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Abbreviations:

AHA, anterior hypothalamic area; AW, active waking; BFB, basal forebrain; ChAT, choline acetyltransferase;
CV, coefficient of variation; D, drowsy state; EEG clectroencephalogram, EMG, electromyogram; GABA,
gamma-aminobutyric acid; Glu, glutamate; HA, histamine, HDB, nucleus of the diagonal band of Broca;
IMEANFR, instantancous mean frequency; LH, lateral hypothalamic area; LTS, low threshold spike; MCPO,
magnocellular preoptic nucleus; MPO, medial preoptic area; NA, noradrenaline; Orx/Hcrt, orexin/hypocretin;
POA, preoptic arca; PH, posterior hypothalamus; QW, quict waking; SI, substantia innominata; SWS, slow-
wave sleep; TI-S and TI-R, slowly and rapidly discharging tonic type I neurons, respectively; TI-Ss and TI-Rs,
TI-S and TI-R neurons discharging specifically in association with cortical activation during both waking and PS,

respectively; VLPO, ventrolateral preoptic nucleus; vIPOA, ventrolateral preoptic area; W, wakefulness



Abstract

We recorded 872 single units across the complete sleep-waking cycle in the mouse preoptic area (POA)
and basal forebrain (BFB), which are deeply involved in the regulation of sleep and wakefulness (W). Of these,
552 were sleep-active, 96 were waking-active, 106 were active during both waking and paradoxical sleep (PS),
and the remaining 118 were state-indifferent. Among the 872, we distinguished slow-wave sleep (SWS)-specific,
SWS/PS-specific, PS-specific, W-specific, and W/PS-specific neurons, the last group being further divided into
TI-Ss and TI-Rs. Both the SWS/PS-specific and PS-specific neurons were distributed throughout a wide region
of the POA and BFB, whereas the SWS-specific neurons were mainly located in the middle and ventral half of
the POA and adjacent BFB, as were the W-specific and W/PS-specific neurons. At the transition from waking to
sleep, the majority of SWS-specific and all SWS/PS-specific neurons fired after the onset of cortical
synchronization (deactivation), whereas all W-specific and W/PS-specific neurons showed a significant decrease
in firing rate > 0.5 s before the onsect. At the transition from SWS to W, the sleep-specific neurons showed a
significant decrease in firing rate 0.1 s before the onset of cortical activation, while the W-specific and W/PS-
specific neurons fired > 0.5 s before the onset. TI-Ss neurons were characterized by a triphasic broad action
potential, slow single isolated firing, and an antidromic response to cortical stimulation, whereas TI-Rs neurons
were characterized by a narrow action potential and high frequency burst discharge in association with theta
waves in PS. These data suggest that the forebrain sleep/waking switch is regulated by opposing activities of
sleep-promoting (SWS-specific and SWS/PS-specific) and waking-promoting (W-specific and W/PS-specific)
neurons, that the initiation of sleep is caused by decreased activity of the waking-promoting neurons
(disfacilitation), and that the W/PS-specific neurons are deeply involved in the processes of cortical

activation/deactivation.

(299 words)



Introduction

The preoptic area (POA) of the anterior hypothalamus and the adjacent basal forebrain (BFB) play an
important role in the regulation of homeostatic and cognitive processes, including blood pressure,
thermoregulation, sexual behavior, attention, learning, and cortical activity (Boulant and Dean, 1986; Everitt,
1990; Everitt and Robbins, 1997; Jones, 2004). Both regions are deeply involved in the regulation of sleep-
waking states. On the basis of neuropathological studies in humans, von Economo (von Economo, 1930)
proposed, carly in the 20™ century, the concept of opposing hypothalamic sleep-promoting and waking-
promoting systems, because patients suffering from severe insomnia were found on postmortem to have
inflammatory lesions in the POA, whereas those suffering from severe hypersomnia before death had lesions in
the vicinity of the posterior hypothalamus (PH). This concept was supported by early experimental studies
(Moruzzi, 1972; Nauta, 1946) and confirmed by recent studies in animals: destruction or inactivation of posterior
hypothalamic neurons results in somnolence and hypersomnia (Lin et al., 1989; Sakai et al., 1990), whereas
similar treatment of POA/BFB neurons leads to insomnia (Lin et al., 1989; McGinty and Sterman, 1968; Sakai et
al.,, 1990; Sallanon et al., 1989). The existence of sleep-promoting mechanisms in the POA and waking-
promoting mechanisms in the PH has been demonstrated by a variety of experimental studies, including lesion,
stimulation, microinjection of neurochemical agents, single unit recording, c-fos expression, and genetic
approaches (Huang et al., 2007; Jones, 2005; Lin, 2000; McGinty and Szymusiak, 2001; Sakai et al., 1990;
Sakurai, 2002; Saper et al., 2001).

Recently, based on the sleep-related expression of the immediate early gene c-fos, a marker of neuronal
activation, a restricted collection of neurons has been described in the ventrolateral region of the POA, referred
to as the “ventrolateral preoptic nucleus (VLPO)” (see, however, Fig. 1), and these were proposed to be the
principal sleep-promoting cell group within the POA and BFB (Sherin et al., 1996). More recent c-fos studies
found other sleep-promoting cell groups, as well as waking-promoting ones, in the POA and BFB (Gong et al.,
2000; Gvilia et al., 2006; Modirrousta et al., 2004). However, c-fos expression studies are not suitable for
revealing neuronal discharge activity during the sleep-waking states. The sleep/waking-related neuronal activity
of POA/BFB necurons can only be determined by recording their unit activity during the sleep-waking cycle.
Single unit recording studies in naturally waking-sleeping cats and rats have reported units that discharge at the
highest rate during either cortical slow wave activity, observed during slow-wave sleep (SWS), or cortical
activation (desynchronization), occurring during wakefulness (W) and/or paradoxical sleep (PS) (Alam et al.,

1996; Détari et al., 1984; Koyama and Hayaishi, 1994; Lee et al., 2004; Osaka and Matsumura, 1994; Szymusiak



and McGinty, 1986). However, the precise anatomical distribution of these neurons in the POA and BFB and
their unit activity profiles during state transitions are still uncertain, but this knowledge is a prerequisite for an
understanding of the generation and/or maintenance of behavioral states. In addition, no information is available
about the activity of sleep/waking-related neurons in the POA and BFB of the mouse, despite its increasing use
in experimental models. In our recent studies on the mouse PH (Takahashi et al., 2006, 2008), we reported the
activity profiles of waking-specific histamine (HA) neurons and waking-active orexin (also called hypocretin,
Hecrt) (Orx/Hert) and non-Orx/Hcrt neurons during state transitions. One of the main goals of the present study
was to compare the activity profiles of sleep-active neurons in the POA/BFB and those of the waking-specific
and waking-active neurons in the PH in order to elucidate the hypothalamic switch mechanism underlying the
transition of behavioral states, i.c., from waking to sleeping and from sleeping to waking. In the present study,
therefore, we used extracellular single unit recordings in unanesthetized, head-restrained mice to record a large
number of single units in the POA and the adjacent BFB and determined their activity profiles during all sleep-
waking states and at state transitions in an attempt to 1) identify sleep-promoting and waking-promoting neurons,
ii) determine their anatomical distribution, and iii) elucidate the hypothalamic mechanism of sleep and the

waking switch.



Experimental Procedures
Animals and Surgery

All procedures were approved by the University of Lyon 1 Animal Care Committee, the standards of
which meet those of the EEC Guidelines (86/609/EEC) and the Policy on Ethics approved by the Society for
Neuroscience (1993). All efforts were made to minimize the number of animals used and their suffering.

Twenty-three male adult C57BL/6 mice (Harlan, France; 26-35 g at the time of surgery) were used. The
mice were anesthetized using a mixture of 0.8 mg/ml ketamine and 1 mg/ml xylazine at an initial dose of 10
ml/kg, with 3 ml/kg boosters as needed, given ip.. The mice were placed in a stereotaxic apparatus (SN-3,
Narishige, Tokyo, Japan) with blunt ear bars and implanted with electrodes to record the neocortical
electroencephalogram (EEG), neck clectromyogram (EMG), and electrocardiogram (EKG), as described
previously (Takahashi et al., 2008). Bipolar stimulating electrodes, consisting of two Formvar-coated, stainless
steel wires (120 um in diameter, 0.5 mm apart, bared 0.25 mm at the tip) were placed in the medial frontal cortex
(AP 2.5 mm from the bregma, ML 0.5 mm lateral and 1.2 mm ventral to the brain surface). One cannula (30
gauge) was fixed on the skull (AP 2.0 mm from the bregma and ML 0.0 mm) and used as a stereotaxic reference
during the experiment. In addition, a U-shaped plastic plate (18 mm wide, 16 mm long, 5 mm thick) was fixed
stereotaxically to the skull using dental acrylic cement so that the cranium could be painlessly returned to the
same stercotaxic position using a chronic head holder (SA-8, Narishige). A small hole was drilled in the skull
above the basal forebrain and preoptic arca and covered with antibiotic cream for the subsequent insertion of
microelectrodes. After a recovery period of one week, the animals were habituated progressively to the head-
restrained position (7-14 days) by placing them on a cotton sheet inside a plastic box, painlessly restraining the
head with a head holder, and preventing large body movements with a cotton-coated plastic covering. The head
was covered to reduce visual stimuli and a clean part of the cotton sheet was kept in contact with the mouse by
sliding the sheet, if necessary, during the experiment. Under these conditions, the animals were able to move
their bodies and limbs relatively freely and to sleep in a sphinx position. After habituation, they could be kept in
this position for 3-6 consecutive hours without showing any signs of discomfort and displayed complete sleep-
waking cycles, consisting of W, SWS, and PS. If any signs of discomfort were seen, the mouse was freed from
the restrained position. Animals were maintained on a 12 h light/dark schedule with lights on from 7 am. to 7
p.m., and recordings were usually made between 10 and 12 a.m. and between 2 and 5 p.m., periods in which

mice normally sleep.



