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ABSTRACT

Although the high prevalence of anxiety in obesitgreasingly emerges as significant risk
factor for related severe health complications,uhéerlying pathophysiological mechanisms
remain poorly understood. Considering that chrdnfammation is a key component of
obesity and is well known to impact brain functemd emotional behavior, we hypothesized
that it may similarly contribute to the developmehbbesity-related anxiety. This hypothesis
was experimentally tested by measuring whetherrébrimod restriction, a procedure known
to reduce inflammation, or chronic anti-inflammatdreatment with ibuprofen improved
anxiety-like behavior and concomitantly decreasedripperal and/or hippocampal
inflammation characterizing a model of severe desiiedb/db mice. In both experiments,
reduced anxiety-like behaviors in the open-field/an elevated plus-maze were selectively
associated with decreased hippocampal tumor necfasiore. (TNF-o) mMRNA expression.
Highlighting the causality of both events, chrowientral infusion of the TNIie- blocker
etanercept was then shown to be sufficient to imgranxiety-like behavior inlb/db mice.
Lastly, by measuring the impact ek-vivo etanercept on hippocampal synaptic processes
underlying anxiety-like behaviors, we showed tha¢ tnxiolytic effect of central TNE-
blockade likely involved modulation of synaptic rnsmission within the ventral
hippocampus. Altogether, these results uphold ¢kee of brain TNFe in mediating obesity-
related anxiety and provide important clues abaw it may modulate brain function and
behavior. They may therefore help to introduce htwerapeutic strategies to reduce anxiety

associated with inflammatory conditions.
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HIGHLIGHTS

Decreasing inflammation reduces anxiety-like betwaii obesedb/db mice
Increased anxiety in obesity is associated witipddgampal inflammation

Anti-inflammatory strategies improving anxiety tatg hippocampal TNfe-

expression
Blockade of central TNFe-expression reduces obesity-related anxiety-likealor

Blockade of TNFe. modulates synaptic transmission in the ventrgbdgampus
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1. INTRODUCTION

Obesity is a major public health concern with camtius and alarming growth worldwide.
In addition, mounting evidence steadily reports ighhprevalence of neuropsychiatric
comorbidities, including both depressive and awlxiggmptoms (Brumpton et al, 2013,
Brunault et al. 2012; Gariepy et al, 2010; Gays#hal, 2011). Although less extensively
studied than obesity-related depressive comorbgli{fDawes et al, 2016; Luppino et al,
2010), available data suggest that anxiety anditybase also tightly linked. Anxiety often
promotes weight gain and obesity, which are recigiip associated with a higher
vulnerability for anxiety (Brumptomet al, 2013; Brunaulet al, 2012; de Zwaaset al, 2009;
Gariepyet al, 2010; Gaysinat al, 2011). To worsen the picture, both conditionsesent
significant risk factors for related severe comdities, including cardiovascular and
metabolic diseases (Haslam and James, 2005; RaweByral, 2008). Identifying the
pathophysiological mechanisms underlying develognoémanxiety symptoms in the context
of obesity may therefore prevent and/or reduce déeclopment of multiple disorders in
chain. Interestingly, mounting evidence suggesis dhesity-related inflammatory processes
may be key players in increasing anxiety associaitdthis condition (Almeida-Suhett al,

2017; Pierceet al, 2017; van Reedt Dortlaretial, 2013).

Chronic low-grade inflammation in the periphery awdthin the brain increasingly
appears to be a key component in severe obesitngly connected with the metabolic
dysregulations that classically characterize thisdition (Capuroret al, 2017; Castanost
al, 2014; Castanost al, 2015; Lasseliret al, 2014). Moreover, abundant data document a
causal role for dysregulated activation of inflantoma processes, and associated brain
function alterations, in the induction of anxiegtated symptoms in different chronic
inflammatory conditions (Cheret al, 2015; Steptoeet al, 2013). Experimentally,

peripherally-released inflammatory cytokines indalce production of brain cytokines and
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influence pathways involved in emotional regulatiorcluding neurotransmitter metabolism,
neuroendocrine function and neural plasticity (Bfilet al, 2013; Salimet al, 2012).
Moreover, anti-inflammatory treatments seem to cedanxiety-like behaviors in animal

models of inflammatory diseases (Larrieu and L&p4.8; Leeet al, 2016).

Converging evidence suggests that obesity-relatéghimation may similarly be relevant
to the onset of neuropsychiatric comorbidities (Aadio et al, 2018; Capuroret al, 2017;
Castanoret al, 2014; Castanoet al, 2015), although the underlying mechanisms aie sti
poorly understood. Firstly, peripheral inflammatosyatus correlates with symptoms of
anxiety in patients with obesity or metabolic syorde (Ambrosicet al, 2018; Piercest al,
2017; Tayefiet al, 2017). Moreover, weight loss-induced reductioninflammation is
associated with decreased anxiety (Caputosd, 2011). Supporting these clinical findings,
obesity-driven inflammation in rodents is assodatédth impaired cognition and increased
anxiety-like behaviors (de Cosseb al, 2017; Decarie-Spaiet al, 2018; Dinelet al, 2011,
2014). However, the different behavioral alterasi@® not necessarily appear concomitantly
in obese mice (Andrét al, 2014; Bocarslyet al, 2015; Kanget al, 2014), suggesting the
potential involvement of distinct neurobiologicaédiators. Additionally, although increased
inflammation has consistently been reported intiygothalamus of obese subjects (Thaler
and Schwartz, 2010; Thaler al, 2012), mounting evidence shows that the hippocemp
another central site of obesity-related inflamnratide Cossit al, 2017; Dinelet al, 2011,
2014; Erionet al, 2014). The key role this region plays in memamnfation and emotional
regulation (Bannermast al, 2002) therefore suggests that increased inflaimomah the
hippocampus could play a pivotal role in both ctigaialterations and anxiety associated
with obesity. Several studies point to increas@pdcampal interleukinfL(IL-1B) or IL-6 as
strong mediators of obesity-related cognitive defi¢Erionet al, 2014; Whiteet al, 2009),

with intra-hippocampal administration of IL-1 re¢ep antagonist preventing synaptic
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dysfunction and associated cognitive impairmentliese mice (Eriomt al, 2014). Recent
preclinical studies performed in rodent models dfesity also point to a role for
inflammatory processes in the development of apiké behaviors (Kurheet al, 2014,
Sotoet al, 2018; Wanget al, 2018), but little is known in that case about iiféammatory
mediators involved. Their identification is howevan important issue given the high
prevalence and impact of symptoms of anxiety orthead well-being in obese individuals,

and the necessity of improving the management radnhent of these symptoms.

