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Abstract

Type-2 Diabetes (T2D) is characterized by insulin resistance and accompanied by psychiatric
comorbidities including major depressive disorders (MDD). Patients with T2D are twice more
likely to suffer from MDD and clinical studies have shown that insulin resistance is positively
correlated with the severity of depressive symptoms. However, the potential contribution of
central insulin signaling in MDD in patients with T2D remains elusive. Here we hypothesized
that insulin modulates the serotonergic (5-HT) system to control emotional behavior and that
insulin resistance in 5-HT neurons contributes to the development of mood disorders in T2D.
Our results show that insulin directly modulates the activity of dorsal raphe (DR) 5-HT neurons
to dampen 5-HT neurotransmission through a 5-HTia receptor-mediated inhibitory feedback.
In addition, insulin-induced 5-HT neuromodulation is necessary to promote anxiolytic-like
effect in response to intranasal insulin delivery. Interestingly, such an anxiolytic effect of
intranasal insulin as well as the response of DR 5-HT neurons to insulin are both blunted in
high fat diet-fed T2D animals. Altogether, these findings point to a novel mechanism by which
insulin directly modulates the activity of DR 5-HT neurons to dampen 5-HT neurotransmission
and control emotional behaviors, and emphasize the idea that impaired insulin-sensitivity in

these neurons is critical for the development of T2D-associated mood disorders.



I ntroduction

Type 2 diabetes (T2D) is among the most prevalent chronic disease worldwide, and it is strongly
associated with comorbidities including Major Depressive Disorder (MDD). Recent
epidemiological studies indicate that the prevalence of MDD is at least twice as high among
patients suffering from T2D (1). Interestingly, clinical evidence suggests that impairment of
insulin signaling, resulting from insulin resistance, might be one of the underlying mechanisms
for the development of MDD in patients with T2D. (2—4). Preclinical studies support this
hypothesis since it has been shown that insulin resistant animal models of T2D exhibit both
depressive- and anxiety-like behaviors (5-9). Nevertheless, it remains unclear whether

peripheral or brain insulin resistance plays a causal role in T2D-associated mood disorders.

The impact of impaired brain insulin signaling on mood has been investigated using transgenic
animal models presenting a deletion of the insulin receptor (IR) in selective brain cells or
structures (10). For instance, Neuronal Insulin Receptor Knock-Out (NIRKO) mice, which
display neuronal IR deletion, exhibit spontaneous depressive- and anxiety-like behaviors (11).
These findings support the hypothesis that brain IR signaling is crucial for the regulation of
emotional behavior. The dopaminergic system is known to modulate mood (12) and is a target
of the action of insulin (13,14). However, the effect of insulin on the dopaminergic system does
not seem to impact anxiety- or depressive-like behaviors (15). As such, the identity of the

neuronal networks underlying the effects of insulin on mood remains to be determined.

The serotonergic (5-HT) neurotransmission is a well-established monoaminergic system
involved in the etiology of psychiatric disorders and more specifically in the physiopathology
of MDD and anxiety disorders (16). This system is also the main target of antidepressant drugs
such as selective serotonin reuptake inhibitors (SSRIs), which represent the most prescribed
class of antidepressants. Previous studies from our group have demonstrated that 5-HT

neurotransmission is impaired in animal models of T2D-associated mood disorders (6,7,10).
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Thus, we hypothesized that insulin directly modulates the 5-HT system to control emotional

behavior.

Here, we used multiple approaches to assess the role of insulin in the modulation of 5-HT
neurons and associated emotional behaviors. Our data reveal that insulin directly controls the
activity of 5-HT neurons in the dorsal raphe (DR). In addition, we provide evidence that the
anxiolytic-like effect of insulin requires modulation of the 5-HT system. Finally, we show that
DR 5-HT neurons do not respond anymore to insulin in a model of T2D-associated mood
disorders. Altogether, these findings identify a new mechanism by which insulin directly

modulates the activity of DR 5-HT neurons to control emotional behaviors.



Materials and M ethods

Animals.

Adult male mice (8-12 weeks) from different strains were collectively housed in conventional
housing cages at NutriNeuro’ or CRCA’s animal facilities. Animals were maintained on a 12
hours light-dark cycle with ad libitum access to food and water. All experimental procedures
were conducted in accordance with the European directive 2010/63/UE and approved by the
French Ministry of Research and local ethic committees (APAFIS#: 16853; 12898; 22415;
8928). C57BL/6J were purchased from Janvier laboratory (Le Genest-Saint-Isle, France). Pet1-
cre-mCherry mice were obtained by crossing Petl-cre mice (gift from Dr. P Gaspar, (17)) with
B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J mice (Jackson Laboratory, Bar Harbor,
Maine, USA). SeIRKO (Serotonin Insulin Receptor Knock-Out;, cre*::IRflox”*::mCherry™)
mice were obtained by crossing IR'¥!°% (cre™::flox**) mice (Jackson Laboratory) and Petl-cre-
mCherry (cre’::mCherry™") to specifically study insulin default of action only in 5-HT neurons.
Littermates with cre™::flox”"::mCherry*- genotype were used as controls for the SeIRKO mice.
To model T2D-associated emotional disorders in rodents, a sub-group of mice was fed a high
fat diet (HFD; #D12451, Research Diet, New Brunswick, NJ, USA) or a standard diet (STD;

#A04, Research Diet) for 16 weeks as previously described (6,7).

Drugs and treatments,

Serotonergic modulators: To deplete 5-HT levels, mice were injected ip. with p-
chlorophenylalanine (pCPA, 150 mg/kg; Sigma, St-Quentin-Fallaviers, France) twice per day
(9.00 AM and 6.00 PM) for three consecutive days prior to experiments. The 5-HT 1 antagonist
WAY 100635 (0.5-1 mg/kg; Tocris, Bristol, UK) was injected i.p. one hour before behavioral

tests.



Intranasal delivery procedure: Mice were handled and then habituated to intranasal delivery
injections two weeks prior to testing. The day of the experiment, mice were fasted for 18 hours
before intranasal delivery of Human recombinant insulin (7 pg/uL insulin, diluted in NaCl
0.9%; Sigma) or vehicle (NaCl 0.9%) into mouse nares (5 pL/nare) to reach a final dose of 21U
insulin (18). Mice were replaced into their home cages and tested 60 minutes after IND
injections. The dose of insulin was established based on a modified protocol (18). Compounds
(incl. insulin) injected through the intranasal route reach the brain either by crossing the
epithelium of the nasal cavity or by axonal transport along the trigeminal nerve (19). This last
mechanism is the most relevant as the trigeminal nerve innervates the brain stem where the DR
is located. Thus, intranasal injection of insulin lead to a rapid increase of insulin concentration

in the brain stem with a tmax of 15 min (20).