Extracellular single unit and polygraphic recordings

Single neuronal activity was recorded extracellularly using a glass pipette microelectrode filled with 0.5
M sodium acetate solution containing 2% Pontamine Sky Blue as described previously (Takahashi et al. 2006).
The microelectrode was attached perpendicular to the electrode holder of a pulse motor microdrive manipulator
(MO-81, Narishige). After determination of the AP and ML stereotaxic coordinates using the guide cannula as a
reference, the electrode was placed over a target structure. The exposed brain surface was cleaned and 1%
xylocaine was applied to the electrode insertion point. The electrode was then lowered until it touched the brain
surface using an electrode carrier (SM-15, Narishige) equipped with a substage (SM-15M, Narishige), permitting
a fine movement (10 pm) in the DV or AP direction. The DV stereotaxic coordinate at the brain surface was
noted. During unit recordings, the electrode was then inserted in the brain using the microdrive manipulator in
increments of 1-3 pm, initially at 100-200 pps, then at 5-15 pps. The exposed brain surface was protected against
drying by filling the hole in the skull with physiological saline and applying a gelatin sponge to the brain surface.
When single unit activities were recorded in the POA and BFB, the driven distance of the electrode tip from the
brain surface (displayed on the remote control unit of the microdrive manipulator) was noted and unit recordings
were carried out during at least one complete sleep-waking cycle lasting 5-20 min. The neuronal activity was
amplified and filtered (NeuroLog, Digitimer, Hertfordshire, UK) with a cut-off frequency of 100 Hz, then
digitized at a sampling rate of 20.8 kHz using a CED 1410 data processor (Cambridge Electronic Design (CED),
Cambridge, UK). The polygraphic signals were also digitized at a sampling rate of 508.1 Hz and stored on a
personal computer.

Unit recordings were usually made bilaterally at intervals of 0.3 mm rostrocaudally and mediolaterally. At
the end of each experiment, Pontamine Sky Blue was injected from the recording electrode by passing a negative
current (5 pA for 5-6 min) so as to mark one or two recording sites, the location of which was previously
determined by the microdrive manipulator, in each electrode track. During a series of laterally aligned unit
recordings, the electrode was occasionally removed from the brain without marking any recording sites with dye,
placed 0.2-0.3 mm medial or lateral to the previous electrode track, and lowered by the electrode carrier to the
same DV coordinate as that determined in the first recording trial. At the end of the experiment, one or two
recording sites were then marked with Pontamine Sky Blue in the Bl track as described above, allowing the
location of the unit recording sites in the [iENIoNg clectrode trackffito be determined histologically (see below).
After each experimental session, the exposed brain surface was cleaned and covered with antibiotic cream after

local application of xylocaine. Unit recordings were made during two experimental sessions per day and the



experiment lasted 5-6 consecutive days. The mean (+ SD) number of electrode insertions per mouse was 14.2 +
9.0, the number of units recorded successfully during the complete wake-sleep state per mouse was 38.3 + 32.8,

and the number of units per track was 2.7 + 1.3.

Stimulation experiment

Stimulation was performed in 4 of the 23 mice using square pulses (0.1-0.2 ms) delivered at 0.6-0.8 Hz
using a WPI 302 stimulator (World Precision Instruments, Florida, USA) and a stimulus isolation unit (Model
305-2, WPI). A fixed latency and the collision of spontancous and stimulation-evoked action potentials (collision

test) were used as the criteria for differentiating between antidromic invasion and synaptic activation.

Histochemistry and determination of unit recording sites

Under decp anesthesia, the animals were perfused through the ascending aorta with 50 ml of Ringer’s
solution, followed by 120 ml of fixative consisting of 4% paraformaldehyde and 0.2% picric acid in 0.1 M
phosphate buffer, pH 7.4 (PB). The brain was removed, postfixed for 24 h at 4° C in the same fixative, then
placed in PB containing 30% sucrose for 48 h at 4°C. Twenty micrometer coronal sections were cut serially on a
cryostat and collected in strict order in 0.1 M phosphate-buffered saline, pH 7.4, containing 0.3% Triton X-100
(PBST) in the wells of two 12-well tissue culture plates. They were then rinsed and stored at 4°C in PBST.

To verify whether or not unit recordings were made in the cholinergic field of the basal forebrain and
adjacent preoptic/anterior hypothalamus, sections were incubated for 4-5 days at 4°C with rabbit anti-choline
acetyltransferase (ChAT) antibodies (Millipore, Billerica, MA) diluted 1/5,000 in PBST containing 0.1% sodium
azide, then, after several washes, were incubated overnight at 4°C with biotinylated anti-rabbit IgG antibodies
(Vector Laboratories, Burlingame, CA) diluted 1/1,000 in PBST. After several rinses, they were incubated for 90
min at room temperature with ABC (Vector Laboratories, diluted 1/1,000), then processed for visualization using
DAB-nickel (Vector Laboratories) as chromogen. The sections were mounted in strict rostrocaudal order on
gelatin-coated glass slides, dried, stained with Neutral red, dehydrated, cleared, and finally cover-slipped with
Depex for observation under a light microscope.

For the reconstruction of the unit recording sites, camera lucida drawings of the sections were made
under a light microscope, then brain structures were delineated and all spots marked by Pontamine Sky Blue
outlined (see Fig. 4). After identification of each dye deposit, the location of each unit recording site was

determined based on the dye marking sites and the sterotaxically determined recording points noted during the



experiment. Each unit recording site was then plotted on a standard atlas constructed in our laboratory and the

corresponding cell number noted beside it (see Fig. 1).

Data analysis

Sleep-waking stages. Sleep-waking stages were defined using the EEG and neck EMG signals. W was defined as
a low-voltage, desynchronized (activated) EEG or theta waves accompanying sustained EMG activity. The
drowsy state (D) was defined as the first 3-s period from the onset of EEG synchronization (deactivation) during
the transition from W to SWS. SWS was defined by sustained high-voltage slow waves in the EEG and lowered
EMG activity. In the present study, D and SWS corresponded, respectively, to light and deep SWS. PS was
defined by sustained theta waves and decreased delta waves in the EEG and the absence of EMG activity.
Analysis of unitary activity was performed using Spike2 software (CED). Mean discharge rates were calculated
from a total analysis time of greater than 10 - 30 s using 2 — 10 s bins for each of the following five states: (1)
active or attentive waking (AW), characterized by either overt body and limb movements or ¢licited by touching
the tail with a soft brush or removing the cover placed over the head of the mouse (2 - 5-s bin). This state is
characterized by a low amplitude (desynchronized) EEG with a sustained EMG activity; (2) quict waking (QW),
characterized by the absence of gross movements (3 — 10-s bin); (3) D (3-s bin); (4) SWS (10-s bin); and (5) PS
(10-s bin). The coefficient of variation (CV) for the spike interval (standard deviation/mean discharge interval)
was used as a quantitative measure of the regularity of unit discharge.

State transitions. Wake-sleep state transitions were determined as described previously (Takahasi et al., 2006,
2008). For the transition between SWS and W, onset of W was determined by the first sign of EEG
desynchronization (activation), while onset of sleep was defined by the first appearance of synchronized
(deactivated) EEG (see Fig. 5A and B). During the transitions from SWS to PS and from PS to W, onset and end
of PS were defined, respectively, by the appearance of continuous rhythmic theta waves on the cortical EEG and
by the interruption of sustained theta waves and the onset of desynchronized EEG (see Fig. 5C).

Statistical analysis. Statistical analysis was carried out using either the Kruskal-Wallis test and post oc Mann-
Whitney test or a two-tailed t test, a P value of < 0.05 or < 0.01 being considered, respectively, as significant or

highly significant.



