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RELAZIONE:  
Background and aims: Psychosocial stress is a substantial risk factor in the occurrence of mood and 
anxiety disorders (Kendler et al. 2003). Moreover, recent reports indicate that neuroinflammatory 
cytokine signalling contributes to the pathophysiology of stress-related psychiatric disorders 
(Dantzer et al. 2008). 
Polyunsaturated fatty acids (PUFA) are essential fatty acids including precursors and long-chain 
PUFAs (LC-PUFAs). Altered dietary intake and/or PUFA metabolism has been reported to be involved 
in a number of neurological disorders via sustained neuroinflammatory processes (Joffre et al. 
2014). Indeed, PUFAs are key regulators of inflammation (Calder 2015). PUFAs can be metabolized 
by cyclooxygenases (COXs), lipoxygenases (LOXs), and cytochrome p450s (CYPs) (Imig 2012, Imig 
and Hammock 2009, Imig 2018, Morisseau and Hammock 2013) into specific derivatives that have 
anti-inflammatory and pro-resolving properties (Serhan et al. 2000, Joffre 2019, Spite and Serhan 
2010), giving the LC-PUFAs and their biological derivatives a growing interest to treat inflammation 
and more specifically neuroinflammation (Joffre 2019). 
 
Another essential nutrient is vitamin A, which through its active metabolite retinoic acid plays a key 
role in cognitive functions in adult rats (Bonhomme et al. 2014). Recent findings demonstrating 
a beneficial synergistic effect of vitamin A and EPA/DHA on behavioural and neurobiological markers 
in aged rats (Létondor et al. 2016) and the deleterious cognitive decline induced by 
social instability stress during adolescence, with the amelioration maintained in adulthood. 
(Provensi et al. 2019). Multiple levels of interactions occur between ω-3 PUFAs and retinoid 
signalling, because retinoic acid (the active metabolite of vitamin A) and DHA may bind to common 
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nuclear receptors (RARs, RXR) (de Urquiza et al. 2000) which are known to be activated in several 
neuronal functions (Tang and Yasuda 2017). 
Results obtained in our laboratory show that a diet enriched with ω-3  PUFA and vitamin A prevents 
social aversion, cognitive deficits and hippocampal long-term potentiation modifications induced by 
10 days of chronic social defeat stress. The novelty of this study consists in the inefficacy of these 
nutritional interventions in genetically modified mice that are unable to synthesize histamine 
(histidine decarboxylase HDC-/- mice). 
In the laboratory of Dr Layé (INRA, Bordeaux) I performed several analyses on sample tissues 
extracted from experimental animals exposed to stress and fed an EPA/DHA and vitamin A 
supplemented diet or control diet in the laboratory of Prof. Passani (UNIFI) using specific approaches 
to understand 1) the molecular mechanisms underlying ω-3 PUFA and vitamin A protective effect 
of synaptic modifications and behavioral adjustments triggered by a chronic stress and 2) histamine 
role in such mechanisms. Experimental groups included stressed mice fed control diet; stressed mice 
fed the supplemented diet; non-stressed mice. Both HDC+/+ and HDC-/- were used for a total of 6 
experimental groups. 
In this first part of my period in Dr. Sophie Layé laboratory I evaluated:  
1. Inflammatory cytokines expression markers in hippocampus. 
2. Metabolic enzymes of fatty acids in hippocampus 
3. retinoic acid receptors (RAR) expression in hippocampus.  
 
Materials and Methods:  

Real-Time PCR analysis of gene expression in the hippocampus 

The hippocampus was rapidly removed and stored at –80°C. Hippocampal RNA was extracted using 
TRIzol reagent (Invitrogen, Life Technologies™, Saint-Aubin, France). RNA concentrations were 
determined using a Nanodrop ND-1000 (Labtech). Using OligodT and random primers (Invitrogen), 
cDNA was synthesized with SuperScript IV Reverse Transcriptase (Invitrogen, Life Technologies™, 
Saint-Aubin, France). Briefly, 1 µg of total RNA mixed with RNasin (Invitrogen, Life Technologies™, 
Saint-Aubin, France) and DNase (Invitrogen, Life Technologies™, Saint-Aubin, France) was incubated 
at 37°C. Then, OligodT and random primers were added for incubation at 65°C. Then, the 
SuperScript IV mix was added, and the mixtures were incubated at 23°C for 10 min, followed by 50°C 
for 10 min and 80°C for 10 min.  
To measure microglial markers expression, quantitative PCR 217 was performed using SYBR® assay 
(Eurogentec, Seraing, Belgium). Real-time PCR was performed using the LightCycler 480 system with 
a ninety-six-well format (Roche Diagnostics) in a final volume of 10 µl, containing 1×LightCycler 480 
SYBR Green I Master solution, 0.5 µM of each primer and 7 µl of cDNA. The following program 
started with an initial denaturation step for 10 min at 95°C, then an amplification for 45 cycles (10 s 
denaturation at 95°C, 6 s annealing at 62°C, and 10 s extension at 72°C), finally a melting curve 
analysis was run.  

