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Neuronal Activities in Brain-Stem Cholinergic Nuclei Related to Tonic
Activation Processes in Thalamocortical Systems

M. Steriade, S. Datta, D. Paré, G. Oakson, and R. Curré Dossi
Laboratoire de Neurophysiologie, Faculté de Médecine, Université Laval, Québec, Canada G1K 7P4

This study was performed to examine the hypothesis that
thalamic-projecting neurons of mesopontine cholinergic nu-
clei display activity patterns that are compatible with their
role in inducing and maintaining activation processes in thal-
amocortical systems during the states of waking (W) and
rapid-eye-movement (REM) sleep associated with desyn-
chronization of the electroencephalogram (EEG). A sample
of 780 neurons located in the peribrachial (PB) area of the
pedunculopontine tegmental nucleus and in the laterodorsal
tegmental (LDT) nucleus were recorded extracellularly in
unanesthetized, chronically implanted cats. Of those neu-
rons, 82 were antidromically invaded from medial, intralam-
inar, and lateral thalamic nuclei; 570 were orthodromically
driven at short latencies from various thalamic sites; and 45
of the latter elements are also part of the 82 cell group, as
they were activated both antidromically and synaptically from
the thalamus.

There were no statistically significant differences between
firing rates in the PB and LDT neuronal samples. Rate anal-
yses in 2 distinct groups of PB/LDT neurons, with fast (> 10
Hz) and slow (<2 Hz) discharge rates in W, indicated that
(1) the fast-discharging cell group had higher firing rates in
W and REM sleep compared to EEG-synchronized sleep (S),
the differences between all states being significant (p <
0.0005); (2) the slow-discharging cell group increased firing
rates from W to S and further to REM sleep, with significant
difference between W and S (p < 0.01), as well as between
W or S and REM sleep (p < 0.0005).

Interspike interval histograms of PB and LDT neurons
showed that 75% of them have tonic firing patterns, with
virtually no high-frequency spike bursts in any state of the
wake-sleep cycle. We found 22 PB cells that discharged
rhythmic spike trains with recurring periods of 0.8-1 sec.
Autocorrelograms revealed that this oscillatory behavior dis-
appeared when their firing rate increased during REM sleep.

Dynamic analyses of sequential firing rates throughout the
waking-sleep cycle showed that none of the full-blown states
of vigilance is associated with a uniform level of sponta-
neous firing rate. Signs of decreased discharge frequencies
of mesopontine neurons appeared toward the end of quiet
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W, preceding by about 10-20 sec the most precocious signs
of EEG synchronization heralding the sleep onset. During
transition from S to W, rates of spontaneous discharges
increased 20 sec before the onset of EEG desynchroniza-
tion. Similarly, a group analysis of PB/LDT cells showed pre-
cursor changes of increased discharge rates during transi-
tion from S to REM sleep, 1 min in advance of EEG
desynchronization (p < 0.05).

The enhanced level of spontaneous discharge during W
and REM sleep was paralleled by an increase in neuronal
excitability. Indeed, the probability of antidromic responses
increased by 30-80% during REM sleep, and the probability
of synaptically evoked discharges increased by 40-85% from
S to either W or REM sleep.

We conclude that neurons in thalamic-projecting meso-
pontine cholinergic nuclei are good candidates for preparing
and maintaining the tonic activation processes in thalamo-
cortical systems during W and REM sleep associated with
EEG desynchronization. In our view, this action is accom-
plished by direct depolarization of thalamocortical neurons
and by the inhibition of the thalamic generator of synchro-
nized spindle oscillations.

On the basis of transection experiments showing that a mid-
pontine pretrigeminal cat is fully aroused, whereas a cut only
4-5 mm more rostral induces uninterrupted sleep, Moruzzi
(1972) concluded that “the neurons lying between the 2 sec-
tions are the likely candidates for explaining the critical differ-
ences in both the EEG and ocular behavior” (p. 31). It is pre-
cisely in that region, at the mesopontine junction, that 2
cholinergic cell aggregates were later disclosed: the pedunculo-
pontine tegmental (PPT) and laterodorsal tegmental (LDT) nu-
clei, or Ch3 and Ché groups (Mesulam et al., 1983; Vincent and
Reiner, 1987).

The long-standing hypothesis of a brain-stem cholinergic sys-
tem relayed by thalamic nuclei with cortical projections was
recently confirmed by combining retrograde transport tech-
niques with choline acetyltransferase (ChAT) immunohisto-
chemistry in the cat (Paré et al., 1988; Smith et al., 1988; Ster-
iade et al., 1988) and rat (Woolf and Butcher, 1986; Hallanger
et al., 1987). It is now known that stimulation of brain-stem
cholinergic nuclei induces tonic and phasic depolarizing effects
upon thalamocortical neurons which are compatible with the
notion of an ascending activating system operating during both
EEG-desynchronized behavioral states of waking (W) and rapid-
eye-movement (REM) sleep (see Discussion). The basal fore-
brain neurons provide an important contingent for the cholin-
ergic activation of the cerebral cortex (Buzsaki et al., 1988), but
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the overwhelming majority of their brain-stem inputs arise in
noncholinergic neurons (Jones and Cuello, 1989) and the func-
tional sign of this circuit is not yet elucidated.

In this and the following paper (Steriade et al., 1990b), we
examine the activities of neurons recorded from the peribrachial
(PB) area of the PPT nucleus and from the LDT nucleus during
the waking-sleep cycle to evaluate their role in cardinal acti-
vation processes in thalamocortical systems, namely, tonic EEG
desynchronization and phasic ponto-geniculo-occipital (PGO)
waves.

The present study deals with the enduring process of EEG
desynchronization, characterizing both brain-activated states of
W and REM sleep. To play a role in inducing and maintaining
EEG desynchronization, PB and LDT neurons should fulfill
several criteria. (1) They should have identified projections to
the thalamus; (2) their discharge rates should change in advance
of the shifts between states of vigilance, when most dramatic
neuronal changes are expected to occur; and (3) the analysis of
changes in background discharges should be completed by tests
of cell excitability. Thalamic and cortical recordings indeed
showed that an enhanced probability of cellular responsiveness
may appear during periods of arousal associated with decreased
spontaneous firing (Steriade et al., 1974; Livingstone and Hubel,
1981). We have therefore investigated the responses of PB and
LDT cells to antidromic and orthodromic volleys during waking
and sleep states.

These analyses led us to conclude that PB and LDT neurons
are among the best candidate substrates to account for the tonic
activation processes in thalamocortical neurons. The thalamic
arousal is reflected upon cortical neurons in concert with the
direct cholinergic actions of basal forebrain neurons as well as
brain-stem and posterior hypothalamic monoaminergic sys-
tems.

