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Sleep-waking discharge patterns of median preoptic nucleus
neurons in rats

Natalia Suntsova*1§, Ronald Szymusiak*$, Md. Noor Alam*+, Ruben Guzman-Marin*t
and Dennis McGinty*t

*Research Service, V.A. Greater Los Angeles Healthcare System, North Hills, CA 91343, tDepartment of Psychology and :Department of Medicine
and Neurobiology, School of Medicine, University of California, Los Angeles, CA 90024, USA and § A.B.Kogan Research Institute for
Neurocybernetics, Rostov State University, Rostov-on-Don, 344090, Russia

Several lines of evidence show that the preoptic area (POA) of the hypothalamus is critically
implicated in the regulation of sleep. Functionally heterogeneous cell groups with sleep-related
discharge patterns are located both in the medial and lateral POA. Recently a cluster of neurons
showing sleep-related c-Fos immunoreactivity was found in the median preoptic nucleus (MnPN).
To determine the specificity of the state-related behaviour of MnPN neurons we have undertaken
the first study of their discharge patterns across the sleep—waking cycle. Nearly 76 % of recorded
cells exhibited elevated discharge rates during sleep. Sleep-related units showed several distinct
types of activity changes across sleep stages. Two populations included cells displaying selective
activation during either non-rapid eye movement (NREM) sleep (10%) or REM sleep (8%).
Neurons belonging to the predominant population (58 %) exhibited activation during both phases
of sleep compared to wakefulness. Most of these cells showed a gradual increase in their firing rates
prior to sleep onset, elevated discharge during NREM sleep and a further increase during REM
sleep. This specific sleep—waking discharge profile is opposite to that demonstrated by wake-
promoting monoaminergic cell groups and was previously found in cells localized in the
ventrolateral preoptic area (VIPOA). We hypothesize that these vIPOA and MnPN neuronal
populations act as parts of a GABAergic/galaninergic sleep-promoting (‘anti-waking’) network which
exercises inhibitory control over waking-promoting systems. MnPN neurons that progressively
increase activity during sustained waking and decrease activity during sustained sleep states may be
involved in homeostatic regulation of sleep.

=
&
S
(7%
i
A
s
=
-
~
3
~

(Received 24 April 2002; accepted after revision 2 July 2002)

Corresponding author D. McGinty: Research Service (151A3), V.A. Greater Los Angeles Healthcare System, 16111 Plummer
Street, North Hills, CA 91343, USA. Email: dmcginty@ucla.edu

An important role of the preoptic area (POA) in the
mechanisms of sleep was initially proposed on the basis of
neuropathological studies in humans (von Economo, 1930).
This hypothesis has been repeatedly verified using a wide
variety of experimental approaches, including surgical,
electrolytic and neurotoxic lesions (Nauta, 1946; McGinty
& Sterman, 1968; Szymusiak & McGinty, 1986; Sallanon et
al. 1989; John & Kumar, 1998; Lu et al. 2000); functional
inactivation (Alam & Mallick, 1990); and electro-, chemo-
and thermostimulation (Sterman & Clemente, 1962;
Hernandez-Peon & Chavez-Ibarra, 1963; Heuser et al. 1967;
Obal et al. 1982; Mendelson et al. 1989; Ticho & Radulovacki,
1991; Matsumura et al. 1994). Collectively these studies
suggest the existence of ‘hypnogenic’ neuronal populations
within the preoptic region. Unit activity recordings
confirmed the presence of cell groups exhibiting activation
during either non-rapid eye movement sleep (NREM) or
REM sleep within the lateral and medial POA of cats,
rats and rabbits (Kaitin, 1984; Burikov & Suntsova, 1989;
Koyama & Hayaishi 1994; Alam ef al. 1995; Suntsova

& Burikov, 1995). The investigation of c-Fos-protein
immunoreactivity in asleep and awake rats revealed a
discrete cluster of sleep-related cells in the ventral lateral
POA (vIPOA) (Sherin et al. 1996). Electrophysiological
studies showed that vIPOA neurons display a unique
sleep—waking discharge pattern (Suntsova & Burikov, 1995;
Szymusiak et al. 1998; Suntsova & Dergachyova, 2002)
opposite to that exhibited by putative waking-promoting
monoaminergic cell groups (Hobson et al. 1975; McGinty
& Harper, 1976; Aston-Jones & Bloom, 1981; Vanni-Mercier
et al. 1984; Lydic et al. 1987; Gervasoni et al. 1998, 2000;
Steininger ef al. 1999; Guzman-Marin et al. 2000). The
findings that vIPOA neurons give rise to GABAergic/
galaninergic descending projections to monoaminergic
cell groups (Sherin et al. 1998; Luppi et al. 1999; Gervasoni
et al. 2000; Steininger et al. 2001) and that cells exhibiting
sleep-related c-Fos immunoreactivity are GABAergic or
galanin-positive (Gaus & Saper, 1999; Gong et al. 2001a)
suggested that they may exercise inhibitory control over
multiple monoaminergic arousal systems (Sherin et al.
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1998; Szymusiak et al. 1998; Gallopin et al. 2000; McGinty
& Szymusiak, 2000; Suntsova & Dergachyova, 2000; Saper
etal. 2001).

