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Polyunsaturated fatty-acids diet
increases fear discrimination in rats
and IGF-2 receptors signaling in the
auditory cortex

Giulia Concina®3, Eugenio Manassero®3, Felice Cicciarelli’, Annamaria Renna?,
Luisella Milano?, Federica Scarpina?, Alessandro Mauro'? & Benedetto Sacchetti'*

Recent studies suggest that diet influences brain functions, though its effects on emotional

processes remain unclear. Here we explored how two high-fat diets affect innate and learned fear
behaviors in rats. One group was fed a polyunsaturated fatty acids-enriched diet, another received a
polyunsaturated fatty acids-deficient high-fat diet, and a control group consumed standard chow. Both
high-fat diet groups showed significant weight gain compared to controls. However, no differences

in anxiety-like behavior, auditory fear memory, or responses to painful stimuli were observed among
the three groups. Notably, rats on the polyunsaturated fatty acids -enriched diet exhibited improved
discrimination between harmful and neutral auditory stimuli. This improvement was accompanied

by increased insulin-like growth factor 2 receptor signaling in the excitatory neurons of the auditory
cortex. These findings suggest that specific dietary components, such as polyunsaturated fatty acids,
enhanced threat discrimination. Considering the connection between fear discrimination and the onset
of fear-related disorders, our data may offer new insights into the factors influencing fear disorders.

Keywords Appetitive memory, Insulin-like growth factor 2, Fear memory discrimination, Obesity, Innate
fear behavior, Auditory cortex

A growing body of studies highlights the impact of dietary components on brain function, with a particular
focus on fatty acids, especially polyunsaturated fatty acids (PUFAs). PUFAs are essential “building blocks” in
the brain, supporting proper neuronal function!. Their involvement in processes such as neural development?,
neurotransmission®, cognition®, memory®, and behavior® has been well-documented. Moreover, deficits in the
peripheral amounts of PUFA and altered PUFA metabolism have been reported in a range of neurological and
psychiatric disorders®®.

While PUFAs are critical for brain health, excessive fatty acid intake in high-fat diets can lead to obesity, a
condition characterized by excess fat accumulation and associated with an increased risk of metabolic disorders,
including type 2 diabetes and cardiovascular disease. Obesity also affects brain physiology, contributing to
impairments in cognition, attention, and memory”~°.

Research on the effects of high-fat diets and weight gain on emotional processes is limited. Some studies
report both beneficial'® and adverse!!"!* outcomes on anxiety-like and depressive behaviors in humans and
animal models. Evidence is also conflicting regarding the impact of obesity on fear memories, with studies
showing enhancement or impairment in auditory, visual, and contextual fear responses'4~%. These contradictory
findings suggest that the influence of fat-enriched diets on fear behaviors is multifaceted.

Even less explored is the effect of dietary components on the ability to modulate appropriate defensive
responses to novel stimuli. In fact, when faced with new stimuli or events, it is crucial for survival to respond
with defensive reactions to stimuli resembling threats, while also refraining from defensive behavior in reaction
to new harmless stimuli. Survival requires an adaptive balance between fear generalization and discrimination.
When this delicate mechanism undergoes dysregulation, the resulting behavior can be maladaptive, and
overgeneralization of fear responses has been defined as a pathogenetic marker of emotional disorders, such as
specific phobias, generalized anxiety and PTSD'9-?2. Only a few studies have addressed the possible link between
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obesity and generalization, showing that weight gain may cause an overgeneralization of appetitive responses?3,

and a dietary enriched in salt may increase contextual fear generalization®*.

In this study, we addressed this gap by examining the effects of two distinct high-fat diets—one enriched with
polyunsaturated fatty acids (PUFA-high) and the other PUFA-deficient (PUFA-low)—on anxiety-like behavior,
pain sensitivity, fear memory, and fear generalization in rats. By exploring these variables, we aim to elucidate
how different dietary compositions influence emotional and cognitive processes, potentially shedding light on
the link between diet, obesity, and mental health outcomes.

Methods

Animals

Male Wistar rats (age at the start of the diet: 30-40 days; weight, 130-150 g) were employed. We chose to employ
male rats for two main reasons. First, for continuity with previous experiments conducted in our laboratory
on fear memory and fear discrimination?~3!,with experiments concerning IGF2*>%, and with those on the
role of diet in behavior”#19-18, Second, to avoid a source of variability, as the spontaneous and anxiety behavior
of female rodents may differ from that of males*>=*. Animals were housed two per cages with food and water
available ad libitum, under a 12 h light/dark cycle (lights on at 7:00 A.M.) at a constant temperature of 22+ 1 0 C°.
Rats were derived from an internal animal facility breeding (Department of Neurosciences, Physiology section,
University of Turin). All methods were performed in accordance with the relevant guidelines and regulations.
All the experiments were approved by the Italian Ministry of Health (authorization no. 408/2020-PR) and by the
local bioethical committee of the University of Turin.