Materials and Methods

Preparation. Chronic experiments were conducted on 9 adult cats. The
implantation procedures were performed under sodium pentobarbital
anesthesia (35 mg/kg). First, the tentorium was removed in order to
make possible the insertion of recording microelectrodes in a perpen-
dicular direction with respect to the horizontal plane. This permitted
more accurate penetrations within the mesopontine nuclei, according
to conventional stereotaxic coordinates. Recording leads for monitoring
the behavioral state of vigilance consisted of stainless steel screws into
the calvarium overlying the suprasylvian gyrus (for EEG rhythms), sil-
ver-ball electrodes cemented into the supraorbital cavity (for eye move-
ments, EOG), Teflon-isolated wires into neck muscles (for electromyo-
gram, EMG), and coaxial electrodes into the lateral geniculate nucleus
(for thalamic PGO waves). The thalamic stimulating electrodes are de-
scribed below. Cats were implanted in a stereotaxic position in order
to keep the head rigidly held, without pain or pressure (Steriade and
Glenn, 1982). Recordings began 7-10 d after surgery. Animals slept ad
libitum between recording sessions.

Recording. During recording, the head was restrained, but the animals
could move their limbs freely and often made postural adjustments.
Neuronal discharges (signal-to-noise >5:1) were recorded with tungsten
microelectrodes (1-2 pm tip diameter, 2-8 MQ at 1 kHz). Presumed
fibers, with very short duration (<0.8 msec) and exclusively positive
action potentials, were not analyzed. Unitary spikes and focal waves
were recorded simultaneously on direct (50-10,000 Hz) and FM (1-
700 Hz) channels of a tape recorder, along with trigger pulses and signals
of physiological variables used to distinguish behavioral states (EEG,
EOG, EMG, and thalamic PGO waves).

Stimulation. The stimulating electrodes consisted of 6 tungsten mi-
croelectrodes (1-1.5 mm apart) or 4 coaxial electrodes (2 mm apart)
inserted into the medial, intralaminar, and lateral thalamic nuclei. We
reached in different preparations the anteromedial, anteroventral, me-

diodorsal and ventromedial nuclei, rostral intralaminar (centrolateral-
paracentral), ventroanterior-ventrolateral, lateroposterior—pulvinar,
lateral geniculate, and reticular thalamic complexes. However, we can-
not ascertain that terminal fibers were stimulated to induce antidromic
invasion of brain-stem neurons. Therefore, more conservative terms
(medial, intermediate, and lateral thalamic nuclei) are generally used to
describe the projections of the recorded elements. We succeeded in
modifying the antidromic or orthodromic type of responses by changing
the stimulus polarity and location (see Fig. 4). When studying cell re-
sponsiveness to antidromic and/or orthodromic volleys, stimulus in-
tensity was adjusted to evoke discharges in approximately 40-70% of
the trials to avoid saturation effects. Stimulation intensities were kept
below the threshold for overt movements. There was no behavioral sign
that the electrical stimulation was experienced or that the sleep cycle
was disturbed.

Histology. After the completion of recording sessions, the animals
were deeply anesthetized with sodium pentobarbital (45-50 mg/kg) and
perfused with 0.5 liter of 0.9% saline followed by 1 liter of 4% para-
formaldehyde. The locations of stimulating thalamic electrodes were
verified on 80 um frontal sections stained with thionine. The locations
of brain-stem recording microelectrodes were verified on 80 um frontal
sections stained with NADPH-diaphorase, a reliable marker of brain-
stem cholinergic neurons (Vincent et al., 1983), and counterstained with
neutral red (Fig. 1). Small electrolytic lesions (0.03-0.15 mA for 10 sec)
were made along successful microelectrode tracks (bottom arrow in Fig.
1A4). The cells were located by combining the histological controls and
micrometer readings. Neurons found outside the PB/LDT neurons were
not included in analyses. Although some studies emphasized that cho-
linergic neurons recorded from a series of central structures are char-
acterized by their long-duration action potentials, we did not rely on
this criterion which is questionable in an extracellular position. Pre-
sumptive mesopontine cholinergic cells are termed in this paper those
elements that have been recorded within PB/LDT histological limits,
as determined by means of NADPH-diaphorase staining (Fig. 1).

Analyses of discharge rates and patterns during full-blown states and
transitional epochs of the waking—sleep cycle. We analyzed 3 full-blown
states (waking, W; sleep with EEG synchronization, S; and REM sleep)
and 2 transitional epochs (WS and pre-REM; Fig. 2). The physiological
correlates of the so-called steady states are well known (see Steriade and
Hobson, 1976). The time O of the transitional epoch from W to S (WS)
was marked by the appearance of the first spindle sequences on the
background of EEG desynchronization. The WS epoch was character-
ized by repeated synchronizing—desynchronizing shifts in EEG activity,
associated with closing and reopening the eyes, and its duration varied
considerably (10 sec-2 min). The onset of S state was defined as the
time when the EEG synchronization was no longer interrupted by tran-
sient periods of desynchronization. Time O of the transitional state from
S to REM sleep (pre-REM) was taken as the occurrence of the first
thalamic PGO wave. The onset of REM sleep was defined as the be-
ginning of EEG desynchronization. Arousal from S was associated with
EEG desynchronization (followed by increased muscular tone and eye
movements), while arousal from REM sleep was indicated by the reap-
pearance of muscular tone which was preceded by the cessation of PGO
waves and ocular saccades (Fig. 2). Firing rates and patterns during W
were analyzed from periods without gross movements or with only
occasional, isolated eye movements. Thus, the measures reflect the state
of quiet W.

Interspike intervals were measured to a resolution of 100 usec and
stored in a computer. Vigilance states of W, WS, S, pre-REM, and REM
were identified. For each cell epoch, the firing rates during the available
states were calculated and tabulated. Identical states in all epochs of a
cell were combined to give a weighted average firing rate for the state
and cell.

Cells having rate data for specified sets of vigilance states (such as W,
S, and REM) were fetched and the medians and equally weighted mean
rates for each state were computed for all cells along with the standard
errors. The statistical significance of rate differences between pairs of
states were calculated using the Wilcoxon paired-rank test.

Spike interval data were also used to compute individual interspike
interval histograms (ISIHs) and pooled ISIHs for multiple cells using
bin-by-bin medians. The autocorrelogram for oscillatory activity and
the cross-correlogram between pairs of simultaneously recorded cells
were also computed.