Recently, an additional aggregate of cells exhibiting sleep-
related c-Fos immunoreactivity was found in the median
preoptic nucleus (MnPN) of rats (Gong et al. 2000). Fos-
immunocytochemistry has been found to be a valid method
to show the occurrence of neuronal activation during sleep
as a whole, but this technique has insufficient temporal
resolution to determine changes of neuronal activity within
sleep cycles, stages and state transition periods. Therefore
we studied the details of the MnPN neuronal discharge
patterns across the sleep—waking cycle.

METHODS

Experiments were conducted on male Sprague-Dawley rats
(300-350 g) in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals. All animal use
protocols were reviewed and approved by the Internal Animal
Care and Use Committee of the V.A. Greater Los Angeles
Healthcare System.

Surgical procedures

Under ketamine/xylazine anaesthesia (80/10 mg kg™, respectively,
1.p.) and aseptic conditions, animals were surgically prepared for
chronic recordings of MnPN neuronal activity and for assessment
of sleep—waking state. For polygraphic behavioural state monitor-
ing, four screw electrodes were symmetrically placed into the skull
over the frontal and parietal cortex to record the electro-
encephalogram (EEG) and two Teflon-coated wires were implanted
into the dorsal neck muscles to record the electromyogram (EMG).
For extracellular single unit activity recording and temperature
monitoring, a preassembled construction was stereotaxically
implanted. It consisted of ten Formvar-insulated microwires, a
copper-constantan microthermocouple, a mechanical microdrive
with attached 23-gauge guide cannulae, and a miniature electric
plug. The microdrive was anchored to the plug with dental acrylic
using stereotaxic apparatus in order to fix the guide cannulae in
a vertical position. Microwires and thermocouple wires were
soldered to the plug’s electrical connectors and inserted into the
guide cannulae such that their tips were inside the latter. A
2 mm X 2 mm hole was trephined in the skull, centred at bregma.
The dura mater was incised 0.5 mm lateral and parallel to a sagittal
sinus. During assembly implantation the guide cannula was used
to first displace the sagittal sinus and was then lowered in the
midline to a site 3 mm above the target. Stereotaxic coordinates
for rostral and caudal MnPN were, respectively: AP, 0.0 to —0.11;
ML, 0.0;H, 5.8 to 7.0 and AP, —0.26 to —0.46; ML, 0.0; H, 4.0 to 6.5
(Swanson, 1998). After fixation of the entire assembly to the
skull with dental acrylic, the microwires and thermocouple were
additionally advanced through the guide cannulae to a site
0.5mm above the MnPN dorsal margin. The tip of the
thermocouple was positioned 0.3—0.5 mm dorsal to the tips of
microwires. In order to manipulate local brain temperature, a
water-perfused thermode (21-gauge outer tube) was implanted
1.5-2 mm rostral to microdrive guide cannulae. All the implanted
devices, except the thermocouple, were stainless steel.

Recording and data analysis
The rats were allowed to recover for 7 days before recordings.
During this period they were adapted to the experimental
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conditions. Throughout recovery and recording sessions animals
were housed individually in Plexiglas cages placed inside electrically
shielded, sound-attenuated temperature-controlled incubators.
Animals were kept under a 12: 12 h light: dark cycle with lights
on at 08.00 h (illumination intensity about 100 lux) and had ad
libitum access to food and water.

All electrophysiological recordings were performed on unanaes-
thetized, unrestrained rats. EEG and EMG activity were recorded
bipolarly (amplifier passbands, 1-30 Hz and 100-1000 Hz,
respectively; model 78 Polygraph, Grass Instrument, USA). For
ambient and brain temperature recordings, signals from thermo-
couples were measured by Thermalert monitoring thermometers
(Physiotemp Instruments, Inc., USA) and through its analog
output transmitted to a Polygraph DC amplifier.

Neuronal activity was recorded using bipolar derivations from
microwires (electrode impedance at 1000 Hz, 500-700 k<) and
amplified by a differential AC amplifier (model 1700, A-M
Systems, USA) with low and high cut-off filters of 10 Hz and
10 kHz, respectively. Signals were continuously monitored on a
digital storage oscilloscope (Hitachi, VC-6024, Japan). During
recording sessions the microwires were advanced in 25-30 gm
steps. Only units with signal-to-noise ratios > 2.5 were recorded.