Diet
All animals were randomly allocated in three cohorts that, in addition to their standard chow ad libitum, differed
in the fatty acids source supplemented diet:

« PUFA-high group: rats received 20 g/cage a day of peanuts.
o PUFA-low group: rats received 20 g/cage a day of cheese-flavored chips.
o CTRL group: provided only with the standard chow.

These diets have the following content in PUFA and caloric supply:

Nutritional comparison

Total -3 -6
Serving | Fats | Saturated | Monounsaturated | Polyunsaturated | PUFAs | PUFAs | Calories

Cohorts Product Size (g) Fats (g) Fats (g) Fats (PUFAs) (g) | (g) (g) (kcal)
CTRL Standard Chow | 100 g 4,29 | 0,67 1,07 2,55 0,130 1,06 343,6

Standard Chow | 100 g 4,29 | 0,67 1,07 2,55 0,130 1,06 343,6
PUFA-low ~

Cheese-flavored | g 32,0 | 155 11,2-12,8 1,6-3,2 1,06 | 2,97 525

Chips

Standard Chow | 100 g 4,29 | 0,67 1,07 2,55 0,130 1,06 343,6
PUFA-high

Peanuts 100 g 49,24 | 6,28 24,43 15,56 0,003 15,6 567

(Source: “Special Diet Services”*>, Mondelez Europe Services GmbH?¢, USDA National Nutrient Database™.

These diets were administered for 10 weeks, consistent with the time frame used in previous studies
investigating the effects of high-fat diets on rat behavior!!2,

Behavioral procedures
Open field test. One week before fear conditioning, rats were tested in an open field apparatus, consisting in a
plastic opaque box (50 x 50 x 50 cm). Animals were placed in the center of the apparatus at the beginning of the
session. The behavior was recorded for 10 min by a digital camera. During the first ON Diet condition session,
animals were subtended to this procedure, while daily receiving the high fat supplemented diet. The second
session, in OFF Diet condition, took place four days after high fat diet withdrawal. The traveled distance and the
time spent by the rats in the center and periphery of the arena were analyzed offline using the Smart 3.0 software.
Fear conditioning training. Rats were trained to associate a conditioned stimulus (CS) consisting of a 1 kHz
pure tone (80 dB, 8 s) with a painful unconditioned stimulus (US, 0.4 mA, 1 s), as in our previous studies?>~%.
The floor of the conditioning cage was made of stainless steel rods connected to a shock generator set to deliver
the current. The chamber was equipped with a loudspeaker located 20 cm above the floor and connected to a
tone generator set to deliver an 80 dB, 1 kHz pure tone (CS). Each animal was placed inside the chamber and
left undisturbed for 2 min. Then, it was exposed to seven consecutive auditory CSs, each lasting 8 s and paired,
during the last 1 s, with an electric foot shock; the auditory stimuli were separated by intervals of 22 s.
Presentation of new auditory stimuli and fear memory retention test. The presentation of a novel auditory
stimulus, a 15 kHz tone (155, inter-trial 36 s) was performed four days after the fear conditioning procedure. Rats
were habituated to an apparatus different from that used for conditioning and placed in a different room in order
to avoid conditioned fear behavior to contextual cues?~2°. The new apparatus consisted of a transparent plastic
cage (Context A) enclosed within a sound-attenuating box equipped with an exhaust fan, which eliminated
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odorized air from the enclosure and provided background noise of 60 dB. After two minutes of free exploration,
we delivered four auditory stimuli (15 kHz tones) never presented before. The retention of fear memory to the
CS (1 kHz, 8 5, 22 s interval) was tested two days later. Animals were placed in a novel environment (Context B)
and exposed to four CS identical to those employed during the fear conditioning procedure.

Pain threshold test. Following fear memory retention, animals were put in the skinner box module and
their responses to progressively increased foot shocks (0.1 mA to 0.40 mA) were monitored and expressed as
reactivity, i.e. amplitude triggered movements, jumps and vocalization.

Behavioral analysis. Rats’ behavior was recorded by a digital camera and the videos were analyzed to determine
the duration of freezing. As in our previous studies?>~>!, freezing response was employed as an index of defensive
behavior. Freezing was analyzed as the percentage of time during which there was a complete absence of somatic
mobility, except for respiratory movements. The amount of time (in seconds) spent in freezing was measured
offline by one person blinded to the animals’ assignment to an experimental group. To better distinguish
between generalizer and discriminator animals, we used a discrimination score (DS) obtained by dividing the
percentage of freezing to CS and to the new tone employed (CS/New Tone). This procedure was employed in
previous studies because it allows to identify and analyze separately the animals that discriminate against those
that generalize?62%8,