Sequential mean firing rates (SMFs) in 1-sec bins were computed for
state transitions from W to WS and S, S to W, and S to pre-REM and
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Figure 1. Histological localization of microelectrode tracks. Frontal sections stained for NADPH-diaphorase activity and counterstained with
Neutral red. Sections 4—D are rostral to caudal, between frontal planes 0 and —1.5. The rectangle in D is depicted at higher magnification in E.
Panel F shows the cholinergic neurons in the LDT nucleus and the adjacent noncholinergic neurons (stained in red) in the locus coeruleus.
Microelectrode tracks through the PB area and LDT nucleus are marked with arrows in 4 and C. A small electrolytic lesion (bottom arrow in A)
was made a few millimeters ventral to the last recorded neuron on that track. Horizontal bars indicate millimeters (bar in A4 is valid for other
panels, with the exception of E and F). Abbreviations other than PB and LDT: 40, aqueduct; BC, brachium conjunctivum; DR, dorsal raphe;
MLB, medial longitudinal bundle; 5ME, mesencephalic nucleus of the 5th nerve.

REM. For the 21 cells that had suitably long periods in S, pre-REM,
and REM, pooled SMFs in 5-sec bins were produced by aligning the
SMFs from individual cells to the start of either the pre-REM or REM
state and then calculating the bin-by-bin median rate across all cells for
the time available. To gain some appreciation of the statistical signifi-

cance of pooled SMF rate changes, the median rate for the first 30 sec
(6 bins) of the analyzed period was calculated for each of the 21 cells.
These values were then successively paired on a bin-by-bin basis with
the following bins of the epoch, and the Wilcoxon paired-rank test was
computed on the rate changes of each bin-pair across all cells.
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Figure 2. Criteria for distinguishing full-blown states and transitional epochs of the waking-sleep cycle. The 4 ink-written traces depict the activity
of lateral geniculate (LG) thalamic nucleus, EEG rhythms, ocular movements (EQG), and activity of neck muscles (EMG). W, waking; S, EEG-

)

synchronized sleep; WS, transitional epoch between W and S beginning with the first spindle sequence (arrow; 25 sec elapsed between the 2 portions
of WS leading to S); pre-REM, transitional epoch between S and REM sleep beginning with the first thalamic PGO wave (arrow).

Results

Data base and neuronal identification

We have recorded 780 cells within the histological limits of the
rostral two-thirds of the PPT nucleus and in the LDT nucleus,
as determined by their cholinergic neurons stained with the
NADPH-diaphorase technique (Fig. 1). Our exploration of the
PPT nucleus was thus limited to the PB area (Fig. 1, A-D) and
did not include the more posterior parabrachial nucleus, aligned
lateral to the most caudal portion of the brachium conjuncti-
vum. The distinction between the PB and parabrachial sectors
is important in view of the marked differences in the proportions
of cholinergic and aminergic cells at these 2 levels (see Discus-
sion). As shown below, there were no statistically significant
differences between PB and LDT cells as far as firing rates and
patterns during waking—sleep states are concerned. Therefore,
in many instances we will use the global terms PB/LDT neurons
or neurons of mesopontine cholinergic nuclei, unless we refer
to a particular neuron or cell class.

Of those 780 cells, 82 were antidromically invaded from tha-
lamic nuclei. Criteria for antidromic identification were fixed
response latency, collision with spontaneously occurring spikes
at proper intervals, and the ability to follow 2-3 stimuli at 250-
300 Hz (see Figs. 34, 4). Twelve neurons were backfired at
different latencies from 2 distant nuclei (Fig. 34).

The percentage of antidromically activated neurons from the
total population of PB/LDT tested elements (about 10%) ob-
viously does not reflect the dense innervation of thalamic nuclei
from brain-stem cholinergic nuclei which provide 50-85% of
the total afferents originating in the upper brain-stem reticular
core of cat (Paré et al., 1988; Steriade et al., 1988). Low per-
centages of antidromically identified neurons are commonly re-
ported in the literature. One explanation is that antidromic in-
vasion may be blocked by hyperpolarization at the time of testing.
Another factor accounting for the relatively low percentages of
antidromically identified cells is that testing stimulation is usu-
ally applied to a quite limited number of structures. Indeed, we
were concerned with brain-stem cholinergic actions on thala-
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mocortical systems and did not stimulate the ventrolateral pos-
terior hypothalamus, whence antidromic activation of meso-
pontine tegmental neurons can also be elicited; however, only
5-10% of cells in this hypothalamic-projecting contingent are
cholinergic (El1 Mansari et al., 1989). Yet another explanation
of the low percentages of antidromic responses is that systematic
modifications in the parameters and/or polarity of stimuli are
seldom attempted in all cells. That subtle changes in stimulus
polarity and location can significantly alter the cellular respon-
siveness is shown in Figure 4 illustrating 2 simultaneously re-
corded PB neurons. The synaptically evoked burst of neuron a
was transformed into an antidromic response by changing the
polarity of stimulation applied between 2 microelectrodes in-
serted within the lateroposterior nucleus. Both neurons g and b
were found to be antidromically activated (with different laten-
cies) from the lateroposterior nucleus, but stimulation of the
adjacent lateral geniculate nucleus induced an orthodromic re-
sponse in both cells, probably by activating the descending path-
way from the ventral part of the lateral geniculate complex (see
Discussion). The temporal sequence of evoked synaptic dis-
charges in the 2 cells (with b preceding a) was corroborated by
the same succession in cross-correlograms during W and S states
(Fig. 4).

A much larger population of PB/LDT cells (n = 570) was
synaptically driven at short latencies (3-8 msec) from the thal-
amus. Twenty-five PB/LDT neurons responded with a burst of
synaptically evoked discharges a few milliseconds after their
antidromic invasion. In some of those cases, the state-dependent
changes in probability of both antidromic and synaptic activities
could be studied during the waking-sleep cycle (see Figs. 14,
154).
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Figure 3. Antidromic identification of
PB and LDT cells with thalamic pro-
jections. A4, Fast-conducting LDT neu-
ron, antidromically invaded from me-
dial (4V, 1.7-msec response latency) and
lateral (LG, 1.4-msec response la-
tency) thalamic electrodes. Two stimuli
(arrowheads) at 300 Hz. Middle row;
collision of the first antidromic spike
with a spontaneous (S) action potential.
B, Histogram of antidromic response
latencies in 82 PB and LDT cells. Sym-
bols indicate loci where the tips of stim-
ulating thalamic electrodes were locat-
ed: MTh, medial nuclei: anteromedial,
anteroventral, mediodorsal and ven-
tromedial; I7h, intermediate thalamic
region: intralaminar centrolateral-par-
acentral complex and medial parts of
the lateroposterior and ventrolateral
nuclei; and LTh, lateral nuclei: reticu-
lar, ventroanterior, pulvinar, lateral ge-

niculate complex. When the same cell
was antidromically invaded from 2 loci,
8

MTh(n=17)
% 1 Th(n=38)
llill L Th(n=27)

the shortest latency response was in-
cluded in the histogram. Note that re-
sponses with long latencies (>5 msec)
were mostly evoked from LTh (retic-
ular and lateral geniculate nuclei). In
this and other figures, positivity up-
wards.