Results

Extracellular single unit recordings were made from a total of 872 ncurons during the complete sleep-
waking cycle including at least one PS episode in the POA and adjacent BFB, including the medial (MPO) and
lateral POA (LPO), ventrolateral preoptic nucleus (VLPO), ventrolateral preoptic arca (vVIPOA), substantia
innominata (SI), horizontal limb of the diagonal band of Broca (HDB), magnocellular preoptic nucleus (MCPO),
and anterior (AHA) and lateral (LH) hypothalamic areas (Fig. 1). As shown in Table 1, these neurons could be
divided into 4 groups on the basis of differences in their firing patterns during the sleep-waking cycle: i) those
showing the highest rate of spontancous discharge during sleep (sleep-active neurons; 63.3 %); ii) those
discharging at the highest rate during W (W-active neurons; 11.0 %); iii) those showing an increased discharge
rate during W and PS compared to SWS (W/PS-active neurons; 12.2 %); and iv) those showing state-indifferent

unit activity (State-unrelated neurons; 13.5 %).

Insert Figure 1 and Table 1 about here

Sleep-active neurons

Sleep-active neurons were divided into the 3 subgroups of SWS-active, SWS/PS-active, and Low rate
based on differences in their firing patterns and rates (Table 1).
SWS-active neurons

Ninety-four of the 552 sleep-active neurons (10.8 %) were characterized by having a higher rate of
spontaneous discharge during SWS than during W and PS (Table 1). Of these, 65 displayed no, or virtually no,
spontaneous discharge during W and fired selectively during SWS compared to PS, the ratio of the firing rate
during SWS to that during PS being > 1.2 (Figs. 2 and 3A): these arc hereafter referred to as “SWS-specific”
neurons. On the basis of their high (= 9 Hz; n = 25) or low (< 9 Hz; n = 40) spontancous firing rates during SWS
(Fig. 3A), they could be further subdivided into 2 groups, which will be referred to as “fast” and “slow” SWS-
specific neurons. The distribution of the SWS-specific neurons is shown on the right half of each section in Fig,
1 (f4, black squares), while that of the ChAT-immunoreactive, cholinergic neurons is shown on the left half of
each section (Fig. 1, a-¢, dots and circles; see also Fig. 4). One of the unit recording sites is shown in Fig. 4b (left
arrow). The SWS-specific neurons were located ventrally in the vIPOA and HDB, laterally in the MCPO and SI,
and more dorsally in the lateral part of the MPO and AHA, and throughout the LPO and LH. They were thus

distributed in both cholinergic and non-cholinergic neuron fields.
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Insert Figures 2 and 3 about here

Spike shape and spontaneous discharge rate and pattern of SWS-specific neurons

All the fast SWS-specific neurons were characterized by having a biphasic and narrow action potential.
The mean (£ SD) spike duration (positive inflection to first zero crossing (D2); see Fig. 14B and C) was 0.52 +
0.11 ms. Most (38/40) of the slow SWS-specific neurons showed a biphasic spike, the remaining 2 being
triphasic. The overall mean (= SD) spike duration for all 40 neurons was 0.55 + 0.11 ms, not significantly
different from that of the fast SWS-specific neurons (P > 0.05, two-tailed t test).

The mean spontancous discharge rate of the SWS-specific neurons during the sleep-waking cycle is
shown in Fig. 3A. Most (48/65) SWS-specific neurons were completely silent during both AW and QW and
displayed a sharp increase in discharge rate at sleep onset (drowsy state, D). They fired at the highest rate during
SWS and showed a significant decrease in firing rate or stopped firing during PS. The difference in firing rate
between D and SWS was significant for the slow SWS-specific neurons (P < 0.05, Mann-Whitney), but not for
the fast SWS-specific neurons (P > 0.05, Mann-Whitney) (Fig. 3A).

As illustrated in Fig. 2, the fast SWS-specific neurons exhibited high frequency burst discharges (peak
instantancous mean frequency (IMEANFR) > 200 Hz) during, and at the onset of, SWS. Although 8 of the 40
slow SWS-specific neurons also fired in high frequency bursts, 15 of the remainder fired mainly as either single

isolated spikes and 17 as clusters (peak IMEANFR < 150 Hz).

Insert Figures 4, 5 and 6 about here

Activity profiles of SWS-specific neurons during wake-sleep state transitions

During the transition from SWS to W, all SWS-specific neurons ceased firing before the onset of EEG
activation (Figs. 2 and 5A-1). The mean (+ SD) interval between the last spike discharge and the onset of EEG
activation was 236.7 + 143.1 ms. SWS-specific neurons also ceased firing when waking was elicited during
sleep by an arousing sound stimulus (hand clapping) (Fig. 6). The mean (= SD) interval between the last unit
discharge and the onset of the stimulus was -42.6 + 154.2 ms for the 10 fast SWS-specific neurons tested.

During the transition from W to D (Fig. 5B-1), 11 of the 25 fast SWS-specific neurons discharged either

prior to (+) or after (-) the onset of EEG synchronization (deactivation), the first sign of EEG sleep (D), with a
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mean (= SD) interval of —83.8 £ 104.8 ms. The remaining 14 always fired after the onset of EEG
synchronization, with a mean latency of 453.7 + 261.2 ms. We further estimated the time course of unit
discharges from SWS to W and from W to D with 0.1-s bins for a sample of the 5 most characteristic fast SWS-
specific neurons that fired before the onset of D and displayed multiple sleep-waking cycles, providing many
state transitions. As shown in Fig. 7, the SWS-specific neurons showed a significant decrease in discharge rate
just before (0.1 s) the onset of W (EEG activation) (Fig. 7, upper panel) and began to fire as early as 0.2 s prior
to the onset of D (EEG deactivation) (Fig. 7, lower panel).

We then examined the time course of the unit discharge at the transition from SWS to PS (n = 22) with
0.5-s bins. As shown in Figs. 5C-1, 8A-1, and 8B, the SWS-specific neurons showed a significant decrease in

firing rate 1.0 s after the onset of PS, defined by the appearance of continuous rhythmic theta waves.

Insert Figures 7 and 8 about here

SWS/PS-active neurons

Three hundred and twenty-one of the 552 sleep-active neurons (36.8 %) showed a higher rate of
spontancous discharge during PS than during SWS (Table 1). Of these, 227 displayed no, or virtually no,
spontancous discharge during W (Figs. 3B and 9) and are hereafter referred to as “SWS/PS-specific” neurons.
Like the SWS-specific neurons, the SWS/PS-specific neurons could be classified into fast (45/227) and slow
(182/227) groups, discharging, respectively, rapidly (= 6 Hz; n = 45) or slowly (< 6 Hz; n = 182) during SWS
(Fig. 3B). Of the 182 slow SWS/PS-specific neurons, 18 were referred to as being “PS-specific”, because their
spontaneous firing rates during PS were at least 4 times as high as during SWS and they discharged tonically
throughout PS episodes (Fig. 10). The mean spontancous firing rates of the 164 SWS/PS-specific and 18 PS-
specific neurons across the wake-sleep cycle are shown in Fig. 3B and Fig. 3C, respectively. As shown in Fig, 1
(f-)), they were co-distributed with SWS-specific neurons.
Spike shape and spontaneous discharge rate and pattern of SWS/PS-specific neurons

Most of these neurons had a biphasic action potential and narrow spike shape. The mean spike duration
(= SD) of the slow and fast SWS/PS-specific neurons was 0.57 + 0.10 ms and 0.54 + 0.12 ms, respectively, the
difference not being statistically significant (P > 0.05, two-tailed t test).

As shown in Fig. 3B, the activity of these two groups of SWS/PS-specific neurons was state-dependent

in the order PS > SWS > D > W. The difference in firing rate across the wake-sleep states was highly statistically
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significant in each group (P < 0.0001, Kruskal-Wallis), as was the difference in firing rate between two
successive sleep states in each group (P < 0.01, Mann-Whitney). As shown in Fig. 9, most of the SWS/PS-
specific neurons fired either in single isolated spikes or in clusters (peak IMEANFR < 100 Hz), whereas 6 of the
45 fast SWS/PS-specific and 11 of the 164 slow SWS/PS-specific neurons displayed high frequency burst

discharges (peak IMEANFR> 150 Hz; Fig. 13).

Insert Figures 9 and 10 about here

Activity profiles of SWS/PS-specific neurons during wake-sleep state transitions

At the transition from SWS to W, all SWS/PS-specific neurons ceased firing before the onset of EEG
activation (Figs. 9 and 13). The mean (= SD) interval between the last spike discharge and the onset of EEG
activation was 189.7 £ 106.7 ms for the fast SWS/PS-specific neurons. SWS/PS-specific neurons also ceased
firing when waking was elicited during sleep by an arousing sound stimulus (Fig. 6). The mean (= SD) interval
between the last unit discharge and the onset of the stimulus was -33.6 £ 62.7 ms for the 14 fast SWS/PS-
specific neurons tested.