Targeted Pharmacological infusion of IGF2 into the auditory cortex

Rats were anesthetized with isoflurane: the induction was performed at 4% [v/v] in 2 L/min medical air and
extended to a continuous exposure at 2% [v/v]) when rats were mounted in the stereotaxic apparatus. Rats were
surgically implanted with bilateral, chronic, intracranial stainless steel guide-cannulae (3.0 mm long, 26 gauge,
Plastic One) above the primary auditory cortex (Tel). Cannulae were implanted at the following stereotaxic
coordinates: AP=-4.2, ML=#+6.5 according to the Paxinos and Watson atlas®*. The cannulae were anchored
to the skull by two anchor screws and dental cement. Once secured, cannula dummies (Plastic One) were used
to obdurate the guide cannulae. After post-surgical recovery (8-10 days), injection cannulae (4.0 mm long,
Plastic One) were inserted through the guide-cannulae. This procedure allows the injection of substances at
a depth of 4.0 mm. The injector was connected through polyethylene tubing to a Hamilton syringe (10 pl),
which was mounted on an infusion pump (Harvard Apparatus). Rats were infused bilaterally with either saline
(0.9% vol/vol NaCl, 0.9 ul per side) or recombinant mouse insulin growth factor- 2 (IGF-2, Tocris Biosciences)
(0.9 l per side, 25 ng/pl in saline)* at a rate of 0.25 pl/min, 20 min prior to the presentation of the new 15-
kHz tone. After waiting for 1 min, the injection cannulae were taken out. After the completion of experiments,
cannulae placement was confirmed using Nissl stained sections. The sections were histologically verified under
a microscope magnified at 2x and 4x.

Immunohistochemistry

Rats were deeply anesthetized with isoflurane and perfused intracardially with 4% paraformaldehyde (PFA).
Rats that were not perfused were euthanized using carbon dioxide (CO2) inhalation. Brains were dissected,
stored overnight at 4 °C, and finally transferred to 30% sucrose. Coronal Sect. (35 um) were cut on a cryostat
and collected in PBS and incubated in a blocking solution for 1 h at RT. To evaluate a possible colocalization of
IGEF-2R with excitatory or inhibitory neurons, we performed IGF-2R staining in the Tel in combination with
antibodies against Parvalbumin (PV) (Sigma) or CamKII (Sigma). Free-floating sections, after several rinses,
were incubated with rabbit anti IGF-2R (1:300 dilution) and respectively mouse anti PV (1:2000) or mouse anti
CamKII (1:500) antibodies in the blocking solution overnight at room temperature. Subsequently, sections were
washed with PBS and incubated for 1 h at room temperature with biotinylated goat anti-rabbit antibody (1:1000
dilution). The avidin-biotin complex (ABC complex 1:100, 2 h and half of incubation) was coupled to Texas
Red Streptavidin (1:1000, 1 h, Vector) to stain IGF-2R. Cy5 anti mouse (1:1000, Jackson) were used to reveal
the neuronal marker (1 h of incubation). Sections were then rinsed in PBS and transferred to gelatin coated
slides and covered with a coverslip. Images of Tel sections stained with IGF-2R and different neuronal markers
were acquired at a Zeiss confocal microscope at 40x magnification (230 x 170 microns area) using a 561 nm
laser (IGF-2R) and a 640 nm laser (neuronal markers). Immunoreactive nuclei were counted as IGF2R, PV (or
CamKII) positive or double positive (IGF-2R+PV/ IGF-2R + CamKII). Each cell count was then divided by
the total number of DAPI-positive nuclei. Mean counts for each animal obtained from all the slices were then
compared.

Experimental design and statistical analysis

Experimental design (sample size, number of replicates, data exclusion) was performed according to laboratory
experience and to previous published papers in the field?>-27-29-3141:42:4043-51 "Gratigtical design and sample size
are fully described in the result session and figure legends.

Shapiro-Wilk Normality test was used to determine whether the data were normally distributed. When data
were non-normally distributed, they were analyzed using non-parametric tests (Mann-Whitney and Kruskall-
Wallis). When data were normally distributed, we used a Student’s two-tailed unpaired t test or a one-way
ANOVA. Data are presented as mean + SEM. The null hypothesis was rejected at the P<0.05 significance level.
All statistical analyses were performed using SPSS Statistics 22 (IBM).

Results

Different types of high-fat diets did not influence anxiety-like behavior

To investigate the effects of different types of diets on anxiety and fear-related processes, we divided rats into three
cohorts (Fig. 1a). One group (n=23) was assigned to a high-polyunsaturated fatty acid (PUFA)-enriched, high-
fat (PUFA-high) diet. The primary source of unsaturated acids in this diet was peanuts, provided alongside the
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standard chow. A second group (n=17) was given a high-fat diet deficient in PUFAs (PUFA-low), administered
through the consumption of cheese chips. The third group (n=21) was kept on the standard chow only, serving
as the control group (CTRL). Over a period of ten weeks! 2, the animals were fed their assigned diets daily, and
their weights were measured once per week. At the beginning of the diets (day 0), the three groups exhibited
similar weights (one-way ANOVA, F(2, 58)=0.5731, p=0.566, Fig. 1b). After ten weeks (day 70), both the
PUFA-high and PUFA-low diet groups showed a significant increase in body weight compared to the CTRL
group (one-way ANOVA, F(2, 58) =13.76, p <0.0001; Tukey post hoc, PUFA-high vs. CTRL, p <0.0001; PUFA-
low vs. CTRL, p<0.0025, Fig. 1¢).