Out of 780 PB/LDT cells, 585 (75%) neurons discharged ton-
ically. Such a pattern endows PB/LDT cells with properties
qualifying them for the induction and maintenance of the tonic
process of EEG desynchronization during W and REM sleep.
The tonicity of discharges was first evaluated from the visual
inspection of recordings showing single spikes, relatively evenly
spread over time, during all states of vigilance. It was later
confirmed by ISIHs in individual PB (n = 92) and LDT (n =
27) cells, and ina pooled ISTH of 34 PB/LDT cells with identified
thalamic projections.

SMFs throughout the waking-sleep cycle or during at least 2
states with opposing EEG patterns were analyzed in 138 neu-
rons. Of them, 33 formed the basis for grouped analyses in
neuronal pools during transitions between EEG-synchronized
and EEG-desynchronized states. The relatively small neuronal
samples analyzed for the transitions from W-to-WS-to-S (n =
5), S-to-preREM-t0-REM (n = 21), and S-to-W (n = 7), are
accounted for by a series of factors: (1) most cells recorded
throughout the cycle in the order S-REM-W were lost during
gross movements in W, and the W-WS-S transition was thus
lacking; (2) we needed at least 60-100 sec for a reference period
preceding time O of the subsequent transitional epoch or full-
blown state; a purely quiet W state, with full EEG desynchro-
nization and without movements, rarely lasts for such long pe-
riods in head-restrained animals; and (3) REM sleep may occur
without a sufficiently long pre-REM period. Data qualitatively
similar to those illustrated in our pooled analyses were observed
in the remaining cells.

Peristimulus histograms (PSHs) of antidromic and ortho-
dromic responses to thalamic stimuli were performed in 25 PB/
LDT cells during all or at least 2 states of vigilance.
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Figure 4. Changing features of neu-
ronal identification by modifying stim-
ulus polarity and location. Two simul-
taneously recorded neurons in the
dorsomedial part of the PB area (large
initially positive spike a and small spike
b). Two top traces: antidromic activa-
tion of neuron b (1.3-msec response la-
tency) and synaptically evoked burst in
neuron g (about 5 msec latency) by
stimulating the lateroposterior (LP) nu-
cleus. Third trace: antidromic invasion
of neuron a (1.6-msec latency) by
changing the polarity of LP stimulus.
Fourth trace: synaptic activation of both
cells (shorter response latency in cell b)
by stimulating the lateral geniculate (LG)
nucleus. Bottom: cross-correlograms of
the 2 neurons (cell a is the reference cell)
during W and S states.
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Figure 5. Firing rates of PB and LDT

4 neurons during full-blown states and

L XXX 1 C C * K K

PB/LDT (n=20)
30 1 30 1

PB/LDT (n=84)

uil

S*** pre- REM***

transitional epochs of the wake-sleep
cycle. A, Mean (columns) with SEs, me-
dian (arrowheads), and statistical dif-
ferences in samples of 114 PB cells and
27 LDT cells during W, S, and REM
sleep. B, Firing rates in 2 samples of
PB/LDT cells distinguished by their
relatively high (>10 Hz) and low (<2
Hz) discharge rates during W. C, Firing
rates during the transitional epoch WS
from W to S in a sample of 20 PB/LDT
cells, and during the transitional epoch
pre-REM from S to REM in a sample
of 84 PB/LDT cells. In B and C, same
graphic representations as in 4. Statis-
tical differences between states indicat-
ed by I asterisk (p < 0.01), 2 asterisks

L ***

Tonically increased firing rates during EEG-desynchronized
States

Analyses of firing rates in groups of PB (n = 114) and LDT (n
= 27) cells during full-blown states showed that the lowest rates
occurred in S, with medium rates in W and highest rates in
REM (Fig. 54). However, these values greatly underestimate
the differences between the increased rates of spontaneous firing
during EEG-desynchronized states compared with EEG-syn-
chronized sleep. Indeed, as shown in the next section (see Figs.
9-13), the overall discharge rate in S comprised periods during
which precursor signs of increased firing appeared about 20-60
sec before the onset of W or REM sleep. Conversely, the overall
discharge rate in W was reduced because the period analyzed

i (p < 0.005), and 3 asterisks (p < 0.0005).

as W comprised the decreased firing heralding the transitional
WS epoch. Despite these fluctuations of discharges, the differ-
ences between S and both EEG-desynchronized states were sta-
tistically significant (p < 0.0005) in both PB and LDT cell
samples (Fig. 54). There were no statistically significant differ-
ences between firing rates of PB and LDT cells in all states (p
> 0.1).

Since we observed striking differences between a majority of
PB/LDT cells with high discharge frequencies in W and a less
numerous PB/LDT neuronal class with low discharge rates in
W, we analyzed the firing rates of the 2 cell groups, 1 with
discharges exceeding 10 Hz during W, the other displaying firing
rates below 2 Hz during the same state (Fig. 5B). The fast-
discharging PB/LDT cells (n = 78) increased their firing rates
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during both W and REM sleep, as compared to S; differences
between all states were significant (p < 0.0001). By contrast,
slowly discharging PB/LDT neurons (1 = 29) increased their
firing rates from W to S (p < 0.01), and further increased their
discharge frequencies to REM sleep (p < 0.0001). There were
no significant differences between 1 group and the other as
to the percentages of cells with antidromically identified tha-
lamic projections (44% in the fast-discharging group, 56% in the
slowly discharging group).

The pooled ISIHs of 34 thalamic-projecting PB/LDT cells
(Fig. 6) that could be recorded for sufficient periods of time in
all states show that (1) the average firing rates were 20.9 Hz in
W, 13.2 Hz in S, and 30.1 in REM sleep, with differences be-
tween all states at p < 0.0005; of those 34 cells, 29 increased

discharge rates from S to W, and all increased rates from S to
REM; (2) very short (<5 msec) intervals, reflecting high-fre-
quency bursts, represented only 3.4, 2.7, and 6.7% of the in-
tervals in W, S, and REM, respectively; very long (>200 msec)
intervals also constituted negligible proportions: 1.0% in W,
2.5% in S, and 0.7% in REM sleep; (3) consequently, most
intervals were concentrated within a medium class, between 10
and 40 mscc; (4) the ratio between the mean interval and the
interval mode for intervals between 0 and 25 msec approached
1, a sign of the ISIH symmetry; (5) for the same interval class
(0-25 msec), the coefhicient of variation was very small (<0.5)
during all states.