During the transition from W to D, all the fast SWS/PS-specific neurons discharged after the onset of
EEG synchronization (deactivation), with a mean (+ SD) latency of 1023.6 + 961.7 ms (Fig. 9). The mean time
course of the unit discharge at the transitions from SWS to W and from W to D was estimated for the 4 most
characteristic fast SWS/PS-specific neurons that fired at high rates at sleep onset. At the transition from SWS to
W (Fig. 7, upper panel), the activity of the SWS/PS-specific neurons decreased significantly 0.1 s before the
onset of W, as seen with SWS-specific neurons, while, at the transition from W to D (Fig. 7, lower panel), they
fired 0.1 s after the onset of D and 0.2 s after the onset of unit activity of SWS-specific neurons. During the
transition from PS to W, all the fast SWS/PS-specific neurons ceased firing before the end of PS, defined by the
end of continuous rhythmic theta waves, with a mean (£ SD) interval of 138.9 + 116.5 ms (Fig. 9).
PS-specific neurons
Spike shape and spontaneous discharge rate and pattern of PS-specific neurons

PS-specific neurons had a biphasic action potential with a mean (= SD) duration of 0.57 £ 0.09 ms, and
fired essentially in single isolated spikes. As shown in Figs. 3C and 10, they exhibited a tonic discharge that was
highly specific for PS.

Activity profiles of PS-specific neurons during wake-sleep state transitions

13



Because of their very low unit activity during SWS, the activity profiles at the transitions from W to
SWS and from SWS to W were not examined in detail. Without exception, however, they fired after the onset of
D and ceased firing during SWS before the onset of W. During the transition from PS to W, they ceased firing
before the end of rhythmic theta waves, with a mean (+ SD) interval of 274.3 = 235.3 ms (n =22) (Fig. 10).
Low rate sleep-specific neurons

One hundred and thirty-seven of the 552 (15.7 %) sleep-active neurons were characterized by a very
low unit activity (< 1.0 Hz) which was specific to SWS and PS (Table 1) and were termed “low rate sleep-
specific” neurons. The vast majority (127/137) had a biphasic action potential and their overall mean (= SD)
spike duration was 0.58 + 0.09 ms, not statistically different from that of the slow SWS/PS-specific neurons (P >

0.05, two-tailed t test). They were distributed evenly throughout the POA and BFB (Fig. 1, f-)).

Insert Figures 11 and 12 about here

Waking-active neurons
Waking-specific neurons. Of the 96 waking-active neurons, 49 (51.0 %) are referred to as “waking-specific (W-
specific)” neurons, because of their highly specific unit activity during W (Fig. 11). As with sleep-active neurons,
they could be divided into fast (= 9 Hz; n = 21) and slow (<9 Hz; n = 28) groups (Fig. 12A). As shown in Fig. 1
(k-0), most of the W-specific neurons were found in the ventral and middle region of the POA and BFB,
including the LPO, vIPOA, and HDB. In contrast, they were essentially absent in the MPO.
Spike shape and spontaneous discharge rate and pattern of W-specific neurons

Except for two slow W-specific neurons, the W-specific neurons had a biphasic action potential. The
mean (£ SD) spike durations of the slow and fast W-specific neurons were 0.62 + 0.24 ms and 0.50 = 0.07 ms,
respectively, the difference being statistically significant (P < 0.05, two-tailed t test). The mean spontancous
discharge rate of these two groups of W-specific neurons is illustrated in Fig. 12A. They fired at the highest rate
during W, decreased their firing rate during D, and were virtually silent during both SWS and PS. The difference
between the discharge rate during QW and that during D was statistically significant, as was the difference
between D and SWS (P < 0.05, Mann-Whitney). In contrast, the difference in firing rate between AW and QW
was not (P > 0.05, Mann-Whitney). Seven of the 21 slow W-specific neurons and 16 of the 28 fast W-specific
neurons discharged mostly in single isolated spikes, while the remainder fired either in clusters (peak IMEANFR

<100 Hz, n = 7) (Fig. 11) or in bursts (pcak IMEANFR > 150 Hz, n= 5) (Fig. 13).
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Activity profiles of the fast W-specific neurons during wake-sleep state transitions

During the transition from SWS to W, the fast W-specific neurons fired before the onset of EEG
activation (Figs. SA-2 and 11) with a mean (+ SD) interval of 267.0 £ 128.7 ms, in sharp contrast to HA waking-
specific neurons in the PH, which fired after waking onset (Fig. 7, upper panel; see also Takahashi et al., 2006).
When waking was elicited during sleep by an arousing sound stimulus (Fig. 6), they responded in single isolated
spikes to the stimulus with a mean ( SD) latency of 135.9 + 164.2 ms (n = 7) (Fig. 6).

During the transition from W to D, W-specific neurons decreased their spontancous firing rate or
stopped firing concomitant with the onset of EEG synchronization (Figs. 5B-2 and 11), as shown by the presence
of low spontanecous discharge activity during D (Fig. 12A). When the change in firing rate during the transition
from W to D was compared to the reference (steady waking), W-specific neurons showed a significant decrease
in discharge rate as carly as 0.8 s before the onset of D (Fig. 7, lower panel). The unit activity of the W-specific
neurons across the sleep-waking states was, therefore, inversely related to that of the SWS/PS-specific neurons.
This relationship between the unit activities was clearly seen indirectly in separate recordings of W-specific and
SWS/PS-specific neurons and directly when W-specific and SWS/PS-specific neurons were recorded
simultancously using the same electrode (Fig. 13).

W/PS-active neurons

T1-S and TI-R neurons. W/PS-active neurons also consisted of slowly discharging (< 10 Hz; n = 60) and rapidly
discharging (= 10 Hz; n = 46) groups, referred to as “Type I-S (TI-S)” and “Type I-R (TI-R)”, respectively (Fig.
12B and C). Twenty-six TI-S and 10 TI-R neurons discharged specifically during EEG activation occurring
during W and PS, and were therefore termed “TI-Ss” and “TI-Rs”, respectively. As shown in Fig. 1 (k-o0), these
W/PS-specific neurons were mainly located in the HDB and adjacent vIPOA, the regions containing cholinergic
neurons (Rye et al., 1984; Tago et al., 1987), whereas the W/PS-active TI-S and TI-R neurons were distributed

throughout the POA and BFB.

Insert Figures 13 and 14 about here

Spike shape and spontaneous discharge rate and pattern of TI-S neurons

W/PS-active TI-S neurons had a biphasic action potential, whereas W/PS-specific TI-Ss neurons had a

broad triphasic action potential, characterized by a shoulder on the early descending phase of the spike potential
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(Figs. 14B and 17). The mean (= SD) spike duration of the TI-S and TI-Ss neurons was 0.53 £ 0.07 ms and 0.86
+ 0.28 ms, respectively, the difference being highly statistically significant (P < 0.001, two-tailed t test).

The activity of TI-S and TI-Ss neurons was highest during both AW and PS, the difference in firing rate
between these two states not being statistically significant (P > 0.05, Mann-Whitney). During waking states, the
mean firing rate of TI-Ss neurons was significantly higher during AW than during QW (P < 0.05, Mann-
Whitney), but no such difference was seen for TI-S neurons (P > 0.05, Mann-Whitney) (Fig. 12B).

Ten of the 34 W/PS-active TI-S neurons fired in single isolated spikes, the remainder discharging in
clusters (peak IMEANFR < 100 Hz). In sharp contrast, all W/PS-specific TI-Ss neurons displayed, during both
W and PS, a single spike, low-frequency (< 10 Hz) tonic firing pattern (Fig. 14A). The mean (= SD) CVs for the
spike interval during AW, QW, and PS were 0.82 + 0.23, 0.81£ 0.19, and 0.67 £ 0.03, respectively. The CV for
the spike interval during PS was significantly smaller than that during waking (P < 0.01, two-tailed t-test),
indicating more regular firing in PS than in W.

Activity profiles of TI-Ss neurons during wake-sleep state transitions

During the transition from SWS to W, TI-Ss neurons displayed firing before the onset of EEG
activation (Figs. 7, upper panel, and 14), with a mean (= SD) interval of 281.5 + 119.4 ms. During sleep, they
responded to an arousing sound stimulus in single isolated spikes with a mean (+ SD) latency of 98.0 + 107.0 ms
(n = 19) (Fig. 6). During the transition from W to D, they showed a significant decrease in spontancous firing
rate or completely stopped firing concomitant with the onset of EEG synchronization (Figs. 12B and 14), as seen
with the fast W-specific neurons. When the time course of unit discharge from W to D was estimated statistically,
the TI-Ss neurons showed a significant decrease in discharge rate 0.6 s before the onset of D (Fig. 7, lower
panel). When the time course of unit discharge at the transition from SWS to PS was estimated with 0.5-s bins (n
= 26), the TI-Ss neurons showed a significant increase in discharge rate 1.0 s before the onset of PS (Figs. 5C-2
and 8A-2 and B).

