively), indicating that the dietary intervention in-
creased microbiota richness in adolescence irrespective of stress
exposure. This effect was restricted to adolescence, as there was
no long-lasting effect of diet on diversity into adulthood.
A principal component analysis (PCA) identified structural

differences in the microbial community (beta diversity, i.e., dif-
ference in taxonomic profiles from different samples) between

Fig. 2. The enriched diet prevented stress-induced cognitive impairment in the novel object recognition test. (A and C) Stress did not affect the performance
of either adolescent or adult rats when the test was performed at 1 h after training. (B and D) Adolescent and adult stressed rats showed memory impairment
when tested at 4 h after training, which was prevented by dietary supplementation with ω-3 PUFA/vitamin A. n = 6–8 rats/group. ***P < 0.001; **P < 0.01;
*P < 0.05 vs. familiar object within each experimental group by two-way ANOVA and the Bonferroni test.
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adolescent NSCD and SCD rats [P < 0.05, pairwise permuta-
tional multivariate ANOVA (PERMANOVA)] (Fig. 5A), in-
dicating a shift of the microbiome composition following social
instability stress that was almost entirely prevented when stressed
rats were fed the ω-3 PUFA/vitamin A–enriched diet (P < 0.1,
pairwise PERMANOVA) (Fig. 5A). No long-lasting impact of
stress on the composition of the gut microbiota was identified in
adult rats (Fig. 5B); however, adult SED rats exhibited a long-
lasting shift in gut microbiota composition (P < 0.05, pairwise
PERMANOVA) (Fig. 5B). Compared with adolescent rats,
adult rats exhibited a shift in gut microbiota composition in all
three treatment groups (P < 0.05, pairwise PERMANOVA)
(Fig. 5 C–E).
Social instability stress during adolescence significantly mod-

ulated a multitude of taxa that were normalized by the ω-3 PUFA/
vitamin A–enriched diet (Fig. 5F). Among these, SCD rats had

decreased relative abundance of genera of the Lachnospiraceae
family (particularly Acetatifactor, Anaerostipes, and Lachnospir-
aceae NK4A136 group) and several family members in the
Ruminococcaceae family (particularly Ruminococcus 1), whereas
the relative abundances of the Eubacterium genus as well as
Coriobacteriaceae family members were increased. These
changes were largely counterbalanced by the ω-3 PUFA/vitamin
A–enriched diet. Independent of social instability stress, the
enriched diet had a long-lasting impact on only a few taxa into
adulthood (Fig. 5F).
Social instability stress reduced the concentration of the

SCFAs butyrate (P < 0.05), valerate (P < 0.05), and isobutyrate
(P < 0.05) in adolescent rats (SI Appendix, Fig. S4C). In contrast,
SED rats showed increases in isobutyrate (P < 0.001) and iso-
valerate (P < 0.05) that led to an overall increase in branched-
chain fatty acids (P < 0.001). In adult rats, the enriched diet
decreased butyrate concentrations compared with stressed con-
trols (P < 0.05) (SI Appendix, Fig. S4C).

Discussion
Nutrition has a fundamental role in maintaining brain health and
behavior at critical periods, especially in adolescence (34). In
rodents, appropriate essential micronutrient supplementation
protects against the cognitive decline associated with early life
stress (35). Our study corroborates the idea that dietary in-
tervention affects neurobehavioral development (13) by dem-
onstrating that a diet supplemented with the ω-3 PUFAs and
vitamin A prevented the deleterious cognitive decline induced by
social instability stress during adolescence, with the amelioration

Fig. 3. The enriched diet prevented immediate (A) and long-term (B) stress-
induced cognitive impairment in the contextual fear conditioning test. Rat
freezing time did not differ at training regardless of treatment condition.
When tested at 24 h after training, the SCD rats showed a lower freezing
time than the NSCD rats, and the SED rats showed no stress-induced cog-
nitive impairment. n = 9–10 rats/group. ***P < 0.001, **P < 0.01 vs. re-
spective training; ###P < 0.001, #P < 0.05 vs. SCD by one-way ANOVA and the
Bonferroni test.