Twenty-two PB cells exhibited an oscillatory pattern of dis-
charge consisting of trains of single spikes occurring periodically,
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Figure 7. Oscillatory discharge patterns in a PB cell projecting to the medial part of the thalamus. The 5 ink-written traces represent unit activity
(see large spike in oscilloscopic traces at bottom) and physiological correlates of waking-sleep states. 4, During quiet W; B, during REM sleep; C,
arousal (arrow) from REM sleep. Below, 2 traces of original action potentials (big spike) at 2 different speeds, depicting the spike trains marked by

1 and 2 asterisks in C.

generally with a rhythm of 0.8-1 Hz. Autocorrelograms in 7
such cells during various states of vigilance revealed that the
rhythmicity was particularly pronounced during W and S and
that it was obliterated during REM sleep in parallel with the
increased neuronal firing during the latter state. The neuron
depicted in Figures 7 and 8 discharged at 32.1 Hz in W, 28.3

Hz in S, and 52 Hz in REM sleep. The clock-like recurrence of
spike trains at about 0.9 Hz during W (Fig. 74), visible in the
multiple peaks of the autocorrelogram in Figure 8, disappeared
with the increased firing rate during REM sleep (Fig. 7B). The
rhythmic spike trains reappeared upon awakening from REM,
this time with markedly increased duration of spike trains, re-
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Figure 8. Autocorrelograms of the unit depicted in Figure 7 (big spike) during W, S, and REM sleep.

curring at 0.3 Hz (Fig. 7C). Inspection of spike trains (bottom
oscilloscopic traces in Fig. 7) reveals an acceleration—decelera-
tion discharge pattern, reaching 90-100 Hz in the middle of the
train.

Frecursor changes in PB/LDT cell firing heralding shifis in the
state of vigilance

Figure 9 shows the continuously changing firing rate of a toni-
cally discharging PB neuron across the waking—sleep cycle. The
rate values in each state matched those found in the 114 cell
sample analyzed as a group. The firing rate in W diminished
progressively before the appearance of EEG signs marking the
transitional WS epoch, and the firing rate in S increased while
the EEG was still fully synchronized, 30 sec before the transi-
tional pre-REM epoch leading to REM sleep. This picture in-
dicates that neuronal discharges in mesopontine cholinergic nu-
clei are not “steady.” Therefore, we investigated the chronology
of firing during transitional epochs of the waking-sleep cycle.
In a sample of 20 PB/LDT cells, the decrease in firing rate
from W and WS was significant (p < 0.005), whereas no sig-
nificant differences were found between WS and S (see Fig. 5C).

The dynamic changes in a single PB cell and a group (n = 5) of
PB/LDT neurons showed a decrease in their firing rates during
W more than 10 sec before the first spindle sequence indicating
the onset of the WS epoch (Fig. 10, 4, B). Thus, the decrease
in discharge rates essentially occurred before WS, and no further
decrease in rate was observed from WS to S.

Conversely, during the transition from S to W, PB neurons
increased their firing rates about 15-20 sec in advance of the
EEG desynchronization (Fig. 11) and well before the increased
muscular tone and eye movements that appeared later on.

The transition from S to REM was analyzed in 84 PB/LDT
cells. The increased rate from S to pre-REM and, further, from
pre-REM to REM was significant at p < 0.0001 (see Fig. 5C).
SMFs and cumulative histograms showed that a significant (p
< 0.05) increase in discharge frequency occurs about 60 sec
before the onset of EEG desynchronization in REM sleep (Figs.
12, 13). Since this period comprises PGO waves and some of
these neurons were also PGO-on (see following paper), we made
a separate analysis by taking as time O the onset of the pre-REM
epoch. This analysis showed a significant (p < 0.05) increase in
firing rates from S to pre-REM, 25 sec before the appearance
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Figure 9. Sequential firing rate (SMF) of a PB cell antidromically activated from the rostral intralaminar thalamus across the wake-sleep cycle.
Abscissa indicates real time. Mean firing rates during W, S, and REM are indicated (Hz) for each state. Transitional WS and pre-REM epochs are
indicated by vertical interrupted lines (at 0:30:53 and 0:34:34, respectively). Note cyclic activity toward the end of W state (see also Fig. 11B).
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of the first PGO wave marking the onset of the pre-REM tran-
sitional epoch (Fig. 13).

Enhanced antidromic and synaptic excitability of PB/LDT
cells during EEG-desynchronized behavioral states

The antidromic response probability rose by 35-50% from both
W and S states to REM sleep (Fig. 14; see action potential and
bin in peristimulus histogram marked by asterisks). Moreover,
in some neurons antidromic invasion was detected selectively
during REM sleep (Fig. 154). The latter finding further em-
phasizes that the percentage of antidromically identified cells
(10%) in our sample is a gross underestimation (see also com-
ments in the section on data base and neuronal identification).

The degree of increased synaptic excitability during EEG-
desynchronized states varied from cell to cell, but was consis-
tently present. The increased probability of neuronal responses
to orthodromic volleys from S to either W and REM sleep was
in the range of 12 and 25% in some neurons (Fig. 14), but could
reach 40-70% (Fig. 15B) and even 80% (Fig. 154) in other cells.
REM sleep was by far the state with the highest neuronal re-
sponsiveness. This was even observed in some cells whose spon-
taneous firing rate was lower in REM than in W, whereas their
synaptic excitability was much higher (85%) during REM sleep
than during W (Fig. 16).

Discussion

Some remarks on the chemical code and input—output
organization of mesopontine reticular neurons

The only safe identification of cholinergic neurons can be
achieved by combining intracellular staining and ChAT im-
munochistochemistry. At this time, it appears impossible to re-

alize these procedures in a behaving preparation, with record-
ings lasting for several weeks or more. Nonetheless, it is very
likely that the overwhelming majority of neurons recorded in
this study were cholinergic for the following reasons. (1) We
recorded more than 90% of our PB sample at stereotaxic levels
A1-P1 (see these levels in the NADPH-diaphorase-stained sec-
tions in Fig. 1). At this level, cholinergic neurons represent 85%
of cells, whereas monoamine-containing neurons constitute only
15% (see Tables III and IV of Webster and Jones, 1988). Mono-
aminergic neurons become an important population, even ex-
ceeding the number of cholinergic cells, at more caudal levels,
in the parabrachial nucleus. (2) The proportions of cholinergic
and monoaminergic neurons in the LDT nucleus are 67 and
33%, respectively (see Tables I and III in Jones and Webster,
1988). Most monoamine-containing neurons are located in the
extreme lateral part of the LDT nucleus, adjacent to the locus
coeruleus, a region where we systematically avoided recording
neurons. The repeated claim that cat’s locus coeruleus contains
a significant number of cholinergic cells probably derives from
the admixture of cholinergic and monoaminergic cells at the
limit between LDT and locus coeruleus (see the red-stained,
non-NADPH-diaphorase neurons in the present Fig. 1F). (3)
That monoaminergic elements constitute a negligible proportion
of neurons in our samples is shown by the fact that only 3 cells
out of the 114 PB cell and 27 LDT cell samples (2%) ceased
discharging in REM sleep. The latter feature is characteristic of
monoaminergic neurons in dorsal raphe (McGinty and Harper,
1976; Lydic et al., 1983) and locus coeruleus (Hobson et al.,
1975; Aston-Jones and Bloom, 1981; see details in Steriade and
McCarley, 1990).