We then explored whether the various diet types might have influenced the innate anxiety-like behavior of
rats. To this end, a subset of animals from each group underwent testing for their spontaneous behavior in the
open field arena. No differences in distance traveled (one-way ANOVA, F(2, 30)=0.7924, p=0.46) or in time
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«Fig. 1. Two high-fat diets promote body weight increase and do not modify innate anxiety-like behaviors.
(a) Schematic diagram of the different diets employed: PUFA-high (providing higher PUFAs), PUFA-low
(PUFA-deficient), and standard chow (CTRL diet). (b) Animals assigned to high-fat diets (PUFA-high or
PUFA-low) and the control (CTRL) diet displayed similar weights at the beginning of the experimental
procedures (one-way ANOVA, F(2, 58)=0.5731, p=0.566). (c) However, rats fed high-fat diets (PUFA-high or
PUFA-low) showed increased weight at the end of ten weeks compared to CTRL rats (one-way ANOVA, F(2,
58)=13.76, p <0.0001; Tukey post hoc: PUFA-high vs. CTRL, p <0.0001; PUFA-low vs. CTRL, p <0.0025). (d)
Anxiety-like behaviors in the open field arena were similar across all three groups in terms of distance traveled
(one-way ANOVA, F(2, 30)=0.7924, p=0.46) and time spent in the periphery or center (one-way ANOVA,
F(2,30)=0.9591, p=0.39) during feeding with the different diets. (e) We also investigated the impact of diet
withdrawal on anxiety-like behavior in these rats by repeating the open field test four days after the cessation
of the high-fat diet. No differences were detected among groups (distance traveled in periphery or center: one-
way ANOVA, F(2, 30) =1.425, p=0.25; time spent in periphery or center: one-way ANOVA, F(2, 30) =3.199,
p=0.05) or between ON and OFF diet conditions (PUFA-high: distance traveled in periphery or center:
t-test, t(9) =1.55, p=0.15; time spent in periphery or center: t-test, t(9) =1.44, p=0.18; PUFA-low animals:
distance traveled in periphery or center: t-test, t(11) =1.15, p=0.27; time spent in periphery or center: t-test,
t(11)=1.66, p=0.12). All data are mean + SEM.

spent in the periphery or center (one-way ANOVA, F(2, 30) =0.9591, p=0.39) of the arena were detected among
the three groups (Fig. 1d).

Subsequently, we investigated the impact of diet withdrawal on anxiety-like behavior in these rats. For this
purpose, the open field test was repeated four days after the cessation of the high-fat diet, with a comparable time
interval maintained for the CTRL group. No differences were detected among the groups in all tested parameters
(distance traveled in the periphery or center: one-way ANOVA, F(2, 30)=1.425, p=0.25; time spent in the
periphery or center: one-way ANOVA, F(2, 30)=3.199, p=0.05) (Fig. 1e). The rats spontaneous behavior in the
arena was also similar between the ON and OFF diet conditions for both the PUFA-high group (distance traveled
in the periphery or center: t-test, t(9) =1.55, p=0.15; time spent in the periphery or center: t-test, t(9) =1.44,
p=0.18) and the PUFA-low group (distance traveled in the periphery or center: t-test, t(11) =1.15, p=0.27; time
spent in the periphery or center: t-test, t(11)=1.66, p=0.12). These results also suggest that repeating the open
field test twice did not induce significant habituation in exploratory activity and/or anxiety-related behaviors,
which could have masked potential effects.

PUFA-enriched high-fat diet does not affect fear memory but increases fear discrimination
Next, we examined the effects of different diet types on the formation of fear memory and the ability to
discriminate between stimuli previously associated with aversive events and novel ones, i.e., fear generalization
and discrimination processes. Rats underwent a fear conditioning procedure during which they were trained to
associate a pure tone of a specific frequency (conditioning stimulus, CS, 1 kHz, 8 s) with a painful unconditioned
stimulus (US, 0.40 mA, 1 s) (Fig. 2a). This paradigm is considered a non-differential protocol because one tone
is paired with the US and no other sound is presented during conditioning. In differential fear conditioning
paradigms, in addition to the sound associated with the US, other sounds that are not associated with the US
are also presented and do not acquire the aversive connotation. We choose a non-differential fear conditioning
paradigm because it mimics real-life threatening experiences?>-2”-52->4, Four days after fear learning, rats were
exposed to a novel tone (15 kHz, 15 s) that had not been presented before, in order to evaluate fear generalization
or discrimination (Fig. 2a, b, and d). The choice of a pure tone with a frequency of 15 kHz was based on our
previous studies?®~?7, where this specific frequency was associated with discriminatory behavior in some rats
and generalization in others. Two days after the presentation of the new tone, the conditioned stimulus (CS) was
presented again to assess fear memory retention (Fig. 2a and c). Freezing behavior was analyzed and used as an
indicator of defensive fear-related behavior.

