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ABSTRACT

Objective:Stressed individuals tend to turn to calorie-rich food, also known as ‘comfort food' for the temporary relief it
[Q2] provides. The emotional eating drive is highly variable among subjects. Using a rodent model, we explored the
plasmatic and neurobiological differences between ‘high and low emotional eaters’ (HEE and LEE).

Methods:40 male mice were exposed for 5 weeks to a protocol of unpredictable chronic mild stress. Every 3 or 4 days, they

were submitted to a 1-h restraint stress, immediately followed by a 3-h period during which a choice between chow and
chocolate sweet cereals was proposed. The dietary intake was measured by weighing. Plasmatic and neurobiological
characteristics were compared in mice displaying high vs low intakes.

Results:Out of 40 mice, 8 were considered as HEE because of their high post-stress eating score, and 8 as LEE because of
their consistent low intake. LEE displayed higher plasma corticosterone and lower levels of NPY than HEE, but acylated and
total ghrelin were similar in both groups. In the brain, the abundance of NPY neurons in the arcuate nucleus of the
hypothalamus was similar in both groups, but was higher in the ventral hippocampus and the basal lateral amygdala of LEE.
TSurprisingty——the lateral hypothalamus LEE had also more orexin (OX) positive neuronsbtt—ro—more—metanin-

concentrating-hormone(iviEH)retrons. Both NPY and OX are orexigenic peptides and mood regulators.

Discussion: vice s Emotional eating difference was reflected in

plasma and brain structures implicated in emotion and eating regulation. These results concur with the psychological side
of food consumption[Q3].
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Introduction[Q6]

Appetite, food consumption and dietary habits are closely linked to mood variations, stress perception and anxiety. Stress
can impose a dual effect on appetite, either blunting or increasing it, sometimes uncontrollably. During the sanitary crisis
experienced with Covid-19, overeating as well as hedonic reduction and anhedonia have been reported [1]. Under more
common circumstances, overeating affects 35-60% of individuals while 25-40% confide that they eat less when
experiencing stressful events [2].

If stress modifies eating behavior in both directions, a ruling shift towards calorie-rich food is acknowledged [2,3]. Indeed
most individuals experiencing stressful situations, either in the usual or experimental settings, are turning to palatable food
rather than nutriments more considered as healthy, and this so-called comfort food in turn mitigates the sensation of stress
and anxiety [2]. The extent of the requirement to palatable food is variable among subjects, and depends on several factors,
such as the gender [4], or the perception of stress [5]. Regarding this ‘emotional eating’ drive, the same result was obtained
with rodent or primate models: when submitted to different stress protocols, experimental animals increase their food
intake with a preference to high-calorie items [6-8]. Sugary and fat food dampens Hypothalamic—Pituitary—Adrenal (HPA)
axis stress responses [9]. Similar to humans, this eating drive is variable, with animals more prone to it than others [10,11].

The brain circuitry controlling food intake is composed of two systems distinct and yet deeply intertwined: one, in the
hypothalamus, controls the body’'s energy homeostatic requirements. The other, a corticostriatal hypothalamic circuitry, is
involved in the hedonic eating and reward, and is part of the dopaminergic system [12]. The latter is crucial for motivation,
and is also involved in emotive behavior, which is consistent with the fact that food intake go along with stress, and that
eating is both physiological and psychological.

The eating impulse is mediated by peptides acting centrally. Ghrelin is the only known gut-derived peptide with orexigenic



properties. The acylated form, with an octanoyl residue on Serine 3, is active and binds to the 7-transmembrane G protein-
coupled receptor, type 1a growth hormone secretagogue receptor (GHRS1a)[13]. Ghrelin acts in the arcuate nucleus (Arc)
of the HT via blood circulation and vagal transmission. In the Arc, ghrelin signaling activates neuropeptide Y (NPY) and
Agouti-related peptide (AgRP) neurons[14]. Ghrelin also activates the limbic dopaminergic system and modulate reward,
motivation and anxiety. Several rodent models have demonstrated that ghrelin is both induced by stress and mitigating it
[15-19].