The axonal conduction velocities of thalamic projections can-
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jecting PB cell (4) and a group of 7 PB/
LDT cells (B) during transition from S
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not be inferred because we have no evidence whether we stim-
ulated the parent axon or axonal terminals and only 1 stim-
ulating electrode was inserted along each projection pathway to
various thalamic nuclei. However, crude estimates from the
histogram of antidromic response latencies (Fig. 3 B) suggest that
the conduction velocities of PB/LDT axons toward medial and
intralaminar thalamic nuclei (ranging between 4 and 8 m/sec)
are higher than those projecting to the reticular and lateral ge-
niculate thalamic nuclei (1.3-4 m/sec). The inferred conduction
velocities of PB axons to the lateral geniculate nucleus fit in
with the axonal diameters (0.3-0.7 um) measured in an antero-
grade tracing study (Uhlrich et al., 1988). These values are also
consistent with previous data showing that the antidromic re-
sponse latencies of mesopontine reticular neurons to intralam-
inar thalamic stimulation are shorter than those evoked by lat-
eral geniculate stimulation (Ropert and Steriade, 1981; Ahlsén,
1984). The low conduction velocities of mesopontine tegmental
neurons projecting to the reticular thalamic nucleus corroborate
the conduction velocities in the reciprocal, descending pathway
(Parent and Steriade, 1984).

The great number of PB/LDT cells that were synaptically
driven from the thalamus may seem surprising since the con-
ventional wisdom is that there are few, if any, descending pro-
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jections from the thalamus to the brain stem. It must be rec-
ognized that stimulation of certain thalamic nuclei (e.g., the
reticular sheet) may coactivate corticofugal axons coursing in
the adjacent internal capsule. Also, thalamic stimulation may
activate by axon reflex some fiber systems that originate in the
lower medulla or spinal cord and collateralize to the PPT nu-
cleus. However, many of these orthodromic responses are as-
cribable to thalamic descending projections that were demon-
strated in retrograde and anterograde transport studies to arise
in caudal and rostral intralaminar nuclei (Parent and Steriade,
1981), reticular thalamic complex (Parent and Steriade, 1984),
and ventral part of the lateral geniculate complex (Higo et al.,
1989).

Discharge properties of PB/LDT cells: a comparison with
PPT/LDT neurons in vitro and with other brain-stem
reticular neurons during waking-sleep states

We have documented the tonicity of PB/LDT neurons by first-
order measures indicating small mean-mode interval ratio and
relatively small spread around the mode. Thalamocortical neu-
rons display about 30% of intervals shorter than 5 msec in S
(Glenn and Steriade, 1982), a state in which they selectively fire
high-frequency bursts; in contrast, PB/LDT cells display less
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than 4% of such intervals in W and S, and less than 7% in REM
sleep, when some tonic PB/LDT cells are also PGO-on bursting
elements (see following paper).

The contention that 75% of PB/LDT neurons analyzed in this
paper are tonic in nature and do not usually display high-fre-
quency spike bursts accords well with in vitro studies of PPT
neurons (Leonard and Llinas, 1987, 1990; Kang and Kitai, 1990).
These authors have reported that a majority of cholinergic neu-
rons, retrogradely labeled from the thalamus prior to preparing
the slices, have intrinsic properties well suited to the tonic,
single-spike repetitive firing described in the present paper. In
particular, most PPT cells do not have the low-threshold cal-
cium conductance (LTS) which underlies high-frequency spike
bursts. Instead, they have a transient outward potassium con-
ductance termed g,. Note, however, that a newly discovered
subsample of PB/LDT cells discharge high-frequency spike
bursts, preceding by 20-30 msec the thalamic PGO waves, on
a background of tonically increased firing rate during REM sleep;
those neurons also display tonic discharge patterns during W
and S states (Steriade et al., 1990b). These bursts are obviously
different from those triggered by LTSs as they arise at a relatively
depolarized level. These presumed high-threshold burst-neu-
rons, as well as the cells displaying only LTSs in the PPT (Leon-
ard and Llinas, 1987, 1990; Kang and Kitai, 1990) and LDT
(Wilcox et al., 1989) nuclei, will be considered in the following
paper, in relation to the transfer of the PGO signal to the thal-
amus.

We speculate that the g, conductance of PPT neurons is in-
volved in the patterning of oscillatory behavior depicted in the

present Figures 7 and 8. Indeed, the silent periods between the
rhythmic spike trains are presumably due to sequential acti-
vation of g.,.-ga by the repetitive firing during the spike trains.
The silent periods, shaping the rhythm of spike trains, are oblit-
erated during REM sleep associated with an increased firing
rate, similar to the inactivation of g, by membrane depolariza-
tion.

We will now compare the state-dependent changes in firing
rate of neurons recorded in PB/LDT cholinergic nuclei with
those of neurons in other brain-stem reticular fields.

1. The similar features are high rates (> 10 Hz) of discharges
during both EEG-desynchronized states in most recorded ele-
ments and an increase in discharge frequency preceding the EEG
desynchronization in W or REM sleep. Thalamic-projecting ros-
tral midbrain reticular neurons increase their firing rates 15 sec
prior to EEG desynchronization upon arousal from S (Steriade
et al., 1982) and bulbothalamic neurons in the magnocellular
field increase.their discharge frequency at least 30 sec prior to
EEG desynchronization in REM sleep (Steriade et al., 1984).
The neurotransmitters used by rostral midbrain and bulbotha-
lamic reticular neurons are not known. The short-latency ex-
citation of intralaminar thalamocortical neurons from the ros-
tral midbrain core (Steriade and Glenn, 1982), where there are
virtually no cholinergic or noradrenergic cells, suggests that ex-
citatory amino acids may be involved in this type of thalamic
activation from the midbrain core.