During the presentation of the CS, all groups exhibited similarly high levels of freezing (Kruskal-Wallis,
H=5.22; p=0.073) (Fig. 2c). These data suggest that neither the PUFA-high nor the PUFA-low diet significantly
affected fear memory retention. During the presentation of the new tone, as in previous studies®>?’, the CTRL
group exhibited interindividual variability in defensive reactions to the novel tone. Some rats showed heightened
freezing, indicating fear generalization, while others exhibited low freezing, indicating fear discrimination. In
the PUFA-high group, compared to the CTRL and PUFA-low groups, there was a trend towards a lower freezing
response to the new tone, although this data did not reach statistical significance (Kruskal-Wallis, H=6.68;
p=0.035, Dunn’s post hoc: PUFA-high vs. CTRL: p=0.06; PUFA-high vs. PUFA-low: p=0.11; PUFA-low vs.
CTRL: p=0.99) (Fig. 2b). Therefore, to properly analyze fear discrimination/generalization processes across
groups, we calculated a discrimination score by dividing the percentage of freezing to the CS by the percentage
of freezing to the new tone (CS/New Tone), as in previous studies?®*”-*%, This analysis revealed that animals fed
the PUFA-enriched diet exhibited a significant increase in the discriminative behavior (Kruskal-Wallis, H=9.49,
p=0.008) compared to the CTRL group (Dunn’s post hoc, p=0.029) and the PUFA-low group (Dunn’s post hoc,
p=0.023) (Fig. 2d). Fear discrimination was similarly low between the CTRL and PUFA-low groups (Dunn’s
post hoc, p=0.999, Fig. 2d).

Finally, we investigated whether differences in weight gain across groups could have influenced the perception
of the foot-shock, potentially affecting fear memory and/or generalization/discrimination processes. To address
this, we conducted an additional experiment in which we administered electric shocks of increasing intensity
while recording the behavioral responses of the rats in the three groups. There was no difference among the
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Fig. 2. A PUFA-enriched high-fat diet does not affect fear memory retention but improves fear memory
discrimination. (a) Experimental design: The three groups (PUFA-high, PUFA-low, or CTRL) underwent

the association between a pure tone (1 kHz pure tone, conditioned stimulus, CS) and a painful foot shock
(unconditioned stimulus, US). Four days later, they were presented with a novel tone (15 kHz pure tone, New
Tone) that had never been presented before, to assess fear discrimination or generalization. Finally, they were
presented with the CS to assess fear memory retention. (b) Although there was an overall tendency (Kruskal-
Wallis, H=6.68, p=0.035), freezing to the new tone did not differ significantly among groups (Dunn post
hoc: PUFA-high vs. CTRL, p=0.06; PUFA-high vs. PUFA-low, p=0.11; PUFA-low vs. CTRL, p=0.99). (c)
The retention of CS memory was similar across all diet conditions (Kruskal-Wallis, H=5.22, p=0.073). (d)
To properly compare fear discrimination/generalization processes among groups, we used a discrimination
score (DS), calculated by dividing the percentage of freezing to the CS by the percentage of freezing to the
new tone (CS/New Tone). This analysis revealed that animals fed a PUFA-enriched diet displayed increased
discriminative behavior (Kruskal-Wallis, H=9.49, p=0.008) compared to control chow (CTRL) (Dunn post
hoc, p=0.029) and PUFA-low (Dunn post hoc, p=0.023) fed rats, while fear discrimination was similarly low
between CTRL and PUFA-low rats (Dunn post hoc, p=0.999). (e-g) Rats’ responses to increasing intensities
of footshocks were similar across all groups in terms of basal reaction threshold (one-way ANOVA, F(2,
30)=1.209, p=0.31) (e), jumps (one-way ANOVA, F(2, 30)=1.69, p=0.20) (f), and vocalizations (one-way
ANOVA, F(2, 30)=0.47, p=0.62) (g). All data are mean + SEM.

groups in the intensity of shocks required to elicit movement (one-way ANOVA, F(2, 30)=1.209, p=0.31),
vocalization (one-way ANOVA, F(2, 30) =0.47, p=0.62), or jumping (one-way ANOVA, F(2, 30)=1.69, p=0.20)
(Fig. 2e-g), indicating no difference in pain sensitivity or reaction.

In conclusion, these data demonstrate that two distinct high-fat diets resulted in a significant increase in body
weight. However, this increase was not accompanied by significant changes in pain sensitivity or fear memory
formation. Interestingly, a diet rich in polyunsaturated fatty acids (PUFA) significantly enhanced the rats’ ability
to differentiate between fearful and neutral stimuli, thereby improving their discriminative processes.

