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BACKGROUND AND PURPOSE

The link between type 2 diabetes mellitus (T2DM) and depression is bidirectional. However, the possibility that metabolic
disorders may elicit anxiogenic-like/depressive-like symptoms or alter the efficacy of antidepressant drugs remains poorly docu-
mented. This study explored the influence of T2DM on emotionality and proposed a therapeutic strategy that might be used in
depressed diabetic patients.

EXPERIMENTAL APPROACH

Mice were fed a high-fat diet (HFD) and subjected to a full comprehensive metabolic and behavioural analysis to establish cor-
relations between metabolic and psychiatric disorders. In vivo intra-hippocampal microdialysis was also applied to propose a
mechanism underpinning the phenotype of mice fed the HFD. Finally, we tested whether chronic administration of the selective
5-HT reuptake inhibitor escitalopram or HFD withdrawal could reverse HFD-induced metabolic and behavioural anomalies.

KEY RESULTS

The increased body weight, hyperglycaemia and impaired glucose tolerance in response to HFD were correlated with anxiogenic-
like/depressive-like symptoms. Moreover, this phenotype was associated with decreased extracellular 5-HT levels in the hippo-
campus which may result from increased sensitivity of the dorsal raphe 5-HT; , autoreceptor. Interestingly, the beneficial effect of
prolonged administration of escitalopram was abolished in HFD-fed mice. On the contrary, HFD withdrawal completely reversed
metabolic impairments and positively changed symptoms of anxiety, although some behavioural anomalies persisted.

CONCLUSIONS AND IMPLICATIONS

Our data provide clear-cut evidence that both pathologies are finely correlated and associated with impaired 5-HT mediated
neurotransmission in the hippocampus. Further experiments are warranted to define the most adequate strategy for the treat-
ment of such co-morbidity.

LINKED ARTICLES
This article is part of a themed section on Updating Neuropathology and Neuropharmacology of Monoaminergic Systems. To
view the other articles in this section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v173.13/issuetoc

Abbreviations

[5-HT]ext, extracellular 5-HT levels; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin; HFD, high-fat diet; HPC, ventral
hippocampus; IPGTT, intraperitoneal glucose tolerance test; MD, major depression; NSF, novelty suppressed feeding; OF,
open field; OGTT, oral glucose tolerance test; SSRI, selective serotonin reuptake inhibitor; ST, splash test; STD, standard
diet; T2DM, type 2 diabetes mellitus; TST, tail suspension test
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Tables of Links

GPCRs

5-HT; A receptors

8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin

Escitalopram

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the Concise Guide

to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

According to the World Health Organization, diabetes and
depression are each estimated to affect 350 million people,
and both pathologies will constitute the greatest healthcare
burdens in the next years. Clinical studies have yielded con-
verging evidence regarding a bidirectional link between both
pathologies. Indeed, depressive disorders developing earlier
in life lead to an increased risk of diabetes (Knol et al.,
2006), and 10 to 30% of diabetic patients suffer from major
depression (MD) (Anderson et al., 2001; Ali et al., 2006). Such
a prevalence is a serious medical and public health concern
because these coexisting pathologies impose substantial
economic costs, and their effects on disability, productivity
and quality of life further accentuate these costs (Egede
etal., 2010). Interestingly, these epidemiological data are sup-
ported by recent findings in animal models of type 1 (T1DM)
and type 2 diabetes mellitus (T2DM) showing that metabolic
impairments induced by streptozotocin, a long-term high-fat
diet (HFD) or a Western diet, elicit depressive-like behaviours
(Miyata et al., 2004; Ho et al., 2012; Gupta et al., 2014; André
et al., 2014). It has also been reported that HFD exacerbates
behavioural anomalies in various animal models of depres-
sion (Abildgaard ef al., 2011; Liu et al., 2014). Conversely,
the central injection of insulin or adiponectin, a hormone
exerting anti-diabetic and insulin-sensitizing action, pro-
duces antidepressant-like behavioural effects (Ho et al.,
2012; Liu et al., 2012; Gupta et al., 2014). Collectively, these
findings emphasize the existence of common brain circuits
and signalling pathways (Ho et al., 2013) between both meta-
bolic and psychiatric disorders. However, there is little research
that explicitly demonstrates whether T2DM affects specific
symptoms of MD. Likewise, the mechanisms by which T2DM
negatively affects emotionality remain unknown.

Biological evidence suggests that MD results from changes
in 5-HT-mediated activity in various brain regions, including
the ventral hippocampus (HPC) and the frontal cortex (Hamon
and Blier, 2013). Diabetes and brain insulin signalling have
been associated with modifications of the 5-HT system. For
example, the destruction of insulin secreting beta cells in the
rat pancreas produced a significant attenuation of 5-HT levels
in the brain (Curzon and Fernando, 1977). Consistent with
the latter observation, in vivo microdialysis studies reported
decreased extracellular 5-HT levels in the HPC of T1IDM animal
models (Kino et al.,, 2004; Yamato et al., 2004). However,
whether impairment in energy homeostasis induced by a
long-term HFD might influence the activity of the brain 5-HT
system or the therapeutic activity of antidepressant drugs
is poorly documented. Indirect evidence, however, is in favour
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of an attenuation of serotonergic tone because decreased levels
of free tryptophan were detected in the CNS of patients
with T2DM (Kloiber et al., 2010; Herrera-Marquez et al., 2011).
Accordingly, a significant decrease in plasma or brain levels of
5-HT has been reported in rodents after prolonged HFD expo-
sure (Kim et al., 2013; Derkach et al., 2015), but these neuro-
chemical changes have never been confirmed using in vivo
microdialysis.

Selective 5-HT reuptake inhibitors (SSRIs) represent the
most commonly prescribed antidepressants. These pharma-
cological agents, including escitalopram or sertraline, are
effective in treating MD in patients with T2DM (Williams
et al., 2007; Gehlawat et al., 2013). However, other clinical
studies have led to the opposite conclusions (Anderson
etal., 2010; Gois etal., 2014), as a significant proportion of pa-
tients with T2DM suffering from MD do not achieve remis-
sion with SSRI treatment. Among the factors that might
explain such a non-response to antidepressant drugs, patient
age, the severity of the psychiatric/metabolic disorder or the
ability of 5-HT related antidepressant drugs to further destabi-
lize glucose homeostasis (Ghaeli et al., 2004; Raeder et al.,
2006; Williams et al., 2007) are possible explanations.