2. The PB/LDT cells differ from other brain-stem reticular
neurons with respect to the time course of increased neuronal
activity during shifts from the state of S to EEG-desynchronized
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states. Our previous studies on rostral midbrain (Steriade et al.,
1982) and bulbar reticular (Steriade et al., 1984) neurons have
revealed precursor signs of increased activity heralding either
W or REM sleep, respectively. The present data on PB/LDT
neurons indicate that their enhanced activity reliably precedes
both transitions from S to W and from S to REM sleep and that
a decreased activity precedes the earliest signs of EEG synchro-
nization during the W-to-S transition. A recent study has also
reported an increased firing rate of presumptive cholinergic brain-
stem reticular neurons before the onset of EEG desynchroni-
zation during REM sleep; increased rates occurred after the
appearance of PGO waves (El Mansari et al., 1989). This aspect
is similar to our previous data on bulbothalamic reticular neu-
rons (see figure 10 in Steriade et al., 1984). Since some of the
REM-on elements in the PB/LDT nuclei are also PGO-on, we
performed a separate analysis in the present study and provided
evidence that the increased firing rate of PB/LDT cells precedes
by 25 sec the first PGO waves during transition from S to REM
sleep.

The small group of PB/LDT neurons (n = 29) discharging at
low rates (<2 Hz) during W deserves special mention since those
neurons, as distinct from all other thalamic-projecting brain-
stem reticular neurons, increased in a statistically significant

50 0

50 §

manner their firing rate from W to S, and further to REM sleep,
reaching in this latter stage levels of spontaneous discharges that
were 5-10 times higher than in S and W. This progressively
increased activity across the wake—sleep cycle is the inverse to
the picture displayed by dorsal raphe neurons (McGinty and
Harper, 1976; Trulson and Jacobs, 1979; Lydic et al., 1983).
We refer only to dorsal raphe neurons, among other monoam-
inergic neurons with similar behavior during the wake-sleep
cycle, because a manifest inhibitory action of serotonin on pre-
sumed cholinergic PPT cells has recently been reported in mid-
brain slices and the isolated/perfused brain (Khateb et al., 1989).
It is then possible that the reciprocal images of PB/LDT and
dorsal raphe neurons reflect the progressive disinhibition of PB/
LDT neurons with the transition from W to S and REM sleep.

Role played by neurons of cholinergic PB/LDT nuclei in
tonic ascending activation processes

The demonstration that precursor signs of increased neuronal
activity in cholinergic PB/LDT nuclei announce the shifts from
EEG-synchronized sleep to either W or REM sleep raises ques-
tions concerning the events that occur during such long lead
periods (20-60 sec) preceding the onset of EEG desynchroni-
zation. It should be emphasized that these figures represent



The Journal of Neuroscience, August 1990, 70(8) 2555

2 ms

REM

T= 14 X=4.4 T= 17 X=4.3 T= 11 X=4.5
RESP M=3.5 C=0.9 M=3.5 C=0.9 M=3.,5 C=1.0
x100 R=507 A=453 R=582
120 - -
100 - 4

*
80 ]
60 - * :
40 4 1
20 1
O L T Ll 1 T T L 1
0 20 o) 20 o) 20
mS mS mS

Figure 14. Enhanced antidromic responsiveness of PB cell during REM sleep. Top, Antidromically evoked spike from the lateral thalamus
(asterisk), followed by a high-frequency burst of synaptically elicited discharges (note spike fragmentation during the burst). Below the single-sweep,
a superimposition of 3 traces is depicted to show the presence of the high-frequency burst even when the antidromic invasion fails. Bottom,
Peristimulus histograms (1 msec bins) during wake-sleep states. Antidromic spikes in bins marked by asterisks. Symbols: 7, number of trials; X,
mean latency; M, latency mode; C, coefficient of variation; R, responsiveness defined as the total counts in the depicted range divided by the

number of trials and expressed as a percentage.

values in pooled neurons and that a continuum of lead times
has been observed in various neurons, from as long as 140 sec
to as short as 3 sec. A process of recruitment probably takes
place within brain-stem networks before overt signs of changes
in gross EEG activity. Extra- and intracellular studies of mid-
brain (Ropert and Steriade, 1981) and pontine (Ito and Mc-
Carley, 1987; McCarley et al., 1987) reticular neurons in un-
anesthetized behaving preparations have reached the conclusion
that more than 90% of brain-stem neuronal responses to close
and distant stimulation within the brain-stem core are excitatory

in nature. This suggests that a cascade of excitatory events within
brain-stem networks prepares the time when a critical mass of
thalamic-projecting neurons succeed in exerting their actions
upon thalamic cells.

The actions of mesopontine cholinergic neurons upon the
thalamus are known from in vitro studies using applications of
cholinergic agonists and from in vivo experiments using intra-
cellular recordings in preparations under anesthetics (other than
barbiturates) that do not prevent the direct cholinergic excita-
tion of thalamocortical neurons. The effects of acetylcholine
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Figure 15. Antidromic and synaptic excitability of PB neurons during wake-sleep states. 4, Antidromic activation (only during REM sleep, bin
marked by asterisk) and synaptic excitation from | of the intermediate thalamic electrodes. B, Synaptic excitation from the lateral thalamus.

Same symbols as in Figure 14.

(ACh) on the cat’s thalamic relay cells consist of a rapid nicotinic
excitation associated with increased membrane conductance,
followed by a slow muscarinic depolarization associated with
an increase in input resistance (McCormick and Prince, 1987;
McCormick, 1990). The early nicotinic excitation may be the
basis of thalamic PGO waves (Hu et al., 1989b), discussed in
the following paper, but it cannot account for the long-lasting
activation involved in the enduring process of EEG desynchro-
nization and in the prolonged enhancement of synaptic efficacy
of thalamocortical cells (Paré et al., 1990). A longer-latency,
longer-duration (2-6 sec) depolarization of lateral geniculate
relay cells was elicited after the early nicotinic excitation by
stimulating the PB area (see figure 11 in Steriade and Deschénes,
1988). Recently, we have observed that PB and LDT stimulation
evoked long-lasting depolarization (mean: 20 sec), associated
with a large increase in input resistance (40-65%), in a variety
of thalamocortical neurons, including those of anterior nuclei;
this depolarization was simultaneous with a long-lasting EEG
desynchronization (Currd Dossi et al., 1990). In addition to the
direct cholinergic excitation from the mesopontine cholinergic
nuclei, thalamocortical cells (other than those in anterior nuclei

which do not receive reticular thalamic inputs) undergo a pro-
cess of disinhibition consequent to the powerful hyperpolariza-
tion of reticular thalamic neurons elicited by ACh application
in vitro (McCormick and Prince, 1986) or by stimulation of the
PB area in vivo (Hu et al., 1989a).

Thus, mesopontine cholinergic neurons are good candidates
for (1) disrupting the synchronized spindle oscillations in thal-
amocortical systems upon arousal and REM sleep, through the
inhibition of the spindle generator, the GABAergic reticular
thalamic nucleus (Steriade et al., 1985, 1987); and (2) directly
activating as well as disinhibiting thalamocortical neurons, with
consequent depolarization of cortical targets in circumscribed
or diffuse cortical territories, as a function of different types of
projections arising in various thalamic nuclei.

