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Abstract

High-palatable and caloric foods are widely overconsumed due to hedonic mechanisms
that prevail over caloric necessities leading to overeating and overweight. The nucleus
accumbens (NAc) is a key brain area modulating the reinforcing effects of palatable
foods and is crucially involved in the development of eating disorders. We describe that
prolonged exposure to high-caloric chocolate cafeteria diet leads to overeating and
overweight in mice. NAc functionality was altered in these mice, presenting structural
plasticity modifications in medium spiny neurons, increased expression of
neuroinflammatory factors and activated microglia, and abnormal responses after
amphetamine-induced hyperlocomotion. Chronic inactivation of microglia normalised
these neurobiological and behavioural alterations exclusively in mice exposed to
cafeteria diet. Our data suggest that prolonged exposure to cafeteria diet produces
neuroplastic and functional changes in the NAc that can modify feeding behaviour.
Microglia activation and neuroinflammation play an important role in the development

of these neurobiological alterations.
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1. Introduction

The incidence of overweight and obesity is reaching epidemic proportions worldwide
with more than 1,9 billion overweight adults in 2013 (James, 2013). Obesity increases
the risk for a wide spectrum of diseases including type-2 diabetes, hypertension, stroke
and many types of cancer (Haslam and James, 2005), and has also been recently related
to cognitive dysfunctions, such as Alzheimer’s disease (Volkow et al., 2011). Different
brain areas are involved in food intake control, including the dorsal striatum (DS) and
nucleus accumbens (NAc). The DS plays an important role in decision-making
behaviours, particularly in goal-directed actions and selection of actions based on their
currently expected reward value (Balleine et al., 2007). The NAc is an important
component of the mesolimbic reward system that participates in motivational and
reward learning and the development of addictive behaviours (Smith et al., 2016). This
brain area is divided into two distinct neuroanatomical and functional sub-regions called
the NAc core and the NAc shell with different inputs and outputs (Gangarossa et al.,
2013). In the present study, Nac core and shell have been studied separately due to their
distinct roles regulating feeding behaviours (Floresco et al., 2008; Castro et al., 2015;

Myal et al., 2015; O’Connor et al., 2015).

In addition, evidences suggest that alterations in dopamine and opioid signalling in the
DS and NAc may contribute to the development of obesity (Berridge et al., 2010).
These alterations share similarities to those observed in drug addicts (Volkow et al.,
2008), and are suggested to enable the progress towards an addictive-like state that leads
to maladaptive behaviours, such as excessive or compulsive eating. In agreement, recent
studies in our laboratory have also demonstrated that operant food seeking behaviour

for a highly palatable food modifies dendritic spine density in NAc neurons (Guegan et
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al., 2013). Neuroadaptive changes in these reward circuits could also occur during the

development of obesity and could participate in the associated maladaptive behaviours.

Overweight and obesity have also been associated with neuroinflammation mainly at
the level of the hypothalamus (Purkayastha and Cai, 2013). Thus, changes in microglia
functionality and proinflammatory molecules have been reported in this brain area upon
exposure to high caloric food. This microglia activation may contribute to synaptic and
neurocircuitry remodelling, affecting the functionality of hypothalamic neurons, which
in turn may facilitate overeating (Argente-Arizén, 2015; Kélin et al., 2015). Microglia
activation and neuroinflammatory processes associated with obesity have also been
recently reported in another brain area, the hippocampus, which could account for

cognitive alterations (Erion et al., 2014).

The present study investigated the consequences of obesity development by exposure to
cafeteria diet (CD) on neuronal plasticity and neuroinflammatory processes in the
reward circuit. Mice were divided in 3 experimental groups; (1) prolonged ad libitum
access to standard food alone; (2) prolonged ad libitum access to standard food and
intermittent access to CD, (3) prolonged ad libitum access to standard food and CD
producing abnormal weight gain. These experimental conditions recapitulate different
human feeding behaviour currently associated to the development of obesity. We
evaluated changes in dendritic spine in the NAc and DS. Microglia activation and
neuroinflammatory markers in the NAc and DS as well as amphetamine-induced
locomotor responses to reveal functional alterations in this circuit were also studied.
Finally, the consequences of chronic treatment with minocycline, an inhibitor of

microglia activation, were evaluated on these behavioural and neuroadaptive alterations.
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2. Material and methods

2.1 Animals

Male C57BL6/J mice from 8 to 12 weeks old at the beginning of the experiments were
used. Animals were single housed and maintained in a controlled temperature (21+1°C)
and humidity (55+10%) room with a 12:12-h reversed light/dark cycle (off at 8 a.m. and
on at 8 p.m.). Animals had ad libitum access to water and standard food (CONTROL
group of mice, n=54), to standard and CD food [FREE-CHOICE (FC) group of mice,
n=43], or to standard food and intermittent access to CD (BINGE group of mice, n=26)
during the whole experiment. Mice were habituated to the experimental room and
handled for one week before starting the experiments. All animal procedures were
conducted in accordance with the standard ethical guidelines (European Communities
Directive 86/60-EEC, Animal Welfare Assurance #A5388-01, approved as 06/08/2009,
guidelines of the French Agriculture and Forestry Ministry for handling animals D34-
172-13) and approved by the local ethical committee (Comité Etic d'Experimentacio
Animal-Institut Municipal d'Assistencia Sanitaria-Universitat Pompeu Fabra). All the

experiments were performed under blind conditions.

2.2 Drugs

Minocycline hydrochloride (Sigma-Aldrich, Sant Louis, Missouri, USA) was diluted in
PBS (0.1 M; pH=7.4) and administered intraperitoneally (i.p.) at a dose of 30 mg/kg
once per day. (+)-a-Methylphenethylamine sulfate salt (D-amphetamine) (R&D

Systems Europe Ltd, UK) was dissolved in saline and administered at a dose of 2 mg/kg

(i.p.).
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2.3 Experimental procedure

Mice were divided in 3 experimental groups with similar body weight at the beginning
of the experiment. One group (CONTROL) was exposed to ad libitum access to
standard food (2.85 kcal/g) for the entire experimental period of 43 days. The free-
choice (FC) group was exposed to ad libitum access to standard food and to CD
composed of an equitable mixed of 4 popular brand chocolate bars highly consumed by
humans (MILKA®, SNICKERS®, BOUNTY® and MARS®, total 4.85 kcal/g) for the
entire 43 days experimental period. The third group of mice (BINGE) was exposed to
ad libitum access to standard food and to intermittent access to CD (24 h every 7 days)
for the entire experimental period of 43 days, as previously reported (Czyzyk et al.,
2010). Mice from the FC and BINGE groups were pre-exposed before the beginning of
the experimental period to CD for 3 consecutive days to avoid neophobia associated to
the new food and taste. Body weight and food intake were evaluated regularly every

week.