Intra-raphe insulin injection: Mice were anesthetized with chloral hydrate (400 mg/kg, i.p.,
with additional doses when necessary) and placed in a stereotaxic apparatus. A cannula was
implanted 0.5 mm posterior to the interaural line on the midline and lowered into the DR,
attained at 2.5 mm depth from the brain surface. Two days after half of the mice received 0.5
uL of artificial cerebro-spinal fluid (aCSF) (147 mM NaCl, 2.7 mM KCI, 1 mM MgClI2, 1.2
mM CaCl2, adjusted to pH 7.4 with sodium phosphate buffer 2 mM). The other half received
100 plU of insulin in 0.5 uL aCSF. The injection flow was set to 0.1 pU/min and behavioral

tests were performed 10 min after the end of the injection.

Antidepressant add-on treatment experiment: One hour prior to be subjected to the tail
suspension test, mice were injected with an appropriate combination intranasal (insulin 2 IU or
vehicle NaCl 0.9%) and intraperitoneal treatment (fluoxetine-hydrochloride 18 mg/kg; Sigma;

or vehicle 0.9%).



Behavioral tests.

Animals were tested in different anxiety-like and depressive-like behavioral paradigms as
previously described (Supplementary Table 1; (6,7)). Tests were spaced by three days of
recovery time and increasing in term of stress-related paradigm, starting with the less stressful
test. Mouse behavior was tracked and analyzed with Smart (Panlab, Barcelona, Spain) or Bioseb
(Bioseb, Vitrolles, France) software. All behavioral experiments were subject-randomized and

blind analyzed.

FISH for IR combined with IHC for TPH2

Digoxigenin-labeled riboprobe against mouse Insr (IR-DIG, Allen Brain Atlas,

#RP_ 050503 02 HO8) was prepared as previously described (4) (Supplementary Table 2).

Tissue sampling and high-pressure liquid chromatography coupled to electrochemical

detection (HPLC-ECD).

Tissue sampling and conditioning for HPLC-ECD have been performed as previously described

(21,22) (Supplementary Table 2).

In vivo single-unit recordings of 5-HT neuronsin the DR.

Mice were anesthetized with chloral hydrate (400 mg/kg, i.p., with additional doses when
necessary) and extracellular recordings of DR 5-HT neurons were performed using single glass
micropipettes (Stoelting Europe, Dublin, Ireland) pulled on a pipette puller (Narishige, Tokyo,
Japan) and preloaded with a 2 M NaCl solution. Micropipettes were positioned 0.2—0.5 mm
posterior to the interaural line on the midline and lowered into the DR, attained at a depth

between 2.5 and 3.5 mm from the brain surface. Presumed 5-HT neurons were identified using



the following criteria: a slow (0.5-2.5 Hz) and regular firing rate and a long-duration positive
action potential (please see references (7,23,24) for additional information regarding presumed
DR 5-HT neurons recordings and their pharmacological characterization). In each mouse,
presumed 5-HT neurons were identified based on these criteria and their spontaneous firing rate
was recorded for 2 minutes. Insulin was then injected i.p. at doses of 0.75 and 1.5 [U/kg either

alone or in combination with WAY 100635 as described in figure legend.

Intracerebral microdialysis in the ventral Hippocampus or Dorsal Raphe of awake freely
moving mice.

Mice were implanted with microdialysis probes in the ventral hippocampus (vHP) or the DR.
Stereotaxic coordinates from bregma were as follows (in mm): vHP: antero-posterior (AP): -
2.5; lateral (L): £2.7; and dorso-ventral (DV): -3.0; DR: AP: -4.5; L: 0; and DV: -3.5. Twenty-
four hours later, probes were connected to a microinjection pump for a continuous perfusion
(flow rate: 1.5 pL/min for the vHP and 0.5 pL/min for the DR) of artificial cerebrospinal fluid
(147 mM NacCl, 2.7 mM KCI, 1 mM MgCl2, and 1.2 mM CaCl2, adjusted to pH 7.4 with 2 mM
sodium phosphate buffer) containing the 5-HT reuptake inhibitor escitalopram (1 pM), as
previously described (25). Samples were collected every 15 min and 30 min in the vHP and
DR, respectively. The four initial fractions were used to determine the basal extracellular levels
of serotonin ([5-HT]ext) before injecting insulin in mice pre-treated with saline or WAY 100635
(0.5 mg/kg; i.p.). The amount of 5-HT in dialysate samples post-insulin injection was expressed
as percentage of the basal value. Samples were analyzed using high-performance liquid
chromatography system equipped with a 2.6 um C18 reverse-phase analytical column (50 x 3.0
mm; Accucore, Thermo Fisher Scientific, Waltham, MA, USA) coupled with electrochemical

detection (Dionex Ultimate 3000, Thermo Fisher Scientific).



Brain dlice patch clamp recordings of DR 5-HT neurons

Ex-vivo patch-clamp recordings were performed on brain slices from Petl-cre-mCherry mice,
as previously described (7). Briefly, mice were intracardially perfused during euthanasia
(exagon/lidocaine: 300/30 mg/kg, i.p) with ice-cold NMDG solution containing the following
(in mM): 1.25 NaH2POs4, 2.5 KCI, 7 MgClz, 20 HEPES, 0.5 CaClz, 28 NaHCO3, 8 D-glucose,
5 L(+)-ascorbate, 3 Na-pyruvate, 2 thiourea, 93 NMDG, and 93 HCI 37%; pH: 7.3-7.4;
osmolarity: 305-310 mOsM. Brains were quickly removed and 250 pum slices containing the
DR were cut with a vibroslice (Leica VT1000S, Wetzlar, Germany) and transferred at room
temperature into aCSF solution (containing the following in mM: 124 NaCl, 2.5 KCl, 1.25
NaH2PO4, 2 MgCla, 2.5 CaCly, 2.5 D-glucose, and 25 NaHCOs; pH: 7.3—7.4; osmolarity: 305—
310 mOsM) for at least 1 hour. For whole cell recording, borosillicate pipette (4-6 MQ; 1.5 mm
OD, Sutter Instrument) were filled with an intracellular K-gluconate solution (containing the
following (in mM): 128 K-gluconate, 20 NaCl, 1 MgClz, 1 EGTA, 0.3 CaClz, 2 Na2-ATP, 0.3
Na-GTP, 0.2 cAMP, and 10 HEPES; pH: 7.3-7.4; osmolarity: 280-290 mOsM), cesium
chloride (containing the following (in mM): 150 CsCl, 2 MgCI2, 1 EGTA, 2 Na2-ATP, 0.2 Na-
GTP, 0.2 cAMP, 10 HEPES) or filled with filtered aCSF for cell-attached recording.
Recordings were made using a Multiclamp 700B amplifier, digitized using the Digidata 1440A
interface and acquired at 2 kHz using pClamp 10.5 software (Axon Instruments, Molecular
Devices, San José, CA, USA). Pipette and cell capacitances were fully compensated and
junction potential was corrected off-line.