The forward- and reverse-primer sequences and the amplicon size for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), RAR-α and RXR-α are summarised in Table 1. GAPDH was used as the 
reference gene, since its expression level was unaffected under our experimental conditions. 

Quantification data were analysed using LightCycler 480 Relative Quantification software (version 
1.5).  
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Table 1 Primers used for LightCycler RT-qPCR 

Gene name Nucleotide sequence 5’-3’ Product length (bp) 

GAPDH 
F: CCAGTGAGCTTCCCGTTCA 
R: GAACATCATCCCTGCATCCA 

78 

RAR-α 
F: GGCGAACTCCACAGTCTTAATG 
R: GCTGGGCAAGTACACTACGAAC 

118 

RXR-α 
F: GATTCCGATACGACGACAGT 
R: CATCACCACTCTCGCCATC 

141 

 

To measure cytokine expression, quantitative PCR was performed using the Applied Biosystems 

(Foster, CA) assay-on demand gene expression protocol as previously described (Mingam et al., 

2008). Briefly, cDNAs for IL-6, IL-1β, TNFα, 5-LOX, 12-LOX, COX2, CYP1A1, EPHX2, RXR-β and a 

housekeeping gene (GAPDH) were amplified by PCR using an oligonucleotide probe with a 5′ 

fluorescent reporter dye (6-FAM) and a 3′ quencher dye (NFQ). PCR program consisted of 40 cycles 

of 95 °C for 15 s and 60 °C for 1 min. Fluorescence will be measured using an AB 7500 Real-Time PCR 

system (Applied Biosystems, Foster city, CA).  

Therefore, the results are expressed as Relative quantification and as the target:reference ratio 

divided by the target:reference ratio of the calibrator. In our case, the chosen calibrators are the 

HDC+/+ non-stressed mice. 

 

Statistical analysis 

All values are expressed as means ± SEM, and the number of mice used in each experiment is also 

indicated. The presence of significant treatment effects was determined by a 2-way ANOVA 

followed by Bonferroni MCT test, as appropriate. The level of significance was set at P ≤ 0.05. 

Statistical analysis was performed using GraphPad Software. The data of real time PCR are expressed 

as Relative Quantification and as percentage of change compared to the control group using the 

equation below. In our case, the control group are the HDC+/+ non-stressed mice. 

 

 

Results:  

Effects of ω3- PUFA and Vitamin A supplement diet on pro-inflammatory cytokines expression in 
hippocampus 

To study the inflammatory mechanisms induced by stress, we examined whether the enriched diet 
modulated the hippocampal expression of some inflammatory genes, particularly focusing on 
cytokines, such as IL-6, IL-1β and TNF-α.  
A two-way ANOVA performed on the hippocampal mRNA expression of IL-6 and TNF-α revealed no 
effect of stress or diet (Two-way ANOVA and Bonferroni MCT on IL-6: F(interaction)2,24=1,120; 
F(Genotypes)1,24=0,9532; F(Conditions) 2,24=0,4840; Two-way ANOVA and Bonferroni MCT on TNF-
α F(interaction)2,24=2,600; F(Genotypes)1,24=0,5018; F(Conditions) 2,24=0,4922) (Figure 1a, 1b); indeed, an 
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increase in mRNA IL-1β  levels was observed in HDC+/+ stressed mice fed on enriched diet (Figure 
1c).  
On the contrary, when we analysed the percentage changes with respect to the control group we 
observe statistically differences also in the expression of TNF-α (Two-way ANOVA and Bonferroni 
MCT on TNF-α F(interaction)1,16=5,654 p<0.05; F(Genotypes)1,16=5,297 p<0.05; F(Conditions) 1,16=2,455 
p=0,1367) (Figure 2b). As before we didn’t find any difference in IL-6 expression (Two-way ANOVA 
and Bonferroni MCT; F(interaction)1,16=1,549 p=0,2313; F(Genotypes)1,16=1,851 p=0,1926; F(Conditions) 

1,16=0,3683 p=0,5525) (Figure 2a), but we found difference between group in IL-1β expression (Two-
way ANOVA and Bonferroni MCT; F(interaction)1,16=5,223 p<0,05; F(Genotypes)1,16=13,00 p<0,01; F(Conditions) 

1,16=6,291 p<0.05) (Figure 2c).  
 