Spike shape and spontaneous discharge rate and pattern of TI-R neurons

All but 2 of the 36 W/PS-active TI-R neurons had a biphasic action potential and narrow spike shape,
the other 2 showing a triphasic action potential with the same spike duration. The mean (+ SD) spike duration for
all 36 was 0.51 £ 0.09 ms. All 10 W/PS-specific TI-Rs neurons also had a biphasic action potential, but a very
narrow spike shape (Fig. 14C), their mean (+ SD) spike duration being 0.44 = 0.08 ms, significantly shorter than
that of the TI-R neurons (P < 0.05, two-tailed t test). Both TI-R and TI-Rs neurons fired either in single isolated

spikes or in clusters (peak IMEANFR < 100 Hz) during W and in ¢ither clusters or bursts during PS (Fig. 15).
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These high frequency rhythmic discharges were synchronized with rhythmic theta waves in all 10 TI-Rs neurons
(Fig. 16) and in 3 of the 36 TI-R neurons. Like the TI-Rs neurons, these theta-related TI-R neurons were located
in (n = 2), or immediately adjacent to (n = 1), the HDB (Fig. 1 k, m, and o).
Activity profiles of TI-Rs neurons during wake-sleep state transitions

During the transition from SWS to W, all TI-Rs neurons discharged prior to the onset of EEG activation
with a mean (= SD) interval of 220.7 + 126.1 ms (Fig. 15). They responded to an arousing sound stimulus in
single isolated spikes with a mean (+ SD) latency of 116.3 + 117.4 ms (Fig. 6). The mean time course of unit
discharge at the transitions from SWS to W and from W to D was obtained from 4 of the most characteristic TI-
Rs neurons and is shown in Fig. 7. As seen in this figure, the TI-Rs neurons displayed a sharp increase in
discharge rate at waking onset (upper trace) and a significant decrease in firing rate 0.5 s prior to sleep onset
(lower trace). At the transition from SWS to PS, they showed a significant increase in firing rate 0.5 s before the
onset of PS and 1.5 s before the significant decrease in discharge rate of the SWS-specific neurons (Fig. 8A-3

and B).

Insert Figures 15 and 16 about here

Responses of POA and BFB neurons to electrical stimulation of the medial frontal cortex

The effect of electrical stimulation of the medial frontal cortex was tested in a total of 174 POA and
BFB neurons recorded ipsilaterally to the stimulation site. Of these, 2 showed antidromic responses (Fig. 17),
while 47 exhibited excitatory synaptic responses (Fig. 18A and B), 5 inhibitory synaptic responses (Fig. 18C),
and 120 no significant responses.
Antidromic responses. Antidromic responses were only elicited in 2 units, both of which were TI-Ss,
characterized by a triphasic action potential and a location in the cholinergic region of the vIPOA (Fig. 17). Their
latencies were 6.3 and 7.0 ms, respectively, the axonal conduction velocities being < 1 m/s, indicative of finely
myelinated axons. Further 6 TI-Ss neurons and 9 of the 11 TI-S neurons tested displayed no responses, while
another TI-Ss and the other 2 TI-S neurons were activated orthodromically, with latencies varying between 4 and

30 ms, as was the case for sleep-active and waking-active neurons (sec below).

Insert Figures 17 and 18 about here
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Orthodromic responses. As seen with some TI-S and TI-Ss neurons, a significant number of sleep-active (36 of
116; 31%) and waking-active (4 of 22; 18%) neurons displayed excitatory synaptic responses either in single
isolated spikes (Fig. 18A) or in bursts (Fig. 18B). The 36 sleep-active neurons consisted of 4 of the 14 SWS-
active, 5 of the 19 LR SWS/PS-specific, 8 of the 14 SWS/PS-active, and 19 of the 69 SWS/PS-specific neurons
tested. The 4 waking-active neurons consisted of 3 of the 8 W-active and 1 of the 14 W-specific neurons tested.
A weak inhibitory synaptic response was only seen in one of the 14 SWS/PS-active, one of the 69 SWS/PS-

specific (Fig. 18C), one of the 14 W-specific, and 3 of the 13 TI-R neurons tested.

Discussion

Based on extracellular single unit recordings of 872 neurons across the complete sleep-waking cycle in
the POA and BFB of mice, we have been able to describe the properties and distribution of particular groups of
state-specific neurons, i.e. SWS-specific, SWS/PS-specific, PS-specific, W-specific, and W/PS-specific neurons,
which might play an important role in the induction and maintenance of sleep and waking, on the one hand, and
the activation and deactivation of cortical activity on the other, as discussed below.
SWS-specific and SWS/PS-specific neurons as sleep-promoting neuronal populations

Early single unit recording studies in the POA and BFB of cats revealed sleep-active neurons
discharging at the highest rate during SWS (SWS discharge rate > 2 times waking rate and active PS rate)
(Szymusiak and McGinty, 1986; Szymusiak and McGinty, 1989). These were located in the HDB and LPO/SI
region and some were reported to fire just prior to the appearance of the first high-amplitude spindle bursts in the
EEG, a characteristic of light SWS (Szymusiak and McGinty, 1986). However, these neurons showed little
change in spontancous discharge rate during the transition from sleep to waking and thus differ from the SWS-
active and SWS-specific neurons described in the present study. More recent studies in rats also reported the
presence of a group of SWS-active neurons in the POA and BFB (Koyama and Hayaishi, 1994; Lee et al., 2004;
Osaka and Matsumura, 1994). These were distributed throughout the POA and some were reported to fire before
the onset of sleep (Koyama and Hayaishi, 1994). However, the presence of spontancous discharges during
waking in these previous studies in cats and rats make it difficult to determine precisely their activity profiles at
the state transitions from waking to sleep and from sleep to waking.

In the present study in mice, 11 of the 25 fast SWS-specific neurons discharged at the transition from
waking to sleep, prior to the onset of EEG synchronization, the first sign of EEG sleep. All the fast SWS-specific

neurons displayed high rates of spontancous discharge as carly as sleep onset (drowsy state) and maintained high
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frequency unit activity during SWS, while they either showed a significant decrease in firing rate in PS or ceased
firing before waking onset. These findings suggest that the SWS-specific neurons may play an important role in
the processes of sleep onset and sleep maintenance, and could therefore function as sleep-promoting neurons.
The SWS/PS-specific neurons might also be sleep-promoting neural elements within the POA and BFB,
although their discharge did not anticipate the onset of sleep and they fired at the highest rate during PS. They
were the most commonly encountered cells and many fired at a high rate at sleep onset, increased their discharge
rate as the degree of cortical synchrony increased, and stopped firing before waking onset. They may therefore
play a role not in the induction, but in the enhancement and maintenance of sleep.

In the present study, SWS-specific neurons were shown to be located in the HDB and adjacent vIPOA
at the rostral level of recording sites (Fig. 1 a and b), but to be more widely distributed in the lateral MPO just
adjacent to the LPO, LPO, LH, SI, and AHA at the middle and caudal levels (Fig. 1, f-j). SWS/PS-specific
neurons, including those with a very low firing rate, were also found diffusely in the POA and BFB. These
findings are in general agreement with those of early and recent studies in cats (Szymusiak and McGinty, 1986)
and rats (Koyama and Hayaishi, 1994; Lee et al., 2004; Osaka and Matsumura, 1994, 1995; Suntsova et al.,
2002). However, it should be mentioned that the MPO was largely devoid of fast SWS/PS-specific and SWS-
specific neurons, both of which may be primary sleep-promoting elements, and that these sleep-specific neurons
tended to be localized in the lateral and ventral POA and adjacent BFB structures, such as the HDB, vIPOA, and
ventral part of the LPO and LH, the sites in which W-specific and W/PS-specific neurons were also concentrated
(Fig. 1, k-0).