On day 29, half of the animals of each experimental group were treated with vehicle and
the rest with minocycline (30 mg/kg, once daily, i.p.) for 14 days, until day 42. Eighteen
h after the last minocycline injection, animals were sacrificed and their brain processed
(see Suppl. Exp diagram for more details). In the BINGE group, the sacrifice coincided
with the first 1:30 h period after the beginning of the last exposure to CD, a specific
time frame period where the animals showed the maximum binge-like eating behaviour

(kcal ingested per period of time).

Different groups of CONTROL, FC and BINGE mice were used to evaluate
amphetamine-induced locomotor responses. These mice were kept under the same

experimental conditions as described above. Half of the mice of each experimental
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group were treated with vehicle and the rest with minocycline (30 mg/kg/day, i.p.) for
14 days, from day 29 to day 42. The protocol used to evaluate amphetamine-induced
locomotor responses started on day 40 (3 days before the end of minocycline treatment)
and lasted until day 54. Food exposure remained under the same experimental

conditions during this entire 54 days period.

2.4 Amphetamine induced locomotor responses

All mice were habituated to the test apparatus, handling, and procedure for three
consecutive days before the experiment. During this habituation period (day 40 to 42),
mice were placed for 30 min in the activity box, received a first injection of saline, and
were placed back in the box for 90 additional min. On day 4, the handling was identical,
except that saline injection was replaced by d-amphetamine administration (2 mg/kg,
I.p.) and locomotion was evaluated for 120 min after injection. Mice were treated daily
with d-amphetamine (2 mg/kg, i.p.) for 5 consecutive days. This repeated exposure was
followed by 6 days of withdrawal and by a challenge injection of d-amphetamine (2
mg/kg, i.p.) the following day. Horizontal locomotor activity was measured in a circular
corridor (Imetronic, Pessac, France) as described previously (Brami-Cherrier et al,
2005). Counts for horizontal activity were incremented by consecutive interruption of
two adjacent beams placed at a height of 1 cm per 90° sector of the corridor (mice

moving through one-quarter of the circular corridor).

2.5 Ballistic labeling with the fluorescent dye Dil

See supplementary experimental procedures.

2.6 Dendritic spine analysis
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Individual medium spiny neurons (MSN) in the NAc shell and core and DS and
pyramidal neurons from the mPFC in vehicle treated animals were chosen for spine
analysis based on the following criteria, as described previously (Lee et al., 2006): (i)
there was minimal or no overlap with other labeled cells to ensure that processes from
different cells would not be confused, (ii) at least three primary dendrites needed to be
visible for cells to be used for analysis and (iii) distal dendrites (from secondary

dendrites to terminal dendrites) were examined.

To calculate spine density, a length of dendrite (at least 20 um long) was traced by
using the confocal microscope. All images of dendrites were taken at different z levels
(0.13 um depth intervals) to examine the morphology of dendritic spines. Measurements
of dendrites and dendritic spine length and classification were made using trained
automatic NeuronStudio analysis software (Rodriguez et al., 2008) after previous
deconvolution of the images with Huygens software (Scientific Volume Imaging,
Hilversum, Nederland). All spine density measurements were performed in 3D
reconstructions from the z-stack. The spine density was calculated by dividing the total
number of spines automatically counted by the dendritic length. A spine was classified
as thin spine if its head was <0.35 um in diameter and presented a visible neck. A spine
was classified as mushroom if its head diameter exceeded 0.35 pm and had a visible
neck. A spine was considered stubby if short and no visual neck was present. Filopodia
were separated from thin spines if the size of their head was insignificant or almost

equal to its neck (Grutzendler et al., 2003).

2.7 RNA extraction and reverse transcription

See supplementary experimental procedures.

2.8 Quantitative Real-Time PCR analyses
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See supplementary experimental procedures.

2.9 Iba-1 Immunofluorescence

See supplementary experimental procedure.

2.10 Microglia morphological analysis

Confocal microscopic images of whole microglial cells stained with IBA1 were
acquired with a glicerol immersion lens to evaluate the changes in microglial
morphology (x20 objective; 3.0 zoom). Images were taken capturing 30 pum z levels (in
0.29-um depth intervals) to evaluate the morphology of whole cells. Afterwards, the
length of the microglial ramifications and the perimeter of the microglial soma were
analysed with ImageJ software (NIH) in maximum z projections. The total number of
microglial cells in a focal plane were analysed consisting in 11-28 cells per area per

animal (n = 5-7 mice per experimental group).

2.11 Statistics

Three-way ANOVA with repeated measures was used to analyse intake measurements,
weight increase and d-amphetamine locomotor responses. Diet and treatment were
considered as between subject factors and day or week as within subject factor. Two-
way ANOVA with diet and treatment as between subject factors was applied to
compare data from the plasticity assays, microglia morphological analysis and
neuroinflammatory factors quantification. A posterior post-hoc Fisher’s F test was used
when appropriate. The STATISTICA software was used and p values of less than 0.05

were considered significant. Data are presented as the mean + SEM.
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3. Results

3.1 The increased in food consumption and body weight after prolonged exposure to

CD were reverted by chronic minocycline treatment.

An increased caloric intake was observed in the FC group when compared with
CONTROL animals during the entire experimental procedure (Fig. 1A). Around 60% of
the kcal ingested by these animals came from the CD (Fig. 1C), demonstrating that this
type of food was highly palatable and rewarding to the mice due to its high sucrose and
fat content. The increased caloric intake facilitated body weight gain in FC mice, which
reached statistical significance at the 4" week of CD access when compared with
CONTROL animals (Fig. 1B). Chronic treatment with minocycline (30 mg/kg, i.p.,
daily for 14 consecutive days) significantly decreased caloric intake only in FC animals
(FC vehicle vs FC minocycline, p<0.001 on week 5 and week 6) (Fig. 1A) without
modifying food preference (Fig. 1C). Accordingly, a progressive decrease in body
weight was observed during minocycline treatment in FC mice, and a not significant
trend was also revealed in CONTROL mice (FC vehicle vs FC minocycline, p<0.001 at

the end of the treatment) (Fig. 1B). See Table 1 for detailed statistics values.

3.2 Exposure to CD altered structural plasticity in the NAc, which was reverted after

chronic minocycline treatment.

At the end of the experimental procedure, mice were sacrificed and their brains
processed to evaluate dendritic spine changes in the DS and the NAc shell and core. No
differences in the total dendritic spine density were observed in MSN from the DS
(CONTROL vehicle vs FC vehicle, n.s.) and NAc core between CONTROL and FC
mice treated with vehicle (CONTROL vehicle vs FC vehicle, n.s.) (Fig. 2A).

Interestingly, a significant decrease in dendritic spine density in the NAc shell was
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revealed in vehicle FC group when compared with CONTROL vehicle animals
(CONTROL vehicle vs FC vehicle, p<0.05) (Fig. 2C). Chronic treatment with
minocycline (30 mg/kg, i.p., daily for 14 consecutive days) reverted the alteration in
total dendritic spine density in the NAc shell in FC animals (FC vehicle vs FC
minocycline, p<0.01), and increased spine density in the NAc core in this experimental
group (FC vehicle vs FC minocycline, p<0.05). In contrast, no alterations of dendritic

spine density were observed in the DS in any of the experimental groups (Fig. 2A).