NPY, AgRP and Orexin (OX), neuropeptides activated centrally by ghrelin are also increased under stressful circumstances
and display anxiolytic properties[20-24]. OX, as will be discussed below, demonstrates a more complex profile, and

according to the timing and the target location, can be anxiolytic or anxiogenic [23].

To analyze the variability towards the urge to eat in humans, most studies are based on psychology and brain imaging.
Rodent models open the possibility to examine the physiological origins of this difference. We have designed an
experiment to examine the appetitive behavior of male mice immediately after being exposed to a restraint stress. We
selected two groups of mice, referred to as either 'high emotional eaters’ (HEE), based on their consistent high post-stress
eating (PSE) level, or low emotional eaters’ (LEE) because of their low PSE records. We then determined the plasmatic levels
of corticosterone as a reflection of stress, and of ghrelin and NPY. We also analysed the neuronal organizations of a few
structures involved in food intake, and emotive behavior.

Methods

Animals

Two cohorts of 20 4-week-old C3H/HeN male mice were purchased from Janvier labs (Le Genest-Saint-Isle, France). The
mice were maintained at 4 per cage under a 12-12 dark-light cycle (lights on at 7:30 am), fed ad libitum with a commercial
rodent diet (RO 3/40 diet, Safe, Augy, France) and tap water was freely available. The experiment was carried out in
compliance with the EU rules for animal experimentation, and was allowed by the French Ministry of Science under the
reference APAFIS#10767-2017092915401597V1. The mice were weighed twice a week and examined for wellbeing
throughout the experiment.

Experimental protocol: unpredictable chronic mild stress (UCMS) and PSE behavior

After a 2-week acclimatization, the mice were placed in individual cages and submitted to a protocol of 5-week UCMS[25]
during the light phase, so that the mice would remain stressed on a consistent basis throughout the experiment. UCMS
consisted of a succession of mild stressors such as tilted cage, wet bedding, omitting food or water overnight, foreign
objects in the cage (marbles), 24-h exposure to light, or light flashes during the dark period, with 2 stressors per day. The
succession of the stressors varied randomly so that the animals did not get used to it. We assessed the coat state once a
week in eight body parts (head, neck, dorsal area, ventral area, genital area, tail, forepaws and hindpaws) before the
beginning and until the end of the UCMS procedure. The mice received the same order of UCMS events, at the same time.
For each body part, a score of zero was given for a well-groomed coat and a score of one for an unkept coat. Addition of

those scores led to a weekly coat state score for each mouse [25].

Every 3 or 4 days, the sated mice were restrained for 1 h in 50-ml drilled Falcon tube and immediately after were proposed
with a choice of the regular chow or commercial chocolate sweet cereals (Chocapic, Nestlé, France) for a 3-h period. A
timeline representative of an experimental week is shown in Figure 1. The night before the test, food and water were
provided ad libitum, under the usual conditions. Chow and the cereals were weighed before and after the 3-h period to
measure the consumption. PSE index was calculated as the intake values (g) standardized by the metabolic mass (body
weight (g) >/3) [26]. Eight episodes of restraint-PSE were accomplished during the experiment. To avoid food neophobia
before the first test, the mice were proposed with a couple of cereal flakes two or three times the week before, and the

mice refusing to eat them were excluded from the experiment (2 out of 40 mice).

Figure 1. Linear timeline of one experimental week. All the mice received the same stressor at the same time.



* Stressors of the UCMS: tilted cage, overnight lights on, overnight light flashes,
marbles, absence of bedding, wet bedding, crowding
Overnight omission of food/water except nights preceding the test days

* Test day: Restraintfor 1hr followed by 3hr meal (CF/Chow)
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In each test, the PSE values were sorted in descending order and divided into tertiles: mice assigned to the 'high emotional
eaters’ (HEE) group had to show PSE in the higher tertile in at least 5 of the 8 tests, and never in the lower one. Mice
assigned to the 'low emotional eaters’ (LEE) groups had to have PSE values in the lower tertile in at least 5 of the 8 tests, and

never in the highest. In each cohort, four were identified as HEE, and 4 as LEE.