Firing frequency of DR 5-HT neurons was recorded in cell-attached mode. Because DR 5-HT
neurons are silent ex vivo, phenylephrine (PHE, 5 uM; Tocris) was perfused to stimulate basal
action potential activity for 5 minutes before application of insulin (300 nM) and recorded for
10 additional minutes. Change in firing rate frequency was analyzed during the last minute of

insulin application. Spontaneous excitatory (sEPSC) or inhibitory (sIPSC) postsynaptic



currents were recorded in whole-cell Vclamp mode on cells held at -60 mV. Gabazine (5 pM;
Tocris) was added into the bath to record sEPSC while D-AP5 (10 pM; Tocris) and CNQX (10
uM; Tocris) were added to monitor sIPSC. Spontaneous EPSC and IPSC frequency was
recorded before and after 10 minutes insulin (300 nM; Sigma) perfusion period and analyzed

during the last minute of each period.

Statistical analysis

Sample size has been estimated based on previous work from our group or others. No
randomization was used. Investigator was not blinded to the group allocation for most
experiment. Statistical analysis was performed using Prism GraphPad 9 (San Diego, CA,
USA). Data are expressed as mean £ SEM and individual values are plotted on graph when
possible. After normal Gaussian distribution was assessed using Shapiro-Wilk test, appropriate
parametric (unpaired or paired Student’s t-test) or non-parametric (Mann-Whitney or Wilcoxon
matched-pairs signed rank test) tests were chosen to compare two population samples. One-
way ANOVA was used when comparing one variable of several population samples and two-
way ANOVA was used when analysis accounted for two distinct variables. Post-hoc analyses
are mentioned in each figure legend. Outliers were identified using Prism GraphPad 9 and
discarded from the analyses. Statistics are detailed in supplementary table 3 (Supplementary

Table 3).
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Results

Insulinincreasesfiring activity of DR 5-HT neurons. We first verified that the IR is expressed
at the mRNA and protein level in the DR (Supplementary Fig. S1A, B). To determine whether
the IR is expressed in DR 5-HT neurons, we used in Situ fluorescence hybridization targeting
IR mRNA combined with an immunodetection against the rate limiting 5-HT synthesis enzyme
Tryptophan Hydroxylase 2 (TPH2), which is selectively expressed in 5-HT neurons. This
analysis shows that the IR is expressed in DR 5-HT neurons (Fig. 1A). The functional activity
of the IR expressed onto DR 5-HT neurons was assessed using cell-attached patch-clamp
recording on Petl-cre-mCherry mice (Fig. 1B). Insulin (300 nM) increases action potentials
frequency in 80 % of DR 5-HT neurons by 64 + 21 % (Fig. 1C: 10/12 neurons tested). The
selective IR inhibitor S961 prevents the excitatory effect of insulin (Fig. 1D). In the DR, the IR
is expressed in both 5-HT and non-5-HT neurons (Fig. 1A). Thus, we assessed whether the
action of insulin onto 5-HT neurons is direct rather than mediated by pre-synaptic inputs. We
found that insulin fails to modulate the frequency of both spontaneous excitatory (EPSC) and
inhibitory (IPSC) postsynaptic currents (Fig. 1E-F). To further confirm that insulin directly
activates DR 5-HT neurons, we evaluated the response of DR 5-HT neurons to insulin in mice
lacking the IR selectively in 5-HT neurons (SeIRKO mice; supplementary figure S1D, E; Fig.
1G). Similarly, to what we have observed before, insulin increases action potentials frequency
of DR 5-HT neurons in control animals but fails to activate 5-HT neurons in SeIRKO mice
(Fig. 1H), leading to conclude that insulin directly modulates DR 5-HT neurons through an IR-

dependent mechanism.

Insulin inhibits the serotonergic system in vivo through a 5-HTia receptor-dependent
mechanism. Extracellular recordings of DR 5-HT neurons were then performed to study the

effects of insulin on this neuronal population in vivo. While we were expecting an increase in
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the activity of presumed DR 5-HT neurons, we found that the intraperitoneal administration of
0.75 or 1.5 UI insulin produces, on average, a reduction of firing by 30 + 3% and 20 + 4%,
respectively, relative to baseline (Figs. 2A-C). Injecting glucose i.p. does not reverse insulin-
induced decreased presumed DR 5-HT neuronal activity suggesting that insulin, rather change
in blood glucose level, impacts DR 5-HT neurons activity (supplementary figure S2). This non-
intuitive, inhibitory response of presumed DR 5-HT neurons in vivo could be consequent to the
recruitment of autoinhibitory mechanisms inherent to the raise in DR 5-HT neurons excitability
induced by insulin, as observed in vitro. Interestingly, the ability of insulin to inhibit DR 5-HT
neuronal activity is completely prevented by the selective 5-HTia receptor antagonist
WAY100635. Indeed, the firing rate of presumed DR 5-HT neurons in mice receiving the
combination of insulin and WAY 100635 is significantly higher compared to the group injected
with insulin alone at both doses (Figs. 2A-C). This finding therefore suggests that, in vivo,
insulin inhibits DR 5-HT neurons through a 5-HTia-dependent mechanism. In support of this
hypothesis, assessment of DR extracellular 5-HT levels ([5-HT]ext) by intra-DR microdialysis
shows that i.p. administration of insulin increases [5-HT]ext in presence of WAY 100635

whereas [5-HT]ext level are not altered in absence of this pharmacological compound (Figs.

2D,E).

In addition, based on the importance of 5-HT projections in the ventral-hippocampus (VHP) in
the control of mood, we then conducted intra-vHP microdialysis to determine to what extent
insulin influences [5-HT]ext at the nerve terminals. Acute administration of insulin decreases
[5-HT]ext in the hippocampus relative to baseline, whereas it fails to do so when combined
with WAY 100635 (Figs. 2F). Analysis of the area under the curves indicates that differences
between the two groups are statistically significant (Figs. 2G), demonstrating that the inhibitory
effect of insulin on vHP [5-HT]ext is blunted when the inhibitory feedback exerted by the 5-

HT1a autoreceptor on 5-HT release is prevented.
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Anxiolytic-like effect of brain insulin requires 5-HT neurotransmission. Clinical and
preclinical studies have suggested that insulin modulates emotional behaviors by acting onto
the brain (26,27). In the present study, we determined whether the action of insulin on mood
requires the 5-HT system. Intranasal insulin delivery has been widely used to assess brain
insulin effect in both rodents and humans in order to avoid symptomatic insulin-induced
hypoglycemia bias (28). Accordingly, our results showed that intranasal insulin delivery does
not modify peripheral blood glucose (supplementary figure S3A). However, it significantly
decreases tissue 5-HT content in both the amygdala and nucleus accumbens (NAc), with a non-
significant trend in the vHP (supplementary figure S3B). Remarkably, overall, no modifications
in brain noradrenaline (NA) and dopamine (DA) contents were detected, thereby highlighting

the specificity of insulin action on 5-HT neurons (supplementary figure S3C, D).