The density of the different subtypes of dendritic spines was also evaluated. Prolonged
exposure to CD in vehicle-treated FC mice decreased the density of mature-like
mushroom-subtype spines in the NAc shell (CONTROL vehicle vs FC vehicle, p<0.05)
and core (CONTROL vehicle vs FC vehicle, p<0.05) (Fig. 3Bi and 3Ci). Interestingly,
chronic minocycline administration significantly reverted the alterations in mature
mushroom-spine density in the NAc shell (FC vehicle vs FC minocycline, p<0.05) and
core (FC vehicle vs FC minocycline, p<0.01) in FC mice. Moreover, minocycline
treatment significantly increased mature-like thin-spine densities in the NAc core and
shell of FC animals (FC vehicle vs FC minocycline, p<0.05 and FC vehicle vs FC
minocycline, p<0.01 respectively). On the other hand, no modifications in immature

subtypes (stubby and filopodia) were revealed in these brain areas.

Dendritic spine densities were also evaluated in mPFC pyramidal neurons. No
differences in structural plasticity were observed in between CONTROL and FC mice

treated with vehicle in this brain area. (Suppl. Fig. 2).

These data show that prolonged exposure to CD develops excess weight gain associated
with alterations in neuronal plasticity in the NAc, mostly in mature-like spine subtypes

(thin and mushroom subtypes). The decrease in food consumption and body weight
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produced by minocycline chronic exposure in FC mice was accompanied by the

reversion of these neuronal plasticity changes. See Table 2 for detailed statistics values.

3.3 Intermittent exposure to CD did not modify body weight gain nor structural

plasticity in the NAc and DS.

BINGE animals had restricted access to CD only during 24h a week. This CD exposure
did not modify body weight gain when compared with CONTROL animals (Fig. 4A).
Similarly, no significant alterations in body weight were observed after chronic
treatment with minocycline (30 mg/kg, i.p., once a day for 14 days). These animals
showed binge-like eating behaviour on the first 2:30 h of CD access (data not shown).
Brains were processed 1 h and 30 min after the beginning of the last exposure to CD,
when binge-like eating behaviour was more relevant. Interestingly, no alterations in
structural plasticity were observed in these animals neither in the NAc core, shell nor
the DS. Moreover, minocycline treatment did not modify dendritic spine density nor
dendritic spine sub-types in any of the 3 areas evaluated (Fig. 4Ci, ii, iii and Suppl. Fig.

1).

Structural plasticity in mPFC pyramidal neurons was also evaluated in these mice. No
differences were observed between CONTROL and BINGE animals treated with

vehicle in this brain area (Suppl. Fig. 2).

These data suggest that continuous and not intermittent access to CD is required to
produce significant alterations in body weight gain and associated neuroplastic

modifications. See Table 3 for detailed statistics values.

3.4 Molecular and cellular signs of neuroinflammation in the NAc induced by CD

exposure were reverted by minocycline treatment.
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We evaluated the expression of proinflammatory cytokines and microglia morphology
in the NAc in CONTROL and FC animals, and the effects of chronic minocycline
treatment in these neuroinflammatory processes. An increase in the expression of
proinflammatory cytokines IL-13 (p<0.01) and IFN-y (p<0.001) and a tendency to
increase IL-18 was observed in FC vehicle mice when compared to CONTROL vehicle
animals (Fig. 5A). No changes were revealed in the expression of TNFa/IL-1-dependent
cytokine IL-6 (Fig. 5Aii). Chronic treatment with minocycline significantly reverted
the increase in IFN-y observed in FC mice (FC vehicle vs FC minocycline, p<0.05)
(Fig. 5Aiii) and attenuated the effects observed in IL-1p and IL-18 in FC mice (Fig. 5Ai

and 5iv). See Table 4 for detailed statistics values.

Morphological analysis showed that microglia cells acquired an ameboid-like
phenotype characteristic of a reactive activated state in animals fed with CD. This was
revealed by the significant increase in the perimeter of the soma of NAc core (p<0.01)
and NAc shell (p<0.001) microglial cells and a tendency to decrease their branch length
in both NAc areas in FC vehicle mice when compared with CONTROL vehicle
animals. These changes in the perimeter of microglia soma in the NAc core and NAc
shell were reverted by chronic minocycline treatment (FC vehicle vs FC minocycline
p<0.01 in NAc core; and p<0.001 in NAc shell) (Fig. 5B). See Table 4 for detailed

statistics values.

We also evaluated microglial morphological alterations in the NAc of mice with
intermittent exposure to CD (BINGE mice). Our results show no differences in the
perimeter of the soma or in the branch length of microglial cells in the NAc shell or core

between CONTROL and BINGE mice treated with vehicle and minocycline (Fig. 4D).
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3.5 Amphetamine locomotor responses were modified in FC mice and normalized after

chronic minocycline treatment.

Neuroplastic alterations associated with CD-induced overeating and subsequent
development of overweight might affect NAc functionality. In order to ascertain this
hypothesis, amphetamine-induced locomotor effects, a response that involves NAc
functionality (Vanderschuren and Kalivas, 2000), was assessed in CONTROL and FC
mice. Basal locomotion during the three-day habituation period was not modified in the
different experimental groups. Acute amphetamine administration increased locomotion
in all the groups, although this response was significantly greater in FC vehicle animals
in comparison with the CONTROL group (p<0.01) and FC animals receiving
minocycline (p<0.05) (Fig. 6). Repeated amphetamine administration for 5 days
produced a sensitization to its hyperlocomotor response in CONTROL and FC animals
injected with minocycline (p<0.001). This effect was not observed in FC vehicle
animals since amphetamine hyperlocomotor effects were not modified in these mice
thorough the chronic treatment with the drug. This could be due to a ceiling effect to the
hyperlocomotor response induced by amphetamine after the first administration of this
drug in FC mice. Interestingly, previous exposure to minocycline did not modify
amphetamine locomotor effects in CONTROL animals, but reverted the abnormal
amphetamine locomotor responses observed in FC mice (FC vehicle vs FC minocycline
p<0.01). These data suggest that the functionality of the NAc is altered during body
weight gain in FC vehicle mice, which was reverted by microglia inactivation with

minocycline treatment. See Table 5 for detailed statistics values.

Possible modifications in NAc functionality as a consequence of intermittent exposure

to CD were also evaluated in BINGE mice. No differences were revealed in basal
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locomotor responses nor after amphetamine treatment between CONTROL and BINGE

mice treated with vehicle or minocycline (Fig. 4B).
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4. Discussion

We show that prolonged exposure to highly palatable and caloric food leads to
overeating and facilitates the development of obesity. These alterations in feeding
behaviour are accompanied by important changes in structural plasticity and in the
functionality of the NAc, a key brain area of the reward system involved in addictive
behaviour (Smith et al., 2016). In addition, our study demonstrates that microglia
activation and neuroinflammatory processes play an important role in the development
of CD-induced overeating behaviour and associated neuroplastic and functional

alterations in the NAc.