The PB/LDT cholinergic nuclei are probably the best can-
didates for an activating structure for tonic and phasic events
during both EEG-desynchronized states of W and REM sleep.
They are not, however, the only system involved in such actions.
Several notions should be underlined in this respect.

1. Although noradrenergic neurons of locus coeruleus depo-
larize thalamocortical cells (McCormick and Prince, 1988), con-
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Figure 16. Differential changes in spontaneous firing and synaptic excitability of a PB neuron driven from the rostral intralaminar thalamus during
REM sleep and W. Mean firing rates in REM sleep and W: 9.6 and 13 Hz, respectively. Symbols in peristimulus histograms as in preceding figures.

jointly with mesopontine cholinergic neurons, data presented
here indicate that PB/LDT cells are very active during both W
and REM sleep, whereas previous studies have demonstrated
that locus coeruleus neurons are active only during W and cease
firing during REM sleep (see above). Thus, the idea of a synergic
activating action of cholinergic and noradrenergic neurons upon
the thalamus is conceivable during W, but not during REM
sleep, when only the cholinergic contingent is available. The
excitatory actions of iontophoretically applied cholinergic ag-
onists upon thalamic neurons are state-dependent: they are pres-
ent only during EEG desynchronization in acute preparations
{MacLeod et al., 1984) or during both W and REM sleep, but
not in S, in freely moving animals (Marks and Roffwarg, 1989).

2. The desynchronization of EEG activity, also termed EEG
activation because of the simultaneous increase in thalamic and
cortical responsiveness (see Steriade et al., 1990a), consists of
at least 2 major components: the disruption of spindle oscilla-
tions that takes place in the thalamus and the blockade of high-
amplitude slow (0.5-4 Hz) or delta waves. As yet, the precise

origin of the latter waves is not elucidated. The cortical origin
is most often suggested. In the cerebral cortex, delta waves prob-
ably originate from synaptic inhibitory processes, but especially
from the exceedingly long-lasting calcium-dependent potassium
currents (see Steriade and Buzsaki, 1990). Their disruption can
be realized by a series of transmitters used by neuronal systems
with direct access to the cerebral cortex: basal forebrain cholin-
ergic neurons, ventrolateral posterior hypothalamic histaminer-
gic neurons, and locus coeruleus noradrenergic neurons. The
suppressing action of these transmitters upon calcium-depen-
dent potassium currents are now established (Reiner and McGeer,
1987; McCormick and Williamson, 1989). The blockade of delta
waves can then contribute to full responsiveness of cortical neu-
rons during EEG-desynchronized behavioral states. Note, how-
ever, that EEG activation does not exclusively consist of “neg-
ative” events, such as the disruption of synchronized spindles
and delta waves. Fast (40-45 Hz) waves and/or multiunit ac-
tivities have been detected in different cortical areas during high-
vigilance states (Bouyer et al., 1987) or have been evoked by
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optimal visual stimuli (Gray and Singer, 1989). In vitro the
underlying event of sustained subthreshold cortical oscillations
at 38-45 Hz appears to be a voltage-dependent sodium con-
ductance (Llinds and Grace, 1989). In keeping with the idea
that this fast rhythm is part of the complex picture of EEG
activation, we have recently evoked 40 Hz cortical oscillations
by stimulating PB and LDT cholinergic nuclei after excitotoxic
lesions of basal forebrain perikarya (Curro Dossi et al., 1990).
Qur results indicated that the 40 Hz rhythm was induced via
the brain-stem cholinergic projections driving thalamocortical
neurons, as it was abolished by muscarinic blockers.

3. The existence of multiple systems involved in various com-
ponents of EEG desynchronization (disruption of spindles or
delta waves) and the fact that brain-stem reticular territories
with still unidentified transmitters (¢.g., the rostral midbrain
core) also activate thalamocortical neurons together explain the
failure that we and others have experienced in attempting to
completely disrupt EEG desynchronization for long periods of
time. Excitotoxic lesions of the rostral midbrain reticular for-
mation have been followed by a period of 2-4 d of significantly
increased S at the expense of W, associated with continuous
EEG synchronization and the replacement of tonic desynchro-
nizing reactions by phasic, quite short-lasting ones (Steriade,
1983). After the same type of lesions in the mesopontine teg-
mentum, with a mean loss of ChAT-immunoreactive cells of
60%, the animals behaved in a grossly normal manner during
W and EEG desynchronization was not disrupted in W or REM
sleep (Webster and Jones, 1988). These results may be due to
the compensatory function of structures left intact. Even if com-
bined lesions of 2 separate activating structures fail to disrupt
the gross W behavior and associated EEG desynchronization,
the recovery would be attributable to other of the multiple sys-
tems involved in this function. For example, the recently re-
ported lack of W alteration after cellular lesions in both rostral
midbrain core and posterior hypothalamus of cat (Denoyer et
al., 1989) is explained by the fact that those lesions extended
from stereotaxic levels A2 to A6, and the largest part of me-
sopontine cholinergic neurons (from Al to P3) was left intact.
It is worth mentioning in the context of compensatory functions
of intact systems that, after the few days during which W and
EEG desynchronization were abolished after the excitotoxic le-
sion of the rostral midbrain core, a period of increased W fol-
lowed, suggesting a denervation supersensitivity of forebrain
structures receiving inputs from other activating systems (Steri-
ade, 1983).

These considerations lead us to emphasize the notion of dis-
tributed systems when attempting to reveal the substrates of
global functions, such as EEG desynchronization and W. We
have 2 final remarks concerning these 2 terms, generally em-
ployed quite loosely. First, when investigating changes in EEG
desynchronization after lesion of one or another activating sys-
tems, one should realize that (1) there are at least 2 types of
synchronized waves (spindles and delta waves); (2) these waves
have distinct sites of origin (thalamus and cortex); (3) different
ascending modulatory systems using different neurotransmitters
have prevalent access to the thalamus or cerebral cortex; and
(4) synchronization or desynchronization cannot be estimated
without separate analyses of the power spectra of various EEG
rhythms. Second, when using the term W, we must be aware
that the behavioral W repertoire of animals used to study neu-
ronal activities across the wake-sleep cycle is very poor, to say
the least. This refers not only to head-restrained animals, but

also to animals investigated in “freely moving” conditions. In-
deed, we examine gross electrographic events, taken as char-
acteristic of W, but leave aside the complex reality of this het-
erogenous state. Only after submitting the animals to various
tasks of attentive behavior and testing their responsiveness to
different stimuli, including processes of sculpturing inhibition
that are necessary for a finely tuned brain, could we conclude
that one or another ascending activating system is not indis-
pensable, because its lesion did not disrupt the W behavior. The
dissection of the W state by means of attentive tasks is a matter
of future investigations of neuronal activities in several ascend-
ing activating systems.
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