Enhanced IGF-2 receptor signaling in excitatory neurons of the auditory cortex in rats fed a
PUFA-high diet

Next, we aimed to identify the cellular mechanisms underlying the observed enhancement of discriminative
processes mediated by diet. Recent studies have demonstrated that insulin-like growth factor 2 receptor (IGF-
2R) signaling plays a critical role in the improvement of fear memories*!#%4%-5%51 and fear discrimination
process?’. Therefore, we investigated whether IGF-2R signaling was engaged in rats that displayed enhanced fear
discrimination promoted by the PUFA-enriched diet. To this end, we analyzed IGF-2R expression in the primary
auditory cortex (Tel), a region implicated in fear discrimination processes?®27-25%%,_ Specifically, we examined
IGF-2R expression in layers 2 and 3 of the cortex, as these layers are critically involved in fear memory?** and
discrimination?’.

Compared to the CTRL rats, the PUFA-high group exhibited significantly higher IGF-2R expression
(t-test(14)=4.29, p=0.0007) (Fig. 3a, c). We then sought to identify the specific cell type(s) in which IGF-2R
expression was elevated. To do this, we examined the co-localization of IGF-2R with parvalbumin (PV), a marker
for a subclass of inhibitory neurons involved in discrimination processes at the cortical level>>*”. However, both
the total count of PV cells (t-test(14)=1.43, p=0.17, Fig. 3a and d) and the number of IGF-2R/PV double-
positive cells (t-test(14) =0.40, p=0.69) were similar between the PUFA-high and CTRL rats (Fig. 3a and e).
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Fig. 3. Fear discrimination is associated with an increase in the expression of IGF-2R in excitatory neurons
of the auditory cortex. (a, b) Confocal images of immunofluorescent staining with IGF-2R and inhibitory

(a) or excitatory (b) markers in PUFA-high and CTRL animals. (c) The number of IGF-2R positive cells was
higher in the PUFA-high group (t-test(14) =4.29, p=0.0007). (d-e The total number of PV positive cells
(t-test(14)=1.43, p=0.17) (d), and IGF-2R/PV double positive cells (t-test(14) =0.40, p=0.69)(e) were similar
in both groups. (f-h). In another series of cortical slices, we performed immunofluorescence analysis by
co-immunolabeling IGF-2R with calcium/calmodulin-dependent protein kinase II (CamKII), a marker of
excitatory neurons. (f) Again, we found an increased number of IGF-2R positive cells in PUFA-high animals
compared to CTRL (f, t-test(14) =4.76, p=0.0003). (g) Conversely, the number of CamKII positive excitatory
cells was similar between the two groups (t-test(14) =1.08, p=0.29). (h) Critically, however, there was an
increase in the IGF-2R/CamKII double positive cells (h, t-test(14) =2.85, p=0.01) in PUFA-high animals
compared to CTRL. All data are mean + SEM.

In another series of cortical slices, we then performed immunofluorescence analysis by co-immunolabeling
IGF-2R with calcium/calmodulin-dependent protein kinase II (CamKII), a marker of excitatory neurons
(Fig. 3b and g). We found that the total number of CamKII-positive cells was similar between the PUFA-high
and CTRL groups (t-test(14) =1.08, p=0.29, Fig. 3g). However, the PUFA-high group showed a significantly
greater number of IGF-2R-positive cells (t-test(14)=4.76, p=0.0003, Fig. 3f). Importantly, the number
of IGF-2R/CamKII double-positive cells was higher in the PUFA-high animals compared to the CTRL rats
(t-test(14)=2.85, p=0.01, Fig. 3b and h).

In summary, these findings reveal that rats fed a PUFA-high diet, which exhibited improved fear
discrimination, also displayed a selective increase in IGF-2R expression within excitatory neurons, but not
within PV-positive neurons, in the auditory cortex.

Enhanced IGF-2 receptor signaling of the auditory cortex facilitates auditory fear
discrimination

To determine whether the increase in IGF-2R signaling that we detected in the auditory cortex of rats fed a PUFA-
high diet was sufficient to induce the observed improvement in fear discrimination processes, we administered
recombinant IGF-2 protein directly into the auditory cortex of control animals fed a standard laboratory diet.
This allowed us to assess whether the selective increase in the activity of IGF-2R in the auditory cortex could
enhance fear discrimination in these rats. IGF-2 is a polypeptide that is part of the insulin signaling system and
plays an important role in various brain functions, including memory?”414240:5051 'and it may activate IGF-2R.
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Fig. 4. IGF2 polypeptide injection into the auditory cortex improves fear discrimination. (a) Schematic
diagram of the experimental design. (b) The recombinant mouse insulin growth factor- 2 (IGF-2) or saline
were injected directly into the primary auditory cortex (Tel). Plates are adapted from Paxinos and Watson
atlas®. (c) Rats that received IGF-2 displayed reduced freezing to the new tone (t-test(10)=-3.05, p=0.012).
d. No difference was observed between the IGF-2 and saline-injected groups in the retention of the CS
memory (t-test(10)=0,56, p=0.58). (e) Rats that received IGF-2 displayed also a higher discrimination score
(t-test(10)=2.72, p=0.021, Fig. 4d). All data are mean + SEM.

