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BACKGROUND 

Modern western diets are characterized by deficiency in content of polyunsaturated fatty acid (PUFA), in 

particular low consumption of fish in favour of baked and junk food has determined a deficiency in n-3 PUFA. 

Interestingly, it has been estimated that from the dawn of the industrial revolution the ratio n-6/n-3 has 

dramatically increased. Furthermore, the high ratio n-6/n-3 is particularly unfavorable for proper central 

nervous system (CNS) functioning. It is worth to note that, during embrional life and lactation, PUFA intake 

exclusively depends on maternal diet, considering that the metabolic conversion of essential precursors 

cannot be accomplished [1]. On the other hand, it has been reported that maternal malnutrition plays a 

crucial role in development of psychiatric complications in later adulthood. In particular, evidence from 

human studies indicate that maternal metabolic state and diet influence dramatically the risk for behavioural 

disorders in progeny [2]. Epidemiological evidences have established a negative correlation between n-3 

PUFA consumption and development of anxiety, depression as well as physiological distress [1; 3; 4]. These 

findings were supported by clinical studies indicating that the lack of n-3PUFA in diet is linked to an increased 

susceptibility to psychiatric disorders like depression [5; 6], also positive results with n-3 supplementation 

alone or in adjunctive therapies have been described in treatment of this mental illness [7].  

Along with dietary deficiency, chronic stress is another environmental risk factor for the development of 

depressive symptoms and dysregulation of hypothalamic –pituitary adrenal (HPA) axis in response to chronic 

or repeated stressful events is a reported important mechanism [8]. In this regard, low cerebral n-3 PUFA 

content, secondary to poor diet, has been associated to increased anxiety-like behaviour induced by chronic 

mild stress paradigm in animals [9]. In the last decade greater importance has been given to soluble beta 

amyloid 1-42 (Aβ) peptide in the development of depression. In this regard, we have previously 

demonstrated that Aβ soluble peptide is able to evoke a depressive like state [10] and to modulate HPA axis 

response in rats [11]. Moreover, high Aβ levels have been found after acute and chronic stress in animals, 

indicating a putative role for this peptide in physio-pathological mechanisms of adaptation to stress [12]. 

Therefore, in the first part of the present project we have evaluated the effects of pre- and post-natal 

exposure to diet enriched in either in n-3 or n-6 PUFA, as well as to n-3/n-6 balanced diet in offspring male 

rats either with or without Aβ intracerebroventricular (icv) injection. In particular, we tested animals for 

depressive and anxiety-like behaviours and we corroborated behavioural outcomes with measures of HPA 

axis parameters, and monoamine concentrations in prefrontal cortex (PFC). 

 

MATERIALS AND METHODS 

Animals and diets 

Adult male (250-300g) Wistar rats (Harlan, S. Pietro al Natisone, Udine) were used in this study. One male 

and two female rats were housed together for mating. Dams were fed with a diet containing 6% fat in the 

form of peanut oil (rich in linoleic acid 18:2n-6) and rapeseed oil (rich in -linolenic acid 18:3n-3) called n-3/n-

6 diet or an isocaloric diet containing 6% fat in the form of only rapeseed oil (n-3 enriched) or only peanut oil 
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(n-6 enriched) throughout gestation and lactation. After weaning, offspring were maintained on the same 

diet throughout life. All experiments were then performed in eight-week-old rats. 

 

Behavioural analyses 

Locomotor activity and anxiety like behaviour were performed by Open field test (OF). Depressive like 

behaviour was quantified by forced swimming test (FST). 

Monoamine quantifications 

Serotonin (5-HT) and noradrenaline (NA) concentrations were determined by HPLC coupled with an 

electrochemical detector. Separation was performed by a LC18 reverse phase column. The detection was 

accomplished by a thin-layer amperometric cell with a 5 mm diameter glassy carbon electrode at a working 

potential of 0.400 V vs. Pd. The mobile phase used was 75 mM NaH2PO4, 1.7 mM octane sulfonic acid, 0.3 

mM EDTA, acetonitrile 10%, in distilled water, buffered at pH 3.0. The flow rate was maintained by an 

isocratic pump at 1 ml/min.  

ELISA quantifications 

Plasma samples were analyzed for corticosterone and Aβ by using ELISA kits. Corticotropin-releasing factor 

(CRF) ELISA quantification was performed in hypothalamic area. Assays were performed according to the 

manufacturer’s instructions. Each sample analysis was carried out in duplicate to avoid intra-assay variations. 