Given the relatively few attempts to investigate the link
between HFD-induced T2DM and MD, the present study
aimed to elucidate possible correlations between both disor-
ders in mice. We applied an original approach consisting of
the integration of metabolic and emotional parameters into
separate z-scores in the same animal. Full quantifiable assess-
ment of metabolism and emotionality is possible when the
same animal is exposed to multiple tests covering a wide
range of representative symptoms. This set of converging
observations defines a syndrome, and the z-scores can there-
fore be assimilated into the clinical characterization of the
human pathologies. In addition to behavioural assessments,
we also examined the functional consequences of HFD-
induced T2DM on the activity of the 5-HT system and deter-
mined whether chronic SSRI treatment or HFD withdrawal
had a positive and reciprocal influence on metabolism and
emotionality.

Methods

Animals, diets and drugs

All animal care and experimental procedures complied with
the European directive 2010/63/UE and were approved
by the French Ministry of Research and the local ethical
committees (C2EA Grand Campus de Dijon N°105). Studies
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involving animals are reported in accordance with the AR-
RIVE guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010).

Seven-week-old C57/B16 male mice (Elevages Janvier Farms,
Saint-Quentin Fallaviers, France) were housed, five mice per
cage under standard conditions (12:12 h light-dark cycle, lights
on at 7 AM, 22°C, 60% relative humidity). After 1 week of accli-
matization, mice were randomly assigned to receive free access
to a standard diet (STD A04; SAFE diets, Augy, France), an HFD
(D12451; Research Diets Inc., New Brunswick, NJ, USA) or a
60% fructose-enriched diet (U8960 version 015 SAFE diets) for
up to 16 weeks (Table 1). We verified that tryptophan amounts
— the precursor for 5-HT synthesis — were equivalent between
STD and HFD (Table 1). Body weight was monitored weekly. In
a specific experiment, STD and HFD mice were subcutaneously
and chronically treated (4 weeks), with the SSRI escitalopram
(Biotrend Chemikalien GmbH, Switzerland) at the active dose
of 10mg kg™' day ™' (Guiard et al., 2012). Mice received their
daily injection of escitalopram (volume 100 uL. 10 g~ of mouse)
at 5 PM and were tested the next day between 9 and 12 PM.

Group sizes

The exact group size (1) for each experimental group/condition
is provided in the Figure legends, and ‘n’ refers to independent
values, not replicates. For each experimental protocol assessing
behavioural and metabolic parameters, independent cohorts
of mice were used with a minimum of 10 animals per group.
However, group sizes vary from one protocol to another because
mice displaying serious skin injuries in response to HFD were
discarded for ethical reasons and to avoid possible interferences
with the behavioural tests.

Randomization

Where possible, we sought to randomize animals. In particular,
for the pharmacological experiments, each cage contained mice
administered with the treatment or its vehicle.

Blinding

The operator in charge of the treatment did not perform the
experiments, and the animal identification was made after
the tests using ear tags.

Table 1

Composition of the fructose and high-fat diets

Diets STD HFD 60% fructose
Energy (kcal%)

Proteins 26.2 20 21.2
Carbohydrates 60 35 65.8

Lipids 3.1 45 13

Energy content 2791 4727 3466

(kcal kg~ dry diet)

Tryptophan content 1.9 2.1 2.2

(mg! kg’1 dry diet)

STD, standard diet; HFD, high-fat diet.

Metabolic parameters

Glucose tolerance test: Animals were individually housed,
weighed and fasted for 4 h with free access to water. Blood
glucose levels were measured from tail prick (Accu-check
Performa glucometer; Roche, Boulogne-Billancourt, France)
at basal (O min), 15, 30, 45, 60, 90 and 120 min after oral [oral
glucose tolerance test (OGTT), for HFD experiments] or i.p.
[intraperitoneal glucose tolerance test (IPGTT), for fructose
experiments] administration of glucose (2 g kg ). The IPGTT
was preferred for fructose-fed animals (and their respective
controls) because its oral administration is known to alter
intestinal glucose transport (Tobin et al., 2008). Both the
OGTT and IPGTT were calculated using area under the curve
(AUC) with the coordinate axis set at 100. For plasma insulin
levels, blood samples were collected through tail prick in
heparinized capillary tubes (Microvette CB 300 K2E, Sarstedt,
Niimbrecht, Germany). Blood was centrifuged (2500x g for
10 min), and plasma was collected and stored at —80°C before
analysis. Insulin was measured using the AlphaLISA method
according to manufacturer’s instructions (Human insulin
kit, PerkinElmer, Waltham, MA, USA, AL204C). Separate co-
horts of animals were used to test the effect of long-term (12
and 16 weeks) HFD exposure.

Behavioural tests

All behavioural tests were performed in the morning to avoid
differences in locomotor activity and other variables affected
by circadian rhythm. Previous studies have indicated that
certain test variables are sensitive, whereas others are resis-
tant, to test order (Mcllwain et al., 2001). Bearing this in
mind, performance was evaluated from the least to the most
stressful test, thereby decreasing the chance that one test
might affect the behaviour evaluated in the subsequent para-
digm. Importantly, because previous handling and testing
has been described to reduce exploratory activity and emo-
tionality in mice (Voikar et al., 2004), animals were tested
once in each paradigm. Finally, given that it has been demon-
strated that the interval between behavioural tests could be as
little as 1day, with a weak effect on overall performance
(Paylor et al., 2006), in the present study, a 2-day recovery
period between each test was provided. It is noteworthy that
reducing the inter-test interval reduces the possible effects of
time of dietary/drug administration on tests.

Open field (OF) was performed in 40 x 40cm® Plexiglas
boxes (Mouse Open Field Arena ENV-510; Med Associates
Inc., St. Albans, VT, USA) during a 30 min session period.
Activity chambers were computer interfaced for data analysis
(SOF-811; Med Associates Inc.), and two regions were defined
by grid lines that divided each box into the centre and periph-
ery, with each of the four lines being 11 cm from each wall.