Leptin receptor-deficientb/db mice, which model leptin resistance and the comseq
impairment of appetite and energy homeostasis oéparted in severely obese patients (Pan
and Myers, 2018), are particularly suitable to addrthis important issue. Their excessive
food intake indeed promotes progressive developnanisevere obesity and related
inflammation and metabolic alterations. More impatty for the present study, they also
display enhanced anxiety-like behaviors associatigll high levels of hippocampal ILBL
IL-6 and tumor necrosis factor (TNk){Dinel et al, 2011, 2014; Stranahan et al, 201\%.
sought to determine whether caloric restrictiortloonic anti-inflammatory treatment could
decrease hippocampal inflammation, and concomytargtiuce anxiety-like behaviors in
do/db mice. Indeed, caloric restriction is known to reeluobesity-related systemic
inflammation, including indb/db mice (Bateset al, 2005; Kandaet al, 2015), and
inflammation-related behavioral alterations in eli#fint inflammatory conditions (Kiret al,
2016; Kurheet al, 2014; Lutteret al, 2008; MacDonaldet al, 2014). As both strategies
reduced anxiety-like behaviors and specificallyrdased hippocampal TNEexpression in
db/db mice, we further studied for the first time theusality of both events. To this end, we
measured the consequences of direct brain pharogical TNFea inhibition on obesity-

related anxiety-like behavior and underlying hipgmpal synaptic processes.
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2. METHODSAND MATERIALS

2.1. Animals and treatments

All animal care and use were conducted accordinghéo relevant French (Directive
87/148, Ministére de I'Agriculture et de la Pécha)d international (Directive 10/63,
European Community) legislation and approved by Itisitutional Animal Care and Use
Committee (approval ID: 5012047-A). Every effortsmamade to minimize suffering and the
number of animals used. Five-week-old mdt@db (C57BLKS/Jtepr®/lepr®) and their
control littermatesdb/+ (C57BLKS/Jtepr®™*) mice (Charles River Laboratories, France)
were housed individually under standard housinglitmms in a temperature (232C)- and
humidity (40%)-controlled animal room with a 12-ndight/dark cycle (0700-1900) and
with free access to food and water except othergpeeified. All mice were fed a standard
diet (Lab-Diet 5K52), except for the ibuprofen expeent (see below). Independent sets of

mice were used for each experiment.

Chronic food restriction: 24-hour food intake was monitored for the firstdys inad
libitum-fed mice. They were then randomly allocated to mbr(fed ad libitum) or food-
restricted groups (n=10/group) (Figure 1A). Witleach genotype, food intake and body
weight were similar when restriction begun. Restdab/db mice were provided with the
average amount of food consumed by conttwh mice daily for 7 weeks, leading to a
restriction of about 30% compared to unrestrialbflib mice (Batest al, 2005). A similar

30% restriction rate was applied to restriatie+ mice.

Ibuprofen: As described by Llorens-Martiret al, 2014, the non-steroidal anti-
inflammatory drug ibuprofen (Sigma-Aldrich, MO, UpAvas formulated into standard
animal chow (Research-Diet D0933105, NJ, USA) fata concentration of 375 ppm (about
2.8 mg/day). It was freely provided to ibuproferpglementeddb/db mice (n=10) for 7

weeks, whereas contrab/db (n=9) anddb/+ (n=10) mice consumed isocaloric standard
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chow (Research-Diet D10001) (Figure 2A). This novesive treatment procedure was
previously shown to reduce inflammation-induced@ase of anxiety-like behavior without
any detectable behavioral impact in saline-treatézk (Llorens-Martinet al, 2014). Based

on these findings, and in order to minimize the hamof animal used, the ibuprofen-

supplemented diet was not providedibd+ mice.

Etanercept (ETN): The human recombinant TNEFfeceptor fusion protein ETN (Enbrel;
Wyeth Pharmaceuticals, France), which competitibetyls murine TNFe (Haji et al, 2012),
was continuously infused into the third cerebrahtvele (28 days, 5 pg/kg/h) through a
cannula connected to an osmotic mini-pump (Alzetdeh 1004D) (Figure 3A). Control mice
received artificial cerebrospinal fluid (aCSF). Oa ttay of surgery, mice were anesthetized
with isoflurane and placed in a stereotaxic apparathe cannula was implanted using the
following coordinates: anteroposterior = 0.3mm fronegma; lateral = 1mm from midline;
depth = 2.8mm from the skull. While still anesthet, a subcutaneous incision was made
upon the back of the mouse to insert the osmotid-pump between the skin and muscle.
The dose, route and duration of treatment wereah@msed on previously published data
(Guggilamet al, 2011; Hajiet al, 2012). The initial number of mice per group wasBdb/+
mice and 10 fordb/db mice. However, 2 mice from each genotype diedrdusurgery,
reducing the numbers todb/+ mice per group (7 infused with aCSF and 7 with ET8I

db/db mice infused with aCSF (control mice) and 10 viihN.

2.2. Behavioral measur ements

Behavioral testing was always performed in the nmgri60800-1200), under conditions of
dim light and low noise, and started after 2 wesfk®covery post-surgery (ETN experiment)
or 4 weeks of exposure to ibuprofen supplementatiofood restriction. In order to reduce

the potential effect of circadian influences on iatylike behavior, mice were tested in a
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random order that was changed between each tesietjqtike behaviors were first assessed
in the open-field (10-minute test) and a week lataghe elevated plus-maze (5-min-test), by
applying the experimental conditions previouslydugehighlight the “anxious” phenotype of
dob/db mice (Dinelet al, 2011; Dinelet al, 2014; Sharmeet al, 2010). Behavior was
automatically recorded and scored (Smart Videot®ydtem, Bioseb, France) as previously
described (Andréet al, 2014; Dinelet al, 2011). All equipments were thoroughly cleaned

between each session.