In agreement with previous reports, access to highly palatable food led to consumption
beyond homeostatic needs (Finlayson et al., 2008; Liu et al., 2016) and facilitated the
development of obesity in FC mice. Alterations in dopaminergic and opioid
neurotransmission in the mesolimbic system have been observed during the progression
towards overweight (Murray et al., 2014; Volkow et al., 2008). These modifications are
suggested to produce a weakening in the functionality of this brain reward pathway that
triggers aberrant eating behaviours to compensate such rewarding deficits (Davis et al.,

2009).

In this study, we show that changes in neuronal plasticity in the reward system,
specifically in the NAc, may also account for the behavioural alterations produced by
prolonged exposure to high palatable and caloric food. Interestingly, no changes in
neuroplasticity were found in DS nor the mPFC, other brain areas involved in food
intake and the development of obesity (Volkow et al., 2008). Previous studies have
reported neurophysiological alterations in the DS in extremely obese humans, but not in

subjects with a moderate degree of obesity (Haltia et al., 2007; Karlsson et al., 2015;
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Steele et al., 2010; Wang et al., 2002). In agreement, our study described no alterations
in neuronal plasticity in the DS of FC mice which showed moderate weight gain
promoted by CD (20.77% increase compared to CONTROL mice). Moreover, we also
did not observe any difference in the spine density in the mPFC in between
experimental groups treated with vehicle (Suppl. Fig. 2). In contrast, a recent study
reported that exposure for 3 weeks to high fat diet decreased spine density in pyramidal
neurons from the infralimbic mPFC in rats (Dingess et al., 2017). Differences in
between species (rat vs mouse), type of palatable food (high fat diet vs mix of different
chocolate brands) and dietary conditions (exclusive access to high fat diet vs freedom
access to standard and CD) and the period of exposure to the diet (3 weeks vs 43 days)

may explain the differences in the present and the previous study (Dingess et al., 2017).

On the other hand, structural plasticity was not modified in any brain area evaluated in
BINGE mice. These mice also showed no differences in body weight gain when
compared with CONTROL animals. These data suggest that prolonged, but not
intermittent, exposure to CD is required to produce these structural plasticity alterations

in the NAc.

Our study describes important neuroplastic alterations in the NAc during the
development of obesity. These neuroplastic changes have been previously suggested to
affect the functionality of the brain reward system (Russo et al., 2010). We observed
that the most important modifications in structural plasticity occurred in mature-like
spines (thin and mushroom) in the NAc shell, leading to a decrease in total dendritic
spine density in FC mice. These findings complement previous studies from our
laboratory revealing that seeking-behaviour for isocaloric palatable food in operant
chambers increased dendritic spine density in the NAc shell, without modifying body

weight (Guegan et al., 2013). A correlation between food seeking behaviour alterations
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and structural plasticity changes has been demonstrated in the present study and
previous study (Guegan et al., 2013). Thus, mice learning active food seeking operant
responding increased total spine density in NAc shell MSN (Guegan et al., 2013,
whereas mice with ad libitum effortless access to high palatable food show the opposite
alterations in the NAc shell (present study). Therefore, an increase in total dendritic
spine density in the NAc shell might correlate with compulsive seeking behaviour
(Guegan et al., 2013), whereas the decrease of these dendritic spine densities might
correlate with a decrease in food reward processing in overweight mice leading to food
overconsumption to compensate such reward deficits. Although the most important
changes occurred in the NAc shell, some specific modifications in neuronal plasticity
were also observed in the core sub-region that were reverted after minocycline treatment
(such as the decrease in mushroom spines, see Fig. 3). These selective neuroplastic
changes in the NAc core might also account for the aberrant feeding behaviour revealed
in FC mice, as previously suggested for the development of drugs addictive behaviours

or impulsive food seeking (Guegan et al., 2013; Robinson and Kolb, 2004).

However, our results suggest a prominent role of NAc shell neuroplasticity in the
development of abnormal eating behaviours. In agreement, previous studies have
revealed that high-frequency stimulation of the NAc shell decreases high fat food
consumption in obese mice (Halpern et al., 2013) and rats (Zhang et al., 2015), whereas
similar stimulation in the NAc core did not modify food intake (van der Plasse et al.,
2012). In addition, the NAc shell, but not NAc core or DS, has important GABAergic
connections to other brain areas critically involved in feeding behaviour, such as the
lateral hypothalamus, which could account for the role of this NAc sub-region in the
control of food intake (Groenewegen et al., 1999; O’Connor et al., 2015; Stratford and

Kelley, 1999; Urstadt et al., 2013).
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Previous studies (Berridge et al., 2010; Johnson and Kenny, 2010) have suggested that
neurophysiological alterations in different areas of the mesocorticolimbic system may
lead to maladaptive functionality of this brain circuit facilitating the development of
abnormal eating behaviours associated with obesity. In order to study the effects of the
alterations in neuroplasticity in the NAc in FC mice on the functionality of the brain
reward system, amphetamine locomotor effects were evaluated in CONTROL, FC and
BINGE mice. Thus, FC mice, but not CONTROL or BINGE animals, showed
anomalous locomotor responses after amphetamine administration. These results
suggest that the alterations in structural plasticity in the NAc associated with prolonged
exposure to CD modify the functionality of the mesocorticolimbic system. In
agreement, previous studies also showed aberrant functionality of the brain reward
system in overweight or obese rodents, revealed by the development of abnormal
conditioned place preference or behavioral sensitization after drug treatment (Morales et

al., 2012; Robinson et al., 2015).

Pioneer studies have reported microglia activation and neuroinflammatory processes in
the hypothalamus during obesity, which seem to participate in the neurophysiological
alterations leading to obesity (Thaler et al., 2012). However, the role of
neuroinflammation in the brain reward system in the development of excessive weight
gain is still unknown. We evaluated changes in neuroinflammation measuring
differential mRNA expression of cytokines and microglia morphological alterations in
the NAc, the main brain structure showing neuroplasticity changes after CD exposure.
We show that the NAc displays neuroinflammation and microglia activation in early
stages of obesity. Based on previous reports (Ekdahl, 2012), we can suggest that these
alterations in proinflammatory molecules and microglia functionality in the NAc can