The tail suspension test (TST) was performed using the
BIOSEB’s TST system (Bioseb, Vitrolles, France) during a 6 min
session. Immobility time was scored as an index of resignation.
Movements in terms of energy and power in motion were mea-
sured to ensure the absence of any locomotor bias.

The splash test (ST) was performed for a Smin period as
previously described (David et al., 2009). After squirting
200 uL of a 10% sucrose solution on the mouse’s snout,
grooming time was scored by a single experimenter as an in-
dex of self-care.

British Journal of Pharmacology (2016) 173 2095-2110 2097



m ] Zemdegs et al.

Novelty suppressed feeding (NSF) was performed in a white
plastic box (30 x 60 cm). Mice were food deprived for 24 h
before testing and then placed in the corner of the box with
their respective food pellet on a white square filter paper at
the centre of the arena under a bright light (~60 W) placed
about 60-80 cm above the food pellet. Latency to begin eat-
ing was scored by a single experimenter, with a cut-off time
of 10 min. Upon return to the home cage, the total amount
of food intake was measured for a 5 min period to ensure the
absence of differences in hunger/motivation.

Metabolic and emotionality z-scores
Z-normalization across complementary measures of metab-
olism and emotionality-related behaviours assessed from
different paradigms was applied after each experimental
protocol. Simple mathematical tools were used to normalize
data from each individual raw metabolic and behavioural
data to the mean of the STD groups within each experimen-
tal cohort. Data were then integrated into a single value,
named metabolic and emotionality z-scores respectively.
Their values were obtained by subtracting the average of
observations in a population from an individual raw value
and then dividing this difference by the population SD as
described previously (Guilloux et al., 2011). This type of
normalization allows data on different scales to be com-
pared. The metabolic z-score included final body weight,
glycaemia and insulinaemia and the AUC of the glucose
tolerance test. The emotionality z-score included the param-
eters measured in the OF (centre entries, centre time and
centre-to-total-distance ratio), TST (immobility time) and
ST (grooming time). It is noteworthy that several parame-
ters were calculated in the OF to evaluate anxiety. However,
to avoid any weighted effect of this test compared with
the paradigms in which only one parameter was evaluated
(TST, ST, NSF or metabolic parameters), we averaged these
normalized behavioural parameters in the OF to obtain a
single value per mouse and per behavioural test.

In vivo intracerebral microdialysis

After 16 weeks on STD or HFD diets, anesthetized mice
(chloral hydrate, 400mgkg™', i.p.) were stereotaxically
implanted with concentric microdialysis probes (effective
membrane length 2.0mm) in the HPC. Coordinates from
bregma, according to the mouse brain atlas (Paxinos and
Franklin’s, 1997), were as follows (in millimeters):
anteroposterior: —2.2; lateral: +2; and ventral: 2 mm. On the
next day, mice were connected to a swivel system, and the
probes were connected to a microinjection pump, allowing
a continuous perfusion of artificial CSF at a flow rate of
1.5uL min~"'. A 2 h perfusion was performed to allow for sta-
bilization of extracellular 5-HT concentrations ([S-HT]ext)-
Then, microdialysate samples were collected every 15min
for 2h. At the end of the microdialysis, samples were kept
at —80°C until 5-HT content analysis was performed by
HPLC (XL-ODS, 4.6 x 7.0 mm, particle size 3 pm; Beckman
Coulter, Palo Alto, CA, USA), coupled with an amperometric
detector (1049A, Hewlett-Packard, Les Ulis, France). For
5-HText, AUC values (% of baseline) were calculated during
the 120 min post-treatment period. The sensitivity limit for 5
-HT was ~0.5 fmol sample’1 (signal-to-noise ratio = 2). The
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amount of 5-HT in dialysate samples was calculated by
measuring the peak heights relative to the external standards.
At the end of the experiments, localization of microdialysis
probes was verified histologically.

8-OH-DRA'T-induced hypothermia

Body temperature was measured from 9 to 12 AM by gently
inserting a microprobe thermometer (Ugo Basile, Varese,
Italy) into the mice rectum (Bill et al., 1991). Digital record-
ings of the temperatures were obtained with an accuracy of
+0.1°C, as indicated in the technical specifications. Temper-
atures were measured before (t-20, -10 and tO min) and af-
ter treatment with 8-hydroxy-2-(di-n-propylamino)tetralin
(8-OH-DPAT, Sigma-Aldrich, Saint Quentin Fallavier, France;
100 ug kg %; s.c.; SOURCE). This dose was chosen based on
an initial report showing its ability to induce hypothermia
and also on electrophysiological experiments in which it
completely inhibited the firing rate of 5-HT neurons in re-
sponse to the stimulation of the S5-HT;, autoreceptor
(Rainer et al., 2012). In this test, data were calculated as a
percent of decreased body temperature after 8-OH-DPAT
administration relative to the temperature obtained at tO.

Data analysis

Data were analysed using StatView 5.0 software (SAS Institute
Inc., Cary, NC, USA). Results were expressed as means + SEM.
Statistical analyses were performed by two-tailed unpaired
Student’s f-test, one-way or two-way ANOVA, followed by
Tukey’s post hoc test when the F-value was significant. The lin-
ear relationship between metabolic and emotionality z-scores
was analysed by the Pearson’s r after a Shapiro-Wilk normal-
ity test. In the NSF experiments, latency to feed was presented
in survival curves using the Kaplan-Meier method. In agree-
ment with the guidance on appropriate statistical tests
(Curtis et al., 2015), the threshold for statistical significance
was defined throughout the manuscript at P < 0.05. A com-
plete statistical summary analysis for behavioural and meta-
bolic data is provided in Supporting Information Table 1.