 
 
Figure 1 Effect of stress and enriched diet on hippocampal pro-inflammatory cytokines. (A) IL-6, 

(B)TNF-α, (C) IL-1β mRNA expression was measured by RT-qPCR. Data are represented as Relative 

Quantification vs GAPDH (Two-way ANOVA and Bonferroni's MCT; **P<0.01; n=4-5). 

 

 

Figure 2 Effect of stress and enriched diet on hippocampal pro-inflammatory cytokines. (A) IL-6, 

(B)TNF-α, (C) IL-1β mRNA expression was measured by RT-qPCR. Data are represented as Relative 

Quantification in percentage with respect to control group (Two-way ANOVA and Bonferroni's MCT; 

*p<0.05; **P<0.01; n=4-5). 

 

Effects of ω3- PUFA and Vitamin A supplement diet on hippocampal gene expression of enzymes 

of fatty acid metabolism  

To study the fatty acid metabolic pathways, we examined whether enriched diet modulated the 
hippocampal expression of some metabolic enzymes, particularly focusing on lipoxygenases, such 
as 5-LOX and 12-LOX, cyclooxygenases, such as COX 2, cytochrome p450 (CYP1A1) and Soluble 
epoxide hydrolases (EPHX2).  
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 Two-way ANOVA  revealed no effect of stress or diet on the hippocampal mRNA expression of 5-
LOX (Two-way ANOVA and Bonferroni MCT; F(interaction)2,23=1,988; F(Genotypes)1,23=0,5971; F(Conditions) 

2,23=1,519) (Figure 3a); COX-2 (Two-way ANOVA and Bonferroni MCT; F(interaction)2,22=1,776; 
F(Genotypes)1,22=0,6114; F(Conditions) 2,22=0,5747) (Figure 3c); CYP1A1 (Two-way ANOVA and Bonferroni 
MCT; F(interaction)2,21=1,477; F(Genotypes)1,21=1,719; F(Conditions) 2,21=0,4782) (Figure 3d) and  EPHX2 (Two-
way ANOVA and Bonferroni MCT; F(interaction)2,22=2,306; F(Genotypes)1,22=1,209; F(Conditions) 2,22=0,9529) 
(Figure 3e); indeed, an increase in mRNA 12-LOX  levels was observed in HDC+/+ stressed mice fed 
with the enriched diet (Two-way ANOVA and Bonferroni MCT; F(interaction)2,24=1,785 p=0,1894; 
F(Genotypes)1,24=0,1961 p=0,6618; F(Conditions) 2,24=3,537 p<0.05) (Figure 3b).  
 
On the contrary, when we analysed the percentage changes with respect to the control group we 
observe no statistically differences in 12-LOX expression (Two-way ANOVA and Bonferroni MCT; 
F(interaction)1,15=3,671; F(Genotypes)1,15=3,092; F(Conditions) 1,15=2,625) (Figure 4b), but we observed 
differences in 5-LOX expression (Two-way ANOVA and Bonferroni MCT; F(interaction)1,15=1,275 
p=0,2766; F(Genotypes)1,15=6,125 p<0.05; F(Conditions) 1,15=2,471 p=0,1368) (Figure 4a) COX-2 (Two-way 
ANOVA and Bonferroni MCT; F(interaction)1,14=0,6886 p=0,4206; F(Genotypes)1,14=5,260 p<0.05; F(Conditions) 

1,14=1,013 p=0,3314) (Figure 4c), CYP1A1 (Two-way ANOVA and Bonferroni MCT; 
F(interaction)1,13=0,1851 p=0,6741; F(Genotypes)1,13=7,889 p<0.05; F(Conditions) 1,13=0,8716 p=0,3675) (Figure 
4d)  and EPHX2 expression (Two-way ANOVA and Bonferroni MCT; F(interaction)1,14=0,0188 p=0,8929; 
F(Genotypes)1,14=32,50 p<0.0001; F(Conditions) 1,14=2,175 p=0,1624) (Figure 4e).  
 