Open-field (OF): The OF apparatus was an unfamiliar, inescapaljears area
(40x40x16cm) without bedding litter. A central areansidered more anxiogenic compared
to the periphery was defined as a virtual 10x10goase in the middle. Mice were randomly
placed in alternate corners and allowed to fregylare the OF for 10 minutes. Parameters
measured to evaluate anxiety-like behavior werentiaber of entries and the percentage of

time spent in the central area (Belzung and Grjeti)1).

Elevated Plus-Maze (EPM): Mice were exposed to the EPM apparatus made ains
(30x8cm), 2 of them closed with walls providing k&eeas compared to 2 open-arms without
walls, which are more anxiogenic since the EPM plased 120cm above the floor (Diret|
al, 2011). Mice were placed in the center facing panearm and allowed to freely explore
for 5 minutes. A reduction of the percent of tinpeeist and number of entries into the open
arms (scored as such when all four limbs were gldoéo an arm) is considered as an
anxiety-like index, independent of locomotor adtiviBelzunget al, 2001). When deeper
analysis of anxiety-like behavior was needed, @mlui anxiety-like indexes, namely risk
assessment behaviors known to be rarely displayeainkious animals (Wakt al, 2003),
were measured. This included reduced frequencytretch-attend posture (when mouse

stretched forward in an open-arm with forelegs aatyl then retracted back to its original
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position) and unprotected head-dips (defined asimeener the edge of an open-arm with

head, neck and shoulders).

2.3. Biochemical measurements

Five to seven days after completion of behavioestihg, mice were euthanized in a
random order with terminal isoflurane anesthesithinwa few seconds after being picked up
from their home cage. They were always euthaningtié morning (0800-1100) in order to
reduce hormone level variability linked to circadignythmicity of release. Blood samples
were immediately collected via cardiac puncturentigiiged, and aliquots of plasma were
stored for later analysis of cytokine and hormooetent with mouse cytokine and metabolic
hormone Milliplex kits respectively (Merk-MilliporeFrance) following the manufacturer’s
instructions (Dinekt al, 2011, 2014). Total plasma corticosterone was @misasured with an
in-house radioimmunoassay using a highly specifitibady provided by H. Vaudry
(University of Rouen, France) as previously destilfRichardet al, 2010). All samples
were run in duplicate. Inter and intra-assay cosgdfits of variation and low limits of

detectability for the Milliplex kits and the RIA@iprovided in Table S1.

After blood collection, mice were perfused with lldd PBS via the ascending aorta to
remove all traces of blood from tissues. Brainsemapidly extracted from the skulls and
carefully dissected. The hippocampus (HPC) andrpnédl cortex (PFC) were immediately
collected into labeled-sterile tubes which were&mo with dry ice and stored at -80°C until
assaying. Total RNA was extracted using TRIzol i(hegen) and RNA purity and
concentration were determined using a Nanodroptspgewtometer (Nanodrop technologies,
Wilmington, DE). One microgram of RNA was reversanascribed to cDNA as previously
described (Fourrieet al, 2017). Quantitative real-time RT-PCR was therfgrared using

Tagman gene expression assays for sequence-spertifiers (Applied Biosystems, Foster
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City, CA), which are designed to span exon-exonctions and therefore prevent
amplification from contaminating genomic DNAB2-microglobulin was used as the
housekeeping gene. Reactions were performed inicaigpl according to manufacturer
instructions. The PCR program consisted of 40 syofed5 °C for 15 seconds and 60 °C for
1 minute. Fluorescence was measured using an AB R&@al-Time PCR system (Applied
Biosystems, Foster city, CA). The calculation ofatiee expression levels was performed
according to the methods of Schmittgen and Livdl0O& and plotted as fold change relative

to the appropriate control condition.

2.4. Electrophysiology

Horizontal hippocampal slices (350um) were prepavéd a vibrating blade microtome
(VT1000S, Leica Microsystems) in an oxygenatedfiaidi cerebrospinal fluid (aCSF)
containing (in mM): 23 NaHC¢) 87 NaCl, 75 sucrose, 25 glucose, 4 Mg@l5 KCI, 0.5
CaClh, 1.25 NaHPO,. Slices were stored at room temperature and reggdtarted after at
least 1hour of rest. aCSF solution for storageaoet (in mM): 23 NaHCg) 130 NaCl, 11
Glucose, 2.4 MgG| 2.5 KClI, 1.2 CaGl 1.2 NaHPO,. Electrophysiological consequences of
TNF-a inhibition were assessed by adding ETN to the wlogr solution, at a final
concentration of 10 pg/mL (Hagt al, 2012), for at least three hours. For whole-catch-
clamp recordings, spontaneous excitatory postsimaptrents (SEPSCs) were recorded in
the CAL stratum radiatum of the ventral hippocam@PC) at the holding potential of -
60mV (Figure 4A). Recording pipettes were filledtlwibalanced intracellular solutions
containing (in mM): 128 KGlu, 20 NaCl, 1 Mggll EGTA, 0.3 CaG| 2 N&*-ATP, 0.3
Na'-GTP, 10 glucose, buffered with 10 HEPES, pH 78nalarity 290mOsm (Thomazeau
et al, 2016). GABAergic transmission was not blocked pi@serve excitability of the

network. However, GABAergic events were not detieletan our conditions (Le Rouet al,
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2006). Whole-cell access resistances measured lingesclamp were in the range of 5-
20mQ. sEPSCs amplitude, rise time, decay time, and-gent interval time were analyzed
with Axograph X. One or two cells per animal and pendition (aCSF + etanercept) were

recorded, and at least four animals per group werngloyed.