Bioelectrical signals were analog-to-digital converted and stored
on a hard drive for off-line analysis using a Micro 1401 data
acquisition interface and the Spike2 software package (Cambridge
Electronic Design, Cambridge, UK). Polygraphic data were digitized
at a sampling rate of 256 Hz and unit activity data at 10 kHz or
25 kHz for waveform and wavemark data channels, respectively.

The mean firing rates of recorded cells were calculated for three to
ten 30-60 s-duration artefact-free periods of wakefulness (W),
NREM sleep and REM sleep, which were identified on the basis of
EEG and EMG parameters using standard criteria (Timo-Iaria et
al. 1970).

In order to classify the recorded cells into groups with different
firing rate patterns across the sleep—waking cycle, cluster analysis
(k-means clustering procedure) was performed. Analysis of variance
(one-way repeated measures ANOVA) followed by Tukey’s honestly
significant difference (HSD) post hoc test was used to examine the
inter-stage differences in mean firing rates for statistical significance.
State-relatedness for each cell was determined according to the
criteria described elsewhere (Steininger et al. 1999). Neurons
exhibiting greater than 100 %, 50-100 % or 25-50 % differences
in the mean discharge rates between states were classified,
respectively, as strongly, moderately or weakly state-related.

In neurons showing activation during both phases of sleep the
firing rate changes during the time course of NREM and REM
sleep were determined. In the sequence of NREM sleep episodes
interrupted by short (less than 20 s) arousals we examined the
differences in discharge rate between the first episode following at
least a 3 min period of W and the last episode preceding REM
sleep or the next sustained W episode (Student’s paired  test). For
the records including several such sequences, the successive
episodes of NREM sleep were numbered and the correlation
between episode number and mean firing rate during the episode
was calculated. Additionally, each NREM and REM sleep episode
was divided into four segments and the differences in mean firing
rates between the first and last quarters or between all the quarters
were tested for statistical significance using Student’s paired # test
or the analysis of variance (one-way repeated measures ANOVA),
respectively. In addition during sustained W (more than 5 min in
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Table 1. Statistical characteristics of discharge rate (spikes s™') of MnPN neurons (n = 89)
during different stages of the sleep-waking cycle

Coefficient
Mean + of
S.E.M. Median  Range (%) variation Skewness Kurtosis
Wakefulness 8.3+0.7 6.9 0.1-34.9 80.7 1.3 2.1
NREM sleep 10.6 + 0.8 9.0 1.4-42.7 74.5 1.8 44
REM sleep 123+ 1.0 9.5 1.6-40.1 76.4 1.4 1.3

duration) the discharge rates during the first and the last minute
were compared (Student’s paired ¢ test).

Histology

Following the completion of all recordings, under deep pento-
barbital anaesthesia (100 mg kg ™', 1.p.), microlesions were made at
the tip of two or three microwires by passing DC current (20 xA,
15-20 s) at the most ventral recorded site. The animals were then
injected with heparin (500 U, 1.p.), and perfused transcardially
with phosphate-buffered saline (PBS; pH 7.4) followed by 4 %
paraformaldehyde and 10 % sucrose; all in PBS. The brains were
removed and equilibrated in 30 % sucrose. Serial sections (40 xm)
were made on a freezing microtome through the coronal plane and
stained for Nissl (Cresyl violet). Reconstructions of microwire
tracts were made with the aid of a Neurolucida imaging system
(Microbrigthfield, Colchester, VT, USA) guided by the rat brain
atlas of Swanson (1998). According to reconstructions (Fig. 1), 89
cells were recorded within the rostral to caudal MnPN of five rats
across the sleep—waking cycle. These neurons were used in the
present study for the analysis of sleep—waking discharge patterns.

RESULTS

The overall statistical characteristics of discharge frequency
of MnPN neurons during W, NREM, and REM sleep are
shown in Table 1. The variability of firing rates was high in
each state. The distribution of discharge frequency had
significant (P < 0.01) right-side skewness. The mean firing
rate was the lowest during W and significantly changed
in the course of the sleep—waking cycle (F(,,7 = 37.3,
P <0.001), increasing in NREM sleep compared to W
(P < 0.001) and increasing again in REM sleep compared
to NREM sleep (P < 0.001).

MnPN neurons were functionally heterogeneous with
respect to sleep—waking discharge pattern. The classific-
ation carried out with the aid of cluster analysis was the
most appropriate (in terms of both correspondence with
the types of firing rate dynamics and within/between-cluster
variability) when the number of clusters was specified as
ten. The sleep—wake profiles of mean discharge frequency
in each cluster are displayed in Fig. 2. According to the
similarities in the dynamics of firing rate, some clusters
were joined into larger taxonomic units. As a result, the
recorded cells were subdivided into sleep-related, W/REM
sleep-related and state-indifferent neuronal groups. The
reconstructed locations of neurons showing different
types of state-related behaviour and the distribution of cell
types among subjects are shown in Fig.1.