Results

Development of T2DM promotes
anxiogenic-like/depressive-like behaviours

To study the effects of metabolic disorder on anxiogenic-like/
depressive-like behaviours, mice were fed an HFD either for
12 or 16weeks. As expected, the HFD diet progressively
increased body weight over the weeks, along with fasting
hyperglycaemia, hyperinsulinaemia and glucose intolerance
(Supporting Information Figure 1A-D). To integrate these
metabolic impairments, we established metabolic z-scores
that normalize each individual raw data to the mean of
the control group (STD) and integrate all parameters into
a single value. Increased metabolic z-scores were observed
after both 12 and 16weeks of an HFD in comparison
with their respective STD groups (Supporting Information
Figure 1E). The longer the HFD, the more pronounced the
metabolic z-score, suggesting a time-dependent effect of
an HFD on the induction of metabolic disorders (z-score
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HFD 12 weeks: 2.63 + 0.16 vs. HFD 16 weeks: 5.80 + 1.11;
P < 0.05, unpaired t-test).

HFD-fed mice were tested for anxiogenic-like/depressive-
like symptoms using complementary behavioural tests. In
the OF, 12weeks of an HFD did not alter the number of
centre entries, while it significantly decreased the time
spent in this compartment (Figure 1A and B, left panels).
In the 16 week HFD-fed mice, both the number of entries
and the time spent in the centre of the arena were decreased
(Figure 1A and B, right panels). To eliminate putative bias,
we verified that after 12 and 16 weeks, the HFD did not
change the total ambulatory distance travelled (12 weeks:
STD 2690 + 148 vs. HFD: 2670 + 295 cm; P > 0.05; 16 weeks:
STD: 2492 + 332 vs. HFD: 2667 + 336 cm; P > 0.05; unpaired
t-test). In the TST, neither 12 nor 16weeks of an HFD
modified the immobility time in comparison with their re-
spective STD groups (Figure 1C). Owing to the increased
body weight in HFD mice, we also ascertained that the en-
ergy (Supporting Information Figure 2A) and the physical
driving force during the TST (Supporting Information
Figure 2B) were not affected. Finally, in the ST, although
the HFD did not modify the grooming time after 12 weeks,
this parameter was significantly reduced after 16 weeks
(Figure 1D).

The integration of individual behavioural data revealed
an increased emotionality z-score after 16 weeks of an HFD
(Figure 1E). A trend towards an increased emotionality
z-score was already observed after 12weeks of an HFD,
although it was not statistically significant (P = 0.06). Similar
to metabolic z-scores, the longer the HFD, the more
pronounced the emotionality z-scores, suggesting a time-
dependent effect of the HFD on the induction of
anxiogenic-like/depressive-like ~ behavioural =~ anomalies
(z-score HFD 12 weeks: 0.32 + 0.15 vs. HFD 16 weeks: 0.74 £
0.17; P < 0.05, unpaired t-test). A significant positive
correlation between metabolic and emotionality z-scores
was unveiled after both 12 (Pearson r = 0.3949; P < 0.05;
Figure 2A) and 16weeks (Pearson r = 0.6187; P < 0.05;
Figure 2B) of an HFD.

To further understand the relationship between metabolic
disorders and the development of anxiogenic-like/depressive-
like behaviours, we used another model of diet-induced
T2DM. Enriched fructose diet intake is a recognized model
of diet-induced T2DM which does not alter body weight
(Samuel, 2011). As expected, in another cohort of mice fed a
fructose-enriched diet, fasting hyperglycaemia and glucose
intolerance were accompanied with lower body weight com-
pared with controls (Supporting Information Figure 3A-D).
Overall, a higher metabolic z-score was detected in fructose-
fed mice compared with controls (Supporting Information
Figure 3E). Surprisingly, despite the development of these
T2DM-like characteristics, the fructose diet did not elicit
anxiogenic-like/depression-like behaviours, as revealed by
the lack of significant differences between the emotionality
z-scores of STD-fed and fructose-fed mice (Supporting Infor-
mation Figure 3F-I).

HFD impairs 5-HT transmission
Because the brain 5-HT system plays a major role in anxiety
and depression, we next determined whether the

behavioural effects of the HFD were accompanied with mod-
ifications in the 5-HT tone of the HPC. The choice of this
brain region was based on the fact that it is located at a
crossroad of the limbic system, sending notably functional
projections in the prefrontal cortex, the amygdala and the
hypothalamus (Fanselow and Dong, 2010; Radley and
Sawchenko, 2011). Using in vivo intracerebral microdialysis
in freely moving mice, we observed a significant decrease
in basal extracellular 5-HT levels ([5-HT]ex:) in the HPC
of HFD-fed mice for 16 weeks (Figure 3A). Given that the
somatodendritic 5-HT;, autoreceptors located on 5-HT
neurons of the dorsal raphe nucleus exert a negative
feedback control on 5-HT release at the 5-HT nerve
terminals, we examined its functional activity in the
8-OH-DPAT-induced hypothermia paradigm. Although both
STD-fed and HFD-fed mice displayed a hypothermic re-
sponse following the injection of the 5-HT;, receptor ago-
nist, this effect was significantly greater in HFD-fed mice
(Figure 3B). These data suggest that the decreased [5-HT]ex:
observed in the HPC could be the consequence of an
increased expression and/or function of the raphe S5-HTia
autoreceptors.

HFD impairs the anxiolytic-like/antidepressant-
like effects of chronic escitalopram treatment
Currently available antidepressant drugs mainly exert their
therapeutic action through the enhancement of 5-HT neuro-
transmission. Thus, we investigated whether HFD-induced
attenuation of hippocampal 5-HT levels influenced the
anxiolytic and antidepressant-like activities of the SSRI
escitalopram. Mice were fed an STD or HFD for 16 weeks
while being under daily administration of escitalopram
(10mg kg™!; Figure 4A) during the last 4 weeks. Overall,
escitalopram treatment did not alter metabolic parameters
(Figure 4B, C and E), although a trend towards an increase
in fasting insulinaemia (P = 0.08) was detected in HFD-fed
mice (Figure 4D). However, this had no significant impact
on the calculated metabolic z-score (Figure 4F). These data
showed that long-term escitalopram treatment did not im-
prove or worsen the T2DM-like metabolic disorders of HFD-
fed mice.

