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SUMMARY

Exposure to stressors has profound effects on sleep that have been linked to serotonin (5-HT) neurons of the
dorsal raphe nucleus (DR). However, the DR also comprises glutamatergic neurons expressing vesicular
glutamate transporter type 3 (DRVELYT3), leading us to examine their role. Cell-type-specific tracing revealed
that DRV®'YT® heurons project to brain areas regulating arousal and stress. We found that chemogenetic acti-
vation of DRV®YT® neurons mimics stress-induced sleep perturbations. Furthermore, deleting VGLUT3 in the
DR attenuated stress-induced sleep perturbations, especially after social defeat stress. In the DR, VGLUT3 is
found in subsets of 5-HT and non-5-HT neurons. We observed that both populations are activated by acute
stress, including those projecting to the ventral tegmental area. However, deleting VGLUT3 in 5-HT neurons
minimally affected sleep regulation. These findings suggest that VGLUT3 expression in the DR drives stress-

induced sleep perturbations, possibly involving non-5-HT DRYE-YT® heurons.

INTRODUCTION

Acute stress leads to a transient and sustained increase in
wake to ensure proper adaptive behaviors. Subsequently, it
produces a delayed increase in sleep during the recovery
period.”® Among other structures, the dorsal raphe nucleus
(DR) is involved in the stress response and stress-related psy-
chiatric disorders, with a key role assigned to serotonin (5-HT)
neurons.>* Acute stress exposure produces a sustained
release of 5-HT within DR-projecting brain areas,®® which con-
tributes to the delayed effects of stress on rapid eye movement
sleep (REMS).>® Accordingly, constitutive deletion of 5-HT-
related genes has been associated with a blunted increase in
REMS after exposure to acute restraint stress (RS)."'° How-
ever, these seminal studies have manipulated the 5-HT system
without considering its cellular and neurochemical heterogene-
ity.""'? Recent studies have revealed the great diversity of
5-HT DR (DR®™T) neurons in terms of cell types, '®~'° connectiv-
ity,'®"” and/or electrophysiological properties.'®° In addition
to 5-HT neurons, the DR also harbors GABA, dopamine (DA),
and glutamate neurons.”’ Recently, considerable efforts have
been dedicated to understanding the role of different subsets
of DR neurons, with notable examples linked to stress and

emotional behaviors.'"*? For instance, a subset of DR®"T neu-
rons that target the ventral tegmental area (VTA) influences sus-
ceptibility to social stress.’®> DA and GABA neurons of the DR
have additionally been implicated in stress responses®*2°
and arousal.?>?® Together, these studies suggest a model in
which stress engages distinct DR neuronal populations to pro-
mote adaptive responses.

A neuronal population of the DR that has received less atten-
tion consists of neurons expressing the vesicular glutamate
transporter type 3 (VGLUT3), conferring these neurons the ability
to signal through glutamate.?”=° Interestingly, VGLUT3 is also
present in a subset of DR®™T neurons, enabling glutamate co-
transmission'? and enhancing 5-HT vesicular filing though a pro-
cess known as vesicular synergy.®'® VGLUT3 neurons of the
DR (DRVC'Y™) are implicated in motivated behaviors,3°%4"
feeding,*®°° and neuropathic pain.*° However, it is unknown
whether DRVEUT neurons play a role in the regulation of sleep.
Here, we examined the contribution of DRVE-YT® neurons in the
stress response and stress-induced sleep perturbations by us-
ing conditional gene deletion and chemogenetics coupled with
polygraphic sleep recordings. Additionally, potential targets
were identified through conditional viral tracing and c-Fos
immunolabeling.
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RESULTS

Anatomical organization of DRV®'Y™ neurons
In the raphe, expression of VGLUT3 defines restricted subsets of
neurons, as revealed by the seminal study conducted by Hioki in
the rat DR.*' Co-expression profiles in 5-HT neurons vary across
raphe nuclei, with the median raphe nucleus (MnR) showing
higher levels of segregation between 5-HT and VGLUT3 neu-
rons.'>*? We thus systematically mapped the expression
pattern of VGLUT3 mRNA in relation to 5-HT neurons in the ante-
rior raphe nuclei by dual fluorescence in situ hybridization (FISH;
Figures 1A, S1A, and S1B). Tryptophan hydroxylase type 2
(TPH2) mRNA was used as a 5-HT marker. We found that
VGLUTS3 neurons co-expressing TPH2 mRNA were mostly
observed in the caudal (DRc) and ventral (DRv) parts of the DR
(Figure 1B). Consistent with previous findings,*"*** single-
labeled VGLUT3 mRNA neurons were more prevalent in B9,
MnR, the interpeduncular nucleus (IP), and the dorsal part of
the DR, while the lateral wings of the DR contained few
VGLUT3 mRNA-expressing neurons (Figures 1A and 1B).

Next, we generated a VGLUT3®"® mouse line (Figure 1C
for visualizing Cre expression in DRVG-YT® neurons) to map
DRVELUTS projections by micro-injecting an adeno-associated vi-
rus (AAV) enabling Cre-dependent expression of the fluorescent
protein tdTomato into their DR (AAV-Flex-tdTomato, Figures 1D,
1E, and S1C). DRYC-YT neurons heavily projected to the diagonal
band nucleus/magnocellular nucleus (NDB/MA), the cortex, the
basolateral (BLA) and cortical amygdala, the submedius thalamic
nucleus, the anterior pretectal nucleus, and the VTA (Figure 1F;
Table S1). Projections were dense in the prelimbic cortex (PL),
the nucleus accumbens (NAc), the locus coeruleus (LC), and
the parabrachial nucleus (PB) (Figure 1F; Table S1). This projec-
tion pattern closely resembles the distribution of DR®HT terminals
within the mouse brain.'® Additional immunostaining with 5-HT
(Figures 1G and S1D) showed that the majority of DRVE-YT3-tdTo-
mato fibers were 5-HT positive in the PL and NDB/MA, as previ-
ously found in the cortex.’”” Many DRYE-YT-tdTomato fibers
were 5-HT negative in the amygdala, VTA, PB, and LC despite
dense 5-HT labeling, consistent with previous data in the amyg-
dala'’?° and VTA.'®*> While being involved in several other
functions, these structures regulate the stress responses™
and/or promote wake,*® suggesting that DRYG-YT® neurons
may contribute to stress-induced arousal.

RYGLUT3 heurons modulates

Chemoactivation of D
vigilance states

To reveal which downstream target is functionally connected to
DRYCLYTS neurons, we mapped c-Fos expression, a bona fide
marker of molecular neuronal activity, after selective activation
of DRYEUTS neurons with the excitatory hM3(Gq) designer re-
ceptors exclusively activated by designer drugs (DREADDs;
Figures 2A and 2B). Indeed, c-Fos expression, assessed
90 min after administration of the DREADD ligand clozapine
N-oxide (CNO; 1 mg/kg, intraperitoneally) at zeitgeber time (ZT)
3, was significantly increased in the DR of mice expressing
hM3(Gq) (VGLUT3-Gq) compared to mice expressing mCherry
(VGLUT3-mCh; Figures 2C and 2D). Further analysis revealed
increased c-Fos expression in the NAc, VTA, and PB of
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VGLUT3-Gg compared to VGLUT3-mCh mice (Figures 2E
and 2F), indicating functional connectivity of DRVE-YT® neurons
to arousal-driving brain regions.*“*® Accordingly, we analyzed
vigilance states after CNO (1 mg/kg) or saline injections to
VGLUT3-Gg and VGLUT3-mCh mice at ZT3 (Figures 2G and
S2A). Across the first 3 h after injection in the light-inactive period
(ZT3-ZT6), CNO increased wake amounts compared with saline-
treated animals in VGLUT3-Gqg mice (Figure 2H). In parallel,
REMS amounts were decreased in CNO-treated VGLUT3-Gq
mice compared with respective controls. This decrease was ac-
counted for by a decrease in the number of state bouts
(Table S2). Delayed effects included increased REMS amounts,
at the expense of wake, during the first 6 h of the following dark-
inactive period in CNO- compared with saline-injected VGLUT3-
Gqg mice due to a higher number of state bouts (Figure 2H;
Table S2). Predominant targeting of the DR is further shown by
mapping the injection sites in VGLUT3-Gqg mice (Figures S2C
and S2D). In a few mice, a sparse number of transduced cells
was also observed in the upper part of the MnR.