Sleep-related neurons

This group included the majority of recorded cells (n = 68;
76.4%). They exhibited higher firing rates during one or
both phases of sleep compared to W. According to the
specificity of discharge changes during sleep, neurons were
identified as NREM/REM, NREM, or REM sleep-related.

NREM/REM sleep-related neurons

This population included 52 cells grouping into four clusters
(n, =20, n, = 4, n; = 0, n, = 8) with different mean firing
rates (Fig. 2, C1-4).

Within each cluster the mean discharge frequency showed
significant (P < 0.001) changes in the course of the sleep—
waking cycle (Fy 35 = 4.6; Fy26) = 83.75 F32,18 = 113.8;
Fioip = 32.6).

During NREM sleep compared to W the mean firing rate
significantly increased in each cluster (P < 0.001). Every
cell exhibited the same trend of changes across states,
whereas the range of discharge elevation varied considerably
(range, = 9-1300 %, range, = 34—-680 %, range; = 3—104 %,
range, = 25-91 %).

During REM in comparison with NREM sleep the mean
firing rate changed insignificantly in the first cluster
(P; > 0.05), but increased within the others (P, < 0.01,
P; <0.05, P, <0.01). Twenty-four NREM/REM sleep-
related cells exhibited a greater than 25% change in
discharge frequencies: 20 units displayed elevated (range =
25-108 %) firing rates, whereas four neurons exhibited
reduced (range = 31-41 %) discharge in REM compared
to NREM sleep, but continued to fire 33—300 % faster than
during W.

According to the percentage of firing rate inter-stage
differences, 29 NREM/REM sleep-related cells were
classified as strongly, 19 as moderately, and 4 as weakly
state-related. An example of the sleep—waking discharge
pattern of a strongly state-related cell is shown in Fig. 3.

In addition to between-state differences, NREM/REM
sleep-related neurons displayed changes in their firing
rates that were correlated with the time course of each
particular state.

Within a sustained period of W, neurons exhibited
minimal firing rates or even ceased discharge for periods
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Figure 1. Locations of different types of recorded neurons within the median preoptic
nucleus and their distribution among subjects

A and B, rostral MnPN; C and D, caudal MnPN. Note that NREM sleep-related neurons (V) were
predominantly recorded in the rostral MnPN whereas the vast majority of NREM/REM-(4p) and REM sleep-
related cells (A) were found within the caudal portion of this structure. W/REM sleep-related (%) and state-
indifferent (O) cells did not have predominant locations. E, distribution of different cell types among
subjects. F, photomicrograph of a coronal section through the MnPN showing the microwire tracts. Arrow
indicates the site of electrolytic lesion at the site of the most ventral recording. SI, state-indifferent neurons;
CA, commissure anterior; MS, medial septum; och, optic chiasm; fx, fornix.
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Figure 2. Classification of MnPN neurons based on the firing rate dynamics across the
sleep-waking cycle

According to the results of cluster analysis, neurons were subdivided into 10 clusters (C1-10). The clusters
with the same state-related discharge profile but with different firing rates were identified as belonging to the
same taxonomic units. All cells were classified into three main groups: (1) sleep-related neurons exhibiting
activation during sleep compared to W; (2) W/REM sleep-related cells displaying elevated firing rates during
both W and REM sleep compared to NREM; (3) state-indifferent neurons. The group of sleep-related cells
included three populations: NREM/REM-related neurons exhibiting activation during both phases of sleep
compared to W, and NREM and REM sleep-related neurons showing selective activation during NREM and
REM sleep, respectively. In all the clusters except that belonging to the state-indifferent group the changes of
firing rates across the sleep—waking cycle were statistically significant (ANOVA, P < 0.001). Evaluation of
inter-stage differences in discharge frequency for each cluster was done using the Tukey HSD post hoc test:
*P < 0.05;**P < 0.01; **P < 0.001.
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Figure 3. The discharge pattern of an individual NREM/REM sleep-related MnPN neuron
across the sleep-waking cycle

In this figure and in Figs 4-6 the hypnogram (top), the extracellularly recorded unit activity (unit), firing rate
(rate), electroencephalogram (EEG) and neck electromyogram (EMG) are displayed. Note the increase in
discharge rate in NREM sleep compared to W and in REM sleep compared to NREM.
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ranging up to 150 s following awakening. Phasic decreases
in EMG amplitude during W were accompanied by
increased firing rate (Fig. 4A). The discharge frequency
increased further within the later portions of W during the
epochs characterized by moderate EMG activity and the
appearance of partial EEG synchronization, but not
patterns characteristic of NREM sleep. In several cases the
firing rates during such epochs immediately preceding sleep
onset were even higher than during subsequent stable
NREM sleep (Fig. 4A). Several cells (n = 8) gradually
increased their firing rates during sustained W without
correlation with EMG amplitude changes (Fig. 4B). Overall,
the discharge frequency of 49 cells during the first minute
after awakening was significantly lower compared with the
last minute of W preceding the next sustained sleep episode
(P < 0.001). This difference exceeded 25 % in 30 neurons.