Regarding behaviours, the effects of escitalopram on
HFD-induced anxiogenic-like/depressive-like = symptoms
were specifically tested in the OF and the ST, given their sen-
sitivity to such hyperlipidic food. The NSF test was also used
to further study escitalopram’s activity. As expected, in
STD-fed animals, escitalopram increased the number of
centre entries in the OF and the grooming time in the ST.
These responses were however not observed in HFD-fed
mice (Figure SA and B). In the NSF, although escitalopram
alone failed to modify the latency to feed, it potentiated
the ability of the HFD to increase this parameter, thereby
suggesting a potentiation of the anxiogenic-like/depressive-
like response in this paradigm (Figure 5C and Supporting
Information Figure SA). With regard to home cage consump-
tion, we showed that food intake was not different between
groups (STD-vehicle: 7.03 £ 0.5; STD-escitalopram: 6.31 £
0.61; HFD-vehicle: 6.12 £+ 1.98; and HFD-escitalopram: 4.55
+0.68mg g ' of body weight; P > 0.05; two-way ANOVA).
Altogether, these data indicate that escitalopram failed to
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m ] Zemdegs et al.

12 weeks 16 weeks
Zz A z
= =
2 150 2 150 —_
L S *
3 100 S 100
& &
= =
S 50 3 50
5 o 5 o
o STD HFD o STD HFD
[TH
(@) B
2 300 < 300
2 2
g 200 “E’ 200 %
E 100 * E 100
= =
D D
© ©
STD HFD STD HFD
g € 2
2 200 2 200
D D
= E 150 5 150
IQ ‘;:’ 100 £ 100 —_—
S 50 S 50
£ £
E o g o0
= STD HFD = STD HFD
~ D —
< <
é’/ 300 é 300
P D
- E 200 g 200 *
»w g g
g 100 g 100
= g
S o : : 3 o .
STD HFD STD HFD
g E 2
o § 15 § 15
Ll N N
g Z 10 Z 10 *
() g g
w S 05 g 05
N =] | (=]
5 0.0 S 0.0

STD HFD

Figure 1

STD HFD

Long-term (12 and 16 weeks) HFD induces anxiogenic-like/depressive-like phenotype. Centre entries (A) and time spent in the centre (B) in the
OF, immobility time in the TST (C), grooming time in the ST (D), emotionality z-score (E) integrating all these parameters (centre entries and time
in the OF, immobility time in the TST and grooming time in the ST) in mice fed an STD (n=14 and 10) or HFD (n=12 and 10) for 12 (left panels) or
16 (right panels) weeks. *P < 0.05, significantly different from STD; two-tailed Student’s t-test.

exert appreciable anxiolytic-like and antidepressant-like
effects in HFD-fed mice. Moreover, the NSF data suggest that
escitalopram treatment may even reinforce the anxiogenic-
like/depressive-like symptoms of HFD-fed mice with T2DM.
Interestingly, in HFD-fed mice, a higher emotionality z-score
was detected in response to escitalopram compared with ve-
hicle (Figure SD).
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HFD withdrawal reverses metabolic disorders
but not anxiogenic-like/depressive-like
behaviours

Lastly, we investigated whether reversing metabolic impair-
ments would ameliorate anxiogenic-like/depressive-like anoma-
lies. A reinstatement of the STD regimen for 1 month was
performed after 12weeks of an HFD, while two other groups
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and grooming time in the ST. All animals tested in Figure 1 were included in this correlation analysis.

were maintained on the HFD or STD for 16 weeks (Figure 6A).
The switch from the HFD to the STD reversed HFD-induced
increases in body weight and T2DM-like disorders (Supporting
Information Figure 4A-E).

In light of these metabolic improvements, behavioural
performances were also explored. In the OF, both HFD and
HFD-reversal groups showed a decrease in the number of
centre entries compared with STD-fed mice (Figure 6B, left
panel). However, while the time in the centre was decreased
in the HFD compared with the STD group, this difference
was not observed in the HFD-reversal group (Figure 6B, right
panel). Similarly, in the ST, the grooming time was signifi-
cantly decreased in the HFD group but not in the HFD-
reversal group relative to the controls (Figure 6C). In the
NSF, although the HFD increased the latency to feed, this
parameter remained unchanged in the HFD-reversal group
relative to the controls (Figure 6D and Supporting Informa-
tion Figure 5B). Importantly, food intake after the test in the
animals’ home cage, measured over 5 min, was not different
between the groups (STD: 6.81 + 1.08; HFD: 5.04+ 1.61 HFD
reversal: 7.03 + 0.79mg g~ ' of body weight; P > 0.05; one-
way ANOVA). Overall, the emotionality z-scores indicated
that HFD reversal restored normal behaviour compared with
HFD-fed mice (Figure 6F).

Discussion

The induction of T1DM notably in response to streptozotocin
administration is known to alter emotionality in rodents (Ho
et al., 2012; Gupta et al., 2014). In the present study, we
extended this observation to T2DM because we found that
metabolic disorders observed after prolonged exposure to

an HFD elicited anxiogenic-like/depressive-like symptoms.
Interestingly, chronic antidepressant administration which
did not modify HFD-induced metabolic impairment failed
to exert therapeutic-like activities in mice with T2DM.
Conversely, HFD withdrawal, which allowed for complete
recovery of metabolic parameters, reversed the behavioural
impairments observed in HFD-fed mice. These findings illus-
trate that the induction of T2DM, even transitory, was suf-
ficient to alter emotionality and promote antidepressant
treatment non-response. Although the mechanisms under-
pinning the physiopathology of such co-morbidity remain
unknown, we propose that changes in the activity of the
hippocampal 5-HT transmission might give rise to the behav-
ioural anomalies reported herein.