Given the involvement of the DR in thermoregulation,®® we
monitored skin and brown adipose tissue temperatures in
VGLUT3-mCh and VGLUT3-Gq mice before and 3 h after
CNO injection (Figure S2B). No significant modifications were
observed, suggesting that the sleep changes induced by che-
moactivation are unlikely to be associated with changes in en-
ergy expenditure.

DRYELUT3 heurons are involved in the stress response
Chemoactivation of DRYEY™ neurons at ZT3 mimics sleep-
wake effects observed after acute social defeat (SD) stress dur-
ing the light-inactive period.>>' Consequently, we investigated
the role of DRYGY™ neurons in mediating SD-induced sleep
perturbations.

SD (25 min session ending at ZT3) increased the activity of
DRYGLYTS neurons (Figures 3A-3C), including both 5-HT and
non-5-HT types (Figures 3D and 3E). The VTA receives dense
innervation from DRY®LUT® neurons and is a key node for medi-
ating SD-induced sleep changes.”” We therefore evaluated
whether DRYG-YT3 neurons projecting to the VTA were activated
by SD. To identify VTA-projecting DRYE-Y™® neurons, a retro-
grade AAV enabling the conditional expression of the green fluo-
rescence protein (GFP) was injected into the VTA of VGLUT3¢™®
mice (Figures 3F and 3G). Consistent with earlier findings,>>*"*
we identified GFP neurons in the DRv and the ventral part of
the DRc, the IP, and the MnR. VTA-projecting DRVE-YT® neurons,
mainly those that are non-5-HT, were activated by SD
(Figures 3H-3J).

Next, we investigated the impact on sleep of VGLUT3 deletion
mediated by AAV-Cre-EGFP injection in the DR of VGLUT3'*1
mice (+Cre; Figure 3K). VGLUT3 mRNA expression was signifi-
cantly reduced in the DR (Figures 3L and 3M) and the MnR
(52% =+ 9%; data not shown) of +Cre mice compared with
—Cre controls, while TPH2 mRNA expression remained unaf-
fected (Figure 3L). Then, we examined the impact of VGLUT3
deletion on sleep-wake states. At baseline, +Cre mice spent
more time in non-REMS (NREMS) and less time in wake during
the dark-active period compared with —Cre mice (Figure S3A;
Table S3). The consequences of SD were evaluated in +Cre
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Figure 1. Distribution and projections of DRV®:Y™ neurons

(A and B) Representative image (A) and quantification (B) of cells expressing VGLUT3, TPH2, and both mRNAs in mouse anterior raphe nuclei. Data (mean + SEM)
are expressed as a percentage over the total number of VGLUT3-cells (n = 3).

(C) Distribution of cells expressing VGLUT3, Cre, and both (merged image) mRNAs in the anterior raphe nuclei of VGLUT3™ mice.

(D) Schematic of virus injection.

(E) Image showing tdTomato (red) expression in the DR of VGLUT3®™ mice.

(F) Anterolabeled terminals (red) are present in the PL, NAc shell, NDB/MA, BLA, VTA, LC, and PB nuclei.

(G) 5-HT immunolabeling (green), tdTomato anterolabeled (red), and double-labeled (yellow) terminals in the PL, VTA, and PB of VGLUT3°™ mice. White arrows:
single tdTomato anterolabeled terminals. Coronal sections were adapted from the stereotaxic atlas.*” Distance from bregma is indicated in mm.**

Scale bars: 250 pm in (A), 150 um in (C), 100 pm in (E), 300 um in (F), and 25 um in (G).
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Figure 2. Chemogenetic activation of D

RVG LUT3

neurons modulates wake and REMS

(A) Schematic of virus injection and electrode implantation.
(B) Representative images showing mCherry (red) expression in the DR of VGLUT3-Gq and VGLUT3-mCh mice.
(C and D) Representative images (C) and quantification (D) of c-Fos-immunoreactive (C-Fos-IR) cells in the DR of VGLUT3-Gq (Gg; n = 6) and VGLUT3-mCh (mCh;

n = 5) mice after CNO injection.

(E and F) Representative images (E) and quantification (F) of c-Fos-IR cells in brain areas of interest of VGLUT3-Gq (Gq; n = 6) and VGLUT3-mCh (mCh; n = 5) mice
after CNO injection. Distance from bregma is indicated in mm.*°

(G) Experimental design. Letters above the horizontal bars represent the time window analyzed in (H).

(H) State amounts during the first 3 h (top) and the first 6 h of the dark period (bottom) following saline (—) or CNO (+) injections at ZT3 in h(M3Dg-expressing (Gq;

n = 11) and control (mCh; n = 9) mice.

Scale bars: 50 um in (B), 250 um in (C), and 300 um in (E). Data represent the mean + SEM. Post hoc comparisons: *p < 0.05, **p < 0.01, and ***p < 0.001 for CNO
effects; *p < 0.05 and *p < 0.01 for group effects. See also Table S6.
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and —Cre mice (Figures 3N and S3B). In control mice, SD elicited
an immediate and robust increase in wake amounts and a
concomitant decrease in NREMS and REMS amounts (ZT3-
ZT6 of the light-inactive period; Figure 30). These changes
were mainly accounted for by changes in bout mean duration
(Table S4). During the subsequent dark-active period
(ZT12-ZT0), —Cre mice exhibited increased REMS amounts
following SD resulting from an increased number of bouts (Fig-
ure 30; Table S4). Strikingly, a clear phenotype emerged after
SD. Short-term wake enhancement elicited by SD was attenu-
ated in +Cre mice (Figure 30). Moreover, +Cre mice lacked the
REMS sleep rebound elicited by SD in the following dark-active
period (Figure 30). This sleep phenotype, likely linked to DR
neurons, suggests a role for VGLUTS in both SD-mediated im-
mediate wake promotion (at the expense of NREMS) and de-
layed REMS facilitation, although MnR involvement cannot be
discounted.

RS is a common model used in rodents, engaging similar cir-
cuits as SD.** RS at the end of the light-inactive period enhances
sleep during the subsequent dark-active period, primarily
affecting REMS through the DR and the 5-HT system.’:10:%%
Consequently, we investigated DRYG-YT® neuron activity in
response to RS (Figure 4A), finding increased c-Fos expression
(Figures 4B and 4C) in both 5-HT and non-5-HT DRYC-VTS ney-
rons (Figures 4D and 4E). We next tested the impact of RS on
sleep and wake in mice with AAV-Cre-mediated deletion of
VGLUT3 expression in the DR (Figure 4F). In —Cre mice, RS
applied at the end of the light-inactive period produced an in-
crease in sleep amounts throughout the following dark-active
period (Figures 4G and S3C). Notably, REMS amounts were
enhanced by ~2-fold as a result of an increase in both the num-
ber and mean duration of REMS bouts (Table S4). After RS, +Cre
mice exhibited more REMS compared to the sham condition
(Figure 4G). However, analysis of delta changes suggests that
RS affected REMS differently across groups, with +Cre mice ex-
hibiting a reduced REMS rebound (Figure 4G). In addition, +Cre
mice exhibited more REMS compared to —Cre mice in the sham
condition (Figure 4G). This could have been a consequence of
the experimental paradigm, in which mice were gently woken
up in the sham condition (see STAR Methods).

Psychological stressors trigger a rapid increase in body tem-
perature through VGLUT3 neurons.*®°” However, skin tempera-
ture measurements after SD and RS showed stress-induced
hyperthermia in both —Cre and +Cre mice (Figure S4). This sug-
gests that stress-induced sleep perturbations in +Cre mice
occurred independently of the potentially confounding effects
of body temperature.