modify synaptic remodelling and dendritic spine pruning, a mechanism that may

Page 19



account for the alterations in structural plasticity observed in FC mice. Different
mechanisms have been suggested to explain the role of microglial activities regulating
neuronal plasticity. Thus, recent studies have described evidences on the role of
microglial cells in the removal of synapses (pruning) during adulthood (Siskova and
Tremblay, 2013). In the healthy brain, microglia removes unwanted spines and synapses
contributing to the maturation of neuronal circuits. However, inappropriate engulfment
of synapses, a process that is suggested to be altered in pathological situations
associated to neuroinflammatory processes (Wolf et al., 2017), causes excessive loss of
running or new-born synapses as reported for example in neurodegenerative diseases
such as Alzheimer's disease (Hong et al., 2016). A similar mechanism of action may
also account for the alterations in neuronal plasticity in the NAc associated with the
development of overweight reported in the present study. Moreover, recent studies also
suggest that alterations in synaptic connectivity and related behaviours involve
immunological pathways governed by microglial cells (Udeochu et al.,, 2016).
Interestingly, we have observed changes in mRNA levels of two major pro-
inflammatory microglial cytokines, the IL-1p and IFNy. Previous studies have shown
that both cytokines can modulate neuronal plasticity in different brain areas (Maher et
al., 2006). These results suggest that microglia induced chronic inflammation can play
an important effect in neuronal plasticity in the NAc. To evaluate this hypothesis, mice
were exposed to chronic treatment with the inhibitor of microglia activation
minocycline. Chronic minocycline treatment produced a relevant and significant
decrease in food intake and body weight gain in mice exposed to CD when compared
with those animals exposed to standard diet. However, minocycline also produced a
weak non-significant decrease in body weight in CONTROL and BINGE mice. Low

inflammatory processes may also be active in basal conditions in CONTROL or BINGE
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mice. Minocycline by modulating other systems such as the 5-lipoxygenase and matrix
metalloproteinase-9 activities in the central nervous system or regulating lymphocyte
activities at the peripheral level (Song et al., 2004; Koistinaho et al., 2005) can also
produce anti-inflammatory effects that can results in a weak decrease in food
consumption and body weight in CONTROL and BINGE animals. By these alternative
mechanisms, minocycline could be able to modulate inflammatory processes and
subsequently affect feeding behaviour and body weight in CONTROL and BINGE
animals. This possible effect was weaker than that mediated by its effects on microglia

cells, which were clearly revealed in FC mice where microglia activation was relevant.

Chronic minocycline also reverted the decrease in dendritic spine density and the
modifications of specific spine subtypes in the NAc shell and core after CD exposure, as
well as, the functional behavioural alterations promoted by this food exposure. These
data suggest that microglia activation and neuroinflammation contribute to the
development of aberrant neuronal plasticity and functional changes in the NAc that
correlate with abnormal eating behavioural and excessive weight gain. Interestingly, a
recent study (Lewitus et al., 2016) reveals the involvement of microglia activation and
cytokine release in cocaine-induced locomotor sensitization in mice, supporting the role

of these glial cells in the regulation of NAc functionality.

In conclusion, chronic exposure to highly palatable food leads to neuronal plasticity
alterations in the NAc that affect the functionality of this brain area and favour
overeating behaviour and excessive weight gain. These alterations are mediated by local
microglia activation and neuroinflammation processes in the reward circuitry after
highly palatable food exposure. The identification of this neuroinflammatory process

underlines the relevance of the reward circuitry in the development of behavioural
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alterations, leading to obesity and suggests the interest of targeting these

neuroinflammatory responses for obesity treatment.
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Figure legends

FIGURE 1: Prolonged exposure to CD led to overeating and the development of
excessive weight gain in mice with free choice access, which was reverted by
chronic minocycline treatment. (A) Daily average intake per week. Data represents
the total kcal ingested per g of body weight on each experimental group. Doted bar
determines the beginning of the treatment with vehicle or minocycline for 14
consecutive days (30 mg/kg, i.p. once daily). (B) Percentage of body weight increase
per week in all experimental groups. Doted bar determines the beginning of the
treatment with vehicle or minocycline. (C) Percentage of standard (SC) and CD intake
in mice with free choice access treated with vehicle or minocycline. Data represents the
total kcal ingested per g of body weight of each type of food. Doted bar determines the
beginning of the treatment with vehicle or minocycline All data are expressed as mean
+ SEM (n= 19-35 per experimental group) *p < 0.05, **p < 0.01, ***p < 0.001
(CONTROL versus FC diet, Fisher’s F-test); iﬁ?p < 0.05, iﬁ?‘w"ip < 0.01, iﬁ?‘ﬁ?‘i’p <

0.001 (vehicle versus minocycline, Fisher’s F-test).

FIGURE 2: Prolonged exposure to free-choice CD access led to alteration in
structural plasticity in the mesocorticolimbic system, which was reverted by
minocycline chronic treatment. Quantification of total dendritic spine densities
(number/10 um) in medium spiny neurons (MSN) from the dorsal striatum (DS) (A),
nucleus accumbens (NAc) core (B) and shell (C) of mice fed with free-choice cafeteria
diet access (FC) or standard food diet (CONTROL) and treated with vehicle or
minocycline during the last 14 days of diet exposure (30 mg/kg, i.p., once a day). Data
represent the average of 4-7 dendrites per animal (n = 5-9 mice per experimental group)
and brain area. No more than 3 dendrites were evaluated from the same neuron. Data

are expressed as mean + SEM. *p < 0.05, **p < 0.01 (CONTROL versus FC diet,
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Fisher’s F-test); ii‘?p < 0.05, f?ﬁp < 0.01 (vehicle versus minocycline, Fisher’s F-test).

Scale bar 2um.

FIGURE 3: Prolonged exposure to free-choice CD access led to some alterations in
spine subtype densities in the mesocorticolimbic system, which was reverted by
minocycline chronic treatment. Quantification of the density (number/10 pm) of
mushroom i), thin ii), stubby iii) and filopodia iv) dendritic spines in medium spiny
neurons (MSN) from the dorsal striatum (A), nucleus accumbens (NAc) core (B) and
shell (C) of mice fed with free-choice cafeteria diet access (FC) or standard food diet
(CONTROL) and treated with vehicle or minocycline during the last 14 days of diet
exposure (30 mg/kg, i.p., once a day). Data represent the average of 4-7 dendrites per
animal; (n = 5-9 per experimental group) and brain area. No more than 3 dendrites were
evaluated from the same neuron. Data are expressed as mean + SEM. *p <0.05, X *p

< 0.01 (CONTROL versus FC diet, Fisher’s F-test); *p < 0.05, % % p < 0.01 (vehicle

versus minocycline, Fisher’s F-test).