In the forced swim test (FST), intranasal insulin does not affect the time of immobility
compared to intranasal vehicle treatment (Fig. 3A). Intranasal insulin does not modify latency
to feed in the novelty suppressed feeding (NSF) test (Fig. 3B) or the time spent in the light
compartment of the Light-dark box test (Fig. 3C). However, intranasal insulin increases the
time spent in the open arms in the elevated plus maze (EPM) (Fig. 3D). Consistent with the
latter, intranasal insulin also elicits an anxiolytic-like effect since it increases the time spent in
the center of the open field (OF) without any changes in the locomotor activity (Fig. 3E).
Interestingly, injection of insulin directly in the DR produces a similar increase in the time spent
in the open arm in the EPM (Fig. 3F). To confirm the contribution of the 5-HT system in the
anxiolytic effects of insulin, mice were pre-treated with the TpH2 inhibitor pCPA. As expected,
pCPA treatment significantly decreases tissue 5-HT levels in all brain areas analyzed, without
overall change of tissue DA or NA contents (supplementary figure S4). At the behavioral level,
pCPA treatment prevents the anxiolytic-like response of intranasal insulin assessed in the EPM

(Fig. 3G). Importantly, the anxiolytic-like effect of intranasal insulin in the EPM is also blunted
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in SeIRKO animals as compared to their wild-type littermates (Fig. 3H). Finally, since we found
that the 5-HT1a autoreceptor is involved in insulin-induced inhibition of the 5-HT tone in vivo,
we sought to determine to what extent the pharmacological inactivation of this receptor
influences insulin behavioral response. Our results show that the 5-HT1a receptor antagonist

WAY 100635 blocks the anxiolytic-like effect of intranasal insulin in the EPM (Fig. 31).

Potentiated antidepressant response to fluoxetine in combination with intranasal insulin
delivery. Since insulin signaling pathway has been shown to cross-talk with 5-HT signaling
(29), we investigated whether intranasal insulin potentiates the response of acute fluoxetine
administration. Consistent with our previous experiments assessing despair behavior in the
FST, intranasal insulin treatment does not modify immobility time in the tail suspension test
(TST) (supplementary figure SSA) whereas fluoxetine significantly decreases the immobility
time during TST (supplementary figure S5A). Interestingly, the combination of intranasal
insulin and fluoxetine further reduces the immobility time compared to fluoxetine treatment
alone (supplementary figure S5A). Acutely, fluoxetine induces anxiogenic effects (30). Here
we show that intranasal insulin does not reverse or potentiate fluoxetine-induced anxiogenic-
like response in the EPM (supplementary figure S5B). These data suggest that brain insulin
signaling improves the antidepressant-like response of fluoxetine but does not impact its

anxiogenic property.

DR 5-HT neuronsharbor insulin-resistancein a model of T2D. Mice fed a HFD for 16 weeks
develop hallmarks of T2D including basal hyperglycemia, basal hyperinsulinemia, glucose
intolerance and insulin resistance (supplementary figure S6). We previously showed that HFD

fed mice display T2D-associated anxiety- and depressive-like behaviors as well as alterations
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in the activity of DR 5-HT neurons (6,7). In the present study, we aimed at determining whether
such alterations in 5-HT tone are associated with impaired response to insulin in DR 5-HT
neurons. We found that insulin (300 nM) fails to increase action potentials frequency of DR 5-
HT neurons in Petl-cre-mCherry mice fed an HFD for 16 weeks (Fig. 4A). Interestingly, the
anxiolytic-like response to intranasal insulin is blunted in both the EPM (Fig. 4B) and the OF
(Fig. 4C), raising the possibility that DR 5-HT neurons are insulin-resistant in a model of HFD-

induced T2D.
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Discussion

Our study demonstrates that insulin inhibits the 5-HT system to elicits anxiolytic-like responses
in mice. Such effect is mediated by direct action of insulin onto DR 5-HT neurons through the
enhancement of inhibitory somatodendritic 5-HT1aR. We also show that, in HFD-fed T2D
mice, insulin fails to modulate the electrical activity of DR 5-HT neurons and to promote
anxiolytic-like effects. This study provides novel mechanistic insights into how insulin

modulates the serotonergic system to influence emotional behavior.

Previous studies have reported inconsistent findings on the neuronal response to insulin
including increase (31) or decrease (32) in 5-HT neurotransmission. Using complementary
approaches consisting in €x Vivo patch-clamp electrophysiology, in vivo electrophysiology and
intracerebral microdialysis, our data suggest that the action of insulin on the 5-HT system is
more complex than originally thought. Indeed, using patch-clamp, we show that insulin
increases the electrical activity of DR 5-HT neurons. This effect of insulin on DR 5-HT neurons
is direct since insulin does not modify the frequency of IPSC nor EPSC thereby excluding a
modulation from GABAergic or glutamatergic inputs. In addition, insulin fails to increase DR
5-HT neurons firing frequency in SeIRKO mice, which lack the IR selectively in 5-HT neurons.
While these ex vivo experiments suggest that insulin activates the 5-HT system, in vivo studies
show, on the contrary, that its systemic administration elicits inhibitory responses. Indeed, in
vivo, insulin decreases both the firing rate frequency of DR 5-HT neurons and the tissue or
extracellular 5-HT levels ([5-HT]ext) in different brain areas including the hippocampus. The
latter data echo previous findings showing that peripheral insulin administration decreases the
firing rate of 5-HT neurons in both the Raphe Pallidus and the Raphe Obscurus (33). Going one
step further, we demonstrate the involvement of a SHTia receptor (5-HTiaR)-dependent