In rats, REM sleep usually appears after several periods of
NREM sleep interrupted by short arousals. The mean
firing rate of NREM/REM sleep-related cells calculated for
the first NREM sleep episode in the sequence was
significantly higher than during the last one (P < 0.001). In
35 of 48 cells showing the decrease in discharge frequency

A
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across a series of NREM sleep episodes this decline
exceeded 25 % (Fig. 5). In cells recorded during several such
sequences a statistically significant negative correlation
between the firing rate and the NREM sleep episode number
was found (Fig. 5C). During each distinct sustained NREM
sleep episode there also was a decline in mean firing rate
of NREM/REM sleep-related cells during the last NREM
sleep quarter in comparison with the first one (P < 0.001).
For several cells the ANOVA confirmed the gradual
decrease (Fig. 5D).

Within REM sleep, as in NREM sleep, there was a
significant decrease in the mean firing rate of NREM/REM
sleep-related cells during the last quarter of REM sleep
episodes compared to the first one (P < 0.01). Thirty-four
neurons exhibited a more than 25 % decline (Fig. 5B) and
only three cells showed an opposite trend of changes.

All cells belonging to this population had a tonic firing
mode during each stage of the sleep—waking cycle. They
did not show any changes in the pattern of their activity
timed to the appearance of sleep spindles or delta waves
during NREM sleep and theta activity in REM sleep.

B
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a 200's
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Figure 4. The discharge pattern of NREM/REM sleep-related neurons exhibiting gradual

increase in their firing rate prior to sleep onset

A and B, recordings showing the discharge of NREM/REM sleep-related neurons across the sleep—waking
cycle. a and b, expanded tracing from the section shown by bars in A and B showing changes of neurons’
activity during W and on transition to NREM sleep. Note that during W, the neuron shown in panel A was
silent during periods with locomotor activity (phasic bursts in EMG channel), then exhibited an increase of
firing rate during periods with decreased muscle tone, and had a maximal firing rate during the 15 s period
prior to NREM sleep onset. However, in general, the changes of cell activity across the sleep—waking cycle
were not correlated with alterations in muscle tone level. The neuron shown in B exhibited a gradual increase
in firing rate during a sustained period of W with no correlation with changes in muscle tone. Note that in
panel A the histogram of discharge rate shows the mean firing rate within 5 s bins.
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NREM sleep-related neurons

Firing rates of neurons belonging to this population
(n=9) were at their maximal values during NREM sleep
(Fig. 6). The population included a cluster of cells (1 = 8)
firing during W at moderate rates (Fig. 2, C5) and one
high-frequency neuron (24.8, 42.7 and 33.2 spikes s
during W, NREM sleep and REM sleep, respectively).
Within the cluster a mean discharge frequency in the
course of the sleep—waking cycle changed significantly
(F3,14) = 46.6, P < 0.001). During NREM sleep it was
significantly higher than during both W (P < 0.001) and
REM sleep (P < 0.001), whereas the difference between W
and REM sleep was insignificant (P > 0.05).

In this population two cells were strongly state-related, six
were moderately state-related, and one was weakly state-
related.
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These neurons exhibited tonic firing during all states of the
sleep—waking cycle and did not show advanced changes in
their activity during transitions. In NREM sleep they did
not show any changes in the frequency or pattern of
pulse activity that coincided with EEG phenomena
characteristic for this stage of the sleep—waking cycle.

REM sleep-related neurons

This population included seven cells which fired at
approximately the same rates during W and NREM sleep,
and increased their frequency of discharge in REM
sleep (Fig. 2, C6). The changes of mean firing rate across
the sleep—wakefulness cycle were statistically significant
(Fa12 =7.4, P <0.001). The increase during REM sleep
was significant in comparison with both W and NREM
sleep (P < 0.001). The difference between W and NREM
sleep was insignificant (P > 0.05).

50s
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Figure 5. Discharge pattern of a NREM/REM sleep-related neuron, which gradually decreases
its firing rate during individual NREM sleep episodes and their sequences and during REM

sleep

Aand B, 66 and 10 min continuous recordings showing the discharge of a NREM/REM sleep-related neuron
across the sleep—waking cycle. C, regression function and correlation between the firing rate of the cell and
NREM sleep episode number in the sequence of episodes. D, difference in the firing rate of the same cell in
different NREM sleep quarters. Note that in A and B the histogram of discharge rate shows the mean firing
rate within 5 s bins. *P < 0.05; ***P < 0.001, Tukey’s HSD post hoc test.
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Among the cells belonging to this population two cells
were moderately and five cells were weakly REM sleep-
related neurons.