Evidence demonstrates that HFD induces T2DM in ro-
dents (see Islam and Loots du, 2009). In agreement with this
finding, our results indicated that such a diet produced an
increase in body weight, along with fasting hyperglycaemia,
hyperinsulinaemia and glucose intolerance. Because diabetes
is multimodal, quantifiable assessment of glucose homeosta-
sis is possible when different metabolic parameters can be
measured in the same animal. Based on the z-score method,
we thus normalized each parameter from the average of the
corresponding values observed in the control group fed an
STD diet and integrated these values into a single score.
Therefore, we obtained a metabolic z-score which was signif-
icantly increased after 12 and 16 weeks of an HFD compared
with their respective control groups. In a similar manner, we
characterized the global impact of diet on mice behaviour
with an emotionality z-score used as a relevant index of
depression severity (Guilloux et al., 2011; Petit et al., 2014).
We revealed a robust effect of food on anxiogenic-like/
depressive-like symptoms, as manifested by higher emotionality
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Long-term (16 weeks) HFD impairs 5-HT transmission. Basal 5-HT extracellular levels (fmol: sampleq) in the HPC (left panel) and AUC for 5-HT extracel-
lular levels over the 0150 min period in mice fed the STD (n = 7) or HFD (n = 5) for 16 weeks (right panel) (A). Changes in body temperature induced
by the 5-HT;  receptor agonist 8-OH-DPAT (100 ug kg ' s.c.). Data are expressed as percentage (%) of basal rectal temperature in mice fed an STD
(n=14) or HFD (n = 10) for 16 weeks (left panel) and percentage of decreased rectal temperature 30 min after 8-OH-DPAT administration (right
panel) (B). Basal body temperatures were 36.2 + 1 and 35.9 + 0.8°C in STD-fed and HFD-fed mice respectively. *P < 0.05, significantly different from

STD; two-tailed Student’s t-test.

z-scores in HFD-fed mice, particularly after 16 weeks. These

results suggest that metabolic impairments precede the onset
of mood-related symptoms. A more detailed analysis revealed
increased anxiety in the OF after 12 and 16 weeks of an HFD,
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as previously reported by using distinct behavioural
paradigms (Abildgaard et al., 2011; Del Rosario et al., 2012;
Sharma and Fulton, 2013; Papazoglou et al., 2015; Sivanathan
et al., 2015). Regarding the paradigms assessing depressive-like
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Chronic escitalopram treatment does not modify metabolic parameters. Experimental protocol. Mice were fed as STD or HFD (STD vs. HFD) for
16 weeks and received during the last 4 weeks a s.c. injection of vehicle (Veh) or escitalopram (Esc; 10 mg-kgf1 -day’1) (A). Final body weight (B),
fasting blood glucose (C) and insulin (D) levels, change in blood glucose levels during an OGTT (E; inset: AUC of the glycaemia over the 120 min) and
metabolic z-score (F; parameters included are as follows: final body weight, fasting glycaemia and insulinaemia, AUC during the OGTT) in mice fed
an STD treated with vehicle or escitalopram (n =13 and 15), or fed an HFD treated with vehicle or escitalopram (n=10 and 15). *P < 0.05, significantly
different from corresponding STD value; one-way ANOVA followed by Tukey’s post hoc test.

symptoms, increased carelessness in the ST was also detected
specifically after 16weeks. We should interpret the latter
results with caution because decreased grooming in response
to the application of sucrose on the mouse coat could result
from loss of motivation towards this palatable substance. In
support of this hypothesis, decreased sucrose consumption
associated with altered nucleus accumbens dopaminergic

neurotransmission was reported in HFD-fed mice or rats
(Sharma and Fulton, 2013; Papazoglou et al, 2015).
Nevertheless, the fact that grooming time was also reduced in
HFD-fed mice compared with controls in response to the
application of agar, a non-palatable substance (data not
shown), suggests that the observed effect in the ST might be
specific and related to a depressive-like state. Finally, it is
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Chronic escitalopram treatment fails to reverse HFD-induced anxiogenic-like/depressive-like phenotype. Centre entries (left panel) and time spent in the
centre (right panel) in the OF (A), grooming time in the ST (B), latency to feed in the NSF test (C) and emotionality z-score (D) integrating all these pa-
rameters (centre entries and time in the OF, grooming time in the ST and latency to feed in the NSF) in mice fed an STD treated with vehicle (Veh) or
escitalopram (Esc; 10mg-kgf1-day71) (n=13 and 15) or fed an HFD treated with vehicle (Veh) or escitalopram (Esc; 10mg-k971-day71) (n=10
and 15). *P < 0.05, significantly different from corresponding STD, #P < 0.05, significantly different from corresponding Veh; NS P > 0.05.

One-way ANOVA followed by Tukey’s post hoc test.

noteworthy that 12 or 16 weeks of an HFD did not affect de-
spair, as measured in the TST. This absence of response could
be because such a paradigm was initially validated to unveil
antidepressant-like activity rather than pathological states.
Moreover, the TST evaluates hopelessness, which represents
only one symptom of depression and which is not necessar-
ily affected by an HFD. This strengthens our approach
involving the assessment of distinct but complementary
behaviours. Overall, our study emphasizes the fact that
anxiety is likely the first behavioural impairment that
emerges in response to metabolic disorders. We cannot,
however, definitively rule out the occurrence of depressive-
like abnormalities.

It is important to note that mice fed an HFD displayed
impaired glucose homeostasis along with an increase in body
weight. Whether one or both of these metabolic deregula-
tions are responsible for altered emotional behaviour is
currently unknown. Therefore, we went on to use an
enriched fructose diet, which is particularly interesting in
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the context of our study because it induces T2DM without
body weight gain (Samuel, 2011). Here, we reported that
although prolonged consumption of fructose reproduced
many of the metabolic changes seen in HFD-fed mice, it
failed to produce an anxiogenic-like/depressive-like pheno-
type. Therefore, the nature of the diet responsible for the
development of T2DM differentially affects emotional
responses in mice. This could explain why not all patients
with diabetes develop mood disorders. Moreover, in
agreement with previous clinical and preclinical studies, our
findings reinforce the idea that body weight gain, potentially
leading to obesity, represents an important factor in the
aetiology of MD (Licinio and Wong, 2003; Capuron et al.,
2011; Sharma and Fulton 2013; André et al., 2014). Hence,
the phenotype induced by prolonged HFD exposure could
be due to changes in leptin action and not necessarily to
glucose metabolism. In support of this hypothesis, there is clear
evidence that HFD enhances circulating leptin and induces
leptin resistance, while recent data indicate that this hormone
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Withdrawal of HFD reverses anxiogenic-like/depressive-like phenotype. Experimental protocol. Mice were fed an STD or HFD (STD vs. HFD) for 16 weeks.
One group was fed an HFD for 12 weeks before a reinstatement of an STD regimen during the last 4 weeks (HFD reversal) (A). Centre entries (left panel)
and time spent in the centre (right panel) in the OF (B), grooming time in the ST (C), latency to feed in the NSF test (D) and emotionality z-score
(E) integrating all these parameters (centre entries and time in the OF, grooming time in the ST and latency to feed in the NSF) in mice fed an STD
(n=10) or HFD (n = 10) for 16 weeks or an HFD for 12 weeks followed by an STD for 4 weeks (HFD reversal n = 12). *P < 0.05, significantly dif-
ferent from STD. #P < 0.05, significantly different from HFD; one-way ANOVA followed by Tukey’s post hoc test.