Fig. 4. The enriched diet restored BDNF expression in the brain of stressed
rats. (A and B) Stress decreased BDNF levels in the hippocampus in both
adolescent (A) and adult (B) rats. The enriched diet restored BDNF expression
to control levels. (C and D) In the prefrontal cortex of stressed rats, the BDNF
decrease did not reach statistical significance in either adolescence (C) or
adulthood (D); nonetheless, the enriched diet augmented BDNF expression
compared with stressed and control rats. (Insets) Representative immuno-
blots for each experimental group. n = 8–10 rats/group. **P < 0.01; *P <
0.05 vs. NSCD; ###P < 0.001, ##P < 0.01, #P < 0.05 vs. SCD by one-way ANOVA
and Bonferroni’s test.
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maintained in adulthood. The rationale for using a combination
of ω-3 PUFAs and vitamin A stems from recent findings demon-
strating a beneficial synergistic effect of vitamin A and EPA/DHA
on behavioral and neurobiological markers in aged rats (20).
Multiple levels of interactions occur between ω-3 PUFAs and
retinoid signaling, because retinoic acid (the active metabolite of
vitamin A) and DHAmay bind to common nuclear receptors (36).
Furthermore, retinoic acid and ω-3 PUFAs have common in-
tracellular signaling pathways, such as AKT and ERK1/2 (37, 38),
which are known to be activated in several neuronal functions (39).
Social instability stress during adolescence is known to cause

emotional and recognition memory impairments that persist into
adulthood. These behavioral changes are closely associated with

alterations in BDNF expression in the hippocampus and the
frontal cortex. In the present study, dietary ω-3 PUFA/vitamin A
exposure from adolescence to adulthood was sufficient to pre-
vent such alterations, and the beneficial outcomes were main-
tained throughout adulthood.

The Enriched Diet Prevents Memory and Brain BDNF Decline Induced
by Social Stress. Social instability stress in adolescence exerts long-
lasting effects on aversive and recognition memory, as shown in
previous reports describing enduring deficits in contextual fear
memory in response to adolescence stress (40). The hippocampus
is one of the brain structures crucially involved in regulation of
stress responses (41). We found that social instability impaired

F
Adolescence Adulthood

C

D

E

A

B

Fig. 5. Social instability stress shapes the gut microbiome in adolescence. (A and B) PCA plots displaying beta diversity of the gut microbiome in adolescent
(A) and adult (B) rats. (C–E) PCA plots comparing beta diversity of the gut microbiome for each treatment between adulthood and adolescence. (F) Changes in
gut microbiome composition (genera) in adolescence (T1) and adulthood (T2). Changes in genera in each age group are depicted as follows: (i) SCD vs. NSCD,
(ii) SED vs. SCD, (iii) SED vs. NSCD. *P < 0.1, **P < 0.01, post hoc Benjamini–Hochberg test.
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contextual fear memory, a predominantly hippocampus-dependent
form of aversive memory (reviewed in ref. 42), in both adolescent
and adult rats.
In addition, stressed adolescent rats showed long-lasting

memory impairment in the novel object recognition test, an ef-
fect not previously observed. In fact, McCormick et al. (31)
found that stressed rats had hippocampal-dependent spatial
recognition impairment but no reference memory deficit when
tested at 4 h after training.
We found a close correspondence between rats’ memory