VGLUT3 in 5-HT neurons has limited effects on vigilance
states

Considering the key role of 5-HT neurons in sleep-wake
regulation,’® we investigated the impact of VGLUT3 in these neu-
rons by generating mice lacking VGLUT3 in 5-HT neurons. Mice
expressing Cre recombinase under the control of the serotonin
transporter (SERT) promoter were crossed with VGLUT3'1ox
mice (SERTVELUT3-cKO " \where cKO is conditional knockout)
(Figure 5A). Validation confirmed specific Cre-mediated dele-
tion of VGLUT3 in 5-HT neurons (Figures 5B and S5). In

¢ CellP’ress
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SERTVELUT3.cKO  mice, DR neurons expressed either TPH2

mRNA or VGLUT3 mRNA, but co-labeled neurons (as observed
in control SERT®™ mice) were not detected. Next, sleep-wake
patterns were analyzed in SERTVGLUT3-2KO mice and control
(VGLUT3'91°X and SERTC"®) mice. VGLUT3 deletion in 5-HT neu-
rons did not alter sleep-wake amounts at baseline (Figure S6;
Table S3). Then, we assessed the consequences of chemoacti-
vation of DR®**T neurons with or without VGLUT3. AAV-DIO-
hM3(Gqg)-mCh or AAV-DIO-mCh was injected into the DR of
SERT®™® (SERT-Gq and SERT-mCh) and SERTVGLUT3:ckO
(SERTVELUT3.cKO_Gq and SERTVELUT3-KO_mGh) mice (Figure 5A).
Sleep-wake states were analyzed after administration of CNO or
saline at ZT3 (Figure 5C). As reported by others,***° we observed
non-specific effects of CNO on REMS in SERT-mCh and
SERTVELUT3-cKO_mCh mice (Figure 5D). However, the use of
non-DREADD-expressing control groups has enabled compari-
sons with DREADD-expressing groups to identify the effects of
chemoactivation of DR®™T neurons. These off-target CNO ef-
fects were absent in VGLUT3°™ mice (Figure 2), possibly due to
genetic background differences (see STAR Methods).

NREMS amounts increased in the 3 h post-CNO injection
compared with saline injection in SERT-Gq mice, while REMS
amounts decreased significantly compared to saline injection
and with CNO-treated SERT-mCh mice (Figures 5D and S7A).
These effects were due to the longer mean duration of NREMS
bouts and fewer REMS bouts, respectively (Table S2). Similar
immediate effects were observed in SERTVCLUT3-CKO mice after
chemogenetic activation of DR®HT neurons (Figure 5D, S7B,
and S7C). During the first 6 h of the following dark-active period,
CNO did not alter sleep-wake states in SERT-Gg mice
(Figures 5D and S7A; Table S2). In SERTVELUT3-KO_Gq mice,
CNO induced a significant increase in wake amounts at the
expense of NREMS compared with saline injection and had a
limited impact on REMS amounts (Figures 5D and S7B). Thus,
chemogenetic activation of DR®HT neurons had a delayed
impact on wake and NREMS in SERTVGLUT3-2KO mice only (Fig-
ure S7D). These results collectively suggest that VGLUT3 in
5-HT neurons plays a limited role in sleep regulation, a role that
becomes apparent solely during the dark-active period following
chemoactivation of DR®™ neurons.

Because RS produces a delayed increase in REMS that de-
pends on the DR serotonergic system,®® SERTVELUT3-KO mjce
and their respective controls were subjected to RS (Figures 5E
and S8; Table S5). After RS, SERTVGLUT3KO mice showed
enhanced NREMS and REMS during the following dark-active
period, as observed in control groups (Figure 5F). VGLUTS is
also expressed by subsets of GABA and cholinergic neu-
rons.*>®! We then evaluated the impact of RS in cKO mice lack-
ing VGLUT3 in GABA or cholinergic neurons (Figures S9;
Table S5). No differences were observed in the sleep-promoting
effects of RS in cKO mice compared with their respective con-
trols. Together, these results suggest that VGLUT3 expression
in 5-HT, GABA, or cholinergic neurons does not contribute to
sleep-wake regulation after RS.

Beyond their role in sleep regulation, VGLUT3 and 5-HT neu-
rons have been identified as modulators of various functions,
including anxiety and locomotion.'?*?* Consequently, we con-
ducted behavioral assessments across our different models and
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found that expression of VGLUT3 in DR or DRYC-Y™ neuron
activation does not affect anxiety-like behaviors and locomotor
activity (Figure S10).

DISCUSSION

Emotional events, especially stress, influence sleep-wake pat-
terns. Our results suggest that DRVE-Y™® neurons are involved
in mediating acute stress-induced sleep perturbations. Chemo-
activation of DRY®YT neurons promotes wakefulness by inhib-
iting REMS and subsequently promoting REMS, resembling
stress-like effects. Further, reduced VGLUT3 expression medi-
ated by AAV-Cre injection in the DR leads to compromised
stress-induced sleep changes. Our data align with previous
studies demonstrating VGLUT3 expression in subsets of 5-HT
and non-5-HT neurons in the raphe nuclei.*’*>°? Both types of
DRYGLYTS neurons are activated by stressors and project to
PB, VTA, and NAc nuclei. Additional loss-of-function experi-
ments suggest a minimal contribution of VGLUT3 in 5-HT neu-
rons to sleep regulation. These findings suggest that non-5-HT
VGLUTS3 neurons, especially in the DR, modulate stress-induced
sleep perturbations likely through mechanisms involving down-
stream structures that regulate emotional arousal and sleep
recovery.

VGLUTS3 in the DR modulates the stress response

In animals, arousal is an initial response to stress, and it seems to
be regulated by VGLUTS3 in the DR. Reduced VGLUT3 expres-
sion mediated by AAV-Cre injection in the DR was sufficient to
attenuate arousal elicited by social stress. However, we could
not assess this response after RS, as it did not induce arousal,
likely due to differences in timing (ZT3 for SD versus ZT10.5 for
RS) and/or duration of stressors (25 min for SD versus 90 min
for RS), since both factors influence the sleep response to
stress.?®%535% Results from social stress, coupled with reduced
wake at baseline in mice lacking VGLUT3 in the DR and
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increased wake after activating DRYE-Y™ neurons, support their
role in wake promotion. Previous studies also suggest that most
DR neurons are wake promoting®>?®%>*¢ and responsive to
emotionally salient stimuli.”>°>° In agreement, we found that
DRYGLYT3 neurons are activated by stress, including both 5-HT
and non-5-HT DRYEYT® neurons. Together, these independent
observations suggest that groups of DR neurons could promote
arousal when a salient stimulus, such as facing a stressor, is
perceived in the environment.

The initial stress response is followed by an increase in sleep
during the subsequent dark-active period. Our results suggest
that DRVC-YT3 neurons are involved in the delayed increase of
sleep, particularly after exposure to social stress. Therefore,
reduced VGLUTS expression mediated by AAV-Cre injection in
the DR dampens the delayed increase in REMS elicited by acute
stress. This long-lasting impact of DRVS-YT® neurons on sleep is
also supported by our chemogenetic experiments showing that
activation of DRVE-YT® neurons produces a delayed increase in
REMS amounts. In rodents, sleep enhancement is commonly
observed in response to psychological stressors, SD,>'52:6470
or RS'%637173 and is not the sole consequence of the sleep
loss associated with the stress procedure.”’? Strikingly,
SD°152:6470 or Rg10:63.71-73 trigger sleep enhancement indepen-
dently of the stress schedule used. This highlights the crucial role
of sleep in the stress response, supported by studies showing
the beneficial effects of stress-induced sleep enhancement.”*
Conversely, sleep deprivation after social stress has negative ef-
fects on emotional behaviors.®>">7® It is therefore likely that the
function of sleep after stress is to restore emotional reactivity, as
proposed for REMS, which is thought to play an important role in
processing emotional experiences’’ " and potentiated fear
responses.®®®" DRVCYTS neurons may thus facilitate sleep-
dependent adaptations to aversive experiences. Interestingly,
constitutive VGLUT3 KO mice exhibit anxiety-like behavior,*
innate fear,®? and impaired fear memory.®® Further research is
needed to determine whether animals with VGLUT3 loss of

Figure 3. DRV®VY™ heurons contribute to the response to SD stress

(A) Experimental design for c-Fos immunolabeling.