is responsible for HFD-induced depressive-like behaviours in co-morbid diabetes and depression, inflammation has
(Yamada et al., 2011). received much attention (Leonard, 2013). Indeed, activation

Despite these data, the mechanisms by which an HFD of inflammatory processes negatively affects the morpho-
might have elicited anxiogenic-like/depressive-like behav- logical integrity of the hippocampus, a brain region
iours are presently unclear. Of the various factors implicated involved in the anxiogenic/depressive phenotype. As an
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example of the putative role of T2DM on adult hippocam-
pal neuroplasticity, an HFD has been shown to decrease
local levels of brain-derived neurotrophic factor and related
neurogenesis (Lindqvist et al., 2006; Park et al., 2010) or
synaptodendritic connections (Arnold et al.,, 2014) in a
similar manner to that observed in various animal models
of depression (David et al.,, 2009). Because impaired
hippocampal neuroplasticity has been attributed to an at-
tenuation of 5-HT neurotransmission (Mahar et al., 2014),
we then questioned the extent to which HFD-induced
T2DM modified the extracellular levels of this neurotrans-
mitter. In agreement with previous microdialysis experi-
ments performed in a rat model of TIDM (Kino et al.,
2004; Yamato et al., 2004), we showed that HFD-fed mice
displayed lower basal hippocampal extracellular 5-HT
concentrations. These neurochemical data are consistent
with studies showing that an HFD significantly decreased
brainstem S5-HT levels (Kimbrough and Weekley, 1984)
and blood/brain tryptophan levels in rats (Kloiber et al.,
2010; Herrera-Marquez et al., 2011). Exaggerated stimula-
tion of MAO activity — the enzyme responsible for 5-HT
degradation — or the indoleamine 2,3-dioxygenase — the
enzyme that metabolizes tryptophan along the kynurenine
pathway — are possible explanations for such neurochemi-
cal changes (André et al., 2014; Dinel et al., 2014; Gupta
et al., 2014). Here, we investigated another possible cause
of 5-HT deficiency. Given that the firing activity of the
5-HT system, along with the release of 5-HT in the hippo-
campus, is limited by a negative feedback control mediated
by somatodendritic 5-HT;, autoreceptors in the raphe
(Blier and De Montigny, 1990), we then tested the sensitiv-
ity of this element in HFD-fed mice using the 8-OH-
DPAT-induced hypothermia paradigm. Our results indicated
that HFD-fed mice displayed a more robust hypothermic
response to 8-OH-DPAT than controls, providing clear-cut
evidence that the impairment of peripheral metabolism
was associated with a hypersensitisation or up-regulation
of the inhibitory 5-HT;, autoreceptor. Interestingly, recent
data in rats demonstrated that HFD-induced anhedonia
was associated with an impairment of S5-HT-mediated
hippocampal GSK3p phosphorylation (Papazoglou et al.,
2015). Nevertheless, even if prolonged HFD intake de-
creases hippocampal S5-HT levels, such neurochemical
changes do not necessarily explain all the behavioural
anomalies reported herein. Indeed, there is compelling evi-
dence that increased anxiety, as reported here in response
to HFD, is related to an excess of 5-HT neurotransmission
(Hamon, 1994). It is therefore possible that opposite
changes could be observed in other brain regions, such as
the frontal cortex or the amygdala. In agreement with this
hypothesis, it has been proposed that excess 5-HT»c
receptor-mediated transmission in the frontal cortex
favours anxiety (Martin et al., 2015).

In separate cohorts, we subjected mice to the paradigms
that were previously altered by the HFD (i.e. the OF and
the ST) and evaluated the effects of prolonged administra-
tion of the SSRI escitalopram. In control STD-fed mice, we
clearly showed that escitalopram produced anxiolytic-like
and antidepressant-like effects, as previously reported in
relevant models of depression (Sanchez et al., 2003).
However, such responses were completely abolished in
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HFD-fed mice, suggesting a non-response to the antidepres-
sant. To confirm this observation, we investigated mice
behaviour in the NSF. Although chronic escitalopram
failed to elicit anxiolytic-like/antidepressant-like activities
in control mice fed an STD diet, as previously reported in
basal conditions with various SSRIs (David et al., 2009;
Rainer et al., 2012), it potentiated the ability of the HFD
to promote deleterious effects in this paradigm. Collec-
tively, these results are consistent with previous data
demonstrating that the antidepressant-like activities of
the SSRI fluoxetine were reduced or even completely
abolished in mice administered with streptozotocin (Kamei
et al., 2003; Myata et al., 2004). With regard to the effects
of HFD, only one study reported that unpredictable
chronic mild stress-induced behavioural changes were all
reversed by fluoxetine in STD-fed mice but not in HFD-
fed mice (Isingrini et al.,, 2010). SSRI non-response in
T2DM is also supported by a number of clinical studies
showing associations between low rates of remission with
SSRI treatment and T2DM (Anderson et al., 2010; Bryan
et al., 2010; Gois et al., 2014). At the molecular levels, it is
possible that the basal hypersensitivity of the 5-HTs
autoreceptor played an important role in the escitalopram
non-response by hindering its ability to enhance 5-HT levels
in the hippocampus. Alternatively, we postulated that
long-term escitalopram treatment might have further
destabilized glucose homeostasis, thereby leading to
counter-productive effects on anxiogenic-like/depressive-
like behaviours. In line with this idea, antidepressants have
been associated with an increased risk of diabetes in humans
(Knol et al., 2007; Brown et al., 2008), potentially resulting
from the deleterious effect of 5-HT on beta pancreatic cells
(Levkovitz et al., 2007; Isaac et al., 2013, De Long et al.,
2015). However, our results pointed out that chronic
escitalopram administration had no major effect on
HFD-induced metabolic impairments. As previously men-
tioned, our results did not allow us to definitively exclude
the possibility that obesity played an important role in the
phenotype of HFD-fed mice, and this is further supported
by the fact that depressed obese patients or rodents show
little or no therapeutic benefit with different classes of
antidepressant drugs (Kloiber et al.,, 2007), including
tricyclics (Uher et al., 2009) and SSRIs (Guo and Lu, 2014)
such as fluoxetine (Lin et al., 2014; Papakostas et al., 2005).
However, although a higher body mass index and obesity
can predict poor response to antidepressant drugs, a recent
study challenged this hypothesis for escitalopram (Uher
et al., 2009). Finally, the possibility that an HFD alters the
pharmacokinetic properties of escitalopram can be also
advanced. Indeed, the treatment non-response reported
here could result from changes not only in drug distribution
but also in drug metabolism and excretion in overweight
mice. For example, in obese patients, a higher percentage
of adipose tissue may influence the distribution of drugs.
Although there are only a few studies evaluating the
influence of body weight on the serum levels of antidepres-
sant drugs, a significant effect of body weight on the
clearance of antidepressant drugs (including citalopram)
and their volume of distribution has been reported (Bies
et al., 2004). However, despite these data, Unterecker and
colleagues recently reported that body weight did not affect
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the pharmacokinetics of different antidepressant drugs,
including escitalopram (Unterecker et al., 2011).