The mice were sacrificed at the end of the 5-week UCMS. Before the sacrifice, both groups were submitted to a 1-h restraint
under the usual conditions, and decapitated immediately after. Mice not considered as HEE and LEE were decapitated
without or with restraint, to determine the effect of the restraint on the levels of plasmatic hormones and peptides. Trunk
blood and brains were collected. The brains were frozen in isopentane at -40°C and ultimately stored at -80°C until
analysis.

Brain immunohistochemistry and in situ hybridization

The brains from HEE and LEE mice were sectioned at —20°C using a cryostat. Sections of 16 um were collected on frost plus
slides and allowed to dry out before storage at —80°C. The sections covered from bregma -1.22 to -2.70 mm.

For immunohybridization, the sections were fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton and blocked
with 3% of normal donkey and/or goat serum, according to the secondary antibody use. The antibody used were: anti-
Orexin mAB763 from R&D systems (Biotechne, Lille, France) and anti-MCH from RayBiotech (Clinisciences, Nanterre,
France).

In situ hybridization was performed using the fast Red labeling kit from ACD biotechnologies, according to the
manufacturer’s instructions. The sections after fixation by 4% formaldehyde were permeabilized by a 10-min incubation with
protease at room temperature, and processed as recommended under the manual guidelines. Because of a strong
expression for both probes, the fifth level of amplification was reduced to 5 min. The reference of the NPY probe was
313321. Following hybridization, the sections were counter colored with hematoxylin.

The section once labeled were scanned using the Pannoramic Scan (3D Histech) and the slides were counted using Image J.

Corticosterone and peptide analyses

Trunk blood was collected in EDTA 0.5 mM coated tubes, immediately stored at 4° and spun at 300 rpm for 10 min. The
dosage of corticosterone (Arbor Assays, Clinisciences, Nanterre, France) and total ghrelin (Sigma Aldrich Merck St Quentin
Fallavier, France), acylated ghrelin (BioVendor, Euromedex, Souffelweyersheim, France) and NPY (Raybiotech, Clinisciences,
France) were realized by Elisa, according to the manufacturers’ guidelines.

Statistics

All statistical analyses were completed using Graphpad prism 7 (GraphPad Software, San Diego, CA, USA). All quantitative
data are expressed as the mean + standard error of the mean (SEM) for each group. The alpha risk for rejection of the null
hypothesis was set to 0.05. All values met criteria for normality, unless otherwise specified. Groups were compared pairwise
by using either t-test or nonparametric Mann Whitney-U test as appropriate. * P < 0.05.

Results

PSE determinations, weekly food consumption, body weights

As indicated under Methods, during the whole experimentation, the mice were subjected to eight episodes of 1-h restraint
stress immediately followed by a 3-h period in their own cage. During this time, sweet cereals and chow were freely
available, and intakes were measured by weighing the food before and at the end of the 3 h.

Because the weights and food intakes were very coherent and similar between the 2 cohorts, the results were combined and



refer to all the HEE and LEE mice, defined according to the criteria described under Methods: in each cohort 4 mice were

recognized as HEE and 4 mice as LEE.

Figure 2 reports the average PSE intakes. PSE intakes were significantly different between the two groups. In both groups,
the sweet cereals were the preferred choice, as they represented about 75% of the total food intake during the 3-h. The fact
that total food intake during the 3-h post-restraint period was also significantly lower in LEE shows that the drive to eat was
less present in LEE, and that there was not a preference of chow over the sweet cereals in the LEE group. Yet average weekly
chow consumption was similar and not significantly different from the mean intake registered for all the mice (Figure 2).

The body weight evolution was similar in both groups, and so were the coat states (Figure 2).