mechanism in the inhibitory effects of insulin in vivo. Studies have repeatedly shown that
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activation of SHT1a autoreceptors located at the somatodentritic level of DR 5-HT neurons may
silence these neurons and decrease [S-HT]ext in both brainstem (i.e., the DR) and forebrain
projections (34,35). Thus, we hypothesized and demonstrate that insulin first activates DR 5-
HT neurons and consequent accumulation of endogenous [5-HT]ext in the DR ultimately
inhibits DR 5-HT neurons through 5-HT1aR activation (Fig. 5A). Accordingly, our findings
show that the 5-HT1aR antagonist WAY 100635 prevents the inhibition of firing rate frequency
of DR 5-HT neurons. At the neurochemical level, it also appear that insulin increases [5-HT]ext
in both the DR and the vHP specifically in presence of WAY 100635 compared to control. Thus,
DR 5-HT neuronal activity is decreased in biological settings where local inhibitory feedback
is preserved whereas the excitatory effects of insulin is revealed when blocking 5-HTia
autoreceptors in vivo. Nevertheless, it is important to note that there is evidence for post-
synaptic 5-HT1a receptors control of DR 5-HT neurons (i.e., in the amygdala, hippocampus or
median prefrontal cortex (mPFC)) (36,37). In particular, data suggest that post-synaptic 5-HT1a
are found on glutamatergic pyramidal neurons in the mPFC and given the fact that 5-HTa
receptors are usually inhibitory, it has been speculated that the excitation of mPFC by selective
agonists involves inhibitory interneurons (38). In such cases, one may assume that 5-HT1a
receptor agonist-induced excitation of mPFC neurons would produce excitatory amino acid
release in the DR, which would activate inhibitory interneurons leading to inhibition of 5-HT
neurons. Thus, such model of regulation would support the possibility that the excitatory effects
of insulin in presence of WAY 100635 on DR 5-HT neuronal activity and extracellular 5-HT
levels (in the DR and hippocampus) involves, at least in part, a disinhibition of this long
neuronal feedback loop. From these data, one could wonder why such 5-HTia receptors-
dependent mechanism is not observed during patch-clamp recordings ex vivo. Studies have
suggested that in ex-vivo patch-clamp conditions the SHT1aR-inhibition tone cannot be assessed

due to the depletion of endogenous 5-HT synthesis and release (39—41).
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The effect of intranasal insulin on anxiety has been previously investigated (27). In agreement
with the literature we show that insulin exerts anxiolytic effects. Yet, neuronal circuits
underpinning such behavioral outcome have not been unraveled. Even if we cannot rule out the
involvement of extra-DR neurons, the anxiolytic-like effect of intra-DR administration of
insulin supports a role of the serotonergic system in the central effect of brain insulin. Going
one step further, using pharmacological and genetic-based approaches, we confirm that
anxiolysis induced by intranasal insulin relies, at least in part, on the serotonergic system.
Indeed, both 5-HT depletion and selective deletion of the IR in 5-HT neurons result in a lack of
anxiolytic-like effect of intranasal insulin. Interestingly, we found that intranasal insulin
significantly reduces 5-HT level in the vHP, the amygdala and the NAc. Importantly, decrease
in 5-HT levels or lesion of serotonergic projections to the amygdala have been shown to
mitigate anxiety-like behavior (42,43). Thus, such a drop in 5-HT in response to intranasal
insulin is consistent with the associated anxiolytic-like effect. In addition, we also show that
blocking decreased 5-HT level using the SHTiaR antagonist WAY 100635 prevents the
anxiolytic effect of intranasal insulin administration. It is noteworthy that we cannot generalize
the effect of insulin to all the behavioral tasks since our results clearly show that it produces
anxiolytic effects in the EPM and in the OF while it fails to do so in the light-dark test. These
paradigms rely on competition between spontaneous exploratory behavior and the innate
avoidance of open or illuminated areas respectively. Since evidence suggests the existence of a
high level of specialization at the level of microcircuits and cell populations involved, it is
tempting to speculate that there is an overlap of the neuronal networks recruited during these
tasks (44). Nevertheless, the testing conditions are somewhat different with mice subjected to
a dim lightening in the EPM/OF and a choice between a brightly-lit and dark compartment in
the light-dark. A recent study demonstrates that light-dark preference behavior engages

complex regulation due to the emotional valence of light (45). Thus, even if the tests probe the
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same anxious behavior, the variations in experimental conditions strongly suggest that insulin

could trigger a circuit specifically recruited during the EPM and the OF.

Our data show that intranasal injection of insulin promotes anxiolytic-like effects. Interestingly,
we did not find any antidepressant-like effects in response to acute intranasal insulin
administration in the FST or in the TST. According to the Research domain criteria (RDoC)
approach (46), we can assume that the acute effect of insulin might be involved in the anxiety
dimension of MDD, a core symptom of the disease. However, in animal models of T2D induced
by a HFD, both anxiety- and depressive-like symptoms have been reported (5—7,47). In these
models, insulin resistance has been found in several discrete brain areas including the
hippocampus, the ventral tegmental area and or the striatum (48,49). Here, we provide the first
evidence that such resistance also targets DR 5-HT neurons after HFD feeding and that such
impairment likely explains our previous observation that 5-HT neurons display a lower
electrical activity in response to a HFD (7). Thus, we could hypothesize that insulin resistance
at the level of 5-HT neurons takes a major part in the development of anxiety-like symptoms
whereas decreased insulin sensitivity in other neuronal populations would rather promote

depressive-like symptoms.

Clinical data show that antidepressant response efficacy is not optimal in patient with T2D as
only one third present an adequate treatment response following the first antidepressant trial
(50). Add-on treatment strategy represents a relevant approach to increase antidepressant
response efficiency (51). Interestingly, the insulin-sensitizer agent metformin has been shown
to potentiate the antidepressant effect of fluoxetine (52). Thus, in a translational perspective,
we investigated whether acute intranasal insulin could also potentiate fluoxetine antidepressant
efficacy. In STD-fed animals, we observed that intranasal insulin indeed increases the

antidepressant-like response of fluoxetine. However, the anxiogenic response of fluoxetine was
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not reversed by insulin. Although the reason of this lack of potentiating effect in the EPM
remains unknow, it is possible that 1/ the fluoxetine effect is too strong to be reversed by insulin;
2/ the neuronal networks involved the anxiogenic effect of fluoxetine are different from, those
mobilized by insulin. Clinical investigations are needed to support our data suggesting that
enhancing insulin signaling represents an original therapeutic approach for patients with MDD

presenting, or not, comorbid metabolic disorders associated to T2D.

Acknowledgments

XF and HM thank Région Nouvelle-Aquitaine and INRAE for their support. XF has been
supported by the Société Frangaise du Diabéte and the Fondation Université de Bordeaux.
Authors are thankful to the Fondation pour la Recerche Médicale (FRM, SL) and for the RRI
Food4BrainHealth (HM, SL, XF). We thank INSERM (SJ, DC), ANR-17-CE14-0007 BABrain
(to DC) and ANR-18-CE14-0029 MitObesity (to DC) for their support. AK has been supported
by the Deutsche Forschungsgemeinschaft grant project and by grants from the German Ministry
of Education and Research (BMBF grant 031B0569) and the State of Brandenburg (DZD grant
82DZD00302). Authors are grateful to Pr. Vanessa H. Routh (Rutgers University, NJ, USA)
and Pr. Thierry Alquier (University of Montreal, Canada) for their insightful comments on the

manuscript.