 
 
Figure 3 Effect of enriched diet on hippocampal fatty acid metabolism enzymes. (A) 5-LOX, (B)12-

LOX, (C) COX-2 (D) CYP1A1, (E) EPHX2 mRNA expression was measured by RT-qPCR. Data are 

represented as Relative Quantification vs GAPDH (Two-way ANOVA and Bonferroni's MCT; 

*P<0.05; n=4-5). 
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Figure 4 Effect of enriched diet on hippocampal fatty acid metabolism enzymes. (A) 5-LOX, (B)12-

LOX, (C) COX-2 (D) CYP1A1, (E) EPHX2 mRNA expression was measured by RT-qPCR. Data are 

represented as Relative Quantification in percentage with respect to control group (Two-way ANOVA 

and Bonferroni's MCT; *p<0.05; **P<0.01; n=4-5). 

 

Effects of ω3- PUFA and Vitamin A supplement diet on hippocampal gene expression of Retinoic 

acid receptors: RAR-α, RXR-α, RXR-β 

To study the effect of vitamin A supplementation on stress responses, we examined whether 
enriched diet modulated the hippocampal expression of some retinoic acid receptors, such as RAR-
α, RXR-α and RXR-β.  
Two-way ANOVA analysis showed no differences on RXR-α (Two-way ANOVA and Bonferroni MCT; 
F(interaction)2,23=0,2759; F(Genotypes)1,23=0,002757; F(Conditions) 2,23=1,447) (Figure 5a) and RXR-β expression 
(Two-way ANOVA and Bonferroni MCT; F(interaction)2,24=1,794; F(Genotypes)1,24=0,2024; F(Conditions) 

2,24=1,293) (Figure 5b).  
On the contrary Two-way ANOVA revealed a statistical difference in RAR-α expression (Two-way 
ANOVA and Bonferroni MCT; F(interaction)2,24=0,6012; F(Genotypes)1,24=0,1648; F(Conditions) 2,24=3,028) 
(Figure 5c). 
When we analyzed the results using the percentage with respect to control group we observed a 
statistical difference in RXR-β expression (Two-way ANOVA and Bonferroni MCT; F(interaction)1,15=2,515 
p=0,1336; F(Genotypes)1,15=5,512 p<0.05; F(Conditions) 1,15=3,657 p=0,0751) (Figure 6b) but we observed 
no difference in the expression of RXR-α (Two-way ANOVA and Bonferroni MCT; 
F(interaction)1,15=0,001389; F(Genotypes)1,15=2,408; F(Conditions) 1,15=4,353) (Figure 6a) and RAR-α (Two-way 
ANOVA and Bonferroni MCT; F(interaction)1,16=1,341 F(Genotypes)1,16=1,153; F(Conditions)1,16=0,55) (Figure 6c) 
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Figure 5 Effect of enriched diet on hippocampal Retinoic acid receptors. (A) RXR-α, (B)RXR-β, (C) 

RAR-α mRNA expression was measured by RT-qPCR. Data are represented as Relative 

Quantification vs GAPDH (Two-way ANOVA and Bonferroni's MCT; *P<0.05; n=4-5). 

 

 

Figure 6 Effect of enriched diet on hippocampal Retinoic acid receptors. (A) RXR-α, (B)RXR-β, (C) 

RAR-α mRNA expression was measured by RT-qPCR. Data are represented as Relative 

Quantification in percentage with respect to control group (Two-way ANOVA and Bonferroni's MCT; 

*p<0.05; n=4-5). 

Conclusion and Future directions 

We found that the Omega-3 PUFA/VitA enriched diet in HDC+/+ mice increased IL-1β and TNF-α 

mRNA expression compared to control diet and compared to HDC-/- mice fed with supplemented 

diet.  

Moreover, our results show that the supplemented diet increased 5-LOX and 12-LOX expression in 

HDC+/+ mice compared to HDC-/- mice fed with supplemented diet indicating a loss of this effect in 

histamine-depleted animals.  

The knowledge I have acquired in these months at the NutriNeuro Laboratory of University of 
Bordeaux with the supervision of Dr. Sophie Layé allowed me to optimize the experimental 
procedures and to deepen further my knowledge about neuroinflammation and fatty acid effects 
and metabolism.  
During the laboratory work, I improved my skills on immunohistochemistry with particular focus on 

the analysis of gene expression by quantitative RT-PCR. I will employ this technique to carry out the 

second phase of the project which is finalized to the study of the gene expression of pro-

inflammatory cytokines and fatty acid metabolism gene in the prefrontal cortex, a brain region 

involved in memory and stress-related responses. 
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