performance and BDNF expression in the hippocampus, as both
effects were significantly decreased in stressed adolescent and
adult rats, and the enriched diet prevented both effects. Our
results are in agreement with recent observations that ω-3
PUFAs induce increased BDNF expression in rat hippocampus
(43). Unequivocal evidence suggests a key role for BDNF in the
initiation of fear memory consolidation. Importantly, BDNF
enhances fear memory, and antibodies against BDNF impair
fear memory when administered into the CA1 region of the
hippocampus (reviewed in ref. 44). Thus, BDNF expression and
activity in the hippocampus are required to ensure successful
storage for associative memory persistence over days (45). Our
behavioral results are in accordance with these observations, as
social instability stress reduced hippocampal BDNF expression
and impaired contextual fear memory. In this regard, we cannot
exclude the possibility that in our study, BDNF modulation in the
hippocampus affected object memory as well. Although canoni-
cally the novel object recognition task is assumed to be largely
independent of the hippocampus, some findings have challenged
this idea (46, 47), pointing to a temporal specificity for hippo-
campal involvement in object recognition memory (48, 49).
Nonetheless, our results do not exclude the possibility that the
cognitive deficit in stressed rats represents a global impairment in
learning and memory function with compromised signaling mol-
ecules other than BDNF. In the frontal cortex, BDNF expression
is required for fear memory consolidation and expression (reviewed
in ref. 50). Social instability stress did not significantly affect BDNF
expression levels in the cortex of adolescent and adult rats, although
the enriched diet augmented BDNF levels, presumably contributing
to maintenance of long-term memory.

The Enriched Diet Does Not Affect Behaviors Relevant to Anxiety and
Anhedonia. Social instability administered during adolescence is
known to modify several social behaviors, as stressed rats spend
less time in social interactions with other males, have reduced
sexual performance, and exhibit longer latency to enter the
center of an open arena (51)—all validated measures of anxiety-
like behavior. Furthermore, the modified social repertoire is
evident in adulthood even weeks after the stressful procedure
(2). In our study, we found no difference between stressed and
nonstressed rats in the latency to enter the center of the arena or
the number of entries, or in behavioral differences in the elevated
plus maze during adolescence or adulthood. One factor contrib-
uting to these discrepancies may be strain differences, which are
known to be responsible for the anxiety profile (52). Indeed, the
Wistar rats used in our experiments appeared more resilient than
those commonly used for anxiety-like tests. Other behavioral signs
of stress, such as modified grooming, rearing, or climbing (53, 54)
were not affected by our protocol or by the dietary supplemen-
tation. Confirming recent data regarding the consumption of
natural rewards (33), neither adolescent nor adult stressed rats
manifested anhedonia-like behavior in the sucrose preference test.

Social Instability Stress During Adolescence Dramatically Altered the
Gut Microbiome, Which Was Reversed by the Enriched Diet. In-
creasing evidence shows that intestinal microbiota influences
behaviors relevant to mood and cognitive functions. One proposed
mechanism for such effects is the production of metabolites with

central effects, among which SCFAs are the most important (55–
57). ω-3 PUFAs are known to have a positive action on the in-
testinal microbiota, increasing the production of SCFAs (reviewed
in ref. 58). Moreover, perturbations of the microbiota during ad-
olescence have been shown to result in enduring social and cog-
nitive deficits (59).
Psychological stress (ranging from restraint stress to maternal

separation and overcrowding) has been shown to alter micro-
biota composition (60–64). In the present study, social instability
stress induced striking changes in the gut microbiome composi-
tion of adolescent rats, which were partially reversed by the ω-3
PUFA/vitamin A–enriched diet. Adolescence stress resulted in a
decreased abundance of several genera in the Ruminococcaceae
and Lachnospiraceae families. The functional consequences of
such changes are not clear at this stage, but it is worth noting that
decreases in both Ruminococcaceae and Lachnospiraceae have
been reported in patients with depressive disorders (65). In
contrast, the Eubacterium genus was increased in our SCD rats.
Eubacteriaceae were found to be increased in rats with experi-
mental colitis also exposed to stress (66), conditions under which
Lachnospiraceae were decreased (66). Coriobacteriaceae, par-
ticularly Enterorhabdus, were increased in our SCD rats, in line
with previous studies associating Coriobacteriaceae with co-
lonic health and inflammation (67). Nonetheless, the enriched
diet was sufficient to prevent such modifications. However,
despite the stress-induced changes and independent of diet, the
intestinal microbiota during adulthood recovered the core
microbiota composition characteristic of adult animals (68). In-
terestingly, no long-lasting impact of stress was identified in adult
rats; however, the SED rats exhibited a long-lasting shift in beta
diversity.
A limitation of the present study is that we cannot definitely