2.5. Statistical analysis

Data was analyzed using the GraphPad Prism (veBisoftware, using one-way (for the
ibuprofen experiment: treatment) or two-way ANOVAgenotype X treatment), with
repeated measures for the time factor where appteprBetween-group differences were
determined usingost-hoc Fisher’'s LSD test when interactions were significdearson’s
correlation coefficients were calculated to deteemipotential relationships between
treatment-induced behavioral and biochemical cheinlgastly, unpaired t-tests were used to
compare sEPSCs between control aCSF- and etandreatsd slices. As already mentioned,
4 mice died during surgery in the etanercept expemi. In addition, some values were
identified as outliers using the extreme studedtizieviate method, which allows for
identification of a single outlier in a normal sdmgWalfish, 2006). Lastly, some data are
missing because of occasional experimental issigs \(ideotrack recording failure, lack of
enough plasma samples to perform all planned assagag duplicates, low-quality RNA).
Overall, data obtained from 7 to 10 mice/group wasd to perform the statistical analyses

depending on the experiments and measures congidere

3. RESULTS

3.1. Chronic food restriction (CFR) reduced anxiety-like behavior, plasma

corticosterone levels and cytokine production in db/db mice
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CFR significantly blunted body weight gain in bogenotypes compared to their
respective controls (F32=30.6, P<0.001; Figure 1B), althoudt/db mice remained heavier
than db/+ mice by the end of the CFR period (f=129.2, P<0.001; Figure S1). By that
time, plasma leptin levels also remained higherdioddb than db/+ mice (R 34733.3,
P<0.001; Table S2) regardless of their feeding ttimmd (CFR: P>0.1). Plasma insulin levels
were only affected by CFR in restrictdd/+ mice (genotype x CFR:#z5731.1, P< 0.001;

Table S2) but nadlb/db mice (restricteds. non-restricted: P>0.1).

We then assessed whether CFR may reduce enhandety/dike behaviors displayed by
db/db mice (Dinel et al, 2011, 2014). In the OF, percent of time spentlakm the
anxiogenic central area was smallerdmdb thandb/+ mice (R132745.2, P<0.001; Figure
1C), but CFR attenuated this difference ¢k=4.5, P<0.05). Similarly, it reduced the latency
of the first entry into this area in restrictddidb mice compared to non-restricted ones
(49.9£14.3 svs. 126.6+23.7 s; genotype X CFRy k=7.4, P<0.01), whereas boti/+
groups displayed the same latency (34.8£6.9 s &®#8.9 s). Analyzing the time-course of
central entries confirmed that CFR effect was asibnificant indb/db mice (Rie0711.7,
P<0.01; CFR x time: (eo=7.0, P<0.001; Figure S2), which also displayed lestries
(Fa,33723.1, P<0.001; Figure 1D) and tended to spendtiess (R 31=3.7, P=0.06; Figure
1E) in the open-arms of the EPM thdio'+ mice. CFR increased both measurgsg=4.6,
P<0.05 and fr31575.3, P<0.05 respectively), this effect being patarly notable in
restricteddb/db mice. Improvement of anxiety-like behavior was rmhte to locomotor
changes since total distance travelled in the @Roagh globally higher irdb/+ mice than
db/db mice (17.85+0.68 mvs. 10.54+0.85 m; P<0.001), was not changed by feeding
conditions regardless of the genotype (P>0.1). HeweCFR significantly increased the
distance travelled in the central area in restiicl@db mice as compared to non-restricted

ones (P<0.05). Similarly, CFR significantly incredghe number of entries in the open-arms
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of the EPM indb/db mice (Figure 1D) without changing the number afseld arms entries
(9.56£1.42vs. 12.90+2.15; P>0.1 for non-restrictesl restricteddb/db mice respectively). A

question arose then of what biological correlategghin underlie these behavioral
improvements.

Among the main biological factors altered dib/db mice that are capable of acting
centrally to modulate behavior, corticosterone aybkines are likely candidates (Erienh
al, 2014; Stranaharet al, 2008). We therefore determined whether CFR napedl
hypothalamo-pituitary-adrenal (HPA) axis and/orlanimatory disturbances previously
reported indb/db mice (Dinelet al, 2011, 2014; Stranahahal, 2008). Plasma corticosterone
levels were higher idb/db thandb/+ mice (k1 3s715.2, P<0.001; Figure 1F), but selectively
reduced in restrictedb/db mice (genotype x CFR:fzs=7.5, P<0.01; controls. restricted-
db/db mice: P<0.05). Overall, these levels correlatetth \wercent of time spent in the center
of the OF (=-0.38; P=0.05). Regarding plasma cytokines, atlendisplayed similar plasma
IL-1B8 and TNFe levels (Table S2). In contrast, plasma IL-6 lewsbye increased in non-
restricteddb/db mice compared to thenb/+ counterparts (P<0.05), but normalized after
CFR (genotype x CFR:#s0=7.3, P<0.05; Figure 1Gyb/db mice also displayed higher
HPC mRNA expression of ILAL(F1,3278.2, P<0.01), IL-6 (f3377.9, P<0.01), and TNE-
(Fa,32724.3, P<0.001) thardb/+ mice (Figure 1H). CFR selectively reduced T&F-
expression irdb/db mice (Fk1,374.6, P<0.05; genotype x CFR( k»=4.0, P=0.05), without
impacting the other cytokines. In the PFEIB/db mice displayed higher mMRNA expression of
IL-1P (Fu33711.7, P<0.01), IL-6 (ff345.8, P<0.05), and TNE-(F3274.5, P<0.05) than
db/+ mice (Figure 11). A genotype x CFR interaction iasnd only for TNFe (F 3274.1,
P=0.05), even if restricteds. non-restricteddb/db mice did not significantly differ (P>0.1).

Importantly, hippocampal, but not cortical, TMFMRNA expression correlated with first
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entry latency =0.75; P<0.001) and percent of time spent in theereof the OFr=-0.53;
P<0.01), and open-arm entries in the ER¥H({.41; P<0.05).

We then assessed the respective role of enhancéd &t activation and/or brain
inflammation in mediating increased anxiety-likehaeiors indb/db mice. Hippocampal
glucocorticoid receptor (GR) activation is known toodulate HPA axis activity,
inflammation and anxiety-like behaviors (Stranaleaml, 2008; Tronchest al, 1999). GR
activation through its phosphorylation was higherdb/db than db/+ mice (GR/GAPDH:
t15=0.06, p=0.95, Figure S3B; P-GR/GRi3t4.60; p<0.001; Figure S3C). Interestingly,
chronic GR antagonism with mifepristone did not ioy@ anxiety-like behaviors idb/db
mice, despite selectively normalizing plasma ILe§dls (genotype x treatment; z=4.9,
P<0.05; Figure S3D-E). Conversely, it significaritigreased anxiety-like behaviorsdo/+
mice compared to their placebo-treated counterp@esnotype x treatment: ifzs=4.3,
P<0.05; Figure S3F) and tended to concomitantiyngate hippocampal TNE-mRNA
expression (Figure S3F). These results further tigpain TNFe as potential mediator of

the enhanced anxiety-like behaviorglbidb mice.