Aβ administration 

Icv injections were performed by using the following coordinates relative to bregma: AP = -0.5, ML =+1.2, DV 

= -3.2 with the incisor bar set at -3.3 mm (Paxinos and Watson, 1998). Soluble Aβ (5 µL, 4µM) was delivered 

through a 25 µL Hamilton microsyringe at an infusion rate of 2 µL·min-1 for 2.5 min. Control rats (SHAM) were 

injected with vehicle only. The injection needle was left in place for an additional 5 min to prevent reflux. 

Statistical analyses 

Results were expressed as mean±S.E.M. Behavioural and neurochemical data were analyzed by using two-

way analysis of variance (ANOVA) for repeated measures or one-way ANOVA followed by post hoc analyses. 

P value was set at 0.05. 

 

RESULTS 

Effects of n-3 and n-6 PUFA enriched diets on body weight gain 

Offspring rats fed with n-3, n-6 PUFA and control diets were weekly weighted in order to monitor general 

health status. Analyses of data evidenced no differences in total body weight gain among groups (One-way 

ANOVA followed by Tukey’s multiple comparison test, n.s.). Moreover, we estimated the total food intake 

and no statistically significant differences were individuated (One-way ANOVA followed by Tukey’s multiple 

comparison test, n.s.). Data are reported in Table 1. 

 

 

Table 1 
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Diet Total body weight gain (g) Total food intake (g) 

n3/n6 balanced 210.2 ± 4.982 439.9 ± 74.16 

n-3 PUFA 200.0 ± 3.255 385.4 ± 61.76 

n-6 PUFA 195.8 ± 5.018 296.9 ± 74.81 

 

Effects of n-3 and n-6 PUFA enriched diets on FST 

In order to determine if pre-and post-natal exposure to either n-3 or n-6 PUFA enriched diet was able to 

induce propensity to a depressive–like state, we performed the FST on experimental groups. As shown in fig. 

1A, we found that the diet enriched in n-6 PUFA significantly increased the immobility frequency compared 

to control and n-3 PUFA rich diet (One-way ANOVA followed by Bonferroni’s multiple comparison test, P<0.01 

n-3 versus n-6 PUFA, and P<0.001 n-6 PUFA versus n3/n6 balanced diet). Moreover, swimming and struggling 

frequencies were significantly decreased in n-6 PUFA diet-exposed animals (Figure 1B and C, one-way ANOVA 

followed by Bonferroni’s multiple comparison test, swimming: P<0.01 n-3 versus n-6 PUFA, and P<0.001 n-6 

PUFA versus n3/n6 balanced diet; struggling: P<0.01 n-6 PUFA versus n3/n6 balanced diet). 

 

Effects of n-3 and n-6 PUFA enriched diets on OF 

In another group of rats, we accomplished the OF in order to verify whether the effects observed in the FST 

could not be related to an alteration in locomotion. As expected, statistical analyses revealed a significant 

effect only on time in crossing and wall rearing frequency (Figure 2A and C, two-way ANOVA for repeated 

measures, crossing: P<0.001 F3,21=53.62; wall rearing P<0.001 F3,21= 38.19). Moreover, as shown in figure 

2, no impairment associated to diet exposure was evidenced in either vertical or horizontal activity, as 

revealed by crossing, rearing and wall rearing frequency measurements (Figure 2A-C, two-way ANOVA for 

repeated measures followed by Bonferroni’s multiple comparison test, n.s.). Self- grooming behaviour was 

quantified as index of anxiety-like state. We found that n-6 PUFA diet significantly increased the time that 

rats spent performing self-grooming (Figure 3A, one-way ANOVA followed by Bonferroni’s multiple 

comparison test, P<0.05 n-6 versus n-3 PUFA and n3/n6 balanced diet). No differences were retrieved for the 

time spent in periphery or center area of the arena (Figure 3B and C, one-way ANOVA followed by 

Bonferroni’s multiple comparison test, n.s.). 
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Effects of n-3 and n-6 PUFA enriched diets on 5-HT and NA levels in PFC 

In order to corroborate behavioural with neurochemical data, we quantified 5-HT and NA content in PFC of 

PUFA enriched diet fed animals. In particular, our data indicated that cortical 5-HT concentrations were 

significantly lower in animals pre- and post-natally fed with n-6 PUFA enriched diet compared to controls 

(Figure 4A, one-way ANOVA followed by Bonferroni’s multiple comparison test, P<0.05). On the other hand, 

NA was significantly increased in n-3 PUFA treated rats compared to either n-6 PUFA or controls animals 

(Figure 4B, one-way ANOVA followed by Bonferroni’s multiple comparison test, P<0.05). 