Finally, given the lack of beneficial effects of the SSRI
escitalopram in HFD-fed mice, we evaluated the influence of
HFD withdrawal, which effectively reversed metabolic im-
pairments, on behavioural performances. Interestingly, of
the three behavioural parameters measured in HFD-reversal
mice, a complete recovery of performance was detected in
the ST and NSF, suggesting that such a procedure reversed
anxiogenic-like/depressive-like symptoms, as recently ob-
served in rats (Papazoglou ef al., 2015). The latter results
strengthen our hypothesis that T2DM and mood disorders
are closely interrelated. However, it is noteworthy that the
anxiety measured in the OF persisted. Along with our initial
observation that this trait was the first symptom to emerge
in response to an HFD, it would seem that anxiety is particu-
larly sensitive to metabolic changes.

In conclusion, there is a controversy regarding whether
T2DM and MD are causally linked. Our present study
provides clear-cut evidence, using an original approach
based on the z-score method, that both pathologies are
well correlated, notably when T2DM is induced by a
prolonged HFD. Beyond this association, T2DM exerts an-
other negative influence on emotionality because it may
attenuate escitalopram-induced anxiolytic-like/antidepres-
sant-like activities. Whether or not such effects can be
extended to other SSRIs and to different classes of anti-
depressant drugs has yet to be determined. Considering
the prevalence of T2DM and MD, and their consequences
on morbidity, mortality and quality of life, the optimization
of current antidepressant treatment is clearly needed.
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Figure S1 Long-term (12 and 16 weeks) HFD induces T2DM-
like metabolic disorders. Final body weight (A), fasting blood
glucose (B) and insulin (C) levels, change in blood glucose
level during an OGTT (D; inset: AUC of the glycaemia over the
120 minutes) and metabolic z-score (E, parameters included:
final body weight, fasting glycaemia and insulinaemia, AUC
during the OGTT) in mice fed a STD (white bars; n=14 and
10) or HFD (sky/dark blue bars; n=12 and 10) diet for 12 (left
panels) or 16 (right panels) weeks. *p<0.05 vs. STD, Two-
tailed student’s t test.

Figure S2 Long-term (12 and 16 weeks) HFD induces
anxiogenic/depressive-like phenotype. Energy (A) and physi-
cal driving force (B) in the Tail Suspension Test (TST) in mice
fed a STD (white bars; n=14 and 10) or HFD (sky/dark blue
bars; n=12 and 10) for 12 (left panels) or 16 (right panels)
weeks. Two-tailed student’s t test.
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Figure S3 Long-term (12 weeks) intake of fructose enriched
diet induces metabolic disorders without effects on emotional-
ity. Final body weight (A), fasting blood glucose (B) and insulin
(C) levels, change in blood glucose levels during an OGTT (D;
inset: AUC of the glycaemia over the 120 minutes) and metabolic
z-score (E, parameters included: final body weight, fasting
glycaemia and insulinaemia, AUC during the OGTT) in mice
fed a STD (white bars; n=15) or fructose (black bars; n=15) diet.
Center entries and time spent in the center in the Open Field
(F), immobility time in the Tail Suspension Test (IST, G),
grooming time in the Splash Test (H) and emotionality z-score
(I, parameters included: center entries and time in the OF, im-
mobility time in the TST and grooming time in the ST) in mice
fed a STD (white bars) or fructose diet (black bars) for 12 weeks.
*p<0.05 vs. STD, Two-tailed student’s t test.
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Figure S4 Withdrawal of high-fat diet reverses metabolic disor-
ders. Final body weight (A), fasting blood glucose (B) and insulin
(C) levels, change in blood glucose level during an OGTT (D;
inset: AUC of the glycaemia over the 120 minutes) and metabolic
z-score (E, parameters included: final body weight, fasting
glycaemia and insulinaemia, AUC during the OGTT) in mice
fed a STD (white bars; n=10) or HFD (black bars; n=10) for 16
weeks or a HFD for 12 weeks and STD for 4 weeks (gray bars;
n=12). *p<0.0§ vs. STD, #p< 0.05 vs. HFD; One-way ANOVA
followed by Tukey’s post-hoc test.

Figure S5 Cumulative survival curve of animals that have not
eaten over 10 min during the novelty suppressed paradigm.
Effects of escitalopram (A) or HFD-withdrawal (B).

Table S1 Complete statistical summary analysis for behav-
ioural and metabolic data.