3.2. Chronic anti-inflammatory treatment reduced anxiety-like behavior and

hippocampal TNF-a mRNA expression in db/db mice

We then investigated whether directly targetinglaimimation in db/db mice with
ibuprofen may improve anxiety-like behaviors. I tOF, the percent of time spent in the
center tended to be globally different between3tygoups (fz,22=3.41, P=0.06; Figure 2B).
Further analysis revealed that contdbfdb mice spent significantly less time in the center
thandb/+ mice (P<0.05), but this difference ceased aftapiibfen treatment. Importantly,
both db/db groups displayed the same total distance travaliethe OF (9.89+0.70ss.

8.65+0.68m; P>0.1), supporting an anxiolytic effettchronic anti-inflammatory treatment
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rather than non-specific locomotor alterations. fbenber of entries in the open-arms of the
EPM was also globally different between groupg 44=6.18, P<0.01; Figure 2C), with both
db/db groups displaying less entries than contifwh mice (P<0.05). Similarlydb/db mice
tended to display reduced percent of time in thenegrms of the EPM thadb/+ mice
regardless of their treatment (P<0.05; Figure ZBjjough global treatment effect did not
reach significance. Considering the anxiolytic efffef ibuprofen in the OF, we decided to
deeply analyze anxiety-like behaviors in the EPMaldditionally measuring risk assessment
behaviors known to be rarely displayed by anxicuisals (Wallet al, 2003). The frequency
of stretch-attend postures{k4=5.38, P<0.05) and head dips:(fk=18.66, P<0.001) was
different between the 3 groups. Increased anxikéyehaviors in contradlb/db mice was
confirmed by the significant reduced frequency toétsh-attend postures (P<0.01) and head
dips (P<0.001) compared uh/+ mice (Figure 2C). Conversely, ibuprofen displaysed
anxiolytic effect indb/db mice by significantly increasing these frequen@sscompared to

untreatedb/db mice (P<0.05).

Akin to the aforementioned data, ibuprofen improveaxiety-like behavior without
normalizing plasma corticosterone levels in treal@db mice. Regardless of their treatment,
db/db mice also displayed similar plasma levels of Lalhd TNFe to db/+ mice (Table S2),
as well as higher body weight {f32=110.72, P<0.001; Figure S1), plasma IL-6 levels
(F1,2076.04, P<0.01,db/db vs. db/+ mice: P<0.05; Figure 2D), and hippocampal -1
(F1,2074.11, P<0.05¢db/db vs. db/+ mice: P<0.05) and IL-6 (F22=11.57, P<0.001¢b/db
vs. db/+ mice: P<0.01) mRNA expression (Figure 2E). Howevubuprofen selectively
reduced the increased hippocampal TNFRNA expression displayed by untreatitiddb
mice (R121713.52, P<0.001db/db vs. db/+ mice: P<0.01 and untreateus. ibuprofen-

treateddb/db mice: P<0.05; Figure 2E). Together, this data satgythat increased TNF-
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expression specifically in the brain may contribigtencrease anxiety-like behavior dh/db

mice, as they are both impacted by ibuprofen.

3.3. Chronic brain TNF-a blockade improved anxiety-like behavior in db/db mice

To directly assess the role of brain TMFthe potent TNFe: blocker Etanercept (ETN)
was chronically infused intracerebroventriculaity). By the time of behavioral assessment,
all mice were considered to have totally recoveiredn surgery since their body weight
(Figure S1), as well as general locomotor actiiiytal distance travelled in the OF:
15.08+1.15 nvs. 10.52+0.71 nfor db/+ vs. db/db mice respectively; P<0.01) had returned to
levels similar to those recorded in the previoupeginents. Importantly, body weight and
locomotor activity remained unchanged by ETN relgmsl of the genotype (Treatment:
p>0.1 for both body weight and distance travelleitt)db mice displayed lower number of
visits (R12379.4, P<0.01; Figure 3B) and distance travelledthe center of the OF
(F1,2378.6, P<0.01; not shown) thadb/+ mice, both measures being increased by ETN
(Fa,2374.4, P<0.05 and £,374.0, P=0.05 respectively). Although the globaleeff of
genotype and treatment did not reach significanceHe total percent of time spent in this
area, it appeared smaller in contdid/db than db/+ mice, but not anymore after ETN
treatment (Figure 3C). Confirming these data, tkdaiime-course analysis of this measure
showed the effect of ETN ido/db mice (ki,5274.7, P<0.05; Figure 3D). In the EPHEl/db
mice also visited less often (genotypeib=8.7, P<0.01; Figure 3E) and spent
proportionally less time (genotype x ETNg »=5.7, P<0.05; Figure 3F) in the open-arms
thandb/+ mice. Interestinglydb/db mice, but notdb/+ mice, treated with ETN displayed
increased time spent in the open-arms (aGSFETN-db/db mice: P<0.05; Figure 3F). Of
note, behavioral improvement was likely independdérim changes in peripheral

inflammatory alterations as brain ETN infusion dmt change plasma cytokine levels (Table
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S2). Together, these results uphold the specifiolu@ment of brain TNFr as an important

player in inducing anxiety-like behavior dfo/db mice.

3.4. Ex-vivo blockade of TNF-a modulated synaptic transmission in the vHPC of
db/db mice

To precisely decipher the neurobiological mechasidimking increased hippocampal
TNF-0 and anxiety-like behavior, we measured the impldETN on excitatory synaptic
transmission in the vHPC, which has been relatezhidety-like behavior (Bannermaal,
2002). TNFe-induced increase of synaptic transmission, traedlan increased sEPSCs size,
was previously linked to increased anxiety (Hajal, 2012). We therefore hypothesized that
ETN may improve anxiety-like behavior dio/db mice by reducing these parameters. To test
this hypothesis, whole-cell patch-clamp recordingse used to examine sEPSCs shape and
frequency in vHPC CALl pyramidal neurons (Figure .4Blthough basal transmission was
similar in both genotypes (frequency;+1.07, p=0.83; amplitude$=0.223, p=0.32), their
SEPSCs were differentially affected by ETN. Whenmeasletectable effect was foundd/+
mice, ETN indb/db mice reduced both SEPSCs frequengy=@2.636, p<0.05) and amplitude
(te=2.407, p<0.05) (Figure 4C-D). ETN treatment of gupampal slices also lowered
SEPSCs decay time itb/db mice ({7=2.480, p<0.05, Figure 4E), whereas SEPSC rise time
was unchanged whatever the genotype (Figure 4Fho@f ETN did not change local long-
term potentiation (LTP) indb/+ or db/do mice (k14470.03, p=0.87) (Figure S4).
Collectively, these results suggest that inhibitimin TNF-o. signaling improved synaptic

transmission in the vHPC db/db mice.