(B and C) Representative images (B) and quantification (C) of c-Fos immunolabeling in DRY®-YT® neurons (c-Fos-YFP) after social defeat (SD) or in control
(C) condition. White arrowheads: c-Fos/VGLUT3-positive neurons. Scale bar: 50 um. n = 5.

(D and E) Representative images (D) and quantification (E) of c-Fos immunolabeling in DRVSUT® neurons (c-Fos-YFP) expressing (+) or not (—) TPH2 after SD or in
control (C) condition. White arrowheads: triple c-Fos/TPH2/VGLUT3-positive neuron. White arrows: dual c-Fos/VGLUT3-positive neuron. Scale bar: 50 ym.n =5.
(F) Experimental design for c-Fos immunolabeling in DRVS-YT® neurons projecting to the VTA.

(G) Representative images showing rAAV-dlox-GFP injection site in the VTA (top, scale bar: 150 um, the framed region corresponds to the inset in the left corner of
the image) and GFP-expressing cells in the DR (bottom, scale bar: 100 um) of VGLUT3®" mice.

(H) Quantification of c-Fos immunolabeling in VTA-projecting DRYS'UT neurons (c-Fos-GFP) after SD stress or in control (C) condition. n = 5.

(land J) Representative images (I) and quantification (J) of c-Fos immunolabeling in VTA-projecting DRVELYTS heurons (c-Fos-GFP) expressing (+) or not (—) TPH2
after SD or in control (C) condition. White arrowheads: triple c-Fos/TPH2/VGLUT3-positive neuron. White arrows: dual c-Fos/VGLUT3-positive neuron. Scale bar:
50 pm. n = 5.

(K) Schematic of virus injection and electrode implantation.

(L) Representative image of the DR showing VGLUTS3 (blue, bright field) and TPH2 (green, fluorescence) mRNAs in the DR of control (—Cre) and conditional
knockout (+Cre) mice detected by dual ISH. Scale bar: 200 um.

(M) Percentage of VGLUT3 mRNA expression in the DR of control (—Cre, black; n = 9) and conditional knockout (+Cre, purple, n = 11) mice.

(N) Experimental design. Letters above the horizontal bars represent the time windows analyzed in (O).

(O) State amounts during the first 3 h (top) and 12 h of the dark period (bottom) at baseline (BL) and after acute SD stress in control (—Cre, n = 7) and conditional
knockout (+Cre, n = 7) mice. Delta amounts: difference between state amounts in SD and BL conditions.

Data represent the mean + SEM. Post hoc comparisons: *p < 0.05, **p < 0.01, and ***p < 0.001 for stress effects; *p < 0.05, **p < 0.01, an
effects.

See also Table S6.
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Figure 4. DRV®'YT neurons contribute to the response to RS
(A) Experimental design for c-Fos immunolabeling.

(B and C) Representative images (B) and quantification (C) of c-Fos immunolabeling in D

0 Sh RS sh RS 200 100 0 -100 -200
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- Cre + Cre

RVGLUTS heurons (c-Fos-YFP) after restraint stress (RS) or in control

(C) condition. White arrowheads: c-Fos/VGLUT3-positive neurons. Scale bar: 50 um. n = 4.

(D and E) Representative images (D) and quantification (E) of c-Fos immunolabeling in D

RYELUTS heurons (c-Fos-YFP) expressing (+) or not (—) TPH2 after RS or in

control (C) condition. White arrowheads: triple c-Fos/TPH2/VGLUT3-positive neuron. White arrows: dual c-Fos/VGLUT3-positive neuron. Scale bar: 50 um. n = 4.
(F) Experimental design. Letters above the horizontal bars represent the time window analyzed in (G).
(G) State amounts during the first 12 h following sham (Sh) or acute RS in control (—Cre, n = 9) and conditional knockout (+Cre, n = 11) mice. Delta amounts:

difference between state amounts in RS and Sh conditions.

Data represent the mean + SEM. Post hoc comparisons: *p < 0.05, **p < 0.01, and ***p < 0.001 for stress effects; *o < 0.05 and #p < 0.01 for group effects.

See also Table S6.

function in the DR are more susceptible to developing anxiety-
and depression-like behaviors in response to stress and/or sleep
disturbances.

Role of VGLUTS3 expression in 5-HT neurons in the
modulation of sleep-wake states

The DR contains distinct populations of neurons, including
non-5-HT and 5-HT neurons, with VGLUT3 expression
observed in both types (Figure 1).">'"*" In 5-HT neurons,
VGLUT3 enables glutamate co-release from 5-HT terminals,
as shown in the VTA??330%¢ amygdala,”® and olfactory
bulb.?® While a few studies have shown the involvement of
glutamate co-release in reward,* little is known about the
behavioral consequences of VGLUT3 expression in DR5HT
neurons. Given their role in sleep-wake regulation,’® some ef-
fects of manipulating VGLUT3 neurons may involve DR®HT

21,84
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neurons. To probe this hypothesis, we used mice with
VGLUTS3 deletion in SERT neurons. We found that chemoacti-
vation of DR®>™T neurons had major effects on REMS that are
independent from the presence of VGLUT3. This was further
supported by the finding that deletion of VGLUT3 in 5-HT neu-
rons does not impact sleep-wake amounts at baseline or after
RS. From these experiments, we concluded that 5-HT neu-
rons likely regulate sleep-wake states by signaling through
5-HT. Similarly, a prominent role for 5-HT over glutamate
signaling has been reported in the amygdala during fear pro-
cessing.®® Independent of sleep regulation, the involvement
of 5-HT-positive DRY®-YT® neurons in the stress response is
supported by their activation following acute stress and a
recent study indicating that mutant mice lacking VGLUT3 in
5-HT neurons exhibit heightened active coping behavior in
response to swim stress.®®
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Our experiments suggest a role for non-5-HT DRYE-YTS neu-

rons in sleep regulation. Accordingly, wake-active non-5-HT
neurons are distributed throughout the DR,?” including the dorsal
part, where many non-5-HT DRY®-YT neurons are found. How-
ever, expression of VGLUT3 in the DR is not reduced to the same
extent in +Cre mice (—80%) and SERTVCLUT3-¢KO mjce (—50%, in
agreement with results of dual FISH). This difference may explain
why the two models differ in their stress responses. Additionally,
AAV-Cre injection into the DR affects VGLUT3 expression not
only inthe DR (—80%) but also in the MnR (—50%). This suggests
that the observed effects may also involve MnR neurons. How-
ever, these neurons are not activated by RS (Figure S11). While
the influence of MnR neurons on sleep-wake patterns remains
scarcely explored and cannot be discounted, they are implicated
in emotional behaviors.®%:°

We also observed that DR®™T and DRVS-YT® heurons can exert-
cell type-specific modulation on sleep-wake states. Using
chemogenetics, we found that DRV®-Y™® neurons enhance wake
amounts and subsequently promote REMS, whereas chemoacti-
vation of DR®*HT neurons primarily promotes NREMS without de-
layed effects. The functional diversity within the DR is further sup-
ported by electrophysiological studies showing heterogeneous
activity patterns of neurons based on their neurotransmitter
released'® or sleep-wake states.?”°° In the MnR of anesthetized
rats, non-5-HT VGLUT3 neurons exhibit more sustained re-
sponses to sensory stimuli compared to 5-HT neurons.®” Hetero-
geneity is further revealed by optogenetic studies showing that
inhibition of DR®T neurons or DRYE-YT neurons prior to the con-
ditioning has an opposite impact on cocaine-induced place pref-
erence.®” However, it is important to note that both populations
can also have synergistic actions. Thus, we found that chemoge-
netic activation of DR®™T neurons and/or DRYC-Y™® neurons
decreased REMS amounts. Overall, our chemogenetic ap-
proaches suggest that DR®"T and DRYE-Y™® neurons have com-
plex and partially opposite roles in sleep regulation.