FIGURE 4: Intermittent exposure to CD led to binge eating maintaining
normoweight and does not modify structural plasticity nor reactive microglia in
the mesocorticolimbic system. (A) Percentage of body weight increase per week in all
experimental groups. Doted bar determines the beginning of the treatment with vehicle
or minocycline for 14 consecutive days (30 mg/kg, i.p., once daily) (n= 8-35 per
experimental group). (B) D-amphetamine-induced locomotor effects of mice with
access to CD only 24h a week (BINGE) or standard food diet (CONTROL) and treated
with vehicle or minocycline during the last 14 days of diet exposure (30 mg/kg, i.p.,
once a day; n = 6-13 per group). Mice were habituated for 3 days receiving vehicle

injections and then 5 consecutive days with d-amphetamine (2 mg/kg; i.p.). After 6 days
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of withdrawal mice were challenged with a last amphetamine injection (2 mg/kg; i.p.).
Data are expressed as mean + SEM (C) Quantification of total dendritic spine densities
(number/10 pm) in medium spiny neurons (MSN) from the dorsal striatum (DS) 1),
nucleus accumbens (NAc) core ii) and shell iii) of mice fed with standard food
(CONTROL) and with access to CD only 24h a week (BINGE) and treated with vehicle
or minocycline for 14 days (30 mg/kg, i.p., once a day) after week 4. Data represent the
average of 4-7 dendrites per animal (n = 4-8 mice per experimental group) and brain
area. No more than 3 dendrites were evaluated from the same neuron. Data are
expressed as mean + SEM. (D) Morphological analysis of IBA1+ cells, quantification
of the perimeter of the soma i) and total length of the branches ii) in NAc core, and
quantification of the perimeter of the soma iii) and total lenght of the branches iv) in
NAc shell of mice fed with access to CD only 24h a week (BINGE) or standard food
diet (CONTROL) and treated with vehicle or minocycline during the last 14 days of diet
exposure (30 mg/kg, i.p., once a day). Data represent the average of 5-28 cells per
animal; n = 5-8 mice per experimental group and brain area analyzed. Data are

expressed as mean + SEM.

FIGURE 5: Prolonged exposure to free-choice CD access increases the expression
of neuroinflammatory factors and activates microglia in the NAc, which was
reverted by chronic minocycline treatment. (A) Quantitative RT-PCR analysis of the
proinflammatory genes i) IL1B, ii) IL6, iii) IFNy and iv) IL18 in the Nucleus
Accumbens (NAc) of mice fed with free-choice cafeteria diet access (FC) or standard
food diet (CONTROL) and treated with vehicle or minocycline during the last 14 days
of diet exposure (30 mg/kg, i.p., once a day) (n= 6-10 mice per group). (B)
Morphological analysis of IBAL" cells, quantification of the perimeter of the soma i)

and total lenght of the branches ii) in NAc core, and quantification of the perimeter of

Page 33



the soma iii) and total lenght of the branches iv) in NAc shell of mice fed with free-
choice cafeteria diet access (FC) or standard food diet (CONTROL) and treated with
vehicle or minocycline during the last 14 days of diet exposure (30 mg/kg, i.p., once a
day). Data represent the average of 11-28 cells per animal; n = 5-7 mice per
experimental group and brain area analyzed. Data are expressed as mean + SEM. * *p
< 0.01, ¥ % %*p < 0.001 (CONTROL versus FC diet, Fisher’s F-test); % %p < 0.01,

WW iﬁrp < 0.001 (vehicle versus minocycline, Fisher’s F-test). Scale bar 40um.

FIGURE 6: Prolonged exposure to free-choice CD access led to altered response to
d-amphetamine hyperlocomotor effects, which was reverted by minocycline
chronic treatment. D-amphetamine-induced locomotor effects of mice fed with free-
choice cafeteria diet access (FC) or standard food diet (CONTROL) and treated with
vehicle or minocycline during the last 14 days of diet exposure (30 mg/kg, i.p., once a
day; n = 8-13 per group). Mice were habituated for 3 days receiving vehicle injections
and then 5 consecutive days with d-amphetamine (2 mg/kg; i.p.). After 6 days of

withdrawal mice were challenged with a last amphetamine injection (2 mg/kg; i.p.).
Data are expressed as mean + SEM. **p < 0.01 (comparison CONTROL versus FC
diet, Fisher’s F-test); f?p < 0.05 (vehicle versus minocycline, Fisher’s F-test); ###p <

0.001 (1% amphetamine injection versus challenge, Fisher’s F-test.
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Supplementary experimental procedures

Ballistic labeling with the fluorescent dye Dil

On day 43, mice received an i.p. injection (0.2 ml/10 g body weight) of a mixture of
ketamine (100 mg/kg) and xylazine (20 mg/kg) and rapidly perfused intra-cardiacally
using a peristaltic pump delivering at 20 ml/min. Ten ml of Na2HPO4/NaH2PO4/NaCl
buffer (PBS) 0.1 M (pH 7.5) were initially perfused followed by 40 ml of 4 %
paraformaldehyde (PFA) in PBS 0.1 M (pH 7.5). Brains were quickly removed from the
skull and postfixed in 4 % PFA for 10 min. Brain coronal sections of 100 um depth
containing the NAc and DS (George Paxinos, 2001) were obtained by using a vibratome
(Leica VT 1000 S, Nussloch, Germany) and kept in crioprotector solution containing

glycerol at -20°C until processed for fluorescent labeling.

Brain slices were labeled by ballistic delivery of fluorescent dye Dil (Molecular Probes,
Eugene, OR, USA) using a gene gun apparatus (Helios Gene Gun System, Bio-Rad,
Deutschland), as described previously (Grutzendler et al, 2003), and postfixed with
PFA for 24 h at room temperature to further preserve structures and to allow the
diffusion of the dye Dil. Sections were placed on microscope gelatine-coated slides and
coverslipped with Mowiol mounting medium (Sigma-Aldrich, Sant Luis, Misuri, USA).
Then, images were acquired with a confocal microscope (Leica SP5) using glicerol

immersion lens (63x) and a 3.0 zoom to analyze dendritic spine density and structure.

RNA extraction and reverse transcription

Tissues corresponding to the different areas were collected and stored at —80°C.
Isolation of total RNA was performed using an RNeasy Mini kit (QIAGEN, Hilden,

Germany) according to the manufacturer’s instructions. The quality of the total RNA
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was assessed by the spectrophotometric ratio of A260/A280 (1.7:2.3). Total RNA
concentration was measured using a NanoDrop spectrophotometer (Thermo Fisher

Scientific, Waltham, Massachusetts, USA).

Reverse transcription was performed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, California, USA) with 10 ng of
total RNA from each animal to produce cDNA in a 20 pl reaction volume according to
the manufacturer’s instructions. Reverse transcriptase reactions were carried out at 25°C
for 10 min, then 120 min at 37°C, and 5 min at 85°C. The resulting cDNAs tissues were

diluted 1:2 and stored at —20°C until use.

Quantitative Real-Time PCR analysis

Real-time PCR was carried out with a LightCycler 480 (Roche, Basilea, Switzerland)
using the SYBR Green PCR Master Mix (Roche, Basilea, Switzerland) according to the
standard manufacturer’s protocol. All the samples were tested in triplicate, and the
relative expression values were normalized to the expression value of GAPDH. The
following primers specific for mouse were used as endogenous housekeeping controls
to standardize the amount of target cDNA:

IL-1p (sense, 5'-GAAGAGCCCATCCTCTGTGACT-3"

antisense, 5-GTTGTTCATCTCGGAGCCTGTAG-3");

IL-6 (sense, 5'- ACCCCGGAAGGGAGACTTAC -3

antisense, 5'- GTGGGCATGTAGCTGACCATAC -3%;

IFN-y (sense, 5'-GCTGATGGGAGGAGATGTCTACA -3';

antisense, 5-TTTCTTTCAGGGACAGCCTGTT -3";

IL-18 (sense, 5'-CAGACAACTTTGGCCGACTTC -3

antisense, 5-ATATCCTCGAACACAGGCTGTCTT -3"); and, finally,
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Gapdh (sense, 5'-ATGACTCCACTCACGGCAAAT-3";

antisense, 5'-GGGTCTCGCTCCTGGAAGAT-3").