4. DISCUSSION
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By using complementary approaches ultimately redpanflammation, we report here a
causal link between obesity-related inflammatioaytipularly in the hippocampus, and
increased anxiety. Importantly, our results highiigan anxiolytic effect of the central
blockade of TNFe in obese mice, and provide evidence that thiscefli&ely involves

changes in vHPC synaptic transmission.

In line with clinical studies (Capurcet al, 2011), CFR improved anxiety-like behavior in
obese mice. In agreement with previously publisti@a (Collinset al, 2008; lioet al, 2015;
Kirchner et al, 2012), this anxiolytic effect was not related rion-specific changes of
locomotion since CFR, as well as ibuprofen and Efféatment, did not alter global
locomotor activity regardless of the genotype. Suppg this notion further, increased
anxiety-like behavior reported idb/db mice was shown to be independent from motor or
motivational disturbances, although they globalgpthyed reduced locomotion as compared
to db/+ mice (de Cossiet al, 2017; Dinelet al, 2011, 2014). Besides reducing body weight
as expected, CFR normalized HPA axis activity aekdively targeted plasma IL-6 and
hippocampal TNFe.. Although these factors are known to participatéhe pathophysiology
of anxiety, they do not similarly contribute to tpeesent behavioral improvement. In line
with findings recently reported in other conditioalso associated with increased anxiety
(Leeet al, 2016; Shangt al, 2015), ibuprofen reduced anxiety-like behaviorslh/db mice
without decreasing body weight, neither normalizigculating IL-6 nor corticosterone.
Conversely, chronic GR blockade normalized cir¢aotatL-6 without improving anxiety-like
behavior. Moreover, we recently showed that redybippocampal IL-6 expression failed to
improve anxiety-like behavior inb/db mice (de Cossiat al, 2017). This confirms the
dissociation between IL-6, corticosterone, and etiyxiike behavior in diet-induced obesity
(DIO) models (Andréet al, 2014). Of note, corticosterone and hippocampé&lfland IL-6

are known to contribute to obesity-related memafjaits (Erionet al, 2014; Stranahagt al,
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2008; Whiteet al, 2009; Wosiski-Kuhret al, 2014). In addition, the onset of anxiety-like
behaviors in DIO mice was delayed compared with orgndeficits (Andréet al, 2014).
Together, these findings strengthen the assummtiom mechanistic dissociation between

obesity-related cognitive alterations and anxiétg-behaviors.

Altered circulating levels and signaling pathwaysseveral metabolic factors, notably
adipokines and insulin, are another trademark eérgeobesity. Interestingly, they not only
regulate energy homeostasis by targeting the hgtaotius, but also behavior and mood by
acting in the hippocampus (McGreggiral, 2015). Considering that they can interact with
inflammatory processes (Capurehal, 2017), these metabolic factors may contribute to
increase obesity-related anxiety, as suggestedirtainfs reporting anxiolytic effects of
leptin administration in leptin-deficient mice (Asava et al, 2003). Leptin resistance
displayed bydb/db mice may similarly contribute to the developmehttieeir behavioral
alterations. This has not been directly tested,Hauie several lines of evidence suggest that
its role is unlikely predominant regarding the aydic effects of the different interventional
strategies used in the present study. Indeed, qusli published studies reported no impact
of CFR on serum adiponectin or leptin levelglioAdb mice (Kandeet al, 2015; Stranahaet
al, 2009). Extending these findings, we found hes¢ ©FR, as well as ibuprofen and ETN
treatment, improved anxiety-like behaviors db/db mice without impacting circulating
leptin levels and leptin resistance. Akin to thisdings, a number of studies have suggested
that defective leptin signaling idb/db mice is directly involved in the dysregulations
reported in the hypothalamus (Bouettal, 2012), but not the hippocampus (for review, see
Stranahan, 2015). Instead, hippocampal dysfunctiather appears as an indirect
consequence of other systems’ or functions’ aliemat(Stranahasmet al, 2008; Erionet al,
2014). This was previously studied regarding thechmaisms underlying cognitive

impairments, but the present data suggests tlmtiso likely the case for those underlying
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increased anxiety. More studies directly addresgiagole of leptin signaling in that context
are however still necessary to draw a definitivenabasion. In addition, the release of
adipokines, including leptin, and their potentiapiact on behavioral reactivity fluctuating
over the day (see for review Challet 2017), it wiolie important to determine the metabolic
and behavioral effects of circadian rhythmglioddb mice by testing them during their wake
phase. Of note, CFR also failed to normalize plasmsalin levels indb/db mice, supporting

a previous study reporting improvement of anxigtg-lbehavior indb/db mice independent
of any change of glucose levels (Zhai@l, 2012). Conversely, improving insulin resistance,
hyperglycemia or circulating resistin concentragiaom those mice has no impact on anxiety-
like behaviors (de Cossiet al, 2017). Interestingly, these findings are consisteith
pharmacological studies suggesting that the beakétfect of several anti-diabetic drugs on
neuropsychiatric symptoms may involve, beyond inaproent of hyperglycemia, reduction

of inflammation (Guptat al, 2014; Pomytkiret al, 2015).