RVCLUT2 heurons involved in

Downstream targets of D
sleep regulation

Using conditional viral tracing, we observed D neuron
terminals in multiple brain structures implicated in the regulation
of sleep including the medial pre-frontal cortex, NAc, basal fore-
brain, BLA, VTA, PB, and LC.*"*'~°° By mapping c-Fos expres-
sion following chemoactivation of DRY®-YT® neurons, we identi-
fied increased activity in the NAc, VTA, and PB. Elevated PB
activity may mediate wakefulness elicited by DRVE-YT® neurons,
as local deletion of VGLUT2 reduces wake amounts in mice.“%
The VTA houses neuronal populations with opposite roles in
sleep-wake regulation: dopaminergic and glutamatergic/nitrer-
gic neurons promote wakefulness, while somatostatin/GABAer-
gic neurons induce sleep.*”°” Notably, VTA somatostatin/GA-
BAergic neurons facilitate sleep recovery after social stress,
suggesting that they may be key targets of DRYG-YT® neurons.
Our findings also suggest that DRVE-YT® neurons projecting to
the VTA, particularly non-5-HT ones, are activated by social
stress, further implicating them in stress responses. In addition,
VTA neurons promote wake through projections to the NAc,
which is functionally targeted by DRYE:U™® neurons. In the
NAc, neurons that express the adenosine A2, receptor or the

RVGLUT3
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DA D1 receptor promote NREMS or behavioral arousal, respec-
tively.*®°" Thus, the PB, VTA, and NAc could represent the po-
tential mediators of a network involving DRYG-YT® neurons.
This hypothesis is coherent with the presence of many 5-HT-
negative terminals originating from DRY®-YT® neurons and the
role we propose for non-5-HT DRYG-UT® neurons in driving
stress-induced sleep changes.

Limitations of the study

Our findings suggest a role for non-5-HT D neurons in
stress-induced sleep perturbations. However, we inhibited
VGLUTS3 expression in both 5-HT and non-5-HT neurons, as
well as solely in 5-HT neurons. Targeted manipulation of
non-5-HT DRYC-YT® neurons through intersectional strategy
is warranted to confirm their role in sleep-wake regulation.
Additionally, it is crucial to assess the impact of our viral strat-
egy on the MnR, which contains a high number of non-5-HT
VGLUTS3 neurons. Pathway-specific genetic and neuronal ma-
nipulations can help differentiate the contributions of the
DR versus the MnR. Furthermore, the precise mechanisms
underlying stress-induced sleep perturbations by VGLUT3
neurons remain incompletely understood. To gain further in-
sights, manipulating VGLUT3 terminals in functionally con-
nected brain regions like the VTA could provide valuable
information.

RVGLUTS
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Véronique
Fabre (veronique.fabre@inserm.fr).

Materials availability
Unique resources and reagents generated in this study are available from the lead contact with a completed Material Transfer
Agreement.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical issues
All experiments were conducted in compliance with the ARRIVE guidelines.

Animals

All experiments were performed in strict conformity with the European Union legislation for animal experimentation (European
Committee Council Directive 2010/63/EU) and approved by the “Charles Darwin” Ethical Committee (authorization #6345-
2016080822399698; committee Darwin CEEA #5). Mice were housed up to five per cage under standard conditions (12:12 h
light-dark cycle; lights on at 7:00 a.m. and off at 7:00 p.m. referred to as zeitgeber time ZT0 and ZT12, respectively; 22 + 2°C ambient
temperature; 60% relative humidity) with food and water available ad libitum.

Mice were 8-20 weeks old, males, and weighted 23-30 g at the beginning of the experiments. Mice carrying two copies of the
floxed allele of the exon 2 of Slc17a8 (VGLUT3''*% RRID: IMSR_EM:05733; C57BL/6N background) were produced as previously
described.*® A knock-in mouse line expressing the Cre recombinase in VGLUT3 expressing neurons was generated at Cyagen (Santa
Clara, CA) and was thereafter named VGLUT3°™. An internal ribosome entry site IRES-Cre cassette was placed downstream of the
TAA stop codon of Slc17a8 allowing Cre gene expression to be under the control of Sic17a8 regulatory sequences in C57BL/6J mice.
We additionally used heterozygous mice expressing the Cre recombinase only in neurons producing the 5-HT transporter (SERTC™
mice' 00), the vesicular inhibitory amino acid transporter (VIAATCre mice, strain #016962; The Jackson Laboratory, Bar Harbor, ME), or
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the choline acetyltransferase (ChAT~"® mice, strain #006410; The Jackson Laboratory). R26-stop-EYFP (Enhanced Yellow Fluores-
cent Protein) reporter line was obtained from The Jackson Laboratory (strain #006148). Adult male Swiss CD1 mice (12-20 weeks-
old, body weight: 30-35 g) were obtained from Janvier Labs (Le Genest St. Isle, France). Genotypes of mice were determined by
Polymerase Chain Reaction and electrophoresis before and after the end of the protocol.

Viral vectors

The following Adeno-Associated Viruses (AAVs) were produced by the Viral Vector Facility of the Neuroscience Center Zurich (Zen-
trum flr Neurowissenschaften Zurich, ZurichSwitzerland): AAV-2/2-hSyn1-dlox-hM3D(Gg)-mCherry(rev)-dlox-WPRE-hGHp
[AAV-DIO-hM3D(Gg)-mCh; 2.0e12 genome copies per mL (GC/mL)], AAV-2/2-hSyn1-dlox-mCherry(rev)-dlox-WPRE-hGHp (AAV-
DIO-mCh; 5.6e12 GC/ml) and ssAAV-retro/2-hSyn1-dlox-EGFP(rev)-dlox-WPRE-hGHp(A) [rAAV-dlox-GFP; 4.5e12 genome copies
per mL (GC/mL)]. The following AAVs: AAV2/1.CMV.HI.eGFP-Cre.WPRE (AAV-Cre-eGFP; 0.06-1.18e13 GC/ml), AAV2/1.CMV.PI.
eGFP.WPRE.bGH (AAV-eGFP; 0.22-4.36e13 GC/ml), and AAV2/1.CAG.Flex.tdTomato.WPRE.bGH (AAV-Flex-tdTomato; 8.52e12
GC/ml) were obtained from Penn Vector Core (Philadelphia, PA) and were made available by Dr. Hongkui Zeng of the Allen Institute
for Brain Science (Seattle, WA).

METHOD DETAILS

Experimental design
To delete VGLUTS in the DR of adult mice, a virus expressing the Cre recombinase (AAV-Cre-eGFP) was infused in the DR of
VGLUT3' "% mice. An AAV expressing the enhanced green fluorescent protein (AAV-eGFP) was used for control condition.

Conditional knock-out mice lacking VGLUT3 in 5-HT, GABAergic or cholinergic neurons were obtained by crossing VGLUT3'9/0x
female mice to SERT®™®, VIAATC™, or ChAT®™ male mice, respectively. Mutant SERT®®*VGLUT3''** (named SERTYGLUT3.cKO)
VIAATC®VGLUT3' ' (named VIAATVELUTE-CKO) gnd ChATO®*VGLUT3'"** (named ChATE-UT3-5K0) mice were compared with
VGLUT3'91°% and SERTC™, VIAATC™, or ChATC™ littermates, respectively.