Authors contribution

HM, SB designed and performed experiments. MM, MC, MDM, VS, SJ, JB, MS, SC
performed experiments. FC, AK, DC, PDD, LP, SL edited the manuscript. BG and XF
designed the project and wrote the manuscript.

Conflict of interest

The authors declare no competing interests

Supplementary information is available at MP’swebsite

20



References

1. Anderson RJ, Freedland KE, Clouse RE, Lustman PJ. The prevalence of comorbid
depression in adults with diabetes: a meta-analysis. Diabetes Care. 2001 Jun;24(6):1069-78.

2. Lee JH, Park SK, Ryoo JH, Oh CM, Mansur RB, Alfonsi JE, et al. The association between
insulin resistance and depression in the Korean general population. J Affect Disord. 2017
Jan;208:553-9.

3. Kan C, Silva N, Golden SH, Rajala U, Timonen M, Stahl D, et al. A systematic review and
meta-analysis of the association between depression and insulin resistance. Diabetes Care.
2013 Feb;36(2):480-9.

4. Phillips CM, Perry 1J. Depressive symptoms, anxiety and well-being among metabolic
health obese subtypes. Psychoneuroendocrinology. 2015 Dec;62:47-53.

5. Dutheil S, Ota KT, Wohleb ES, Rasmussen K, Duman RS. High-fat diet induced anxiety
and anhedonia: impact on brain homeostasis and inflammation. Neuropsychopharmacology.
2016;41(7):1874-87.

6. Zemdegs J, Quesseveur G, Jarriault D, Pénicaud L, Fioramonti X, Guiard BP. High-fat diet-
induced metabolic disorders impairs 5-HT function and anxiety-like behavior in mice. Br J
Pharmacol. 2016 Jul;173(13):2095-110.

7. Zemdegs J, Martin H, Pintana H, Bullich S, Manta S, Marqués MA, et al. Metformin
promotes anxiolytic and antidepressant-like responses in insulin-resistant mice by
decreasing circulating branched-chain amino acids. J Neurosci. 2019;39(30):5935-48.

8. Hassan AM, Mancano G, Kashofer K, Frohlich EE, Matak A, Mayerhofer R, et al. High-fat
diet induces depression-like behaviour in mice associated with changes in microbiome,
neuropeptide Y, and brain metabolome. Nutr Neurosci. 2019 Dec 2;22(12):877-93.

9. Papazoglou IK, Jean A, Gertler A, Taouis M, Vacher CM. Hippocampal GSK3p as a
Molecular Link Between Obesity and Depression. Mol Neurobiol. 2015 Aug;52(1):363-74.

10. Martin H, Bullich S, Guiard BP, Fioramonti X. The impact of insulin on the serotonergic
system and consequences on diabetes-associated mood disorders. J Neuroendocrinol. 2021
Jan 28;33(4):¢12928.

11. Kleinridders A, Cai W, Cappellucci L, Ghazarian A, Collins WR, Vienberg SG, et al.
Insulin resistance in brain alters dopamine turnover and causes behavioral disorders. Proc
Natl Acad Sci. 2015 Mar 17;112(11):3463-8.

12. Guiard BP, El Mansari M, Blier P. Prospect of a dopamine contribution in the next
generation of antidepressant drugs: the triple reuptake inhibitors. Curr Drug Targets. 2009
Nov;10(11):1069-84.

13. Labouebe G, Liu S, Dias C, Zou H, Wong JCY, Karunakaran S, et al. Insulin induces
long-term depression of VTA dopamine neurons via an endocannabinoid-mediated
mechanism. Nat Neurosci. 2013 Mar;16(3):300-8.

21



14. Konner AC, Hess S, Tovar S, Mesaros A, Sanchez-Lasheras C, Evers N, et al. Role for
insulin signaling in catecholaminergic neurons in control of energy homeostasis. Cell Metab.
2011 Jun 8;13(6):720-8.

15. Evans MC, Kumar NS, Inglis MA, Anderson GM. Leptin and insulin do not exert
redundant control of metabolic or emotive function via dopamine neurons. Horm Behav.
2018 Nov;106:93-104.

16.  Yohn CN, Gergues MM, Samuels BA. The role of 5-HT receptors in depression. Mol
Brain. 2017 Jun 24;10(1):28.

17. Kiyasova V, Fernandez SP, Laine J, Stankovski L, Muzerelle A, Doly S, et al. A
genetically defined morphologically and functionally unique subset of 5-HT neurons in the
mouse raphe nuclei. J Neurosci Off J Soc Neurosci. 2011 Feb 23;31(8):2756—68.

18. Hanson LR, Fine JM, Svitak AL, Faltesek KA. Intranasal administration of CNS
therapeutics to awake mice. J Vis Exp JoVE. 2013 Apr 8;(74).

19.  Dhuria SV, Hanson LR, Frey WH. Intranasal delivery to the central nervous system:
mechanisms and experimental considerations. J Pharm Sci. 2010 Apr;99(4):1654—73.

20.  Fan LW, Carter K, Bhatt A, Pang Y. Rapid transport of insulin to the brain following
intranasal administration in rats. Neural Regen Res. 2019 Jun;14(6):1046-51.

21.  Dellu-Hagedorn F, Fitoussi A, De Deurwaerdére P. Correlative analysis of
dopaminergic and serotonergic metabolism across the brain to study monoaminergic
function and interaction. J Neurosci Methods. 2017 Mar 15;280:54-63.

22. Puginier E, Bharatiya R, Chagraoui A, Manem J, Cho YH, Garret M, et al. Early
neurochemical modifications of monoaminergic systems in the R6/1 mouse model of
Huntington’s disease. Neurochem Int. 2019 Sep 1;128:186-95.

23. Rainer Q, Nguyen HT, Quesseveur G, Gardier AM, David DJ, Guiard BP. Functional
status of somatodendritic serotonin 1A autoreceptor after long-term treatment with
fluoxetine in a mouse model of anxiety/depression based on repeated corticosterone
administration. Mol Pharmacol. 2012 Feb;81(2):106—12.

24, Qesseveur G, Petit AC, Nguyen HT, Dahan L, Colle R, Rotenberg S, et al. Genetic
dysfunction of serotonin 2A receptor hampers response to antidepressant drugs: A
translational approach. Neuropharmacology. 2016 Jun;105:142-53.