Recently, based on the sleep-related expression of the immediate early gene, c-fos, a restricted
collection of neurons has been described in the rat ventrolateral POA, designated as the ventrolateral preoptic
nucleus (VLPO, corresponding to the vIPOA in the present account in mice), and were proposed to be the
principal sleep-promoting cell group within the POA and BFB (Sherin et al., 1996). Moreover, using the same
method, the same group of authors proposed that a region surrounding the VLPO (called the extended VLPO)
might be the critical PS-promoting cell group (Lu et al., 2000). A single unit recording study in rats reported that
sleep-active neurons are indeed localized in the VLPO (Szymusiak et al., 1998); however, this result could only
be applied to the most rostral region of the LPO, the only preoptic region in which recordings were made by the
authors (see above). In the present study, we revealed the presence of many PS-specific neurons, which showed
a high rate of tonic discharge confined to a PS episode. These neurons were found throughout the POA and LH,

this finding again being at variance with the assumption that the critical PS-promoting cell group is located in a
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restricted region of the POA (Lu et al., 2000). In addition, within the ventral POA and BFB areas, there was
considerable overlap between the sites at which SWS-specific, SWS/PS-specific, PS-specific, W-specific, and
W/PS-specific units were recorded. These findings, therefore, do not support the view that particular clusters of
neurons localized in the ventrolateral region of the POA play a critical role in the induction and maintenance of
sleep, including PS, but are in line with the assumption that sleep-promoting hypnogenic neurons are distributed
throughout the POA and adjacent BFB and that the size of lesion within the POA and BFB determines the
magnitude of sleep deficit induced by the lesion (McGinty and Szymusiak, 2001). Indeed, lesions including the
dorsal or lateral LPO, but sparing the VLPO, cause severe insomnia in rats (Lu et al., 2000; Schmidt et al., 2000)
and the effects of lesions on sleep in general depend on the size or extension of the lesion in both rats and cats
(Nauta, 1946; Sallanon et al., 1989)(see also McGinty and Szymusiak, 2001 for review). In addition, muscimol,
a potent GABA agonist, induces severe insomnia when microinjected into any region of the LPO in the cat (Lin
et al., 1989; Sakai et al., 1990). In this regard, it should be noted that both nonselective (McGinty and Sterman,
1968; Nauta, 1946) and cell-selective (Sallanon et al., 1989; Schmidt et al., 2000; Szymusiak and McGinty, 1986)
neurotoxic lesions of the LPOA and adjacent BFB result in robust suppression of both deep SWS and PS in the
rat and cat, whereas lesions of the MPO alone have little or no effect in the rat (Asala et al., 1990; Schmidt et al.,
2000), suggesting that the LPO plays a primary role in the mechanisms of sleep-waking regulation within the
POA. The present findings that fast SWS-specific and SWS/PS-specific neurons are virtually absent in the MPO
may corroborate those from these lesion studies.

A recent in vivo study in anesthetized rats revealed several populations of GABAergic neurons in the
BFB just adjacent to the LPO: 40 % of these GABAergic neurons showed an increase in discharge rate on
somatosensory-evoked cortical activation, while the remaining 60 % showed a decrease in discharge rate on
cortical activation and fired in either clusters or bursts during cortical deactivation (Mannes et al., 2000). The
latter group might represent the SWS-active and/or SWS/PS-active neurons described previously in rats and cats
(Koyama and Hayaishi, 1994; Szymusiak and McGinty, 1986) and in the present study in mice. They may also
correspond to populations of GABAergic neurons that express c-fos following sleep recovery after sleep
deprivation (Gvilia et al., 2006; Modirrousta et al., 2004).
Waking-specific neurons as a waking-promoting neuronal population

W-specific neurons fired at the highest rate during waking, displayed a sharp decrease in firing rate
during D, and became silent during both SWS and PS, as do the Orx/Hcrt- and non-Orx/Hcrt waking-active

neurons that we have recently reported in the PH of mice (Takahashi et al., 2008). As also seen with the PH
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waking-active neurons, the POA/BFB W-specific neurons fired before the onset of W, with a sharp increase in
discharge rate. These data suggest that the POA/BFB W-specific neurons may be waking-promoting neural
elements in the forebrain. Several lines of evidence point to important differences between the putative waking-
promoting neurons in the PH and those in the POA/BFB; i) the majority of the POA/BFB W-specific neurons
displayed higher discharge rates (> 10 Hz) than the PH waking-active neurons (< 10 Hz); ii) at the transition
from SWS to W, the POA/BFB W-specific neurons fired before the onset of EEG activation with a mean (+ SD)
interval of 267.0 £ 128.7 ms, while Orx/Hert- and non-Orx/Hert waking-active neurons fire with significantly
shorter mean intervals of 141.5 + 82.3 ms and 108.5 + 57.7 ms, respectively; and iii) the PH waking-active
neurons respond in clusters to an arousing sound stimulus with a short latency (= 10 ms), while the POA/BFB
W-specific neurons responded in single isolated spikes with a longer latency (Takahashi et al., 2008 for the PH
waking-active neurons and the present study for the POA/BFB waking-specific neurons). These data suggest
differences in the excitatory or inhibitory inputs impinging on the PH and POA/BFB waking-promoting neurons
and a different role in the mechanisms of waking. In any case, the activation or inactivation of these waking-
promoting neurons at state transitions does not seem to result from cessation (disinhibition) or activation
(inhibition) of sleep-promoting neuronal activity, because significant changes in the activity of the sleep-
promoting neurons during the state transitions followed, and did not precede, that of the waking-promoting
neurons (Fig. 7) (see below). Our data therefore refute the prevailing hypothesis that the sleep process starts with
the activation of the POA/BFB hypnogenic neurons (Jones, 2005; McGinty and Szymusiak, 2001; Sakai and
Crochet, 2003; Saper et al., 2001). The exact neurochemical phenotype of these waking-specific neurons is
unknown. However, it is worth mentioning that the spike shape and firing properties of the waking-specific
neurons resemble those of identified glutamatergic neurons in the rat BFB (Mannes et al., 2003), suggesting their

glutamatergic nature.

Insert Figure19 about here

Role of TI-Ss and TI-Rs neurons in the process of cortical activation during waking and PS

In the present study, we found two populations of W/PS-specific neurons that fired specifically during
waking and PS in association with cortical activation, namely the TI-Ss and TI-Rs neurons. TI-Ss ncurons
displayed a slow tonic isolated discharge pattern during both W and PS, as seen with a cluster of ascending

mesopontine cholinergic neurons in rats and cats (El1 Mansari et al., 1989; Koyama et al., 1998; Koyama and
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Sakai, 2000; Steriade et al., 1990). In contrast, TI-Rs neurons fired either in clusters or in bursts during W and in
high frequency bursts during PS in close association with cortical theta waves. The unit activity of both types of
neurons was highest during AW and PS, the difference in firing rate between these two states not being
statistically significant. Moreover, both discharged at a high rate during QW without motor activity, fired before
the onset of waking at the transition from sleep, and stopped firing concomitant with the onset of EEG
synchronization, as seen with W-specific neurons (Fig. 7). These findings strongly suggest an important role of
these W/PS-specific neurons in the processes of cortical activation/deactivation. The TI-Ss and TI-Rs W/PS-
specific neurons were localized in the HDB and adjacent vIPOA, the regions containing cholinergic neurons
sending axons to the cortex (Armstrong et al., 1983; Ichikawa et al., 1997; Rye et al., 1984; Tago ct al., 1987),
whereas both TI-S and TI-R neurons were widely distributed in noncholinergic regions of the POA/BFB (Fig. 1,
k-0). Furthermore, 2 of the 8 TI-Ss neurons tested were activated antidromically by stimulation of the medial
frontal cortex with a long latency, indicating that they are cortically projecting neurons with a slowly conducting
axon. These findings are in line with those from anatomical studies in the rat showing that cholinergic
projections to the medial cortical areas arise from neurons located in the medial extent of the HDB (Rye et al.,
1984; Saper, 1984). The TI-Rs neurons had a biphasic narrow action potential, whereas the TI-Ss neurons were
characterized by a triphasic broad action potential, another characteristic of cholinergic neurons. The TI-Ss
neurons, therefore, appear to be cholinergic neurons. In this regard, previous in vitro studies in guinca-pig BFB
slices showed that chemically identified nucleus basalis cholinergic neurons display both a slow tonic (< 20 Hz)
discharge mode and a high frequency bursting (> 100 Hz) mode, the latter being mediated by a calcium-
dependent low threshold spike (LTS) (Alonso et al., 1996; Khateb et al., 1992). Moreover, recent in vivo studies
in rats showed that identified BFB cholinergic neurons have a long spike duration and display robust rhythmic
bursting activity in association with cortical activation (Lee et al., 2005; Mannes et al., 2000). In unanesthetized
rats, identified BFB cholinergic neurons are reported to discharge in bursts of spikes during both AW and PS and
to discharge at the highest rate during PS, at an intermediate rate during AW, and at a low rate during QW
without motor activity (Lee et al., 2005). In the present study in mice, thythmic bursting activity in association
with cortical activation was seen in TI-Rs necurons, which have a narrow action potential, but never in TI-Ss
neurons, which have a broad action potential. The unit activity of both TI-Ss and TI-Rs neurons was highest
during AW and PS, and both discharged at a high rate during QW without motor activity. These findings
indicate that both TI-Ss and TI-Rs differ from the identified cholinergic neurons reported in the rat BFB (Lee et

al., 2005).
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In a recent study in urcthan-anesthetized rats, Duque et al. (Duque et al., 2000) reported that identified
BFB cholinergic neurons do not show any robust bursting during spontancous or stimulation-induced EEG
activation, suggesting that high frequency bursting is not a unique feature of BFB cholinergic neurons. Moreover,
no high frequency bursting cells in association with cortical activation were found in the cholinergic BFB in cats
(Détari et al., 1984; Détari et al., 1997, Szymusiak and McGinty, 2000) and, currently, nothing is known about
the unit activity of identified cholinergic BFB neurons in mice. These findings, therefore, do not rule out the
possibility that TI-Ss neurons are cholinergic in mice. Future studies using electrophysiological and chemical
identification of recorded cells are necessary to test whether this is the case.