A virus enabling conditional expression of the excitatory hM3 DREADD (Designer receptors exclusively activated by Designer
Drugs'®") receptor [AAV-DIO-hM3D(Gq)-mCh] was infused in the DR of VGLUT3°", SERTC™ and SERTVG-UT3KO mjce to chemo-
genetically activate DRVSUT® neurons, and DR® 1T neurons expressing VGLUT3 or not, respectively. Control non-DREADD-ex-
pressing mice were obtained by injecting an AAV enabling conditional expression of the fluorescent protein mCherry (AAV-DIO-mCh).

To map the targets of DRVCGLYUTS heurons, a virus that enables conditional expression of the fluorescent protein tdTomato (AAV-
Flex-tdTomato) was infused in the DR of VGLUT3™ mice.

To identify DRVE-YT® neurons projecting to the ventral tegmental area (VTA), a retrograde virus that enables conditional expression
of the fluorescent protein GFP (rAAV-dlox-GFP) was infused in the VTA of VGLUT3%"™ mice.

To identify VGLUT3 expressing neurons, conditional expression of the fluorescent protein EYFP in VGLUT3 expressing neurons
was enabled by crossing VGLUT3%™ male mice with ROSA26-stop-EYFP reporter female mice. %

Stereotaxic AAV injection

Mice were anesthetized with a mix of ketamine/xylazine [100 and 10 mg/kg, respectively, intraperitoneal (i.p.) injection] and fixed on a
stereotaxic apparatus. Coordinates were adapted from the mouse brain atlas.*® For conditional deletion of VGLUT3 and DREADD
experiments, a dual injection of AAVs was done to target the whole DR [800 nL; from bregma, in mm: —4.8 (500 nL) and —4.3
(300 nL) anteroposterior, +0.9 lateral to the midline, —2.8 ventral from brain surface, 15° angle]. To map projections from
DRYELUTS neurons, a single AAV injection was performed (200-500nL; from bregma, in mm: —4.5 anteroposterior, +0.9 lateral to
the midline, —2.8 ventral from brain surface, 15° angle). To map DRY®-YT neurons projecting to the VTA, a bilateral AAV injection
was performed (300 nL; from bregma, in mm: —3.1 anteroposterior, +0.5 and —0.5 lateral to the midline, —4.1 ventral from brain sur-
face). A 10 uL Hamilton syringe with a microinjection needle was used to infuse AAVs at a rate of 100 nL/min. The needle was kept at
the injection site for 5 min before removal. Mice were allowed to recover at least 3 weeks for tracing experiments prior to perfusion.

EEG and EMG surgical procedures

After removal of the microinjection needle used for AAV infusion, mice were instrumented for polygraphic sleep monitoring. Implan-
tation of electrodes (enameled nichrome wires, 150 um in diameter) was performed as described previously.” Briefly, two EEG elec-
trodes were placed onto the dura over the right parietal cortex (from bregma, 2 mm caudal and 2 mm lateral to midline) and the cer-
ebellum (from bregma, 5 mm caudal and at midline), two electrooculogram (EOG) electrodes were located subcutaneously on each
side of the orbit and two electromyogram (EMG) electrodes were inserted into the neck muscles. All electrodes were soldered to a
miniconnector (Antelec, La Queue en Brie, France) and anchored to the skull with dental acrylic. Polysomnographic recordings were
performed at least 3 weeks later for DREADD experiments and 6 weeks later for conditional deletion of VGLUT3 in the DR.

Pharmacogenetic manipulation

Mice were habituated to manipulation and i.p. injections (7 days). Clozapine-N-oxyde (CNO) was injected i.p. at the dose of 1 mg/kg
(Tocris Bioscience, Bio-Techne, Minneapolis, MN; catalog # 4936). CNO was suspended in a minimal volume of DMSO

Cell Reports 43, 114411, July 23, 2024 17




¢ CelPress Cell Reports

OPEN ACCESS

(Sigma-Aldrich, St. Louis, MO) and saline (0.9%) was added to achieve a final 0.25% (v/v) DMSO in saline solution. There was at least
a 2-day washout period between two CNO injections. To control for off targets effects of CNO, we included CNO-injected non-
DREADD-expressing control mice, i.e., mice injected with the AAV-DIO-mCh.

Stress protocols

Acute social defeat stress (SD) was performed by placing an experimental mouse in a cage containing an aggressive resident male
CD1 mouse for 5 min of physical defeat. Then, mice remained in the same cage but were physically separated by a perforated divider
for the next 20 min, enabling sensory but not physical contact. The SD session started at 09:30 a.m. and lasted 25 min. The protocol
was adapted from Challis et al. (2013).>* Aggressive CD1 male mice were selected according to published methods®® and kept in
large cages (19 x 35 x 14 cm?®) for the rest of the experiment. Acute restraint stress (RS) was performed by wrapping each mouse
in a nylon-covered metal mesh for 90 min, from 5:30 to 7:00 p.m., as previously described.

Sleep/wake monitoring

Mice were placed in individual recording chambers [custom-made Plexiglas cages (19 x 19 x 30 cm®)] and connected to the
recording system with a light-weight cable and a swivel enabling free movements. Mice were acclimated to the recording conditions
for 4 days before starting the recordings.

Baseline sleep recordings were performed for 24 h starting at dark onset (7:00 p.m.). To assess the impact of stress on sleep, mice
were placed back into their home cage after RS or SD, connected back to the recording cables, and immediately recorded. Each
mouse was used as its own control. In the SD protocol, matched control recordings were obtained from baseline sleep recordings.
In the RS protocol, matched control recordings (sham condition) were obtained one or two days prior to the stress session: mice were
woken up at the two time-points corresponding to the beginning and the end of stress procedure (5:30 p.m. and 7:00 p.m.). The two
stress sessions were performed at least one week apart. For DREADD experiments, mice were injected at 10:00 a.m. with saline
(control matched recording) or CNO (1 mg/kg) and recorded for 21 h.

Infrared thermography

Thermal imaging was performed in single-housed mice following CNO injection (1 mg/kg at 10:00 a.m.), SD (25 min session ending at
10:00 a.m.) or RS (90 min session ending at 7:00 p.m.). Matched control thermal images were obtained just before the stress session.
Skin temperature at the lumbar back and at the level of the intrascapular brown adipose tissue (BAT) were imaged with an infrared
camera (B335: Compact-Infrared-Thermal-lmaging-Camera; FLIR; West Malling, Kent, UK) and analyzed with an FLIR-Tools Soft-
ware (FLIR; West Malling). For each image, the area at the most caudal part of the back or the area of the intrascapular BAT was
delimited, in which the maximal temperature was selected. For each mouse and experimental condition, the maximal temperature
is the average of five images.

Behavioral tests

Mice were placed in the experimental room at least 45 min before the beginning of the tests. The tests were performed between ZT2
and ZT6. For chemogenetic experiments, mice were injected with CNO (1 mg/kg) and tested 30 min later.

Locomotor activity

Locomotor activity was tested in an open filed. The open field test was performed in a white Perspex arena (43 x 43 x 26 cm®) with
40 lux intensity light in the center. The virtual central zone measured 20 x 20 cm?. Mice were introduced into one corner of the arena
and allowed to freely explore the open field for 600 s. The distance traveled in the arena was evaluated by video tracking (Ethovision
XT 14.0, Noldus, Wageningen, Netherlands) as an index of locomotor activity.

Anxiety-like behavior

The light/dark box test was performed in a two compartmented arena. One compartment is a black closed chamber deprived of light
(15 x 21 x 21 cm®) and the other is white exposed to a 120 lux intensity light (30 x 21 x 21 cm®, anxiogenic zone) linked by a rect-
angular opening (7 x 5 cm?). Mice were introduced into the dark compartment and allowed to freely explore the arena for 360 s. The
time, and distance traveled in the light zone were evaluated by video tracking (Ethovision XT 14.0) as an index of an anxiety-related
response.