25. Guiard BP, Przybylski C, Guilloux JP, Seif I, Froger N, De Felipe C, et al. Blockade of
substance P (neurokinin 1) receptors enhances extracellular serotonin when combined with
a selective serotonin reuptake inhibitor: an in vivo microdialysis study in mice. J Neurochem.
2004 Apr;89(1):54-63.

26. Ferreira de Sa DS, Romer S, Briickner AH, Issler T, Hauck A, Michael T. Effects of
intranasal insulin as an enhancer of fear extinction: a randomized, double-blind, placebo-
controlled experimental study. Neuropsychopharmacol Off Publ Am Coll
Neuropsychopharmacol. 2020;45(5):753-60.

22



27. Marks DR, Tucker K, Cavallin MA, Mast TG, Fadool DA. Awake Intranasal Insulin
Delivery Modifies Protein Complexes and Alters Memory, Anxiety, and Olfactory
Behaviors. J Neurosci. 2009 May 20;29(20):6734-51.

28. Schmid V, Kullmann S, Gfrérer W, Hund V, Hallschmid M, Lipp HP, et al. Safety of
intranasal human insulin: A review. Diabetes Obes Metab. 2018 Jul;20(7):1563-77.

29. Papazoglou I, Berthou F, Vicaire N, Rouch C, Markaki EM, Bailbe D, et al.
Hypothalamic serotonin—insulin signaling cross-talk and alterations in a type 2 diabetic
model. Mol Cell Endocrinol. 2012 Mar;350(1):136—44.

30. Portal B, Delcourte S, Rovera R, Lejards C, Bullich S, Malnou CE, et al. Genetic and
pharmacological inactivation of astroglial connexin 43 differentially influences the acute
response of antidepressant and anxiolytic drugs. Acta Physiol Oxf Engl. 2020
May;229(1):e13440.

31.  MacKenzie RG, Trulson ME. Effects of insulin and streptozotocin-induced diabetes on
brain tryptophan and serotonin metabolism in rats. J Neurochem. 1978 Jan;30(1):205-11.

32.  Orosco M, Nicolaidis S. Insulin and glucose-induced changes in feeding and medial
hypothalamic monoamines revealed by microdialysis in rats. Brain Res Bull.
1994;33(3):289-97.

33.  Martin-Cora FJ, Fornal CA, Metzler CW, Jacobs BL. Insulin-induced hypoglycemia
decreases single-unit activity of serotonergic medullary raphe neurons in freely moving cats:
relationship to sympathetic and motor output: Medullary 5-HT neuronal responses to
glucoregulatory challenges. Eur J Neurosci. 2002 Aug;16(4):722-34.

34.  Chaput Y, de Montigny C, Blier P. Effects of a selective 5-HT reuptake blocker,
citalopram, on the sensitivity of 5-HT autoreceptors: electrophysiological studies in the rat
brain. Naunyn Schmiedebergs Arch Pharmacol. 1986 Aug;333(4):342-8.

35. Czachura JF, Rasmussen K. Effects of acute and chronic administration of fluoxetine
on the activity of serotonergic neurons in the dorsal raphe nucleus of the rat. Naunyn
Schmiedebergs Arch Pharmacol. 2000 Sep;362(3):266-75.

36.  Bosker FJ, Klompmakers A, Westenberg HGM. Postsynaptic 5-HT1A receptors
mediate 5-hydroxytryptamine release in the amygdala through a feedback to the caudal
linear raphe. Eur J Pharmacol. 1997 Aug 27;333(2):147-57.

37.  Martin-Ruiz R, Ugedo L. Electrophysiological evidence for postsynaptic 5-HT(1A)
receptor control of dorsal raphe 5-HT neurones. Neuropharmacology. 2001 Jul;41(1):72-8.

38. Hajos M, Richards CD, Székely AD, Sharp T. An electrophysiological and
neuroanatomical study of the medial prefrontal cortical projection to the midbrain raphe
nuclei in the rat. Neuroscience. 1998 Nov;87(1):95-108.

39. Craven R, Grahame-Smith D, Newberry N. WAY-100635 and GR127935: effects on 5-
hydroxytryptamine-containing neurones. Eur J Pharmacol. 1994 Dec 12;271(1):R1-3.

40. Fletcher A, Forster EA, Bill DJ, Brown G, Cliffe 1A, Hartley JE, et al.
Electrophysiological, biochemical, neurohormonal and behavioural studies with WAY-

23



100635, a potent, selective and silent 5-HT1A receptor antagonist. Behav Brain Res.
1996;73(1-2):337-53.

41.  Johnson DA, Gartside SE, Ingram CD. 5-HT1A receptor-mediated autoinhibition does
not function at physiological firing rates: evidence from in vitro electrophysiological studies
in the rat dorsal raphe nucleus. Neuropharmacology. 2002 Nov;43(6):959-65.

42. Deryabina IB, Andrianov VV, Muranova LN, Bogodvid TK, Gainutdinov KL. Effects
of Thryptophan Hydroxylase Blockade by P-Chlorophenylalanine on Contextual Memory
Reconsolidation after Training of Different Intensity. Int J Mol Sci. 2020 Mar 18;21(6).

43, Johnson PL, Molosh A, Fitz SD, Arendt D, Dechan GA, Federici LM, et al.
Pharmacological depletion of serotonin in the basolateral amygdala complex reduces anxiety
and disrupts fear conditioning. Pharmacol Biochem Behav. 2015 Nov;138:174-9.

44, Engin E, Smith KS, Gao Y, Nagy D, Foster RA, Tsvetkov E, et al. Modulation of anxiety
and fear via distinct intrahippocampal circuits. eLife. 2016 Mar 14;5:¢14120.

45. Wagle M, Zarei M, Lovett-Barron M, Poston KT, Xu J, Ramey V, et al. Brain-wide
perception of the emotional valence of light is regulated by distinct hypothalamic neurons.
Mol Psychiatry. 2022 Apr 28;1-17.

46. Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research domain
criteria (RDoC): toward a new classification framework for research on mental disorders.
Am J Psychiatry. 2010 Jul;167(7):748-51.

47. Sharma S, Fulton S. Diet-induced obesity promotes depressive-like behaviour that is
associated with neural adaptations in brain reward circuitry. Int J Obes. 2013;37(3):382.

48. Liu Z, Patil 1Y, Jiang T, Sancheti H, Walsh JP, Stiles BL, et al. High-fat diet induces
hepatic insulin resistance and impairment of synaptic plasticity. PloS One.
2015;10(5):e0128274.