We showed that both CFR and ibuprofen improvedetp)ike behaviors irdb/db mice
and concomitantly reduced hippocampal T&Fexpression. Although we did not
demonstrate that changes in mMRNA expression ctecklavith protein levels, previous
studies have reported this to be the case (van Biaah, 1998), notably indb/db mice
(Kumari et al, 2007). Interestingly, TNle- mRNA levels in particular closely mirrored
protein levels (Shebét al, 2010). Moreover, we showed that modulating T&NFRNA
expression in obese mice resulted in modulatiorelaited signaling pathway activation and
behavioral response alterations (Andee al, 2014; Dinelet al, 2011, 2014). Several
neuroactive compounds, including ibuprofen, haveaaly been shown to improve stress-
induced anxiety by similarly targeting hippocamp&lF-o. (Todorovic and Filipovic, 2017).
Moreover, blocking brain TNe-with ETN reduced anxiety-like behaviorsdb/db mice. It

further supports that increased TMFmediates downstream actions on neurobiological
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pathways that contribute to anxiety-like behavions¢cluding monoamine metabolism,
neuroendocrine function, neuronal excitability esythaptic plasticity (Aguilar-Vallest al,
2018; Fleminget al, 2015; Himmerichet al, 2008; Kekowet al, 2011; Tyringet al, 2006).
Conversely, mifepristone-treateth/+ mice displayed both increased hippocampal TNF-
expression and anxiety-like behaviors comparedhéir tcontrols. This result fits with the
increased anxiety-like behavior reported followiagenovirus-mediated enhancement of
hippocampal TNFe expression (Klaugt al, 2016). Interestingly, icv ETN was shown to
prevent lipopolysaccharide-induced anxiety-like dabrs by specifically reversing the
induction of TNFe in the hippocampus (Camaghal, 2015), further emphasizing a pivotal

role for hippocampal TNIe-in mood alterations.

Different, yet not exclusive, mechanisms have bpeaposed to explain the behavioral
effects of TNFe antagonism with ETN (Hapt al, 2012; Jiaet al, 2007). While identifying
the main pathways triggering the anxiolytic effe€tTNF-o. antagonism with ETN in the
context of obesity remains a challenge, this retearovides interesting clues supporting a
role for modulation of synaptic transmission in tidPC. Indeed, ETN decreased both
anxiety-like behaviors and synaptic transmissiothenvHPC ofdb/db mice, where TNF is
over-expressed. In contrast, ETN has no effeaidf+ mice, indicating that only supra-
physiological concentrations of TNE-may affect synaptic transmission, as previously
suggested (Habbas al, 2015). Supporting this assumption, TMRAhibition was shown to
reduce anxiety-like behaviors in several modelscbfonic inflammatory diseases, by
decreasing both EPSC frequency and amplitude inn baaeas participating in mood
regulation (Cheret al, 2013; Hajiet al, 2012; Jiaet al, 2007). Such electrophysiological
changes are known to reflect modifications occgrret pre- and post-synaptic levels
respectively, ultimately altering synaptic strenftfierengaet al, 2006). Our results suggest

similar mechanisms in obesdb/db mice. Indeed, recorded synaptic events that were
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modified by ETN treatment are likely glutamatergsince acetylcholine and GABAergic
events are too small to be recorded in our conwtice Rouxet al, 2006). Moreover, glial
TNF-a is known to mediate synaptic scaling, a homeasteggulation of glutamatergic
neuronal activity (Stellwagest al, 2005). In basal conditions, TNF{acilitates synaptic
transmission by inhibiting astrocyte glutamatergénsporters at the synapse, or by inducing
AMPA receptors exocytosis in hippocampal pyramidalls (Stellwagenet al, 2005).
Similarly, obesity-related inflammation and gliatti@ation may increase glial TNé&-
production, which may then alter homeostatic glatergic transmission (Jiet al, 2007),
and in turn behavioral reactivity. Of note, ETN didt affect LTP in the vHPC adb/db
mice. This further supports the hypothesis of a afllocal synaptic scaling in the behavioral
effect of TNFe in db/db mice. As ETN was administered icv, we cannot exeluke
contribution of other brain areas to the reportethdvioral effect. Inflammation in the
nucleus accumbens was for instance recently repooteontribute to anxiety-like behavior
in DIO models (Decarie-Spaigt al, 2018). Further investigation is required to fuligdress
this question, but it is unlikely that the prefraintortex participates to the observed anxiety-
like behaviors since they negatively correlatechwitppocampal, but not prefrontal cortex,
TNF-0 expression. Moreover, the VHPC, which participateshe regulation of emotional
behaviors (Bannermaet al, 2002) and in the development of high-fat dietdoeld anxiety-
like behavior (Krishnat al, 2015), is preferentially targeted by ETN (Cameatral, 2015). At
the clinical level, it would now be important to adwate the beneficial effect of TNE-
inhibition on anxiety disorders and brain activityobese subjects, as already demonstrated
in patients suffering from depression or autoimmdiseases (Fleming al, 2015; Kekowet

al, 2011, Tyringet al, 2006).

As mentioned earlier, a limitation of the curretidy is that behavioral tests have been

only performed during the light phase. Althoughoetf were made to minimize circadian
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influence on behavior, we cannot totally excludat ttircadian disruption idb/db mice may
have somehow influenced the results obtained. Arskdimitation is that this study only
included males, while sex differences are promimerinxiety disorders, with women being
at greater risk (Maeng and Milad, 2015). This iased vulnerability is likely due to the
combined effect of several factors, including eowmental influences, sex differences in
brain structure and function, and/or differentigbesure to reproductive hormones (Altemus
et al, 2014). These factors might therefore increasaabdity among data and highly
complicate their interpretation when males and femare studied together. This issue was
not addressed in the present study. Thereforepdbential effect of gender cannot be ruled

out and any extrapolation of our results to femalkssds to be taken with caution.

In conclusion, this study points to brain THFs an important mediator of obesity-related
anxiety and provides important clues about how atyract to modulate brain function and
ultimately induce anxiety symptoms. By extendingr dsnowledge on the mechanistic
dissociation between inflammation-related anxietgl aognitive alterations in the context of
obesity, this study also highlights the necessftgansidering the different dimensions of
observable behaviors and neurobiological measurgssychiatry, as recommended by the
NIH (Research Domain Criteria project, RDoC). Lastbeyond obesity and related
metabolic diseases, these findings should alscsb&ilto identify potential new therapeutic

strategies aiming to improve anxiety disorders @ssed with inflammatory conditions.
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LEGENDS

Figure 1. Chronic food restriction (CFR) reduced anxietyelikbehavior, plasma
corticosterone levels and cytokine productiordivdb mice. (A) Experimental timeline and
design: half of thelb/+ anddb/db mice were submitted for 7 weeks to a food restmcof
about 30% compared to their unrestricted countesp@ehavioral testing started after 4
weeks of exposure to this procedure. (B) Body weigtin (n=10/group). (C) Percent of time
spent in the central area of the open-field (n=8x1up). (D) Number of entries in the open-
arms of the elevated plus-maze (n=9-10/group)P@}ent of time spent in the open arms of
the elevated plus maze (n=9-10/group). (F) Plasmniécosterone (n=9-10/group) and (G) IL-
6 levels (n=7-10/group). lI4, 1I-6 and Tnfe. MRNA expression (plotted as fold change
relative to controls) measured in (H) the hippocaspand (I) the prefrontal cortex (n=8-
10/group). p<0.05; *p<0.01; **<0.001 for genotype effect; *p<0.05; **p<0.01;