Figure 2. [Q10]Food intake, body weights and coat state evolution during the 5-week experiment. (A) Intake of
sweet cereals and chow after the 3-h restraint, The food was measured before and after restraint, and the difference
was divided by (body weight) 2/3. (B) Weekly food intake, the weight of consumed food was divided by (body weight)
2/3. (C) Weight evolution of LEE and HEE during the 5-week experiment. (D) Coat state evolution in LEE and HEE.
Student t-test *p < 0.05.
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Plasma peptides and hormone

Both HEE and LEE mice were placed under restraint before decapitation, so that the animals would be in the same
physiological state as they were when proposed with the choice chow/sweet cereals. To check the effect of the restraint
period, the rest of the animals (i.e. not qualified as HEE or LEE) were sacrificed with (R) or without restraint (NR). The results
are reported in Figure 3. The restraint induced a significant rise in corticosterone, acylated ghrelin and NPY, but total ghrelin

remained unchanged.

Figure 3. Plasma concentrations of peptides and corticosterone after 1-h restraint and in LEE and HEE. The mice not
identified as LEE or HEE were submitted (R) or not (NR) to an 1-h restraint under the usual conditions, and were
decapitated immediately after. The plasmas of LEE and HEE were analyzed after decapitation as described under

methods. Student t-test ***p < 0.01; *p < 0.05.
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Figure 3 shows the results of the same determinations for HEE and LEE. Corticosterone was higher in LEE, but total and
acylated ghrelin were similar in both groups. The orexigenic peptide NPY was slightly lower in LEE, not significantly though.

In light of the differences in the plasmatic NPY profiles, we examined its expression pattern in cerebral structures involved in
emotion and eating.

Food behavior- and stress-related peptides occurences in the brain

Because peripheral NPY was lower in LEE, we examined its expression in the arcuate nucleus (Arc) of the hypothalamus, the
structure involved in energy homeostasis, and main site of expression of NPY. We also checked the expression in the

hippocampus, both dorsal and ventral, and in the amygdala. Because the numbers of counted neurons were very similar in

the 2 cohorts, the data were combined. The expression was visualized by in-situ hybridization, allowing a very clear imaging

of the positive neurons. In the Arc, there was no difference in the number of NPY+ neurons. Neurons expressing NPY were
significantly more abundant in LEE in the ventral hippocampus and in the basal lateral amygdala (BLA) (Figure 4).

Figure 4. In situ hybridization of NPY in cerebral structures of HEE and LEE. (A) Arcuate nucleus of the
hypothalamus; (B) Dorsal hippocampus (bregma —1.34 to —2.30); (C) Ventral hippocampus (bregma -2.46 to -2.92);
(D) Basal lateral amygdala. The labeled cells from 4 to 6 sections were counted using Image J. Student t-test ***p <
0.01 *p < 0.05.
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OX is a peptide induced by Ghrelin in the lateral hypothalamus (LH), so we checked the abundance of OX neurons in this
structure by immunohistology. OX neurons were significantly more abundant in LEE Figure 5). OX is not the only orexigenic
peptide in the LH, since the melanin-concentrating hormone (MCH) is also expressed in this structure and is associated with
food intake and impulsivity [27]. MCH labeling showed no difference between both groups, indicating that OX+ neurons

were specifically more abundant in LEE.

Immunohistochemistry of Orexin (OX) and melanin-concentrating hormone (MCH) of neurons in the
lateral hypothalamus of HEE and LEE. The labeled cells from 4 sections were counted using Image J. Student t-test **p
<0.02.
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iIscussion

Not all individuals are equal in front of comfort food. Our objective here was to study this variability in a rodent model. We
subjected male mice to a protocol of chronic mild stress, to generate a constant level of anxiety and examined food intake
following an acute stress, realized by a restraint period. Two categories of mice could be identified, differing in their
interest to consuming food immediately after restraint. It is to be underlined here that the mice were sated and not
experiencing hunger at the time the choice sweet food/chow was proposed, since the test was performed in the morning
(from 9 am to 12 pm), and that chow had been freely available during the dark section. Yet all the mice consumed some
amount of food during the 3-h period. Although LEE and HEE differ in post-restraint intake, both groups consumed the
same weekly amount of chow under the rest of the time (Figure 2). We did not measure the chow intake in the 24 h
immediately preceding the tests, so it could be assumed that elevated intake of the cereal in the HEE mice could be driven
by mice that routinely did not consume much food in the sated feeding window. However, this would be unlikely, since the
assignment to either group HEE/LEE relied on the consistency of the intakes during 8 tests. Furthermore, we found no
difference in the weekly intake, and no correlation between the body weights, the amount of weekly food, and the food
intake during the tests for both groups. This suggests that there was no difference in the metabolism of HEE and LEE, which

is also shown by their similar weight evolution during the whole experiment.