The changes of firing rates on transition to REM sleep were
strictly timed to the appearance of the electrographic
picture of this functional state.

Each cell showed distinct changes in the pattern of activity
in parallel with the appearance of theta activity in the EEG
during W or REM sleep (Fig. 7), generating bursts in phase
with the positive components of theta waves. The burst
duration as well as the intraburst pulse frequency were
maximal during REM sleep, reaching, respectively, 100 ms
and 250-300 Hz.

Most of the cells belonging to this population were found
in the same rat. In order to identify their location a lesion
was made where the last such unit was recorded on the
electrode track (Fig. 1F). The reconstruction of REM-
related neurons showed that all were localized within the
caudal MnPN (Fig. 1D).

W/REM sleep-related neurons

The cells belonging to this group (n=11) exhibited
minimal firing rates during NREM sleep. The group
consisted of two clusters (n; = 6, n, = 5) with different

W1 W2

EMG ARSIVt
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Figure 6. The discharge pattern of a neuron
showing selective activation during NREM sleep
across the sleep-waking cycle

Note that firing rate dramatically decreases during W and
REM sleep compared to NREM. Discharge rate changes do
not precede state transitions.

levels of firing (Fig. 2, C7 and 8). In each cluster, state
transitions were accompanied by significant changes in
the mean firing frequency (F,uz = 18.2; P <0.001 and
Fya.10) = 37.9; P < 0.001). Specifically, a decrease in discharge
during NREM sleep was statistically significant as compared
to both W (P, < 0.01; P, < 0.001) and REM sleep (P, < 0.01;
P, <0.001). The difference in mean discharge rate between
W and REM sleep was insignificant in both clusters
(P> 0.05). Neurons belonging to the first cluster were
weakly W/REM sleep-related, whereas the second cluster
included two strongly and three moderately state-related
units.

On transition from one stage of the sleep—waking cycle to
another these neurons exhibited changes in their firing
rates only after the appearance of electropolygraphic
correlates of the new functional state.

W/REM sleep-related cells discharged tonically during all
sleep—wake stages.

State-indifferent neurons

This group consisted of two clusters (1, = 6, n, = 4; Fig. 2,
(9 and 10) without statistically significant state-dependent
changes in the mean frequency of pulse activity (F,,10) =
0.34, P > 0.05; F,56) = 4.6, P > 0.05).The mean firing rate
of neurons belonging to both clusters also did not show

e

Figure 7. The discharge pattern of a
REM-related neuron during different

W\MWMJ\MM I Z stages of the sleep-waking cycle
S W1, wakefulness with desynchronized

e frontoparietal EEG,; W2, wakefulness with
thetarhythm in the EEG. Note the increased
NREM REM mean firing rate and intraburst frequency
EMG . e during REM sleep. In states with theta rhythm
in the EEG (W2 and REM sleep) bursts are
AN\ IANMAA phase-locked to the surface-positive

EEG WMV\WW
onit - JLQIUCILLILL LI

component of theta waves.
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reliable changes across the sleep—waking cycle (F, 15 = 1.22,
P> 0.05), and did not exceed 15 % in individual neurons.
We considered all these units as state-indifferent. During
both wakefulness and sleep they exhibited a tonic
(continuously arrhythmic) pattern of activity. Both firing
rate and firing mode were unchanged during state
transitions or phasic alterations in the EEG patterns.

DISCUSSION

The present study is the first investigation of MnPN
neuronal activity across the sleep—waking cycle. Nearly
75% of sampled MnPN neurons exhibited increased
discharge rates during sleep. These results are consistent
with the demonstration of sleep-related c-Fos protein
expression in the rat MnPN (Gong et al. 2000).

The most important finding of the present study was that
the predominant cell type (58 %) found within MnPN of
each rat exhibited activation during both phases of sleep,
compared to wakefulness. During transitions to sleep, the
majority of these units increased discharge rate prior to
sleep onset. Neurons exhibiting similar state-related
discharge patterns have been previously described in the
vIPOA ofrats (Szymusiak et al. 1998) and cats (Suntsova &
Burikov, 1995; Suntsova & Dergachyova, 2002). During
sleep, a majority of rat MnPN cells displayed increased
firing rates in REM compared to NREM sleep. This pattern
was typical of NREM/REM sleep-active neurons recorded
in the cat vVIPOA (Suntsova & Dergachyova, 2002). The
remaining rat MnPN NREM/REM sleep-related cells
showed no change or a modest decline during REM
compared to NREM sleep, but activity levels during REM
sleep remained above waking values. This latter pattern
was more typical of vIPOA neurons recorded in rats
(Szymusiak et al. 1998).