Rats were conditioned to learn the CS-US association as in previous experiments (Fig. 4a). Four days later,
the rats received either a saline injection or recombinant IGF-2 (at a dose of 25 ng/ul)?”*? into the auditory cortex
(Fig. 4b), 20 min prior to the presentation of the new 15-kHz tone. Two days later, they were again presented
with the original CS. Rats that received IGF-2 displayed reduced freezing to the new tone (t-test(10)=-3.05,
p=0.012, Fig. 4c) and a higher discrimination score (t-test(10)=2.72, p=0.021, Fig. 4e). No difference was
observed between the IGF-2 and saline-injected groups in the retention of the CS memory (t-test(10)=0,56,
p=0.58, Fig. 4d).

These findings demonstrate that increased IGF-2R activity within the auditory cortex can facilitate auditory
fear discrimination.

Discussion

Our results show that a diet high in PUFAs enhanced the ability of rats to discriminate between harmful and
neutral auditory stimuli while leaving innate anxiety-like behavior and auditory fear memory unchanged. This
effect appears to be specifically attributable to the nutrient composition of the diet, as another diet with a similar
caloric intake and that similarly increased body weight, but containing different nutrients, did not produce the
same effect. Moreover, this enhanced behavioral discrimination in the PUFA-high diet group is associated with
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a high IGF-2R expression in excitatory pyramidal neurons of the auditory cortex. Finally, a similar improvement
in fear discrimination was observed following the administration of an IGF-2R agonist into the auditory cortex
of control rats.

The ability to distinguish between safe and harmful stimuli is a crucial survival function. Inferring the
most appropriate behavior in new circumstances represents a major challenge for animals, including humans.
Evaluation mechanisms excessively biased toward generalization (i.e., overgeneralization) may prevent the
exploration of new environments or stimuli, which may hold the potential to provide positive outcomes, like
food or rewards in animals. Indeed, in humans, overgeneralization is a hallmark of fear-related disorders, such
as post-traumatic stress disorder and generalized phobias!®-2.

Despite its importance, fear generalization processes have been poorly investigated in the context of obesity
and dietary nutrients. Two studies in rodents showed that gaining weight may cause an overgeneralization of
appetitive behavior?* and that a diet enriched in salt may increase contextual fear generalization?. A recent study
in humans showed that fear discrimination occurs at both implicit and explicit levels®®*, and that participants
with obesity exhibited similar fear memories but heightened reactions to new stimuli, suggesting that obesity
may broaden fear generalization patterns®. Along with this latest study®®, our findings highlight that fear
discrimination processes may be influenced by dietary habits, potentially improving or worsening depending on
the diet, even though fear memory and pain sensitivity remain unaffected.

How can diet content influence fear discrimination processes? Recent studies demonstrated that the nutritional
components of a diet, beyond influencing weight gain, also affect brain function. Neuronal membrane proteins
are relatively stable, while lipids exhibit a faster turnover rate*. As a major component of plasma membranes,
the brain’s fatty acid composition can be extensively modulated by dietary lipids®*-%2. Specifically, high-fat diets
affect cellular integrity and signaling pathways depending on the biochemical profiles of their main components:
saturated and unsaturated fatty acids. PUFAs are essential nutrients for human health®. In the mammalian
brain, there are two major classes of PUFA, w-3 and w-6, which are either ingested directly or biosynthesized
from their precursors. w-3 and w-6 PUFAs have been shown to impact cholesterol and low-density lipoprotein
(LDL) levels and positively modulate inflammatory pathways by reducing inflammation markers® and oxidative
stress®®. A mixture of w-3 and w-6 PUFAs is often more effective than a single PUFA, given the competition
between PUFA types for common metabolic enzymes. It has been suggested that certain ratios of w-3 and w-6
PUFAs are more effective in reducing cholesterol in membranes and exerting their beneficial effects®.

However, much of the research has focused on w-3 PUFAs or diets in which the ratio was balanced toward
-3 PUFAs. Omega-3-deficient rats exhibit poor learning and memory in various tests**. Similarly, -3 PUFA-
enriched diets have been reported to attenuate fear expression in both contextual and cued fear memories®>¢,
Other studies have shown that -3 PUFA diets improve memory performance through the combined restoration
of contextual fear expression and the prevention of stress-induced impairments®s°.

In contrast, very few studies have investigated the effects of w-6 PUFA on brain activity. Some research
reports pro-inflammatory effects’”’, while others indicate anti-inflammatory and cognitive benefits’'~>. In this
context, this is the first study providing evidence that a diet enriched in w-6 PUFA may significantly improve
fear discrimination. Furthermore, we showed that this dietary regimen is accompanied by an increase in IGF-
2R expression in the excitatory cells of the auditory cortex. This aligns with previous studies showing that the
auditory cortex plays a pivotal role in fear memory and discrimination?>-2%47-%7, Thus, a diet enriched in w-6
PUFA may enhance auditory cortex activity, improving fear discrimination process. It should be noted that
our diet includes both w-3 and w-6, albeit in different proportions. This is important to consider, as numerous
studies show that a high intake of w-6, especially when accompanied by a low intake of w-3, has been associated
with an increased risk of chronic inflammatory diseases, cardiovascular diseases, obesity, and certain types of
cancer’*” as well as cognitive deficits®®. Therefore, balancing w-6 and w-3 PUFA is crucial for optimal brain
function, especially concerning learning and memory®®.