Sleep-waking switch: disfacilitatory and inhibitory mechanisms

In the POA/BFB, we demonstrated the presence of sleep-specific, waking-specific, and cortical
activation-specific neurons that might be good candidates for, respectively, sleep-promoting, waking-promoting,
or cortical activation-promoting neurons. There was an inverse relationship between the unit activity of the
SWS-specific neurons and that of the W/PS-specific neurons and between that of SWS/PS-specific and W-
specific neurons (Figs. 13 and 19). Osaka and Matsumura (Osaka and Matsumura, 1994, 1995) reported that, in
unanesthetized rats, POA/BFB sleep-active neurons are inhibited by applied noradrenaline (NA) or electrical
stimulation of brainstem catecholaminergic neurons, the effect being mediated by activation of o, adrenoceptors,
while, in sharp contrast, POA/BFB waking-active neurons are excited by NA via activation of a, adrenoceptors.
In an in vitro study in rat brain slices, Gallopin et al. (Gallopin et al., 2000) reported a homogencous group of
presumed GABAergic sleep-promoting neurons in the vIPOA which show an LTS crowned by a high frequency
burst of action potentials and are inhibited by NA, acetylcholine, and serotonin, but are unaffected by HA. The
LPO and BFB receive dense noradrenergic and serotonergic, but only scarce cholinergic, projections from the
brainstem (Jones and Cuello, 1989), suggesting that the cholinergic afferent projections may originate in local
BFB cholinergic neurons. TI-Ss neurons might represent potential cholinergic neural elements in the mouse.

As shown in Fig. 19, we hypothesize that both SWS-specific (SWS-on) and SWS/PS-specific (SWS/PS-
on) neurons are GABAergic, while W/PS-specific (W/PS-on) neurons, in particular TI-Ss neurons, are
cholinergic (ACh) and that there is a reciprocal inhibitory interaction between the SWS-on and W/PS-on (TI-Ss)
neurons. The GABAergic SWS/PS-on neurons inhibit possibly glutamatergic (Glu) W-specific (W-on) neurons,
which in turn excite the W/PS-on neurons. Both the POA/BFB SWS-on and SWS/PS-on neurons receive
inhibitory inputs from the brainstem noradrenergic (NA) and adrenergic (A) W-on neurons, while the POA/BFB

W-on and W/PS-on neurons receive excitatory inputs from the brainstem catecholaminergic W-on neurons, as
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well as from the PH Orx/Hcrt and non-Orx/Hert waking-active and HA waking-specific W-on neurons, all of
which are, in turn, under the inhibitory control of the sleep-promoting POA/BFB SWS-on and SWS/PS-on
neurons. The POA/BFB W/PS-on neurons receive an additional excitatory input from presumed glutamatergic
brainstem PS-on neurons (Sakai et al., 2001). The SWS-on and SWS/PS-on neurons function as sleep-promoting
neurons, while all the W-on and W/PS-on neurons function as waking-promoting neurons.

At the transition from waking to sleeping (Fig. 7, lower panel), the waking-promoting neurons either
ceased firing (HA W-on neurons) or showed a significant decrease in firing rate (POA/BFB W-on and W/PS-on
neurons, as well as Orx- and non-Orx W-on neurons; see Takahashi et al., 2008) before the onset of activity of
the sleep-promoting neurons, indicating that the sleep process does not start with activation of the forebrain
sleep-promoting neurons, but starts with deactivation (disfacilitation) of the waking-promoting neurons which
results in disinhibition of the sleep-promoting neurons, thereby enhancing the sleep process. At the transition
from sleeping to waking (Fig. 7, upper panel), the waking process starts with excitation of the waking-promoting
neurons, leading to inhibition of the sleep-promoting neurons, thereby reinforcing the waking process. A key
question is the identity of the critical waking-promoting neurons that control the sleep-waking switch. It is well
known that sleep results from complex interactions between multiple waking-promoting and sleep-promoting
systems distributed throughout the brain (Jones, 2005; Sakai and Crochet, 2003). However, it is important to
mention that the POA/BFB waking-promoting ncurons are under powerful excitatory adrenergic and
noradrenergic control (Osaka and Matsumura, 1994, 1995), whereas the waking-specific HA and waking-active
Orx/Hcrt neurons are, respectively, unaffected or inhibited by these inputs (Brown et al., 2001; Li et al., 2002;
Yamanaka et al., 2003). As shown in this and our previous studies (Takahashi et al., 2006, 2008), both Orx/Hcrt
and non-Orx/Hcrt waking-active neurons respond in clusters to an arousing sound stimulus with a short latency,
but this was not the case for the POA/BFB waking-promoting neurons, which did, however, discharge before the
firing of the PH waking-promoting neurons. It scems likely that neural activation of the PH waking-promoting
neurons is largely due to external or internal excitatory stimuli, such as sensory, somatic, and visceral inputs,
while that of the POA/BFB waking-promoting neurons is basically due to excitation of brainstem adrenergic and
noradrenergic neurons. Detailed analysis of the unit activity at state transitions is needed for the brainstem
catecholaminergic neurons in the mouse. This problem is currently under investigation in our laboratory. Finally,
recent studies suggest that POA neurons play a role in the homeostatic aspects of sleep-waking regulation and

are important targets for endogenous somnogens (reviewed in Szymusiak et al, 2007). Further studies are
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needed to determine whether some, or all, of the groups of state-specific neurons revealed in the present study
play a role in this homeostatic regulation of sleep and waking.
Conclusions

The present study reveals, for the first time in the POA and BFB in conscious mice, the presence of
sleep-specific, waking-specific, and cortical activation-specific neurons that might play an important role in the
induction and maintenance of sleep and waking and in the activation and deactivation of cortical activity. The
present findings suggest (i) that the forebrain sleep/waking switch is regulated by the opposing activities of
sleep-promoting (SWS-specific and SWS/PS-specific) and waking-promoting (W-specific and W/PS-specific)
neurons, (ii) that initiation of sleep is caused by decreased activity (disfacilitation) of the waking-promoting
neurons, which, in turn, disinhibit the activity of the sleep-promoting neurons, thereby enhancing the sleep
process, and (iii) that the activity of W/PS-specific neurons is deeply involved in the processes involved in

cortical activation/deactivation.
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Figure legends

Figure 1. Camera lucida drawings of frontal sections (five different planes at 0.2 mm intervals rostral to caudal).

(a-e) Distribution of ChAT-immunoreactive neurons (dots and circles). (f-j) the four groups of sleep-active
neurons (squares, circles, circles with a central dot, and dots). (k-o0) Distribution of waking-specific (squares),
waking/PS-specific (circles), and waking/PS-active (dots and thick-lined circles) neurons. The dots and circles in
a-¢ indicate heavily and faintly stained ChAT-immunoreactive neurons, respectively (see Tago et al., 1987). The
large and small symbols indicate rapidly firing (fast) and slowly firing (slow) neurons, respectively. The thick-
lined circles in k, m, and o indicate W/PS-active neurons discharging in close relation to theta waves. 3V, third
ventricle; ac, anterior commissure; AHA, anterior hypothalamic area; BST, bed nucleus of the stria terminalis; f,
fornix; HDB, horizontal limb of the diagonal band of Broca; LA, lateroanterior hypothalamic nucleus; LH,
lateral hypothalamic arca; LPO, lateral preoptic arca; MCPO, magnocellular preoptic nucleus; MPO, medial
preoptic area; opt, optic tract; OX, optic chiasma; SCh, suprachiasmatic nucleus; SI, substantia innominata; SON,
supraoptic nucleus; VLPO, ventrolateral preoptic nucleus; vIPOA, ventrolateral preoptic arca; VP, ventral
pallidum. Nomenclatures according to Paxinos and Franklin, 2001. Note that VLPO refers to different structures
in the mouse and the rat (see Gallopin et al., 2000; Sherin et al., 1996), the latter being equivalent to that referred

to as the vIPOA in the present account.

Figure 2. Activity of a representative fast SWS-specific neuron. Note the high frequency burst firing during
SWS and cessation of discharge during both waking and PS. The trace showing the bursting discharges is

expanded and shown in the box. The arrows indicate the state transitions.