The MnPN sleep-active neuronal group also included
small populations of cells exhibiting selective activation
during either NREM (10 %) or REM sleep (8 %). Both of
these cell types were found only in two animals (Fig. 1E)
and will not be discussed further.

The MnPN has been prominently implicated in the
regulation of several autonomic functions related to
osmotic, cardiovascular and temperature homeostasis
(Scammel et al. 1993; Travis & Johnson, 1993; Oka et al.
2000; Budzikowski & Leenen 2001). It is possible, therefore,
that the changes in MnPN neuronal activity across the
sleep—waking cycle described here, reflect responses to
changes in autonomic variables or alterations in controlling
influences of this structure upon some parameters of
autonomic or neuroendocrine system functioning. We
consider this assumption to be unlikely, at least with respect
to the NREM/REM sleep-related neuronal population.
First, our preliminary data indicate that these cells are
unresponsive to changes in peripheral and/or brain
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temperature (authors’ unpublished observations). Second,
the changes in activity of NREM/REM sleep-related neurons
across the sleep—waking cycle do not correspond in terms
of direction and timing to alterations in osmotic pressure
and rat arterial blood pressure (Junqueira & Krieger, 1976;
Rubin et al. 1978; Mancia & Zanchetti, 1980). Third, lesion
experiments indicated the involvement of rostroventral
portions of the MnPN in body fluid balance (Gardiner et
al. 1985; Cunningham et al. 1991). Neurons responsive to
angiotensin and osmotic stimuli were also found in the
same part of the MnPN (Travis & Johnson, 1993), whereas
the majority of NREM/REM sleep-related cells were
recorded in the dorsocaudal portions of this nucleus.
Although the relation of NREM/REM sleep-active neurons
to osmotic and cardiovascular regulation remains to be
determined, their behaviour more strongly supports a role
in sleep—waking state control.

The specific pattern of enhanced discharge in vIPOA and
MnPN neurons prior to sleep and during both its phases
suggests that they are involved in promoting sleep onset
and maintenance, rather than in executive mechanisms of
either NREM or REM sleep specifically. Only these cell
groups exhibit a state-related discharge profile opposite to
those demonstrated by putative monoaminergic, wake-
promoting neuronal populations (Hobson et al. 1975;
McGinty & Harper, 1976; Aston-Jones & Bloom, 1981;
Vanni-Mercier et al. 1984; Lydic et al. 1987; Gervasoni et
al. 1998; Steininger et al. 1999; Guzman-Marin et al. 2000)
and by wake-active, REM-off neurons located in the
hypocretin-immunoreactive neuronal field of the rat
perifornical lateral hypothalamus (Alam et al. 2002). The
factors responsible for the gradual decrease in wake-
promoting network neuronal activity during the wake—
NREM-REM cycle still remain controversial (Steriade,
2001). Despite the appearance of several additional
arguments in favour of GABA-mediated suppression of
wake-promoting monoaminergic elements during sleep
(Sallanon et al. 1989; Nitz & Siegel, 1997; Yang & Hatton,
1997; Gervasoni et al. 2000), the idea of active inhibition
has lacked firm support at the cellular level (Steriade,
2001). In recent years this idea has been strengthened by the
discovery of VIPOA neuronal elements in rats (Szymusiak
et al. 1998) and cats (Suntsova & Burikov, 1995; Suntsova
& Dergachyova, 2002) with state-related discharge patterns
that confirm their possible role as the morphological
substratum of inhibitory control of monoaminergic systems.
Retrograde and anterograde tracer studies have identified
the vIPOA as a source of afferents to all monoaminergic
waking-promoting cell groups (Sherin et al. 1996, 1998;
Steininger et al. 2001). The vast majority of retrogradely
labelled vIPOA neurons contain the neurotransmitters
GABA and galanin (Sherin et al. 1998). These transmitters
cause inhibitory action upon some waking-promoting cell
groups (Seutin et al. 1989; Schonrock et al. 1991). Recently,
sleep-related c-Fos protein immunoreactivity in vIPOA
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has been shown to co-localize with markers of GABAergic
(Gong et al. 2001a) and galaninergic (Gaus & Saper, 1999)
neurons.