Samples were analyzed by the AACt method. AACt values were calculated as the ACt of
each test sample (different pharmacological treatments and diets) minus the mean ACt
of the calibrator samples (CONTROL vehicle group) for all the genes analyzed. The

fold change was calculated using the equation 244CY,

Iba-1 Immunofluorescence

After pharmacological treatment and/or behavioural testing, mice received an i.p.
injection (0.2 ml/10 g body weight) of a mixture of ketamine (100 mg/kg) and xylazine
(20 mg/kg) and rapidly perfused intra-cardiacally using a peristaltic pump delivering at
20 ml/min. Ten ml of Na2HPO4/NaH2PO4/NaCl buffer (PBS) 0.1 M (pH 7.5) were
initially perfused followed by 40 ml of 4 % paraformaldehyde (PFA) in PBS 0.1 M (pH
7.5). Brains were quickly removed from the skull and postfixed in 4 % PFA for 10 min.
Brain sections (30-um) were obtained with a microtome (Leica, Wetzlar, Germany) and
kept in crioprotector solution containing glycerol at -20°C until processed for

immunofluorescence analysis.

Free-floating slices were rinsed in PB 0.1M, incubated for 2 h in blocking solution
containing 0.3% Triton X-100, 3% Normal Goat Serum in PB 0.1M, and then incubated
overnight at 4°C with the same solution and anti-IBA1 (1:500) primary antibody (Wako
Pure Chemical Industries, Osaka, Japan). The next day (16 h later), after 3 rinses in PB
0.1M, sections were incubated for 2 h at room temperature with fluorescent anti-rabbit-
Alexad55 1:300 (Invitrogen, Carlsbad, California, USA) in blocking solution. After
three 10-min washes, tissue sections were mounted onto gelatine-coated slides with

Mowiol (Sigma-Aldrich, Sant Luis, Missouri, USA).
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Supplementary Figure legends

Experimental scheme: Schematic diagram showing the experimental design followed
in the study. The number of animals per experimental group on each session that were
used for neuroplasticity and Ibal immunofluorescence studies, for the evaluation of
neuroinflammatory markers and for amphetamine-induced locomotor effects are also

indicated.

SUPPL.. FIGURE 1: Intermittent exposure to CD produced no alterations in spine

subtype densities in the mesocorticolimbic system that were not affected after
chronic minocycline treatment. Quantification of the density (number/10 um) of
mushroom i), thin ii), stubby iii) and filopodia iv) dendritic spines in medium spiny
neurons (MSN) from the dorsal striatum (A), nucleus accumbens (NAc) core (B) and
shell (C) of BINGE and CONTROL mice treated with vehicle or minocycline during
the last 14 days of diet exposure (30 mg/kg, i.p., once a day). Data represent the average
of 4-7 dendrites per animal (n = 4-8 mice per experimental group) and brain area. No
more than 3 dendrites were evaluated from the same neuron. Data are expressed as
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mean + SEM. In the DS two-way ANOVA revealed no significant differences in
mushroom (F,19) = 0.0032, n.s.), thin (F,19 ) = 0.0073, n.s.), stubby (F(,19) = 0.9426,
n.s.) and filopodia (F(1,19) = 0.5675, n.s.) between experimental groups. In the NAc core
two-way ANOVA revealed no significant differences in mushroom (Fq20) = 1.8260,
n.s.), thin (F@,20) = 3.5504, n.s.), stubby (F.20) = 3.7052, n.s.) and filopodia (F,20) =
3.4789, n.s.) between experimental groups. Moreover, in the NAc shell two-way
ANOVA revealed no significant differences in mushroom (F,20) = 1.1940, n.s.), thin
(Fa20)= 1.1519, n.s.), stubby (F(1,20) = 2.4638, n.s.) and filopodia (F,20) = 0.2338, n.s.)

between experimental groups.

SUPPL.. FIGURE 2: Mice chronically treated with saline from the CONTROL, FC

and BINGE experimental groups presented no alterations in the total dendritic
spine density in mPFC pyramidal neurons. Quantification of total dendritic spine
densities (number/10 um) in mMPFC pyramidal neurons. Data represent the average of 4-
7 dendrites per animal; (n = 4-5 mice per experimental group). No more than 3
dendrites were evaluated from the same neuron. Data are expressed as mean + SEM.

One-way ANOVA revealed no difference in between experimental groups.
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CD induces neuroplastic modifications in the NAc mediated by microglia activation

Table 1
Three-way ANOVA for intake measurements included in Figure 1A
Intake
Diet p-value  Treatment p-value Weeks p-value
F(1,93)=169.446 0.000 F(1,93)=9.902 0.002 F(5, 465)=56.448 0.000
Interaction F X T F(1,93)=3.964 0.050
Interaction W X F F(5,465)=6.769  0.000
Interaction W X T F(5,465)=14.576 0.000
Interaction W X F X T F(5,465)=5.913  0.000

F = diet; T= treatment, W= week; n.s. = not significant

Three-way ANOVA for weight increase measurements included in Figure 1B

Weight increase

Diet p-value  Treatment p-value Weeks p-value

F(1,93)=35.378 0.000 F(1,93)=0.175 n.s.  F(5, 465)= 182.331  0.000

Interaction F X T F(1,93)=0.469 n.s.

Interaction W X F F(5,465)=52.428 0.000
Interaction W X T F(5,465)=76.005 0.000
Interaction W X F X T F(5,465)=22.212 0.000

F = diet; T= treatment, W= week; n.s. = not significant
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Table 2

Gutiérrez-Martos M
CD induces neuroplastic modifications in the NAc mediated by microglia activation