Here, we also found that animals fed with the PUFA-enriched diet showed an increase in IGF-2R expression
within Tel. A previous study suggested that IGF-2 receptor expression in the Tel enhances the precision
of fear memories?”’. Here, we provide direct evidence of this effect by demonstrating that the injection of a
polypeptide that activates IGF-2R into the Tel improves fear discrimination. Interestingly, this manipulation
did not change fear memory retention. Many studies performed with irreversible lesions?®7%7% or reversible
inactivations***°>7° showed that the inactivation of Tel did not affect fear memory. Conversely, the ability to
discriminate between the CS and other sounds was impaired’#%%”7, but see’®. This might explain why, in the
present study, both the diet we employed and the IGF-2R agonist injected into Tel improved fear discrimination
while leaving fear memory unaltered.

Of course, other neural processes related to sound processing may also be influenced by the diet we used
and thus could contribute to the improvement in fear discrimination. In particular, a diet-induced modification
in the subjects’ sensory ability to perceive sounds, and therefore to better discriminate, cannot be ruled out.
Notably, some studies have investigated the association between PUFAs and the risk of hearing impairment
in humans®0-%5. It has been found that some PUFAs tend to be beneficial for low-frequency hearing status but
detrimental to the high-frequency hearing threshold®.

Limitations of the study
Animals

We employed only male rats. As highlighted in the Methods, this choice was based on two main reasons.
First, to ensure continuity with previous experiments conducted in our laboratory on fear learning and fear
discrimination?>-3!, with experiments concerning IGF23233, and with those on the role of diet in behavior”310-18,
Second, to avoid a source of variability, as the spontaneous and anxiety-related behaviors of female rodents may
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differ from those of males*-3¢. However, this limits the generalizability of our findings, and further studies are
needed to determine whether similar effects can also be observed in female rats.

Dietary design

We employed a standard laboratory diet and two hypercaloric diets, one rich in PUFA and one low in PUFA.
For this purpose, we used peanuts for the PUFA-rich diet and cheese chips for the PUFA-poor diet. The choice of
these items was driven by their different PUFA content, even though they both provided a similar caloric intake.
One advantage of this choice is that it also allowed us investigating the effect on the mechanisms of fear learning
and fear discrimination of foods that may be commonly consumed by humans and other animals. Although we
believe this may represent an advantage, there are some limitations. First, the standard diet is lower in calories,
while the other two are more caloric. Notably, however, the caloric intake of the latter two diets is similar and
resulted in similar weight gain in both groups. This might suggest that the effects observed in the PUFA-rich
diet but not in the PUFA-poor diet, despite similar caloric content, are not primarily due to the increased caloric
intake. However, since we do not know the exact levels of adiposity, lean mass, plasma lipid levels, or glucose
regulation, we cannot disentangle whether and how each of these factors has contributed to the observed results.

Furthermore, the PUFA-poor diet likely contains higher saturated fat and caloric content, which may
independently influence metabolism, neuroinflammation, or behavior. Although we cannot exclude the
contribution of these factors, it should be noted that these animals exhibit fear learning and discrimination
similar to subjects fed with a hypocaloric diet devoid of these components.

Another limitation of the dietary regimen used in this study is that, in order to allow social interactions
and thus promote animal welfare, the rats were housed two per cage. However, this prevented the possibility of
measuring the actual amount of food consumed by each individual animal. Although the final weight gain was
similar between the two groups fed high-fat diets, we cannot determine the total caloric intake of the animals.
Furthermore, we cannot accurately assess how much of the PUFA-high diet was consumed in addition to the
standard chow.

Innate anxiety behavior

We tested all groups in the open field twice: the first time to assess the impact of the diet, and the second time
to test the effect of high-fat diets withdrawal on anxiety-like behavior in the same rats. Repeated exposure to
the open field may lead to habituation, whereby animals become increasingly familiar with the environment,
resulting in reduced exploratory behavior or anxiety-related responses over time. However, in the control group,
no signs of habituation were observed in exploratory responses or anxiety-like behavior (Fig. 1d-e). Therefore, it
seems unlikely that any form of habituation could have masked potential effects on anxiety-like behavior in the
two groups of rats withdrawn from high-fat diets, but not in those fed the standard diet.

Conclusions

This study uncovers a possible link between diet type and the ability to distinguish between threatening and
neutral stimuli, while also revealing a cellular mechanism that may underlie this function. Given the established
connection between fear generalization/discrimination processes and fear-related disorders, our findings
provide a first glimpse into a previously unexplored area of interest, opening a new avenue for investigating
multiple clinically relevant hypotheses from a translational perspective.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author (bene-
detto.sacchetti@unito.it) on reasonable request.
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