 

Effects of n-3 and n-6 PUFA enriched diets on HPA axis 

HPA axis dysfunctioning has been strictly related to depressive state, thus in our model we quantified 

hypothalamic CRF, and corticosterone in plasma. As shown in figure 5, we found that CRF content was 

significantly increased after n-6 PUFA in respect to control diet (Figure 5A, one-way ANOVA followed by 

Bonferroni’s multiple comparison test, P<0.05 n-6 PUFA fed rats versus balanced diet controls). Accordingly, 

n-6 PUFA diet was also able to enhance corticosterone levels compared to n-3 PUFA treated and control 

animals (Figure 5B, one-way ANOVA followed by Bonferroni’s multiple comparison test, P<0.05). 
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Effects of n-3 and n-6 PUFA enriched diets on plasmatic Aβ levels 

We quantified plasmatic Aβ soluble peptide in offspring rats differently exposed to n-3, n-6 PUFA and n-3/n-

6 balanced diets. As shown in figure 6, we found that, compared to controls, animals exposed throughout 

their life to n-6 PUFA enriched diet displayed significantly higher plasmatic Aβ levels, while n-3 PUFA exposure 

induced a significant reduction in the peptide plasmatic levels (figure 6, one-way ANOVA followed by 

Bonferroni’s multiple comparison test, P<0.05 n-3 and n-6 PUFA versus n6/n3, P<0.001 n-6 PUFA versus n-

3/n-6). 

 

 

Effects of n-3 and n-6 PUFA enriched diets on Aβ-induced depressive like behaviour 

We have previously demonstrated that Aβ soluble peptide is able to evoke a depressive like [10] and to 

modulate HPA axis response in rats [13], thus we tested whether lifelong exposure to n-3, n-6 PUFA and n-

3/n-6 balanced diets would prevent such Aβ-induced alterations. As shown in figure 7, n-3 PUFA enriched 

diet prevented the depressive effect of Aβ. Indeed, while no differences were evidenced in struggling 

frequency among groups, immobility frequency was significantly increased and swimming frequency was 

decreased after Aβ icv only in n-6 PUFA and n3/n6 balanced fed animals (Figure 7 A-C, two-way ANOVA 

followed by Bonferroni’s multiple comparison test; n3/n6 diet: P<0.01 and n-6 diet: P<0.05, Aβ versus SHAM 

rats).  
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Figure 7 

 

 

CONCLUSIONS AND FUTURE WORK PLANS 

Here we found that n-6 PUFA fed rats had increased Aβ1-42 levels. This event may allow several 

considerations since we have previously demonstrated that a single icv administration of soluble Aβ1-42 

induces a depressive like state in rats that is accompanied by reduced cortical 5-HT and brain derived 

neurotrophic factor (Colaianna et al, 2010). Also, we found an altered HPA axis response after Aβ1-42 central 

administration (Morgese et al, 2014). Our findings strongly argue in favor of a central role of Aβ1-42 in the 

developing of depressive symptoms and these data indicate that this peptide might be crucially involved in 

behavioural alterations found after n-6 rich PUFA diet. Importantly, depression has been associated with 

prodromal stages of Alzheimer’s disease (AD) [14] and significantly higher levels of CSF Aβ1-42 in elderly 

women with major depressive disorder have been reported [15]. To the best of our knowledge, this is the 

first study linking together the depressive and anxiety state following lifelong high n-6 PUFA diets with high 

plasmatic Aβ1-42 levels. Important considerations may be drawn. Depressive disorders are very common in 

western countries and depression during childhood is positively associated with BMI and overweight in later 

life [16; 17]). On the other hand, a dramatic increase in AD has been reported in Japan and developing 

countries as consequence of westernization of national diets [18]. These results encourage to question the 

negative impact that changes in modern lifestyle occurred through years had in health in western countries, 

and strongly endorse the protective role of n-3 and the detrimental effect of improper n-6 PUFA 

consumption. 

The second part of this project will be focused on evaluating the effects of PUFA enriched diets on HPA axis 
parameters and cortical monoamine content after Aβ icv in rats exposed to the three different diets. In 
addition, a possible gender effect will be studied. 
Finally, the involvement of endocannabinoid system after diets’ exposure either with or without Aβ icv will 
be carried out. 
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