Anatomical validation of AAV injections

After experiments, histological analysis was performed to control for location of AAV injection and expression. Mice that did not show
viral expression (tdTomato, mCherry or eGFP fluorescence) or proper targeting were not included in subsequent data analysis. In
addition, Cre-driven recombination of the floxed exon 2 of Sic17a8 was validated using in situ hybridization (ISH).

In situ hybridization (ISH)

To estimate the proportion of 5-HT neurons expressing VGLUT3 in the mouse anterior raphe nuclei, we used a digoxigenin (DIG)-
labeled probe directed against VGLUT3 mRNA (Slc17a8; GenBank: NM_182959.3; corresponding to nucleotides 1899-2320) and
a fluorescein-labeled probe to detect the mRNA encoding TPH2 (tryptophan hydroxylase type 2; GenBank: NM_173391.3; corre-
sponding to nucleotides 270-1262), a marker of 5-HT neurons.
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To control that Cre expression is restricted to VGLUT3 expressing neurons in VGLUT3°™ mice, we used a DIG-labeled probe
directed against the Cre recombinase (GenBank: AB_449974.1; corresponding to nucleotides 245-1060) and a fluorescein-labeled
probe to detect the mRNA encoding VGLUTS3.

To validate reduced VGLUT3 expression mediated by AAV-Cre injection in the DR, we used a DIG-labeled Probe (Probe 1, corre-
sponding to nucleotides 425-595) for detection of exon 2. Probe 1 identifies cells expressing the wild-type VGLUT3 mRNA while re-
combined cells lack Probe 1 labeling. We additionally labeled TPH2 mRNA by using a fluorescein-labeled probe (see above).

To validate SERTVELUT3-SKO mice, a two-probe approach was implemented to identify cells expressing the VGLUT3 mRNA missing
exon 2 generated by the Cre-driven recombination of the floxed Sic17a8. DIG-labeled Probe 1 (corresponding to nucleotides 425-595)
was designed for detection of exon 2 and fluorescein-labeled Probe 2 (corresponding to nucleotides 1899-2320) for detection of exon
12 of VGLUT3 mRNA, respectively. Recombined cells can thus be identified based on lack of Probe 1 labeling and presence of probe 2
labeling as previously described for the gene encoding the vesicular monoamine transporter 2.'% To further assess whether recombi-
nation occurs in 5-HT neurons, we additionally labeled TPH2 mRNA by using a fluorescein-labeled probe (see above).

Mice were euthanized and brains were quickly removed, frozen in isopentane chilled at —30°C and stored at —20°C. The frozen
brains were cut into three series of 14-um-thick coronal sections at the level of the DR using a cryostat (CM3050S; Leica Microsys-
tems, Wetzlar, Germany) and thaw-mounted onto poly-/-lysine-coated glass slides (Superfrost Plus, Menzel Glaser, Braunschweig,
Germany). The collected sections were stored at —80°C before being processed for ISH labeling.

Dual fluorescent ISH (FISH) was performed as described previously.'®* Briefly, complementary RNA probes were synthesized with
DIG- or fluorescein-labeled ribonucleoside tri-phosphate (Sigma-Aldrich). The specificity of the probes was verified using NCBI blast.
Cryosections were air-dried, fixed in 4% paraformaldehyde and acetylated in 0.25% acetic anhydride/100 mM triethanolamine
(pH = 8). Sections were hybridized for 18 h at 65°C in 100 uL of formamide-buffer containing 1 ng/mL DIG-labeled riboprobe and
1 pg/mL fluorescein-labeled riboprobe. Sections were washed at 65°C with SSC buffers of decreasing strength, and blocked with
20% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA) and 1% blocking solution (Sigma-Aldrich). Fluorescein epitopes
were detected with horseradish peroxidase (HRP) conjugated anti-fluorescein antibody at 1:5000 (Roche, Mannheim, Germany;
Cat# 11426346910, RRID: AB_840257) and revealed using Cy2-tyramide at 1:250. HRP-activity was stopped by incubation of sec-
tions in 0.1 M glycine followed by a 3% H202 treatment. DIG epitopes were detected with HRP anti-DIG Fab fragments at 1:3000
(Roche, Mannheim, Germany; Cat# 11207733910, RRID: AB_514500) and revealed using Cy3 tyramide at 1:100. At the end of these
procedures, sections were coverslipped with Fluoromount-G mounting medium (Southern Biotech, Birmingham, AL) and stored in
the dark at 4°C before microscopy and imaging. For combined FISH and brightfield ISH, the protocol was the same as described
above until revelation as described previously. ' Briefly, fluorescein epitopes were detected with HRP conjugated anti-fluorescein
antibody at 1:5000 and revealed using Cy2 tyramide at 1:250. DIG epitopes were detected with alkaline phosphatase conjugated
anti-Dig antibody at 1: 1000 (Roche, Mannheim, Germany. Cat# 11093274910, RRID: AB_514497) and signal developed with
NBT/BCIP (p-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate; 1/100).

Immunohistochemistry (IHC)
To identify whether VGLUT3 terminals originating from the DR display a mixed glutamate/5-HT phenotype, we performed 5-HT im-
munolabeling in VGLUT3°™ mice injected with an AAV-Flex-tdTomato in the DR.

To study the effects of chemogenetic activation of DRY®LUT® neurons, mice were injected with CNO (1 mg/kg) and perfused 90 min
later. Brains were processed for c-Fos immunolabeling.

To assess stress-induced c-Fos expression in DRVEUT neurons, VGLUT3EYF” male mice were perfused at the end of the 90-min
RS or 1 h after the 25-min SD. Brains were processed for triple Fos/EYFP/TPH2 immunolabeling. To assess stress-induced c-Fos
expression in DRVEXUT® neurons projecting to the VTA, VGLUT3°™ male mice injected with a rAAV-dlox-GFP in the VTA were
perfused 1 h after the 25-min SD. Brains were processed for triple c-Fos/GFP/TPH2 immunolabeling. Control groups consist of un-
stressed mice left in their home cage and briefly manipulated before being perfused 90 min later.

Mice were sedated with sodium pentobarbital (80 mg/kg, i.p.) and perfused intracardially with 50 mL of 4% paraformaldehyde
(PFA) in PBS (50 mM NaH2P0O4/Na2HPO4 and 154 mM NaCl, pH 7.4). The brains were removed and post-fixed overnight. Then,
three series of 35 pm-thick coronal brain sections were cut using a vibratome (VT-1000, Leica Microsystems, Wetzlar, Germany),
and stored in PBS-azide (0.02%) solution at 4°C before use.

Brain sections were incubated at 4°C for 48 h with primary antibodies in PBS containing 0.3% Triton X-100 (Sigma Aldrich) and 4%
normal horse serum (Thermo Fisher Scientific). 5-HT was detected with a rabbit polyclonal anti-5-HT (1:5000; Sigma-Aldrich;
#S5545, Lot #075K4779; RRID: AB_477522). A rabbit polyclonal anti-c-Fos antiserum was used to detect c-Fos (1:2000; Abcam,
Cambridge, UK; #190289, Lot #GR3244475-2 and #GR1065369-1, RRID: AB_2737414). EYFP and GFP were detected with a
chicken polyclonal anti-GFP (1:2000; Aves Labs, Portland, OR, USA; #1020, Lot #3717982; RRID: AB_10000240). TPH2 was de-
tected with a mouse monoclonal anti-TPH2 (1:1000; Sigma-Aldrich; #T0678, Lot #064M4815V; RRID: AB_261587 or Abcam;
#211528-1001, Lot #GR3344910-18).

