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Cholinergic neurons in the pontomesencephalic tegmentum form part of the ascending activating system and are thought to participate
in stimulating cortical activation. Yet in the laterodorsal tegmental and pedunculopontine tegmental nuclei (LDT and PPT), they lie
intermingled with GABAergic and glutamatergic neurons, which could also modulate cortical activity and sleep–wake state. To charac-
terize the discharge of these cell types in relation to cortical activity, we recorded neurons in urethane-anesthetized rats during sponta-
neous slow wave and somatosensory evoked fast electroencephalographic (EEG) activity, then labeled the cells by juxtacellular technique
with Neurobiotin (Nb) and dual-immunostained them for vesicular acetylcholine transporter (VAChT) and glutamic acid decarboxylase
(GAD). All cholinergic cells discharged minimally during prestimulation (�0.5 Hz) and moderately in a tonic manner (�4 Hz) during
stimulation. