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1. Introduction

The role of serotonin in sleep-wake regulation has been a topic of great scientific debate
over the past 60 years. Indeed, deciphering the effects of serotonin (5-hydroxytryptamine,
or 5-HT) on sleep is a complex matter, especially since this monoamine neurotransmitter
plays major roles in several physiological functions including appetite, gastrointestinal
motility, thermoregulation, nociception, emotion and cognition (Artigas, 2015; Berger et
al., 2009; Stiedl et al., 2015). Moreover, 5-HT effects are mediated by a wide family of
receptors that are classified into seven main receptor subtypes, designated 5-HT1 7. The
5-HT4, 5-HTe and 5-HT7 classes presently have one subtype each, whereas the remaining
receptor classes are composed of five (5-HT1a-8-0-e-F), three (5-HT2a-s-c) or two (5-HTza-
s and 5-HTsa.s) receptor subtypes (Hannon and Hoyer, 2008). All 5-HT receptors (5-
HTR) are G protein-couple receptors with the exception of the ligand ion channel 5-
HT3R, and all receptors produce excitatory responses except for types 1 and 5 (Monti,

2011).

The relationship between 5-HT and sleep was first reported in the 1950s, when the
decrease in cerebral 5-HT following the administration of reserpine was observed to
induce sedation (Brodie et al., 1955). In the following decade, the destruction of
serotonergic nuclei, as well as the inhibition of 5-HT synthesis with p-
chlorophenylalanine, were both shown to induce persistent insomnia, reinforcing the link
between 5-HT and sleep induction (Delorme et al., 1966; Jouvet and Renault, 1966).
However, in vivo recordings from raphe neurons during sleep-wake cycles have refuted
the role of serotonergic neurons in the regulation of non-rapid eye movement (NREM)
sleep, since the electrical activity of 5-HT neurons in raphe nuclei decreases in frequency

during NREM as compared to wakefulness (Lydic et al., 1987; McGinty and Harper,
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1976; Trulson and Jacobs, 1979). In addition, in vivo microdialysis in cats indicates that
the level of 5-HT release in serotonergic dorsal raphe nuclei (DRN) parallels the time
course of presumptive serotonergic neuronal activity, which decreases from waking until
NREM and continues through rapid eye movement (REM) sleep (Portas and McCarley,

1994).

Hypotheses concerning the serotonergic involvement in sleep-wake regulation are
continually evolving, owing to the improvement of technical approaches. In fine, the
observation that raphe neurons diminish their firing rates during sleep has been revised,
since recordings of atypical neurons in the dorsal raphe nucleus were shown to display
the highest discharge frequency during NREM sleep, including a suppression of firing
during both wakefulness and REM sleep (Sakai and Crochet, 2001). Moreover, the
preoptic area, containing the ventrolateral preoptic area (VLPO), was the only brain
region in which small doses of 5-HT precursor microinjections could restore long periods
of physiological sleep, when a 5-HT synthesis inhibitor was injected to completely induce
insomnia in cats (Denoyer et al., 1989). A better understanding of the mode of action and
the effects of 5-HT is therefore fundamental to appreciating the physiological role of 5-
HT on the behavioral state, in particular within the VLPO. Indeed, this hypothalamic
structure is involved in NREM sleep promotion and maintenance by forming reciprocal
inhibitory connections with wake-promoting structures (Gallopin et al., 2000; Saper et
al., 2001), and it mostly receives serotonergic inputs from innervation by the DRN (Chou

etal., 2002).

The VLPO is composed of a small cluster of GABAergic and galaninergic neurons (Chou
et al., 2002; Lu et al., 2000; Sherin et al., 1996; Steininger et al., 2001; Szymusiak et al.,
1998). The inhibition of these VLPO neurons by wake-promoting neurotransmitters is in
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agreement with their inactivity during wakefulness, and suggests that they should
correspond to the sleep-active cells recorded in vivo and that are involved in the inhibition
of arousal systems (Saper et al., 2001; Szymusiak et al., 1998). Henceforth, sleep-
promoting neurons have been identified according to their inhibitory response to bath
application of noradrenaline (NA) (Gallopin et al., 2005, 2000; Liu et al., 2013; Moore et
al.,, 2012; Saint-Mleux et al., 2004; Varin et al.,, 2015). In contrast to other
neurotransmitters that promote wakefulness, 5-HT was shown to induce opposite
responses, as revealed by ex vivo electrophysiological recordings of presumed sleep-
promoting (PSP) neurons in the rat VLPO. Indeed, neurons inhibited by NA were also
inhibited (44%; Type-1) or excited (56%; Type-2) by 5-HT, revealing two different
neuronal subtypes of PSP neurons (Fort et al., 2009; Gallopin et al., 2005).

In order to better understand the complex regulation of VLPO PSP neuronal excitability
by 5-HT, we performed whole-cell patch-clamp recordings of these neurons in slice
preparations of juvenile mice. Neuronal excitability and effects on spontaneous/miniature
excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) were
examined in response to 5-HT application. We also identified electrophysiological,
molecular and morphological features of Type-1 vs. Type-2 PSP neurons. These results
characterize two different types of neurons within the VLPO that could play distinct roles

in sleep regulation.



2. Methods

2.1. Animals

Male-only C57BL/6J mice (Charles River, France) and FVB Gal-GFP mice (Mutant
Mouse Regional Resource Center (MMRRC), USA), 14 to 18 days old, were used to
record the serotonergic modulation of afferent inputs and to perform scRT-PCR,
respectively. The Gal-GFP mouse strain STOCK Tg(Gal-EGFP)HX109Gsat/Mmucd
(identification number 016342-UCD) was obtained from the MMRRC, a NIH-funded
strain repository, and was donated to the MMRRC by the NINDS-funded GENSAT BAC
transgenic project. Dr. N. Heintz, the donating investigator of this Gal-GFP mouse strain,
was the first to publish it (Gong et al., 2003). All animals were housed in a temperature-
controlled room (20-22°C) under a 12-hour light-dark cycle (lights on at 09:00 a.m.) with
ad libitum access to food and water. All animal procedures were conducted in strict
compliance with our institutional protocols and were approved by the European
Community Council Directive of 22 September 2010 (010/63/UE) and the local ethics
committee (Comité d’éthique en matiére d’expérimentation animale number 59, C2EA—
59, ‘Paris Centre et Sud’). The number of animals in our study was accordingly kept to

the necessary minimum.

2.2. Slice preparation

Animals were decapitated at the beginning of the light phase, between 09:00 and
10:00 a.m. Brains were quickly extracted without removing the meninges and submerged
in cold slicing artificial cerebrospinal fluid (aCSF, 4°C) containing (in mM): 130 NaCl,
5 KCI; 2.4 CaClz; 20 NaHCOs3; 1.25 KH2PO4; 1.3 MgSOs4; 10 D-glucose; 15 sucrose; and
1 kynurenic acid (pH =7.35). Brains were constantly oxygenated with 95% O2 —

5% CO>. During slicing, 1 mM kynurenate was added to the aCSF. Coronal brain slices
6



(300 pm thick) containing the VLPO were cut with a vibratome (VT2000S; Leica) and
transferred to a constantly oxygenated (95% O2 — 5% CO2) holding chamber containing
aCSF. Subsequently, individual slices were placed in a submerged recording chamber
maintained at 32°C and perfused (1.5 mL/min) with oxygenated kynurenate-free aCSF,

and placed under a microscope (Axioscop2FS; Zeiss) for observation.

2.3. Morphological analysis

The targeted neurons were located in the VLPO cluster and were photographed prior
recording with a CoolSnapHQ2 CCD camera (CoolSNAP HQ? Roper Scientific)
controlled by the Image-Pro 7 software (Media Cybernetics Inc., San Diego, CA).
Morphological features were measured from these images after calibration with a
standard 24-pum grid. In order to describe morphological features of VLPO neurons, 8
parameters related to features of their soma were extracted from infrared pictures taken
prior to whole-cell recording in the cell-attached configuration. Their area, perimeter,
form factor and maximal (Feret max) and minimal (Feret min) diameters passing through
the centroid were computed. The degree of flatness of a contour shape, taken as the ratio
of its minimum diameter to its maximum diameter, was indicated as the aspect ratio. The
measurement of how closely this shape approached that of a circle was assessed
throughout the roundness. Finally, the somatic solidity, the ratio of somata area as a whole
over convex area, where values closer to 1 represent more solid (i.e. smooth, uniform)

somata was calculated for each soma.

2.4. Whole-cell patch-clamp recordings
Slices were maintained immersed and continuously surperfused at 1-2 mL/min with

oxygenated kynurinic acid-free aCSF. All electrophysiological experiments were
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performed with a MultiClamp700B (Axon Instruments) amplifier connected to an
acquisition board (Digidata 1440; Axon Instruments) attached to a computer running the
pCLAMP software (Axon Instruments). Fluorescent neurons were observed using a Zeiss

filter (GFP: filter set 38, excitation filter 470/40 and emission filter 630/75).

Recordings in the whole-cell patch-clamp configuration were performed with patch-
clamp pipettes (3—6 MQ) filled with 8 ul of internal solution containing (in mM): 144 K-
gluconate; 1 MgClz; 0.5EGTA; 10HEPES (pH7.2); and 285-295 mOsm. For
morphological analysis, 2 mg/mL biocytin (Sigma Aldrich) was added to the internal
solution. This internal solution was chosen to keep the cell as close as possible to
physiological conditions, and because sleep-promoting neurons have very short dendrites
that limit voltage-gated currents (due to a lack of space clamp). The pipette was slowly
brought to the selected neuron for recording in whole-cell configuration using infrared
videomicroscopy guidance and clamped at -60 mV. The intrinsic neuronal membrane
properties were assessed by applying current steps (800 ms) from -100 pA until firing

saturation, in 10 pA increments.

For each neuron, 11 electrophysiological parameters were measured according to the
Petilla terminology (Ascoli et al., 2008), as fully described in (Karagiannis et al., 2009).
Briefly, the resting membrane potential was measured immediately after passing to
whole-cell configuration. Input resistance (Rm) and the membrane time constant (tm)
were determined at the beginning of the voltage response of a hyperpolarization current
step (10 pA, 800 ms). The time constant was determined by fitting this voltage response
to a single exponential. Membrane capacitance (Cm) was calculated according to the
equation Cm = tm/Rm. Under our conditions, injection of hyperpolarizing current pulses
often induced a hyperpolarization-activated cationic current (Ih) that followed the initial
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hyperpolarization peak, known as a sag. Gsag Was measured as the slope of the linear
portion of a current—voltage (I-V) plot, measured at the end of the hyperpolarizing current
pulses (0.7 — 0.8 s; -100 to 0 pA). Gnyp Was measured as the slope of the linear portion of
an -V plot, measured at the beginning (0 — 0.1 s; -100 to 0 pA). AGSag corresponds to
(Gsag - Ghyp)/Gsag. The amplitude of the first action potential (AP) was measured from the
threshold to the positive peak on the first step, where at least 3 APs were induced; AP
duration was measured at half-amplitude. The amplitude and the duration of the maximal
after-hyperpolarization were measured for the same initial AP. At higher stimulation
intensities, the maximal firing rate was defined as the last trace before prominent
reduction of the action potential amplitude, indicative of a saturated discharge.
Instantaneous firing frequency was fitted to the equation
Feat = Asat X E V™% + t X meat + Fmax, Where Asat corresponds to the amplitude of early
frequency adaptation, tsat t0 the time constant of early adaptation, and msat to the slope of

late adaptation.

Spontaneous and miniature currents were recorded in voltage-clamp mode at a holding
potential of -60 mV, which was less negative than the reversal potential for sIPSC.
Indeed, the pipette solution contained a low concentration of CI- (1 mM), resulting in an
Eci of -111 mV. Therefore, inward currents were considered as SEPSCs and outward
currents as sIPSCs (Supp. Fig. S1). The broad-spectrum antagonists kynurinic acid (for
excitatory events) and bicuculline methiodide (for inhibitory events) respectively
inhibited SEPSPs (Fig. 1A and B) and sIPSPs (Supp. Fig. S1C and D), confirming their
excitatory and inhibitory roles. Miniature events were recorded by including tetrodotoxin
(TTX; 1 uM) in the aCSF. Data were filtered at 2 kHz, digitized at 10 kHz and acquired

on-line using the pCLAMP 9 (Clampex) software (Axon Instruments). The recorded



currents were subsequently analyzed using the Mini Analysis program (version 6.0.7;
Synaposoft, Inc). The threshold for IPSC and EPSC detection was set at 7 pA, and the
automatic detection was verified post hoc by visual inspection. A small minority of cells
displayed input frequencies greater than 4 Hz (n = 3/58), which were outside the range
of + 2 standard deviations and were thus excluded from the analysis. The ratio of
SEPSCs and sIPSCs were calculated, representing the frequency of SEPSCs or sIPSCs

vs. the frequency of both sIPSCs and SEPSCs.

2.5. Extracellular recordings in loose cell-attached configuration

In contrast to whole-cell patch-clamp configuration, extracellular recordings allow stable
and long recordings to study the effects of multiple drug application on a single neuron.
Gal-GFP neurons were identified by their intrinsic fluorescence and loose cell-attached
recordings were made from their stomata with glass capillaries (5-8 MQ). Micropipettes
filled with aCSF, were placed in contact with the soma of the selected cell. During these
recordings, a seal resistance of 10-15 MQ was kept. VLPO neurons were classified as
Type-1 when inhibited by 5-HT, and Type-2 when excited by 5-HT. We wait at least 10
min between each drug application. 8-OH-DPAT and PF03246799 were alternatively
first tested. Only one neuron per slice was recorded. Frequencies were measured over 3
min periods for the baseline, 30 - 60 s for the drug effect, and 3 min, 7 to10 min after the

drug application onset for the recovery.

2.6. Pharmacological studies
The following drugs were used in the experiments: serotonin hydrochloride (5-HT,
100 uM; Sigma), noradrenaline (NA, 50 uM; Sigma), kynurinic acid (2 mM; Sigma),

bicuculline methiodide (20 uM; Sigma), tetrodotoxin (TTX; 1 uM; Latoxan), (*)-8-
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Hydroxy-2-(dipropylamino)tetralin hydrobromide (8-OH-DPAT; 1 uM; Sigma) and

PF03246799 hydrochloride (PF03246799; 10 uM; Sigma).

2.7. Single-cell reverse transcription polymerase chain reaction (scRT-PCR)

Immediately following patch-clamp recording, the cell’s cytoplasm was suctioned into
the recording pipette while maintaining a tight seal. Subsequently, the pipette was
delicately removed to allow outside-out patch formation. Next, the contents of the pipette
were expelled into a test tube and reverse transcription (RT) was performed in a final
volume of 10 uL, as previously described (Vucurovic et al., 2010). This scRT-PCR
protocol was designed to simultaneously detect the expression of: the GFP gene used as
a reporter of galanin expression; the neuropeptide galanin (GAL); the 2 isoforms of
glutamic acid decarboxylase (GADG65 and GAD67); 13 genes encoding for 5-HT
receptors (5-HT1a8,0,F, 5-HT2a-c, 5-HT3a, 5-HT4, 5-HTsa-8, 5-HTs and 5-HT7); the enzyme
responsible for acetylcholine biosynthesis (ChAT); and the vesicular glutamate
transporter type 2 (vVGLUT2) as a control. The cDNAs present in the RT reaction were
first amplified simultaneously by using all of the primer pairs described in Supplementary
Table S1. GoTaq G2 DNA polymerase (2.5 U; Promega; Madison, WI, USA) and
20 pmol of each primer were added to the buffer supplied by the manufacturer (final
volume: 100 pL). The thermocycler was programmed for 21 cycles of 94°C (30 s), 60°C
(30's), and 72°C (35 s). The second round of amplification was performed using 1 puL of
the first PCR product as template. In the second round, each cDNA was amplified
individually with thirty-five PCR cycles, using a second primer pair internal to the pair
used in the first PCR (see nested primers in Supp. Table S1). Subsequently, 10 uL from
each individual PCR product were run on a 2% agarose gel with a 100-bp ladder

(Promega) as a molecular weight marker, and the gel was stained with ethidium bromide.
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Each transcript could be detected from 500 pg of neocortical RNA using this protocol.
The sizes of the PCR-generated fragments conformed to the sizes predicted by their

MRNA sequences (Supp. Table S1).

2.8. Statistics

All data are expressed as the mean = standard error of the mean (SEM). 5-HT, 8-OH-
DPAT and PF03246799 were considered to have an effect on firing rates when the mean
frequency changed more than twice the SEM of the control period. Statistical
significances between two groups were determined using a Mann-Whitney U-test or a
Wilcoxon test for unpaired and paired data respectively. The P-value given for each
analysis is indicated in the results section. P values of < 0.05 were considered statistically

significant. In all cases, n refers to the number of neurons examined.
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3. Results

Here, we investigated how 5-HT operates within the VLPO, using acute hypothalamic
slices in mice. In accordance with previous reports, the VLPO PSP neurons were
identified by their inhibitory response to bath application of NA (50 uM for 30 s) and
were named as NA (-) neurons, whereas the neighboring neurons were excited by NA
application (i.e. NA (+) neurons) (Gallopin et al., 2005, 2000; Liu et al., 2013; Moore et
al.,, 2012). The VLPO neurons were then recorded in whole-cell patch-clamp
configuration, and their electrophysiological properties were analyzed in current-clamp
mode. 5-HT was bath applied (100 uM for 1 min), and the global membrane current as
well as the spontaneous or miniature IPSC and EPSC responses were simultaneously

recorded (Supp. Fig. S1).

3.1. Two types of PSP neurons in the VLPO

56 PSP neurons were recorded in the VLPO (Figs. 1A and 2A). In these PSP neurons,
bath application of 5-HT induced either an outward inhibitory current (Type-1 neurons;
n=19; Fig. 1B, E and H) or an inward excitatory current (Type-2 neurons; n = 23;
Fig. 2B, E and H). Both effects persisted in the presence of TTX (1 pM; n=6andn =28

respectively; Figs. 1E, H and 2E, H), indicating (at least in part) a postsynaptic effect.

The main membrane properties of Type-1 vs. Type-2 PSP neurons were then compared
in current-clamp mode. We found no differences between these two types regarding their
membrane resting potential, input resistance, amplitude, and duration of the action
potential (AP) and after-hyperpolarization (AHP) (Table 1). Conversely, the action

potential threshold was significantly lower in Type-1vs. Type-2 PSP neurons (-43.8 £ 0.8
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vs. -40.9 £ 0.6 mV; P < 0.05; Table 1), whereas mss was significantly higher in Type-1

vs. Type-2 PSP neurons (-18.1 + 3.0 vs. -23.9 + 2.1 Hz/s; P < 0.05; Table 1).

Table 1. Electrophysiological membrane properties of Type-1 and Type-2 PSP neurons.

Type-1(n=25) Type-2 (n=31)

RMP (mV) -44.0+ 1.3 -426+1.2
IR (MQ) 885.7 £ 110.9 895.5 + 84.6
Cm (pF) 52.9+£5.0 51.9+£45
T (MS) 41.0+45 418+ 42
A Gsag (%) 70.0 + 4.0 73.4+37
Asat (Hz) 73.0£6.7 63.0£5.3
Tsat (MS) 28.8+3.1 27.2+5.2
Meat (Hz/5) 239+2.1%* -18.1+3.0
Ceat (H2) 49.8+2.7 52.3+45
APthreshold (MV) -43.8+0.8 * -40.9 £ 0.6
APampl (MV) 88.8 + 2.9 89.2+2.1
APraif width (MS) 1.0+£0.0 1.1+£00
AHPamgi (MV) 92413 74408
AHPuyidgth (MS) 115.8+13.8 97.1+£14.3

Abbreviations: RMP: resting membrane potential; IR: input resistance; Cm: membrane
capacity; th: membrane time constant at threshold; AGsag: the percentage difference
between the peak amplitude of the initial response relative to the peak amplitude of the
steady state response. Asat: corresponds to the amplitude of early frequency adaptation at
the maximal firing rate; tsa: membrane time constant of early adaptation; msat:
corresponds to the slope of late adaptation; AP: action potential; AHP: after-
hyperpolarization. Data are presented as mean + SEM. Significant differences are
highlighted in gray. *P < 0.05; Mann-Whitney U-test.

These results suggest that Type-1 neurons are more excitable than Type-2 neurons.
However, Type-2 PSP neurons displayed a higher msa, indicating that they can fire
continuously in a more sustained, high-frequency discharge than Type-1 neurons.
Therefore, some electrophysiological properties can be used to discriminate between

these two different types of PSP neurons, in addition to their serotonergic response.

Infrared microphotography measurements of the recorded cells (Figs. 1A and 2A)

revealed that Type-1 and Type-2 PSP neurons present similar morphological somatic
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hallmarks (Table 2). The one exception was that the area of Type-1 PSP neurons was
significantly smaller as compared to Type-2 neurons (127.4+6.5um? vs.

160.3 + 10.6 um?; P < 0.05, Mann-Whitney U-test; Table 2).

Table 2. Somatic properties of Type-1 and Type-2 PSP neurons within the VLPO

Type-1(n=25) Type-2(n=31)

Area (Um?) 126.8 + 6.7 * 160.3 + 10.6
Perimeter (um) 445+1.1 50.4+2.0
Form factor 0.8+0.0 0.8+£0.0
Feret max (um) 16.9+0.5 194+1.0
Feret min (um) 10.1£04 11.1+£0.3
Aspect ratio 1.8+£0.1 1.8+0.1
Roundness 0.6+0.0 0.6 0.0
Solidity 1.0+0.0 1.0+0.0

Data are presented as mean + SEM. Significant differences are highlighted in gray.
*P <0.05; Mann-Whitney U-test.

3.2. 5-HT presynaptically inhibits glutamatergic and GABAergic inputs to Type-1 PSP

neurons

To determine how 5-HT (100 uM for 1 min) modulates afferent glutamatergic and
GABAEergic inputs to PSP neurons, spontaneous and miniature EPSCs and sIPSCs were
simultaneously recorded in voltage-clamp configuration. 5-HT did not significantly
change sEPSC amplitude in Type-1 PSP neurons, but it did significantly reduce the
frequency of SEPSCs from 0.9 £ 0.1 to 0.5+ 0.1 Hz (n =19; P <0.001, Wilcoxon test;
Fig. 1B and C), suggesting a serotonergic modulation of excitatory inputs via a

presynaptic mechanism.

No sIPSCs were observed in 11 out of 19 Type-1 neurons, indicating that 5-HT
significantly reduced the mean sIPSC amplitude in the remaining Type-1 neurons

(15.6 £1.0vs. 12.9 £ 0.9 pA, n=8; P =0.008, Wilcoxon test) and significantly reduced
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their mean frequency (0.11 £ 0.03 vs. 0.06 £ 0.02 Hz, n =8; P =0.039, Wilcoxon test;
Fig. 1B and D). These results suggest a serotonergic modulation of inhibitory inputs via

both presynaptic and postsynaptic mechanisms.

Spontaneous postsynaptic currents (SPSC) can be generated by the action potential-
dependent release of neurotransmitters due to the firing of neighboring neurons in the
slice, or they can be generated by spontaneous action potential-independent release from
the synaptic terminal. To assess whether 5-HT could act directly on the presynaptic
terminals, we recorded action potential-independent postsynaptic currents referred to as
miniature EPSCs and IPSCs (MEPSCs and mIPSCs, respectively) after pre-incubation in
tetrodotoxin (TTX, 1 uM) for 5 min, prior to the application of 5-HT. We found that in
the presence of TTX, 5-HT significantly decreased the frequency of mMEPSCs in Type-1
neurons (0.57 £0.28 vs. 0.42 £ 0.23 Hz; n=7; P = 0.016, Wilcoxon test), but not their
amplitude (21.01 £4.25 vs. 17.92 £ 3.10 pA, n=7; P =0.078, Wilcoxon test, Fig. 1F).
We also observed a significant decrease in mIPSC frequency (0.21+0.06 to
0.15+£0.05Hz; n=6; P=0.031, Wilcoxon test) and amplitude (12.21+1.64 to

10.59 £ 1.55 pA; n = 6; P =0.031, Wilcoxon test; Fig. 1G).

Altogether, these results indicate that in the VLPO, 5-HT inhibits glutamatergic
excitatory inputs to Type-1 neurons via a presynaptic mechanism, since sEPSC and
mEPSC frequencies are significantly reduced following 5-HT bath application. In
addition, the decrease in sIPSC and mIPSC amplitude revealed a postsynaptic 5-HT
effect. Indeed, the 5-HT—mediated hyperpolarization of Type-1 PSP neurons brings the

membrane potential closer to Eci, thereby decreasing the amplitude of IPSCs.

Furthermore, the ratio of sSIPSCs was significantly lower than the ratio of mIPSCs in the

presence of 5-HT (0.07 £ 0.09 vs. 0.43 £ 0.16, P = 0.05, Mann-Whitney U-test; Fig. 11).
16



This suggests for Type-1 PSP neurons that local neurons should repress inhibitory events

and contribute to the observed decrease in transmitter release from presynaptic terminals.

3.3. 5-HT presynaptically enhances the GABAergic inputs to PSP Type-2 neurons

5-HT application did not alter the frequency or the amplitude of SEPSCs in 23 Type-2
PSP neurons (Fig. 2B and C). In contrast, 5-HT induced a significant increase in sIPSC
frequency, from 0.15 + 0.07 to 0.6 £ 0.29 Hz (n = 10; P < 0.05, Wilcoxon test; Fig. 2D),
with no observed change in their sIPSC amplitude (Fig. 2B and D). No sIPSCs were

detected in 57% (13/23) of Type-2 PSP neurons.

We next examined the possibility of a direct role of 5-HT on glutamatergic and
GABAergic terminals, by recording its effect on mEPSCs and mIPSCs. This revealed that
5-HT significantly affected the frequency of inhibitory events in PSP Type-2 neurons,

from 0.03 £ 0.01 t0 0.11 + 0.04 Hz (n = 6; P = 0.031, Wilcoxon test, Fig. 2E-G).

Furthermore, the ratio of sSIPSCs was not significantly different than the ratio of mIPSCs
(0.19£0.12vs. 0.13 £ 0.07, P = 0.936, Mann-Whitney U-test; Fig. 21) in the presence of
5-HT. This result suggests that local neurons are not involved in the modulation of

synaptic inputs to Type-2 PSP neurons.

3.4. Molecular diversity of 5-HT receptors

Following the electrophysiological characterization, we investigated the molecular
diversity of PSP neurons using the scRT-PCR technique. Since RNA transcripts in
individual cells of living brain slices are fragile and likely degraded during whole-cell

patch-clamp recordings, it is necessary to optimize the RNA transcript levels. For this,
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we rapidly harvested the cell cytoplasm after the patch breakdown (which also prevented
any long pharmacological characterization of the neurons). Transgenic mice expressing
GFP under the transcriptional control of the galanin gene (Gal-GFP mice) were used to
facilitate identification of PSP neurons in the VLPO, based on their fluorescence
(Fig. 3A). Indeed, galanin is the only known reliable chemical marker of PSP neurons in
the VLPO (Gallopin et al., 2005; Gaus et al., 2002; Lu et al., 2002; Sherin et al., 1998).
In a separate set of experiments, all Gal-GFP neurons were hyperpolarized by NA
application (50 uM for 20 s; n = 14/14) and located in a dense core within a fluorescent

cluster of neurons (Fig. 3B).

We recorded 28 Gal-GFP neurons and utilized an scRT-PCR protocol designed to
simultaneously detect the expression of 19 mRNAs encoding: GFP, the neuropeptide
galanin (GAL), the 2 isoforms of glutamic acid decarboxylase (GAD65 and GAD67) and
13 5-HT receptors (5-HT1agp,F, 5-HT2a-c, 5-HT3a, 5-HT4, 5-HTsa-8, 5-HTe and 5-HT7).
We also examined the presence of mMRNAs coding for vGLUT2 and ChAT as two control
markers of glutamatergic neurons, as well as neighboring cholinergic neurons from the
adjacent areas of the basal forebrain (Gritti et al., 1993). The scRT-PCR results of 13
neurons that could amplify at least one GAD mRNA in addition to galanin and/or GFP

were retained.

The mRNAs that encode the 5-HTsa, 5-HTsg and 5-HTe receptors were never detected in
our sample of Gal-GFP neurons. Furthermore, 5-HT1 receptor mRNA was only detected
in Type-1 neurons, whereas MRNAS encoding 5-HT2a-c, 5-HT4and 5-HT7 were equally
distributed between Type-1 and Type-2 Gal-GFP neurons. 5-HT2c was the most highly

expressed receptor, and was detected in 77% of the VLPO neurons (n = 10/13, Fig. 3D).
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To determine if the expression pattern of mMRNAs encoding 5-HT receptors could be
specific for Gal-GFP neurons, we also performed scRT-PCR on non-fluorescent neurons
within the VLPO, as previously used with fluorescent neurons. Out of 28 harvested
neurons, we only retained the scCRT-PCR results of 9 non-fluorescent neurons that could
amplify at least one mRNA, and in which the galanin and GFP mRNAs were absent
(Supp. Fig. S4). This set of experiments revealed that mMRNAs encoding GAD67 or the
5-HT3a, 5-HTsg and 5-HTe receptors were not detectable within this sample, as was the
case for the Gal-GFP neurons. Interestingly, mMRNAs encoding 5-HT1agp,F and 5-HT2s
receptors that were frequently expressed by fluorescent neurons were not detected in non-
fluorescent neurons, suggesting that these receptors could be specific to sleep-promoting
neurons. Additionally, we found that half of these non-GFP cells expressed GAD65
(n =5/9), whereas vGluT2 mRNA was expressed in the remaining cells (n = 2/4). This
result suggests that these non-Galaninergic cells could correspond to inhibitory or
excitatory neurons. This segregation also indicates that the 5-HT.c receptor could be
selectively expressed by non-fluorescent glutamatergic neurons, whereas non-fluorescent

GABAergic neurons express 5-HT2a, 5-HT4, 5-HTsa and 5-HT7 receptors (Supp. Fig. S4).

Finally, we analyzed the main properties of Type-1 and Type-2 Gal-GFP neurons, in order
to determine whether they display any electrophysiological and molecular differences
from what was previously identified in PSP of C57BI6 mice. No significant differences
between Type-1 and Type-2 Gal-GFP neurons were found (Supp. Table S2 and S3),
indicating that the discrepancy among PSP neurons could be due to the lower number of
Gal-GFP recorded neurons as compared to PSP NA (-) neurons, or to differences in the
genetic background between C57BI6 and FVB Gal-GFP mice. Gal-GFP neurons could
also define a subpopulation within NA (-) neurons in the VLPO. Indeed, PSP NA (-)

neurons were mainly composed of Type-2 neurons, whereas Gal-GFP expressing neurons
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were essentially Type-1 neurons (40/60 vs. 70/30). SEPSCs recorded from Type-1 and
Type-2 neurons were significantly more frequent in Gal-GFP vs. PSP neurons
(2.64£0.59 vs. 0.91+0.12; P<0.01 and 1.80+0.45 vs. 1.06 + 0.25; P<0.05
respectively; Supp. Fig. S2). The input resistance of Gal-GFP was significantly higher as
compared to PSP neurons, particularly in Type-1 neurons (1170.3 +140.4 vs.

776.2 £ 72.7 MQ; P < 0.01; Mann-Whitney U-test).

3.5. Type-1 and Type-2 neurons differentially respond to 5-HT:a and 5-HTic receptor
agonists

To assess the molecular expression of MRNA encoding for the 5-HT1a and the 5-HT1c
receptors, the most expressed serotonergic receptor by Gal-GFP neurons (Fig. 3D), we
bath applied their agonists on identified Type-1 and Type-2 neurons. Extracellular
recordings in loose cell-attached configuration were used to study the effect of multiple
drug application on a single VLPO neuron. We used 8-OH-DPAT, a selective 5-HT:
agonist with high affinity for subtype 5-HT1a receptor and PF03246799, a potent 5-HT2c
receptor agonist with a minimal activity at 5-HT2a and 5-HT2g receptors. As shown in
figure 4, 8-OH-DPAT (1 uM, 20 s) strongly and specifically decreased the firing rate of
Type-1 neurons (- 83.86 £ 8.61 %; n = 6/7; P < 0.031; Wilcoxon test), whereas no effect
was observed on Type-2 neurons (- 7.00 £ 9.64 %; n = 7/7; P < 0.375; Wilcoxon test). In
contrast, PF03246799 (10 uM, 20 s) significantly increased the firing rate of Type-2
neurons (254.54 + 112.29 %; n = 6/7; P < 0.031; Wilcoxon test). Interestingly, a weak
effect of PF03246799 was also observed in some Type-1 neurons, although their mean
increase in firing rate was not statistically significant (20.21 + 5.90; n = 5/7; P > 0.297;

Wilcoxon test; Fig. 4A and C).
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These results thus reveal that VLPO neurons are responsive to 5-HT via postsynaptic
activation of multiple receptor subtypes. The excitatory response to 5-HT is at least partly
mediated by 5-HTxc receptors, whereas the inhibitory response to serotonin relies on 5-

HT1a receptor activation.
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4. Discussion

The present study utilized whole-cell patch-clamp recordings in mouse brain slices to
investigate how bath application of 5-HT influences afferent inputs to VLPO sleep-
promoting neurons. Our results demonstrate that 5-HT hyperpolarizes Type-1 neurons
and reduces the frequency of their afferent glutamatergic and GABAergic inputs. The
amplitude of their inhibitory inputs was also reduced. In contrast, 5-HT depolarized Type-
2 neurons and selectively increased the frequency of their afferent inhibitory inputs.
Afferent serotonergic inputs to the VLPO that originate from divers nuclei (Chou et al.,
2003, 2002; Greco et al., 2008) could therefore differentially target and modulate Type-

1 and Type-2 neurons to promote sleep.

In line with our results, one previous study on galanin-positive neurons of the VLPO
found that the frequency of their mIPSCs ranged from 0.22 to 1.2 Hz, in the control
condition (Chamberlin et al., 2003). Nevertheless, the low frequency of inhibitory events
likely biased the amplitude measurement due to its small sample size in the relevant time
window, and could have masked a serotonergic effect on the IPSC amplitudes of Type-2
neurons. Indeed, the IPSC amplitude depends on the neuronal membrane potential, and
here we have demonstrated that a direct serotonergic effect depolarizes these neurons.
These IPSCs are farthest from the chloride reversal potential (Eci =-111 mV), and we
therefore expected a significant increase in IPSC amplitude in response to 5-HT

application on Type-2 neurons.

The dual effect of 5-HT on PSP neurons was further investigated using scRT-PCR, in
order to identify the 5-HT receptor subtypes that could be responsible for the excitatory
or inhibitory effects. Our results indicate that Type-1 and Type-2 Gal-GFP neurons and

non-fluorescent neurons within the VLPO express 3 different sets of mRNAs. Type-1
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neurons express MRNASs that encode 5-HT1a receptors in particular; these receptors likely
mediate the hyperpolarizing effect of 5-HT, similar to what has been reported for many
other brain regions (Cheng et al., 1998; Hajds et al., 2003; Johnston et al., 2014). In
addition, these neurons express mRNAs for the 5-HT1gpr and 5-HTsa receptors, which
could participate in the inhibitory response toward 5-HT application, since these receptors
are negatively coupled to cCAMP levels via the Gi/Go protein (Francken et al., 1998; Lin
et al., 2002). Type-1 neurons were also observed to express mRNA coding for 5-HT
receptors that produce excitatory responses, including 5-HT2ac, 5-HT4 and 5-HT~
receptors. If these mRNA transcripts are indeed translated into proteins, we hypothesize
that a more specific and physiological serotonergic modulation of Type-1 neuronal

activity could induce their activation.

Type-2 neurons display a similar molecular profile as Type-1, except for the 5-HT:
receptor subtype, which was never detected. Non-fluorescent GABAergic neurons only
express MRNAs encoding the 5-HT2a, 5-HT4, 5-HTsa and 5-HT7 receptors. Therefore, it
appears that within the GABAergic population of the-VLPO neurons, the 5-HT2g and 5-
HT.c receptors appeared to eettd be specifically expressed by sleep-promoting neurons
to premete mediate sleep in response to 5-HT. Accordingly, deed; previous studies have
demonstrated that 5-H¥2a-and the blockade of the 5-HT2g receptor and the lack of 5-HT2c
receptor in knock-out mice have-a significantly reduced i NREM sleep amount (Frank

et al., 2002; Kantor et al., 2004).

Regulation of GADG67 expression is well known to differs from those of GAD65 isoform
(Buddhala et al., 2009; Soghomonian and Martin, 1998), GADG67 being particularly
plastic depending on experimental manipulations (Volk et al., 2000). However, we

surprisingly found that mRNA encoding the GADG65 was systematically detected in our
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sample of Gal-GFP neurons, whereas the mRNA encoding the GAD67 was never
amplified. Control experiments were performed for all primers to assess their efficiency
on cDNA synthesized from mice total RNA. Therefore, the absence of GAD67 mMRNA
detection did not resulted from a defect in our primer design. Nevertheless, GAD67
MRNA level could have been too low to be properly harvest and amplified. Therefore,
our scCRT-PCR results suggest that GAD67 is not expressed in VLPO neurons, although

we cannot exclude that our experimental conditions were not favorable to their detection.

The functional roles of the two GADs still remain incompletely understood. GAD65 and
GADG67 were functionally hypostatized to differ in their contributions to the synaptic and
nonsynaptic pools of GABA. The GABA generated by GADG67 is believe to be utilized
for purposes other than neurotransmission such as trophic functions for synaptogenesis
during early development, neuroprotection after neuronal injury and regulator of redox
potential during oxidative stress (Lamigeon et al., 2001; Pinal and Tobin, 1998;
Waagepetersen et al., 1999). Therefore, it could be interesting to investigate if GAD67

MRNA could be detected in the VLPO earlier in the development.

To confirm the putative expression of 5-HT1a and 5-HT2c receptors that were the most
frequently amplified mRNA by scRT-PCR, we applied potent agonist of these receptors
on Gal-GFP VLPO neurons and recorded in loose-patch configuration the modulation of
their firing frequency. We established that the selective 5-HT1a receptor agonist 8-OH-
DPAT effectively decreased the firing frequency of Type-1 neurons, whereas a 5-HT2c

receptors agonist, PF03246799 enhanced the firing frequency of Type-2 neurons.

Interestingly, we also observed that the decreased firing rate induced by 5-HT application
in Type-1 neurons was followed by a small increased of their firing rate and that

PF03246799 application could also increase the firing rate in a subset of Type-1 neurons.
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Altogether, these results are in good agreements with our scRT-PCR results, indicating
that Type-1 neurons express both 5-HT1a and 5-HT2c receptors. The opposite responses
meditated by these receptors displayed distinct kinetics. The 5-HT1a receptor activation
mediating an inhibitory effect prior the excitatory effect induced by the activation of 5-
HT.c receptors. Physiologically, we hypothesize that afferent serotonergic inputs to the
VLPO could exert a complex and fine control of sleep-promoting neurons. Nevertheless,
it appears from the literature that systemic injections of a 5-HT agonist could produced
opposite effects on sleep amounts, depending on the concentration used and on the time
of the sleep-wake cycle during which the treatment was administered (Imeri et al., 2005,
1999; Morrow et al., 2008). These studies suggest a circadian modulations of serotonergic

receptor function.

The global excitatory effect of serotonin on Type-2 VLPO neurons described in this study
strengthens many previous results that have demonstrated the involvement of 5-HT in
NREM sleep genesis (Brodie et al., 1955; Delorme et al., 1966; Jouvet and Renault, 1966;
Jouvet, 1999; Python et al., 2001). Nevertheless, the inhibitory effect of 5-HT on Type-1
neurons remains to be explained. Similarly, it must still be determined whether the sole
role of Type-2 neurons is to promote NREM sleep. Indeed, Type-2 neurons in the VLPO
have been shown to selectively respond to an Aza adenosine receptor agonist (Gallopin
et al., 2005; Scharbarg et al., 2016). Thus, they could likely integrate the homeostatic
drive that is associated with adenosine accumulation, and first respond to the serotonergic
excitatory inputs to promote sleep. Then, the activation of Type-2 neurons would decrease

the frequency of GABAergic inputs to Type-1 neurons to favor their activation. Type-1
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VLPO neurons would then inhibit arousal systems and allow the maintenance of NREM

sleep.

However, sleep-promoting neurons are not all gathered within the core of the VLPO. The
medial-extended and the dorsal-extended VVLPO also contained sleep-promoting neurons
that differentially project to the tuberomammillary nucleus or to the dorsal and medial
raphe nuclei respectively (Bjorkum et al., 1999; Sherin et al., 1998), suggesting a complex
regulation of sleep orchestrated by distinct subpopulations that are spatially organized in
the VLPO. Furthermore, the median preoptic nucleus (MnPO) also contains sleep-active
neurons that display similar anatomical, physiological and neurochimical properties than
VLPO neurons (Gong et al., 2004, 2000; Sherin et al., 1998, 1996; Uschakov et al., 2006).
Both structures from a gamma-aminobutyric acid (GABA) - and galaninergic network

promoting sleep (Alam et al., 2014; Valatx, 1996).

4.1. Conclusions

We have characterized in mice two distinct PSP neuronal populations within the VLPO
that respond differentially to 5-HT and express unique sets of mRNAs that encode
different 5-HT receptor subtypes. Our results demonstrate a target-specific action of 5-
HT on individual terminals of Type-1 vs. Type-2 neurons. We therefore hypothesize that
Type-2 neurons could be involved in the preparation and initiation of sleep (permissive
neurons), whereas Type-1 neurons are likely responsible for sleep maintenance

(executive neurons).
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Figures and legends
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Figure 1. 5-HT decreases the frequency of excitatory and inhibitory synaptic inputs to Type-1 PSP neurons
and reduces the amplitude of inhibitory inputs. (A) Infrared image of a Type-1 PSP neuron within the VLPO
(left panel). The electrophysiological behavior of the neuron was recorded in current-clamp mode in
response to current pulse injections (-100 pA; -50 pA; 10 pA; middle panel). Application of a larger
depolarizing current (200 pA, prior to the saturated response) induced a response with a marked frequency
adaptation and a high firing frequency (right panel). (B) Whole-cell recording in voltage-clamp
configuration of the global response to 5-HT application (100 uM for 1 min; top panel). Holding potential
was -60 mV. The letters a, b and ¢ correspond to the higher magnifications illustrated in the lower panels.
(C and D) Summary of the 5-HT effect on excitatory (diamonds, n = 19; C) and inhibitory (circles, n = 8;
D) PSCsin all recorded PSP Type-1 neurons. Effects on amplitude are shown on the left side of each panel,
whereas effects on frequency are illustrated on the right. Empty symbols represent values from individual
cells, and solid bars denote average values. (E-G) Experiments were performed similarly to B-D, but in the
presence of TTX (L uM; n =7 in Fand n =6 in G). (H) Histogram of the mean global current induced by
5-HT application (100 uM for 1 min) in the absence (n = 19) or presence of TTX (n = 7). (I) Histogram for
the ratio of mean sIPSCs (n = 19) and mIPSCs (n = 7), in the presence of 5-HT. Wilcoxon test; *P < 0.05;
**P <0.01; ***P <0.001. Note that only 8 out of 19 neurons exhibited sIPSCs. 5-HT effects in the
presence of TTX were preferentially tested on neurons showing both mEPSCs and mIPSCs.
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Figure 2. 5-HT selectively increases the frequency of inhibitory synaptic inputs to Type-2 PSP
neurons. (A) Infrared image of a Type-2 PSP neuron within the VLPO (left panel). The
electrophysiological behavior of the neuron was recorded in current-clamp mode, in response to
current pulse injections (-100 pA; -50 pA; 10 pA; middle panel). Application of a larger
depolarizing current (70 pA, prior to the saturated response) induced a non-adapting response
with a low firing frequency (right panel). (B) Whole-cell recording in voltage-clamp configuration
of the global response to 5-HT application (100 uM for 1 min; top panel). Holding potential was
-60 mV. The letters a, b and ¢ correspond to the higher magnifications illustrated in the lower
panels. (C and D) Summary of the 5-HT effect on excitatory (diamonds, n = 23; C) and inhibitory
(circles, n = 10; D) PSCs in all recorded PSP Type-2 neurons. Effects on amplitude are shown on
the left side of each panel, whereas effects on frequency are illustrated on the right. Empty
symbols represent values from individual cells, and solid bars denote average values. (E-G)
Experiments were performed similarly to panels B-D, but in the presence of TTX (1 uM; n =8
in Fand n =6 in G). (H) Histogram of the mean global current induced by 5-HT application
(100 puM for 1 min) in the absence (n = 23) or presence of TTX (n = 8). (I) Histogram for the ratio
of mean sIPSCs (n = 23) and mIPSCs (n = 8), in the presence of 5-HT. Wilcoxon test; *P < 0.05;
**pP < 0.01. Note that only 10 out of 23 neurons exhibited sIPSCs. 5-HT effects in the presence
of TTX were preferentially tested on neurons showing both mEPSCs and mIPSCs.
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Figure 3. Electrophysiological and molecular properties of Gal-GFP neurons in the
VLPO. (A) The electrophysiological behavior of a Type-1 neuron recorded using whole-
cell patch-clamp recording in current-clamp mode, in response to current pulses.
Responses at subthreshold and just above threshold are illustrated (-100, -50 and 10 pA
current injection). Current injection just above threshold induced an adapting firing of
action potential frequency. The panel on the right shows that application of a larger
depolarizing current (120 pA) induced a marked frequency adaptation. Epifluorescence
and infrared images of the same neuron were taken prior to recording (left panels). (B)
Confocal image of a Gal-GFP neuron (biocytin labeling: red) immunoreactive for GFP
(GFP: green). Note the density of neighboring fluorescent neurons present in the core of
the VLPO. (C) Agarose gel of a representative 5-HT (-) neuron showing the expression
of Gal, GFP, GADG65, 5-HT1a, 5-HT2c, 5-HT4 and 5-HT7. Bp ladder: 100 bp molecular
weight marker for indicating relative molecular mass. (D) Summary of the scRT-PCR
analysis of Type-1 (n = 8) and Type-2 (n = 5) Gal-GFP neurons.

37



¢ |1Hz

2 min

B a b c a b ¢ a b c
|50pA

20s

¢8-OH-DPAT l PF03246799
a b c I 2Hz
C 2 min a b ¢
&
4 ns. n.s.
* * %*

3 -
o2
a\ : v H\}
=
5]
= T T J T T ]
g Bl 5-HT () Wash Bl 8-OH-DPAT  Wash Bl PF03246799  Wash
&

* *

2 8
k= n.S. n.s. * *
[CI

4 -

2 I N I

il i
0 +— —

BI 5-HT (+) Wash BI 8-OH-DPAT Wash BI PF03246799  Wash

Figure 4. Effects of 5-HT, 8-OH-DPAT, and PF03246799 on the spontaneous firing rate
of VLPO Gal-GFP neurons, recorded in loose cell-attached configuration. (A) Typical
recording of a single neuron during the baseline period (a), at the peak of the effect (b)
and at the end of the wash (c) are illustrated in the upper panels. Mean firing rates are
represented in the lower panels (black line) surrounded by the SEM (gray area). 5-HT
(100 uM, 5 s) decreased the firing rate of Type-1 neurons (n = 7). This inhibition was
reproduced by bath application of 8-OH-DPAT (1 uM, 20 s), a 5-HT1a receptor agonist
in 6 out of the 7 5-HT (-) neurons. On the opposite, PF03246799 (10 uM, 20 s), a 5-HT2xc
receptor agonist, induced a slight increased of their firing rate (n = 5). (B) In 5-HT (+)
neurons, bath application of 8-OH-DPAT had no effect (n =7) and PF03246799 increased
the firing rate (n = 6). (C) Summary of the 5-HT, 8-OH-DPAT, and PF03246799 effects
shown in A and B, on Type-1 neurons (top traces) and Type-2 PSP neurons (bottom
traces). Wilcoxon test; *P < 0.05.
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