However, excitotoxic lesions of the vIPOA (Lu et al. 2000)
cause only partial sleep loss. These data suggest that
hypothesized hypnogenic vIPOA neurons ‘do not seem
necessary and sufficient for sleep induction’ (Steriade,
2001). The results presented here show that cells increasing
their functional activity in parallel with a decrease of
arousal level are not unique to the vIPOA. Several lines of
experimental evidence support the hypothesis that the
MnPN can function as another important source of
inhibitory modulation of arousal systems. Sleep-related
Fos activation is extensively co-localized with markers for
GABAergic neurons in the rat MnPN (Gong et al. 2001a).
Projections from the MnPN to the pontine mono-
aminergic cell groups have been documented (Zardetto-
Smith & Johnson, 1995). The MnPN is also a source of
afferents to putative arousal-regulatory cell groups in the
perifornical lateral hypothalamic area and to cholinergic
regions of the magnocellular basal forebrain (Gong et
al. 2001b). Therefore, MnPN neurons could work in
conjunction with vIPOA neurons to regulate excitability of
some monoaminergic cell groups, and may exert inhibitory
control over arousal systems not strongly regulated by
vIPOA, possibly including hypocretin- and/or melanin-
concentrating hormone-containing neurons of the peri-
fornical lateral hypothalamus and cholinergic neurons in
the basal forebrain. Further studies are required to confirm
that MnPN neurons that project to arousal-related neuronal
groups are GABAergic and NREM/REM sleep-related.

In addition, the MnPN projects heavily to vIPOA (Chou et
al. 2002) and could, therefore, participate in regulating the
state-dependent excitability of vIPOA sleep-active neurons.

Thus, the MnPN and vIPOA neuronal populations have
similar anatomical, physiological and neurochemical
properties, and can be hypothesized to be components of a
GABAergic/galanergic network that exercises inhibitory
control over multiple arousal systems. Since within existing
nomenclature used to characterize components of the
sleep—wake control apparatus this network has not been
specified, elsewhere (McGinty & Szymusiak, 2000; Suntsova
& Dergachyova, 2000) we have argued that this inhibitory
network may be designated as sleep-promoting or ‘anti-
waking’ (Valatx, 1996).

There is anatomical (Chou et al. 2002) and physiological
(Gallopin et al. 2000) evidence that sleep-promoting
elements within the vVIPOA are under inhibitory control
from some monoaminergic cell groups. Mutual inhibitory
relationships between the vIPOA and arousal systems has
been hypothesized to function as a ‘sleep switch’ (McGinty
& Szymusiak, 2000; Saper et al. 2001; Chou et al. 2002)
producing a bistable pattern of sleep—wake state distribution,
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with a tendency to yield stable states of either waking or sleep,
and to avoid intermediate states. Our data concerning the
details of MnPN and vIPOA neurons state-related behaviour
allow us to propose that these mutually inhibitory
relationships underlie the continuous opposite changes in
the activity of putative sleep- and waking-promoting cell
groups across the wake-NREM-REM cycle. Some recent
findings may elucidate the role of these neuronal activity
patterns. There is extensive evidence that monoaminergic
systems both directly and indirectly, through activation of
mesopontine or basal forebrain cholinergic neurons (Lin,
2000), exert inhibitory control over the thalamocortical
synchronizing network (Steriade, 1999) and the brainstem
REM sleep-generating network (McCarley et al. 1995;
Valatx, 1996; Lin, 2000). A gradual decrease of mono-
aminergic neuronal activity has been hypothesized to be
‘permissive’ for expression of NREM and then REM sleep
mechanisms. On the other hand, the MnPN and vIPOA
sleep-promoting system inhibits the monoaminergic cell
groups and can be considered as ‘permissive’ for waking. If
s0, the expression of each sleep—waking state is possible
only if the functional activity of the corresponding
‘permissive’ system is within a certain range. Therefore,
the continuous reciprocal interdependent changes in the
activity of sleep- and waking-promoting systems may
underlie all sequential transitions from one stage of the
sleep—waking cycle to another, including switching between
wakefulness and sleep.

Another finding of interest in the data presented here is
that a significant number of MnPN NREM/REM sleep-
related neurons showed an increase of functional activity
in the time course of wakefulness and a decline during
sustained NREM sleep episodes as well as in the time
course of successive NREM episodes (Fig. 5). As such, this
neuronal population is the first whose activity has been
shown to be correlated with the homeostatic drive for sleep
(process S), which rises during waking and declines during
sleep (Borbely, 1982). In accordance with a two-process
model, sleep propensity at any point is determined by
interactions between process S and the circadian process
(Borbely, 1982). The suprachiasmatic nucleus has
been shown to have indirect projections to the MnPN
(Deurveilher et al. 2002). Therefore, the MnPN may be the
site of a neuronal sleep-promoting mechanism upon
which the homeostatic and circadian determinants of
sleep—wake propensity converge.

There is evidence that endogenous somnogenic substances,
such as adenosine, cytokines and prostaglandin D, are
involved in the homeostatic regulation of sleep (Porkka-
Heiskanen et al. 2000; Hayaishi, 2002). Administration of
these agents or their agonists to the subarachnoid space
just anterior to the vIPOA and ventral to the MnPN or by
intracerebroventricular infusion increases NREM sleep
and causes activation of vIPOA neurons (Satoh et al. 1996;
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Scammell et al. 1998, 2001; Terao et al. 1998) The ability of
these endogenous somnogens to modulate MnPN neuronal

activity remains to be determined.
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