49, Kothari V, Luo Y, Tornabene T, O’Neill AM, Greene MW, Geetha T, et al. High fat
diet induces brain insulin resistance and cognitive impairment in mice. Biochim Biophys
Acta Mol Basis Dis. 2017 Feb;1863(2):499-508.

50. Trivedi MH, Rush AJ, Wisniewski SR, Nierenberg AA, Warden D, Ritz L, et al.
Evaluation of Outcomes With Citalopram for Depression Using Measurement-Based Care
in STAR*D: Implications for Clinical Practice. Am J Psychiatry. 2006 Jan 1;163(1):28—40.

51.  Blier P, Ward H. Toward optimal treatments for major depression. CNS Spectr. 2002
Feb;7(2):148-50, 1534.

52. Poggini S, Golia MT, Alboni S, Milior G, Sciarria LP, Viglione A, et al. Combined
Fluoxetine and Metformin Treatment Potentiates Antidepressant Efficacy Increasing IGF2
Expression in the Dorsal Hippocampus. Neural Plast. 2019 Jan 21;2019:1-12.

24



Figureslegends

Figure 1. Insulin increases DR 5-HT neurons firing frequency by direct activation of
insulin receptor expressed onto that neuronal population. A. Representative confocal image
of TPH2-positive 5-HT neurons (red) and IR mRNA punctae (green) using fluorescence in situ
hybridization. Right panel: magnification of the white dotted square area from the left pannel.
Scale: 10pm. White arrows show IR mRNA in 5-HT neurons. B. Petl-cre-mCherry mice were
used for patch-clamp experiments to specifically visualize fluorescent mCherry-DR 5-HT
neurons. Scale: 10um. C, D. Quantification of firing rate and representative traces of cell-
attached mode recording before and after insulin (300 nM) perfusion and of DR 5-HT neurons
under control condition (C) or during bath application of the IR inhibitor S961 (100 nM, D). E-
F. Frequency of spontaneous excitatory postsynatpic currents (EPSC, E) or inhibitory
postsynaptic currents (IPSC, F) onto DR 5-HT neurons before and after insulin (300 nM)
perfusion. G. SeIRKO mice were obtained by crossing Petl-cre-mCherry mice with [R1o¥/lox
mice allowing selective deletion of IR only in 5-HT neurons. H. Quantification of firing rate
and representative traces of cell-attached mode recording before and after insulin (300 nM)
perfusion of DR 5-HT neurons in control (Left panel) and in SeIRKO (Right panel) mice. The
data are represented as mean £ SEM. Statistics: Student’s paired t-test: *p<0.05; **p<0.01.

Figure 2: Insulin decreases DR 5-HT neurons in vivo through a 5-HTia receptor-
dependent mechanism. A-C. A. In vivo extracellular recordings of presumed DR 5-HT
neurons. Data are mean =+ SEM of DR 5-HT firing rate (% of baseline) in response to the
intraperitoneal (i.p.) administration of insulin alone (0.75 IU, n=5 and 1.5 IU, n=14) or in
combination with the 5-HT1a receptor antagonist (WAY 100635: 0.5 mg/kg, n=6). B. Integrated
firing histograms showing the effects of cumulative doses of insulin. C. Representative
recordings of a single presumed 5-HT neuron in response to insulin (0.75 U/kg) alone (C-left
panel) or in presence of the 5S-HT1A antagonist WAY 100635 (C-right panel). D-G. In vivo
intracerebral microdialysis in the DR (D-E) or the ventral hippocampus (F-G). (D, F) Time
course of the effect of cumulative doses of insulin alone (n=5) or in combination with
WAY 100635 (0.5 mg/kg; i.p, n=5) given at TO on 5-HT release in the DR (D) or ventral
hippocampus (F). (E, G) Data are mean + SEM of Area Under the Curve reflecting extracellular
5-HT concentrations ([5-HT]ext) over the 0-150 min post-treatment injections in the DR (E) or
the ventral hippocampus (G). Statistics: Student’s unpaired t-test: *p<0.05; **p<0.01;
***p<0.001. One sample t-test compared to hypothetical value (0): #p<0.05; ##p<0.01
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Figure 3: The anxiolytic like effect of intranasal insulin delivery relies on the central
serotonergic system. A-E. Immobility time in the FST (A), latency to feed in the NSF (B),
time spent in light box of the L/D (C), time spent in the open arms of the EPM (D) and time in
the center (left panel, E) and locomotor activity in the OF (right panel, E) in response to
intranasal 21U or vehicle delivery in naive mice. F. Time spent in the open arms of the EPM in
response to intra-DR injection of insulin (100pIU) or vehicle in naive mice. G-1. Time spent in
the open arms of the EPM in naive mice pre-treated with pCPA (300 mg/kg/day for three
consecutive days; G), in control and SeIRKO animals (H) or naive mice pre-treated with
WAY100635 (1 mg/kg; 1) in response to intranasal insulin 2 U or vehicle delivery. Data are
represented as mean £ SEM. Statistics: Student’s unpaired t-test: *p<0.05; **p<0.01.

Figure 4: HFD feeding impairs the insulin response of the 5-HT system. A. Petl-cre-
mCherry mice were fed a HFD for 16 weeks prior to ex-vivo electrophysiology experiments.
Quantification of firing rate and representative trace of cell-attached mode recording before and
after insulin (300 nM) perfusion of DR 5-HT neurons. B-C. Time spent in the open arms of the
EPM (B), time spent in the center of the OF (C, left panel) and locomotor activity in the OF (C,
right panel) of HFD-fed mice in response to intranasal insulin 2 IU or vehicle delivery. Data

are represented as mean + SEM. Statistics: Student’s unpaired t-test.

Figure5: Schematicrepresentation of the putativeaction of insulin onto DR 5-HT neurons
and related control of emotional behaviors. A. At resting state, the 5-HT 1a autoreceptors
would exert limited effectson DR 5-HT neuronsactivity as previously reported (1). Acute
insulin binding to IR onto DR 5-HT neurons increases action potential firing activity and
presumably extracellular 5-HT release in both projection areas and the DR through collaterals
in a shorter timescale (2). Such an accumulation of endogenous extracellular 5-HT levels
around 5-HT cell bodies would, in turn, activate the autoinhibitory 5-HT1aR resulting in a
decrease in action potential firing activity and endogenous extracellular 5-HT release in an
expanded timescale (3). Reduced 5-HT levels, in regions such as the amygdala, might be
responsible for the anxiolysis induced by intranasal insulin administration. B-C. Selective

deletion of the IR in 5-HT neurons (B) or pre-administration of a 5-HT1aR antagonist (C) block
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the anxiolytic-like effect of intranasal insulin assessed in the EPM. Altogether, this study

reveals that the anxiolytic-like effect of insulin relies on the 5-HT system.
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