Figure 3. Mean spontancous discharge rate of SWS-specific (A), SWS/PS-specific (B), and PS-specific (C)
neurons across the wake-sleep cycle. The SWS-specific neurons were subdivided into 2 groups on the basis of
their high (= 9 Hz) or low (< 9Hz) spontancous firing rates during SWS. The SWS/PS-specific neurons were also
subdivided into 2 groups on the basis of their high (= 6 Hz) or low (< 6Hz) spontancous firing rates during SWS.
Note that the difference in discharge rate across wake-sleep states was highly statistically significant (P < 0.0001,
Kruskal-Wallis) in each group. The differences between AW and QW in A and B and between D and SWS in A
were not statistically significant (2 > 0.05, Mann-Whitney), but all other differences between two successive

states were significant (P < 0.05, Mann-Whitney) in each group.
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Figure 4. Photomicrographs showing the distribution of ChAT-immunoreactive neurons and the unit recording
sites marked with Pontamine Sky Blue (arrows). In a, the arrowheads indicate faintly labeled ChAT-
immunoreactive neurons, while the arrow indicates the recording site of a waking-specific neuron. The left and
right arrows in b indicate the recording sites of an SWS-specific and an SWS/PS-specific neuron, respectively.
HDB, horizontal limb of the diagonal band of Broca; LPO, lateral preoptic arca; vIPOA, ventrolateral preoptic

arca.

Figure 5. Discharge pattern of SWS-specific (Al, B1, and C1), W-specific (A2 and B2), and TI-Ss (C2) neurons
during wake-sleep state transitions.

The dashed lines indicate the state transitions. During the transitions from SWS to W (A) and W to D (B), onset
of W was defined by the first sign of EEG desynchronization (activation), while sleep onset was defined by the
first appearance of synchronized (deactivated) EEG. During the transition from SWS to PS (C), PS onset was

defined by the appearance of continuous rhythmic theta waves on the cortical EEG.

Figure 6. Discharge pattern of the five groups of neurons in response to an arousing sound stimulus given during
sleep. Note the suppression of discharge in the sleep-specific neurons and the excitatory response in the W-

specific and W/PS-specific neurons.

Figure 7. Mean time course of the discharge rate for the five groups of BFB/POA sleep-specific, W-specific,
and W/PS-specific neurons and the group of TM W-specific HA neurons at the transition from SWS to waking
(upper panel) and from waking to drowsy state (lower panel). Each group is represented by a particular symbol,
as indicated on the Figure. The pooled mean frequency with 0.1-s bins was obtained from more than 34
transitions observed in 4 HA neurons and 4 or 5 neurons of each POA/BFB neuron group. O indicates the onset
of EEG activation in the upper panel and the onset of EEG synchronization (deactivation) in the lower panel (see
Figs. 5A, 5B, and 9 for details). The statistical significance of the difference between the discharge rate going
from SWS to W (upper panel) or from W to drowsy state (lower panel) and the reference discharge rate obtained
from the 0.6-s periods of SWS or W, 3 to 2.4 sec prior to the onset of the state transition was examined. The
arrows indicate the first point at which a statistically significant decrease in firing rate was observed (Mann-

Whitney).

32



Figure 8. Discharge pattern (A) and mean time course of the discharge rate (B) of the three groups of POA/BFB
neurons during the transition from SWS to PS. The pooled mean frequency with 0.5-s bins was obtained from 22
transitions from 22 SWS-specific neurons (squares), 26 from 26 TI-Ss neurons (black dots), and 11 from 10 TI-
Rs neurons (grey dots). 0 indicates the onset of appearance of continuous rhythmic theta waves (see Fig. 5C for
details). The statistical significance of the difference between the discharge rate on going from SWS to PS and
the reference discharge rate obtained from the 3-s periods of SWS or W, 10 to 7 sec prior to the onset of the state
transition was examined. The arrows indicate the first point at which a statistically significant change in firing

rate was observed (Mann-Whitney).

Figure 9. Activity of a representative fast SWS/PS-specific neuron. Note the single spike or cluster discharge
during both SWS and PS and complete cessation of discharge during waking. The trace showing the W-D
transition (indicated by the bar) is expanded and shown in the box. The dashed lines in the box and the unlabeled

arrows indicate the state transitions, while the arrows with an “s” indicate the arousing sound stimulus.

Figure 10. Activity of a representative PS-specific neuron. Note that activity is highest during PS, the cell being
completely silent during W and discharging at a low rate during SWS. The unlabeled arrows indicate the state
transitions, while the arrows with a “t” indicate active waking elicited by touching the tail with a soft brush. The

4 traces in A are from the continuous period indicated by the bar under “a” in B.

Figure 11. Activity of a representative W-specific neuron. Note the single spike or cluster discharge during

waking and cessation of discharge during both SWS and PS. The arrows indicate the state transitions.

Figure 12. Mean spontancous discharge rate of the rapidly (= 9 Hz) or slowly (< 9 Hz) discharging W-specific
(A), slowly (< 10 Hz) discharging W/PS-active (B), and rapidly (= 10 Hz) discharging W/PS-active (C) neurons
across the wake-sleep cycle. Both the slow and fast W/PS-active neurons were subdivided into 2 groups on the
basis of their specific (TI-Ss and TI-Rs) or nonspecific (TI-S and TI-R) firing patterns during EEG activation in
waking and PS. Note that the difference in discharge rate across the wake-sleep states was highly statistically
significant (P < 0.0001, Kruskal-Wallis) in each group. In A, the difference between the discharge rate in AW
and QW was not statistically significant (P > 0.05, Mann-Whitney) in either group, nor was the difference

between the discharge rate in SWS and PS. In B, the difference between AW and QW was not statistically
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significant (P > 0.05, Mann-Whitney) in the TI-S group, but was significant (P < 0.05, Mann-Whitney) in the
TI-Ss group. In C, the difference between AW and QW was not statistically significant (P > 0.05, Mann-
Whitney) in either group, nor was the difference between D and SWS. Note also that, in B and C, the difference
between AW and PS was not statistically significant (P > 0.05, Mann-Whitney). In all other cases, the difference

between two successive states was significant (P < 0.05, Mann-Whitney) in each group.

Figure 13. Activity of simultancously recorded SWS/PS-specific (SWS/PSs) and W-specific (Ws) neurons
across the sleep-waking states. Note the inverse relationship of the unit activity of these two cells. The period of
state transitions seen in A (indicated by the bar with “b”) is expanded and shown in B. The trace at the transition
from SWS to waking in B is further expanded and shown in the box. The arrows in B indicate the state

transitions.

Figure 14. Activity of a representative TI1-Ss neuron (A) and the spike shape of TI-Ss (B) and TI-Rs (C) neurons.
Note the single spike tonic discharge during both waking and PS and cessation of discharge during SWS. Note
also that the TI-Ss neuron shows a triphasic broad action potential, whereas the TI-Rs neuron (same as in Fig. 14)
shows a biphasic narrow action potential. The arrows indicate the state transitions. D1-D4 indicate the duration
of the averaged action potential measured from onset (t0) to the positive peak (D1), the first zero crossing (D2),

the negative peak (D3), and the second zero crossing (D4).

Figure 15. Activity of a representative TI-Rs neuron. Note the single spike or cluster discharge during W and the
high frequency burst firing during PS. The arrow indicates the transition from W to D, while the arrowhead

indicates the transition from SWS to W.

Figure 16. Activity and analysis of a representative TI-Rs neuron during PS. Note the rhythmic bursting activity

in close relation to theta waves (upper trace), as seen in the peri-theta wave spike histogram (lower trace).

Figure 17. Antidromic responses of a TI-Ss neuron following stimulation of the medial frontal cortex. A,
Antidromic action potentials and a collision (shown by arrowhead) with a spontaneous action potential. Four
superimposed sweeps. B, Antidromic action potentials (1, 2) and collisions with a spontancous action potential

(3. 4). Note the fixed latency of the antidromic responses in B1 (five superimposed sweeps).
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Figure 18. Orthodromic responses of an SWS-active (A), a W-active (B), and an SWS/PS-specific (C) neuron

following stimulation of the medial frontal cortex.

Figure 19. Diagram illustrating the forebrain mechanisms underlying the alteration of sleep and waking,

The SWS-specific (SWS-on) and SWS/PS-specific (SWS/PS-on) neurons in the POA and BFB are proposed to
be GABAergic, while the W/PS-specific (W/PS-on) neurons, in particular the TI-Ss neurons, are thought to be
cholinergic and the W-specific (W-on) neurons in the POA and BFB glutamatergic. The SWS-on and SWS/PS-
on neurons function as sleep-promoting neurons, while all W-on and W/PS-on neurons in the forebrain (POA,
BFB and PH) and brainstem function as waking-promoting neurons. Initiation of sleep is caused by decreased
activity (disfacilitation) of the waking-promoting neurons, which disinhibit the sleep-promoting neurons, thereby

enhancing the sleep process.
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