Plasmatic determinations showed distinct profiles regarding NPY and corticosterone. Although significance was not
reached, NPY results were consistent with the PSE behavior of LEE and HEE, since NPY concentrations were slightly higher in
HEE mice. Corticosterone concentrations were also significantly different between the two groups, the higher value in LEE
suggesting a higher level of stress. Therefore, the plasmatic profiles of the LEE seem consistent with the literature since they
showed higher Corticosterone and lower NPY: the plasmatic levels of NPY are indeed higher in animals consuming higher
amounts of food [22], and higher corticosterone levels signal that the HPA recation to stress was not dampened by food [6-
9.

In spite of the demonstrated role of ghrelin in the escalation of food intake and food reward [19,28], in our hands, ghrelin,
either total or acylated, was similar in both groups. Therefore, the difference in post-stress intake could not be attributed to
a difference in ghrelin activation or synthesis.

We hypothesized that acylated ghrelin was similar in both groups because the mice were subjected to a robust stressful

event before euthanasia, resulting in maximal activation in both groups, therefore hiding a possible difference. Indeed, the

control assay realized with the unselected mice clearly show the strong effect of the restraint on the plasmatic levels of the

active form, consistent with published data [29]. Therefore, the orexigenic drive was similar in HEE and LEE, and this could
suggest that LEE mice could display a resistance to ghrelin. This hypothesis could be considered in light of the fact that
anorectic patients develop very high levels of ghrelin but fail to respond to them [30-32].

This possibility led us to inspect some structures known to respond to ghrelin signaling, and the secondary neuropeptides
tied to it, such as NPY and OX.

NPY is a neuropeptide abundantly present in the arcuate nucleus of the hypothalamus where it is co-expressed with AQRP
and GABA. NPY and AgRP are important in the homeostatic regulation of energy intake and are activated by acylated
ghrelin [33]. That plasmatic NPY was lower in LEE, was consistent with a lower food intake, but plasmatic NPY levels are not
always commensurate with the expression of NPY in the brain[34,35]. In the brain, we checked the expression of NPY by in

situ hybridization. We found the highest expression in Arc, consistent with other studies. In Arc, NPY did not differ between
both groups (Figure 4). This is in line with the fact that weekly food consumption was similar in both groups. NPY was also

abundantly expressed in the hippocampus and the BLA, two structures involved and emotive behavior. The BLA is at the
interface of perception, emotion, and motor behaviors. This structure plays an important role in the processing of fearful

and rewarding stimuli, as well as emotional memory [36] and acute stress impacts BLA neurons[37]. The hippocampus is

characterized by a dorsal-ventral axis, with different functions}[Q7]. The dorsal part (D hipp) processes spatial and fear

memory, while the ventral pole (V hipp) is involved in emotional and affective states[38]. The hippocampus is also a

structure implicated in food control [39] and lesions in V hipp increase food consumption [40].

In V hipp and BLA, NPY neurons were more numerous in LEE than in HEE, which seems paradoxical because of the
orexigenic nature of this peptide. Yet in addition to its orexigenic role, NPY is also a key regulator in emotional behavior
and is associated with resilience. NPY neurons coexpress GABA, and are inhibitory neurons. In different stress protocols, NPY
blunts stress and confers resilience. In humans, depressed or bipolars patients show lower plasmatic NPY levels. NPY is a
gene that shows polymorphisms, and higher levels seem to be protective towards mental health disorders [41]. Rodent
models provide examples of the anxiolytic properties of NPY: for instance, the anxiolytic effect of exercise is associated with
higher expression of NPY in the hippocampus[35]. NPY is also upregulated in response to the induction of stress[42]. It is



therefore very interesting that NPY neurons are more abundant in two structures involved in emotive behavior. Our
hypothesis is that the higher number of neurons in Vhipp and BLA could represent a compensatory mechanism to

counteract a higher level of stress perception in LEE.