For single c-Fos immunolabeling, sections were then rinsed in PBS supplemented with 0.1% Triton X-100 and incubated for 2 h
with biotinylated anti-rabbit IgG (1:200 dilution; Vector Laboratories, Burlingame, CA, USA; #PI-1000, RRID: AB_2313606) in PBS
containing 4% BSA and 0.1% Triton X-100. Additional rinses were followed by incubation with avidin-biotin-horseradish peroxidase
solution (ABC Vectastain Elite kit; Vector Laboratories) for 1 h, and c-Fos immunoreactivity was visualized as a brown reaction
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product after incubation of the sections with 0.04% (w/v) of 3,3'-diaminobenzidine (DAB; Sigma-Aldrich) in PBS, supplemented with
increasing concentrations of H,O, (from 0.00015 to 0.0048%). Stained sections were mounted on poly-/-lysine-coated glass slides,
dehydrated, and coverslipped with Eukitt mounting medium (Thermo Fisher Scientific).

For dual c-Fos/EYFP or c-Fos/GFP immunolabeling, sections were rinsed after incubation with primary antibodies in PBS and incu-
bated for 1 h with anti-rabbit IgG coupled to Alexa Fluor 594 (1/1000; Thermo Fisher Scientific; Cat# A-21207; RRID: AB_141637), and
anti-chicken IgY coupled to Alexa Fluor 488 (1:1000; Thermo Fisher Scientific; Cat# A32931, RRID: AB_2762843). For triple c-Fos/
EYFP/TPH2 or Fos/GFP/TPH2 immunolabeling, sections were rinsed after incubation with primary antibodies in PBS and incubated
for 1 h with anti-rabbit IgG coupled to Alexa Fluor 594 (1/1000; Thermo Fisher Scientific; Cat# A-21207; RRID: AB_141637), anti-
chicken IgY coupled to Alexa Fluor 488 (1:1000; Thermo Fisher Scientific; Cat# A32931, RRID: AB_2762843) and anti-mouse 1gG
coupled to abberior STAR 635P (1/1000, Abberior GmbH, Géttingen, Germany; Cat# ST635-1001).

After rinses, sections were coverslipped with Fluoromount-G mounting medium (Thermo Fisher Scientific) and stored in the dark at
4°C before microscopy and imaging.

Nomenclature and abbreviations

The nomenclature used to describe the raphe nuclei was adopted, for the most part, from subsequent reports in the mouse
brain.’®%® We distinguished the B9 group and 5-HT neurons in the interpeduncular complex (IP), the median raphe nucleus
(MnR, that includes the B8 and B5 cell groups), the dorsal raphe nucleus (DR; B7 [rostral part] and DRc; B6 [caudal part] groups).
The DR was further subdivided into the ventral (DRv) part, the lateral (DRI) part and the dorsal part (DRd).

Other abbreviations used include anterior commissure (aca); aqueduct (aqg); basal forebrain (BF); basolateral amygdala (BLA); di-
agonal band nucleus (NDB); fourth ventricle (4V); locus coeruleus (LC); magnocellular nucleus (MA); medial forebrain bundle (mfb);
mesencephalic trigeminal nucleus (me5); nucleus accumbens (NAc); parabrachial region (PB); external lateral parabrachial subnu-
cleus (PBel); prelimbic cortex (PL); superior cerebellar peduncle (scp); tryptophan hydroxylase type 2 (TPH2); ventral tegmental
area (VTA); vesicular glutamate transporter type 3 (VGLUT3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Sleep analysis

EMG and EEG signals were recorded with Somnologica software (Medcare, Reykjavik, Iceland), amplified, analog-to-digital con-
verted (2 kHz) and down-sampled at 100 Hz (EMG) or 200 Hz (EEG), and digitalized by an AddLife A/D Module. Polygraphic sleep
recordings were visually scored offline every 10 s as wake (W), non-REMS (NREMS) and REMS following classical criteria using
the Somnologica software (Medcare). Vigilance states amounts for each animal were expressed as minutes per 3 h, 6 h or 12 h in-
tervals. The sleep architecture was assessed by calculating the mean duration and frequency of vigilance states bouts (a bout could
be as short as one epoch).

Image acquisition and processing

For FISH and tracing experiments and single c-Fos labeling, slides were scanned on a NanoZoomer 2.0-HT (Hamamatsu Photonics,
Shizuoka, Japan) at 20x resolution. Laser intensity and time of acquisition were set separately for each labeling. Image micropho-
tographs were analyzed using the NDP2.view software (Hamamatsu Photonics). For dual/triple fluorescent immunolabeling, images
were acquired using confocal laser scanning microscope (Leica TCS SP5 with LCS Leica software). For illustration purposes, the
images were exported in TIFF format and were then corrected for contrast, cropped and assembled on Photoshop CS2 (version
9.0; Adobe Systems, Mountain View, CA, USA). Finally, additional indications and/or anatomical landmarks were incorporated.

Quantification of labeling

Dual FISH was imaged using the NanoZoomer 2.0-HT. All single VGLUT3-, TPH2-, and double VGLUT3/TPH2-mRNA labeled neu-
rons in the different raphe nuclei were counted in 2-6 different brain sections, 85 um apart, without considering the intensity of the
staining. For each mouse, the number of labeled cells of each type was then averaged.

Single c-Fos immunolabeling was imaged using the NanoZoomer 2.0-HT. Brain regions of interest were delineated using the
mouse brain atlas.”® For each region, c-Fos positive cells were counted in 2—4 sections per mouse, 105 um apart, without considering
the intensity of the signal. For each mouse, the number of labeled cells for a given structure was then averaged.

Fluorescent immunolabeling was imaged using a confocal laser scanning microscope (Leica TCS SP5 with LCS Leica software). Cell
counts were performed using the Fiji Imaged software and QuPath v0.5. For dual labeling, all single EYFP and double EYFP/c-Fos
labeled neurons in the DR were counted in two different brain sections, 105 um apart, at 2 different Z-stacks without considering
the intensity of the staining. For triple labeling, all single EYFP (or GFP), double EYFP (or GFP)/c-Fos labeled neurons TPH2 immuno-
negative (TPH2-) and triple EYFP (or GFP)/c-Fos TPH2 immunopositive (TPH2+) labeled neurons in the DR were counted in two different
brain sections, 105 um apart, at 2 different Z-stacks without considering the intensity of the staining. Neurons expressing VGLUT3 were
identified by the presence of an EYFP/GFP signal visible within both the soma and nuclei of neurons. VGLUT3/TPH2-positive neurons
were identified by the presence of overlapping EYFP/GFP and TPH2 signals. VGLUT3/c-Fos positive neurons exhibited a confined
c-Fos signal within the nucleus of neurons displaying EYFP/GFP signal. VGLUT3/c-Fos/TPH2+ neurons exhibited a confined c-Fos
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signal within the nucleus of neurons exhibiting overlapping EYFP/GFP and TPH2 signals within the soma. For each mouse, the number
of labeled cells of each type was then averaged.

To control for Cre-LoxP-mediated deletion of Sic77a8 mediated by AAV-Cre injection in the DR of VGLUT3'>'** mice, single
VGLUT3 mRNA labeling in the raphe nuclei was assessed in 5 different brain sections, 85 pm apart. Quantifications of VGLUT3-pos-
itive signal were performed using Imaged software, taking into account the cells with immunofluorescence above a threshold chosen
to obtain optimal signal-to-noise ratio. Intensity of the staining was then evaluated after background subtraction. For each mouse,
total VGLUT3 amounts were assessed in the DR and the MnR. Results are presented as normalized over the averaged total VGLUT3
amounts of control mice (-Cre).

Statistics

Data are presented as mean + SEM. All data were analyzed using Prism 9.0 (GraphPad, San Diego, CA, USA). Normality assumptions
were first verified prior to the use of any parametric tests (D’Agostino & Pearson normality test or Shapiro-Wilk normality test). In case
of violation of normality assumption, non-parametric tests were used or data were log transform. We performed two-way analysis of
variance (ANOVA) and repeated measure two-way analysis of variance (RM ANOVA). If significant effects were observed, post-hoc
t-tests with Bonferroni corrections for multiple comparisons were performed. We also performed one-way ANOVA or Mann-Whitney
test to compare group means. Statistical analyses are described in Table S6. Data were considered to be statistically significant when
p < 0.05. All tests were performed on raw data.
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