***pn<0.001 for treatment effect.

Figure 2. Chronic anti-inflammatory treatment with ibuprofé8v5 ppm) reduced anxiety-
like behavior and hippocampal TafmRNA expression irdb/db mice. (A) Experimental
timeline and design: a subgroup db/db mice were fed with ibuprofen-supplemented
standard chow (estimated intake 2.8 mg/day) foreéks. Behavioral testing started after 4
weeks of exposure to this procedure. (B) Percetitraf spent in the central area of the open-
field (n=8-10/group). (C) Number of open-arms adyipercent of time spent in the open
arms of the elevated plus maze and risk assesdmedatviors (stretch-attend postures and
head dips) measured in the elevated plus-maze 10=8ad 7-10/group respectively). (D)
Plasma IL-6 levels (n=7-10/group). (E) Hippocampapression of IL-f, IL-6 and Tnfe

mRNA (plotted as fold change relative to contro{s)=7-9/group).”p<0.05; *p<0.01;
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#15<0.001 for comparison witdb/+ Standard chow; *p<0.05 for comparison with/db

Standard chow.

Figure 3. Chronic blockade of brain TNé&-with etanercept (ETN, 28 days, 5 pg/kg/h,
intracerebroventricular (icv) infusion) improved xaaty-like behavior indb/db mice. (A)
Experimental timeline and desigdb/+ and db/db mice were equipped with a cannula
implanted into the right lateral cerebral ventri(déereotaxic coordinates: 0.3mm posterior to
bregma, 1.0mm lateral from midline, 2.8mm from #kell surface) under ketamine/xylazine
anesthesia. The cannula was connected to an osmitigpump implanted subcutaneously
in the back of the mouse in order to continuoustyiveér (0.11 pl/h, icv) etanercept or
artificial cerebrospinal fluid (vehicle). Behaviotaisting started after 2 weeks of recovery
post-stereotaxic surgery. (B) Number of entries @idpercent of time spent in the center of
the open-field (n=7-10/group). (D) Time-course loé¢ time spent in the center of the open-
field (n=7-10/group). (E) Number of entries and (fhe spent in the open-arms of the
elevated plus-maze. (n=7-10/groupp<0.05; *p<0.01 for genotype effect; *p<0.05 for

treatment effect.

Figure 4. Ex-vivo blockade of TNF: modulated synaptic transmission in the ventral
hippocampus (VHPC) ofib/db mice. (A) Upper panel: Experimental timeline arebign:
horizontal brain slices (350um) containing the vHR@re pre-incubated for 3h in a
recording solution supplemented with etanerceptNETinal concentration: 10 pg/mL);
Lower panel: Position of the stimulation electradeéhe CA3 and of the recording electrode
in the CA1 region. (B) Examples of spontaneoustakmiy postsynaptic currents (SEPSCs)

traces. (C) sEPSCs frequency, (D) amplitude, (Eangé¢ime and (F) rise time. Data obtained
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from db/+ anddb/db mice are respectively represented in the left agll panels. n=4-6

cells/group. *p<0.05 for comparison with/db Control.
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APPENDICES

Supplemental information file (word document) camsa

- a “Supplementary Methods and Materials” providindetails about
electrophysiological measurement of long-term pidgion (LTP) and chronic treatment
with mifepristone,

- a short description of the Supplementary TaBlesind S2,

- the legends of Supplementary Figures S1-S4,

- a list of the references cited in the Supplemgninformation.

Supplementary Table S1: This table shows interiatrd-assay coefficients of variation

and low limits of detectability for the Milliplexits and the RIA.

Supplementary Table S2: This table shows plasmeldenf leptin and insulin (expressed

as ng/ml) indb/+ anddb/db mice fedad libitum or submitted for 7 weeks to chronic food
restriction (restricted groups) (chronic food resion experiment). It also shows plasma
levels of interleukin-g (IL-1pB), interleukin-6 (IL-6) and tumor necrosis factorfTNF-a)
(expressed as ng/ml) measured using the mouse kaaiysoMilliplex kit (Merk-Millipore,
France) indb/+ anddb/db mice fedad libitum or submitted for 7 weeks to chronic food
restriction (restricted groups) (chronic food rigsiton experiment); irdb/+ anddb/db mice
fed with the standard chow awul/db mice fed with the Ibuprofen-enriched diet (Ibuprofe
experiment); and indb/+ and db/db mice treated with the vehicle or with Etanercept
(Etanercept experiment). n=7-10/group’p<0.001 for genotype effect; ***p<0.001 for
treatment effect (chronic food restriction expemt)ge *p<0.05: db/db ibuprofen vsdb/db

standard chow (lbuprofen experiment).
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Supplementary Figure S1: This figure shows bodyghieichanges over time for the

different experiments. Chronic food restriction foweeks significantly blunted body weight
gain in both genotypes compared to their respectrgrols, althouglib/db mice remained
heavier thardb/+ mice by the end of the CFR period. In the ibupnaggperiment, Ibuprofen
treatment did not normalize higher body weightdbidb mice. Finally, chronic etanercept

brain administration did not change body weighbathdb/+ anddb/db mice.

Supplementary Figure S2: This figure shows thabwierfood restriction altered the time

course of central entries di/db mice only.

Supplementary Figure S3: This figure shows thabwier blockade of glucocorticoid

receptors with mifepristone (25 mg/kg/day, subcetars pellets, 21 days) did not improve
anxiety-like behavior or hippocampal cytokine exgsien indb/db mice, but rather increased
both anxiety-like behavior and hippocampal TMFMRNA expression indb/+ mice

compared to their placebo-treated counterparts.

Supplementary Figure S4: This figure shows thatkitey TNFa ex-vivo by incubating

ventral hippocampus (VHPC) brain slices with etaept (added to the recording solution at a
final concentration of 10 pug/mL) did not affect timeluction and maintenance of long-term

potentiation (LTP) irdb/+ or db/db mice.
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