We also inspected the presence of OX neurons in the lateral hypothalamus. OX is indeed a neuropeptide relay to ghrelin in
the brain [43,44]. Again and surprisingly, we counted more OX neurons in the LH of LEE than in HEE. This result was counter-
intuitive, as OX is known for not only its orexigenic property, but is also involved in reward seeking [45]. Consistently, it has
been recently demonstrated that OX neurons were more abundant in Cocaine-addicted rats in LH[46]. Here, the more
abundant OX neurons could be viewed as a compensatory mechanism, once more under the hypothesis of a resistance to

ghrelinin LEE.

Yet another interpretation relies on the fact that a higher abundance of OX neurons has been reported in other rodent

models of stress [47,48], and that generally a higher abundance in OX neurons is associated with higher stress and emotivity.

This, in our experiment, could be connected with the higher corticosterone level in LEE. Indeed, OX, similar to NPY, is a key
regulator of stress reactivity, and OX neurons can be activated by a ghrelin surge, but also by stress[49]. While NPY is
associated with resilience, OX displays a complex and ambivalent profile towards stress management, and can be tied

either to resilience or to depression and anxiety. This dual profile can be interpreted in view of the opposite properties of its

receptors: OXr1, and OXr2. While OXr1 mediates an anxiogenic and pro-depression response, OXr2 is involved in the
induction of resilience and is anxiolytic [50]. LH orexigenic output to the lateral habernula have been shown recently to

confer an anxiolytic and anti-depressant effect after social defeat stress [51]. Yet OX is also known to activate central and

peripheral parts of the HPA axis[52,53]: a cerebroventricular injection of OX can increase Corticotroprin Releasing hormone

in the Para Ventricular Nucleus and ultimately lead to an increase in adrenocorticotropin hormone (ACTH) and

corticosterone plasma levels[23]. The OX system connects with multiple regions of the brain involved in emotivity and

stress reactivity, and confers distinct responses depending on the target location.

Indeed, the OX neurons of the LH also project to VTA and activate the dopaminergic neurons in the VTA, which project into
the NAc. This can lead to the promotion of reward-seeking behaviors[53,54]. But on another hand, it has also been shown
that, on the contrary, high frequency phasic optogenetic stimulations of the DA neurons in the VTA could lead to anhedonia
and a decrease in motivation [55-57]. It was also shown that the hyperactivity of the axis VTA-NAc increases social defeat
stress susceptibility and social avoidance [57]. We could thus hypothesize that the higher numbers of OX neurons in LEE
drive a dopaminergic hyperactivity of the VTA-NAc axis, leading ultimately to a down stimulation of the NAc. If this
hypothesis were correct, then the surplus of OX neurons could lead to the motivation deficit seen in the LEE. Interestingly,
one can mention that anorexia nervosa is also considered as a condition linked to a disorder of reward circuitry and a
dysfunctional axis VTA-NAc [31,58].

Conclusion

Our interpretation of these results is that LEE mice could experience a higher stress (as shown by the higher corticosterone
concentrations), either due or related to a higher OX content, counterbalanced by a compensatory higher NPY number of

neurons in areas promoting resilience.

A limitation comes from the fact that we restricted the study to male mice, and it would be necessary to investigate female
mice, since the drive towards comfort food seems to be higher in women [4]. We also performed our measurements during

the light phase, and further experimentation would require data generated during the dark phase.

Stress modifies the brain, and by these modifications, the brain finds a way to cope and stay protected [37,59]. This in turn
has an impact on behavior. Our results show that structures involved in emotion and eating display different organizations

of neurons expressing peptides linked to coping and eating.
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