Two-way ANOVA for spine densities measurements included in Figure 2 and 3

Spine density

Diet p-value Treatment p-value Interaction p-value
dorsal striatum
Total F(1,22)=0.101 ns. F(1,22)=0.789 ns. F(1,22)=0.077 ns.
Mushroom F(1,22)=7.030 0.01 F(1,22)=1.008 n.s. F(1,22)=1.186 ns.
Thin F(1,22)=0.017 ns. F(1,22)=0.480 n.s. F(1,22)=0.345 ns.
Stubby F(1,22)=0.000 ns. F(1,22)=0.014 ns. F(1,22)=0.296  n.s.
Filopodia F(1,22)=0.009 ns. F(1,22)=0.914 n.s. F(1,22)=0.006 ns.
NAc core
Total F(1,21)=3.245 0.09 F(1,21)=0.756  n.s. F(1,21)=7.533 0.01
Mushroom F(1,21)=0485 ns. F(1,21)=0.626 ns. F(1,21)=11.940 0.00
Thin F(1,21)=5.048 0.04 F(1,21)=1.172 ns. F(1,21)=6.012 0.02
Stubby F(1,21)=0.208 ns. F(1,21)=0.029  n.s. F(1,21)=1.969 ns.
Filopodia F(1,21)=0.533  ns. F(1,21)=0.199 n.s. F(1,21)=1.766  ns.
NAc shell
Total F(1,20)=0.189 ns. F(1,20)=4.197 005 F(1,20)=6.514 0.02
Mushroom F(1,20)=0.218 ns. F(1,20)=0.528 n.s. F(1,20)=5.674  0.03
Thin F(1,20)=0.035 ns.  F(1,20)=3.602 0.07 F(1,20)=5.347  0.03
Stubby F(1,20)=0.009 ns. F(1,20)=1.323 ns. F(1,20=0.312  ns.
Filopodia F(1,20)=0.618 ns. F(1,20)=0.393  n.=s. F(1,20)=1.257 ns.
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Gutiérrez-Martos M
CD induces neuroplastic modifications in the NAc mediated by microglia activation

Table 3
Three-way ANOVA for weight increase measurements included in Figure 4A
Weight increase
Diet p-value  Treatment p-value Weeks p-value
F(1,76)= 0.455 ns. F(1,76)=0.936 ns.  F(5 380)=46592  0.000
Interaction F X T F(1,76)=1.495 n.s.
Interaction W X F F(5,380)=0.086 n.s
Interaction W X T F(5,380)=24.196 0.000
Interaction W X F X T F(5,380)=0.477 n.s

F = diet; T= treatment, W= week; n.s. = not significant

Two-way ANOVA for spine densities measurements included in Figure 4B

Spine density

Diet p-value  Treatment  p-value Interaction p-value
dorsal striatum
Total F(1,19)=1.318 ns. F(1,19)=3.149 ns. F(1,19)=0.350 n.s.
NAc core
Total F(1,20)=0508 ns. F(1,20)=0.024 ns. F(1,20)=0.4.888 0.04
NAc Shell
Total F(1,20)=0.067 ns. F(1,20)=0.945 n.s. F(1,20)= 2.060 n.s.
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Gutiérrez-Martos M
CD induces neuroplastic modifications in the NAc mediated by microglia activation

Table Two-way ANOVA for neuroinflammatory factors expression measurements included
in Figure 5A
Expression of neuroinflammatory factors
Diet p-value Treatment p-value Interaction p-value
IFNy F(1,26)=7.306 0.012 F(1,26)=11.128 0.003 F(1,26)=6.718 0.015
IL-18 F(1,24)=0.831  n.s. F(1,24)=4785 0.039  F(1,24)=1.892  n.s.
IL-1B F(1,26)=3.776 0.063 F(1,26)=0.178  n.s. F(1,26)=4.209  0.050
IL-6 F(1,18)=0.128  n.s. F(1,18)=4.321  0.052  F(1,18)=0.180  n.s.
Two-way ANOVA for microglia morphology measurements included in Figure 5B
Microglia morphology
Diet p-value Treatment p-value Interaction p-value
NAC shell

Perimeter of
F(1,20)=16.228 0.001 F(1,20)=7.029 0.015 F(1,20)=7.420 0.013
the soma

Lenght of
F(1,20)=5.466 0.030 F(1,20)=4.413 0.049 F(1,20)=2.594 n.s.
branches

NACc core
Perimeter of
F(1,20)=4.168 0.055 F(1,20)=5.005 0.037 F(1,20)=6.019 0.023
the soma
Lenght of

F(1,20)=5.492 0.030 F(1,20=6.311 0.021 F(1,20)=2.311 n.s.
branches
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Gutiérrez-Martos M

CD induces neuroplastic modifications in the NAc mediated by microglia activation

Table 5

Three-way ANOVA for d-amphetamine-induced locomotor effects included in Figure 6

Locomotor effects of amphetamine

Diet p-value Treatment p-value Days p-value

Interaction F X T
Interaction D X F
Interaction D X T

Interaction D XF X T

F(1,30)=6.565 0.016 F(1,30)=0.845 n.s.  F(8,240)=114.286  0.000
F(1,30)=0.025 n.s.
F(8,240)=1.555  n.s.
F(8,240)=1.642  ns.

F(8,240)= 1.264 n.s.

F = diet; T= treatment, D= days; n.s. = not significant
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Figure 3
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Figure 5
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Figure 6

w
o
o
o
1

20009

10004

Locomotor Activity (counts)

-

-
kX %
it

.
gé‘g
o

1st 2nd 3rd

VEHICLE

| | | | | |
1st 2nd 3rd 4th 5th Challenge

D-AMPHETAMINE

HL0O

CONTROL VEHICLE
CONTROL MINOCYCLINE
FC VEHICLE

FC MINOCYCLINE



® Inhibited
microglia

Surveillant
microglia

4

Normal dendrite

a

e
o g0 o °
[ ] ..: NORMOWEIGHT RECOVERING ANIMAL

PALATABLE FOOD-INDUCED OVERWEIGHT WEEK 7
AND NEUROINFLAMMATION

Normal dendrite

Reactive
microglia

NORMOWEIGHT ANIMAL
WEEK O

OVERWEIGHT ANIMAL

Pruned dendrite
end of WEEK 4

©®  PROINFLAMMATORY FACTORS
© MINOCYCLINE INIECTION

VEHICLE INJECTION OVERWEIGHT ANIMAL

Prolonged exposure to high caloric cafeteria diet leads to overweight and alterations in structural plasticity,
neuroinflammation and functionality of the nucleus accumbens.

Inhibition of microglial activities in overweight mice normalized these neurobiological alterations and weight gain.



Supplementary Experimental scheme.

15t session !

2" session !

3rd session !

4th session !

Food presentation

Necropsy

Saline/Minocycline Injection

Saline/Minocycline Injection

Saline/Minocycline Injection

| 15h

Ctrol SALINE
Ctrol MINO
FC SALINE
FC MINO

BINGE SALINE

Saline/Minocycline Injection Amphetamine locomotor effects
| | | | CONTROL Vehicle; n=13
d-3 d1i d7 dia d21 d28 d3s dao da3 CONTROL Mino; n =8
d52 FC Vehicle; n=13
FCMino; n=8
HABITUATION FXPOSITION 1 2 3 4 5 6) BINGE Vehicle; n = 6
Y BINGE Mino; n =8
WEEK
Plasticity and Ibal quantification Neuroinflammatory markers quantification
1st SESSION  2nd SESSION  3rd SESSION 1st SESSION  2nd SESSION  3rd SESSION
3 2 2 Ctrol SALINE 3 3 4
3 3 0 Ctrol MINO 3 2 1
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2 3 0 FC MINO 2 2 2
5 2 1
1 3 0
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Supplementary figure 1
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Supplementary figure 2
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