prove a causal correlation between changes in microbiota and
cognitive performance at this juncture. However, given that the
microbiome has been implicated as a conduit for the positive
effects of nutrition on host health, modulation of the microbiota
is a plausible mechanism for how nutritional interventions can
reduce the effects of stress (69), based on our finding that both
diet and stress induced effects on both the microbiome and be-
havioral/neurochemical measures of cognitive functions. We also
found that the enriched diet increased the production of branched
SCFAs, whereas unbranched SCFAs were unchanged. Previous
studies have shown that SCFA levels are strongly correlated with
improvement in tests of anxiety- and depression-like behaviors
(70), and that SCFAs can reverse the enduring effects of social
stress in adulthood (71).
Stress, emotional instability, and impulsivity are all enhanced

during adolescence, and inadequate nutrition may exacerbate
such conditions. Moreover, there is growing understanding of the
link between changes in gut microbial composition and brain
health in adolescence (22, 23). Clinical studies have shown that
young adults who endured environmental or psychosocial stres-
sors during development or have low blood ω-3 PUFA levels are
often diagnosed with psychiatric disorders or cognitive impair-
ments (72–76). Our present study provides preclinical evidence
suggesting that supplementation with ω-3 PUFAs and vitamin A
is sufficient to prevent long-lasting cognitive disturbances and to
modulate the microbiota composition that accompanies re-
peated, prolonged stressful stimuli during adolescence. The op-
timization of dietary components that affect brain development
suggests the likelihood that humans may improve cognition
throughout the lifespan.

Materials and Methods
Social Instability Stress. Male Wistar rats arrived at our animal facility at PND
25 and were assigned at random to three experimental groups: a group of
nonstressed animals fed with the control diet (NSCD), a second group sub-
jected to social instability protocol and fed with the control diet (SCD), and a

Provensi et al. PNAS | May 7, 2019 | vol. 116 | no. 19 | 9649

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 J
an

ua
ry

 3
, 2

02
2 



www.manaraa.com

third group also submitted to stressful manipulation and fed with the
enriched diet (SED). The social instability stress involves changing the social
housing conditions of adolescent rats, as described previously (26). In brief,
on each day from PND 30 to PND 45, the rats were isolated for 1 h in ven-
tilated round plastic containers (10 cm in diameter), akin to restraint. After
isolation, the rats were housed with a new partner undergoing the same
procedure in a new cage. The stress regimen was implemented at various
times during the light cycle to decrease the predictability of the event. After
the last isolation on PND 45, the rats were returned to their original cage
partners. The nonstressed rats were not disturbed except for regular cage
maintenance and weighing.

The consequences of the social instability stress procedure were assessed
during adolescence (PND 46–51) and during adulthood (PND 70–76) using a
battery of tests comprehensive of several domains affected by chronic stress:
cognition (novel object recognition and contextual fear conditioning),
anhedonia-like behavior (sucrose preference), and anxiety-like behavior (ele-
vated plus maze). Locomotor activity was measured in an open field arena. At
1 d after completion of the behavioral tests, brains and caecal contents were
collected for neurochemical and metagenomics analyses, respectively. Different
cohorts of animals were used at the two time points. The experimental timeline
is depicted in Fig. 1A. Details of the behavioral tests, Western blot analysis, and
metagenomics analysis are provided in SI Appendix.

Previous reports have indicated that while adult rats readily habituate to
this procedure, adolescents show increased corticosterone release in response

to repeated changes of cage partners. Consistently, the long-lasting cognitive
and emotional alterations observed in adolescent rats subjected to the social
instability procedure were not found in adults rats, suggesting that this
model may capture adolescent-specific stress reactivity (26, 30). Experimental
approval was granted by the Italian Ministry of Health (no. 114/2017-PR).

Diet Composition. Diets were matched for macronutrient content; the specific
compositions are provided in SI Appendix, Table S1. To prevent oxidation of
PUFAs, diets were maintained in air-sealed bags at 4 °C in the dark. Food was
changed and weighed every day.
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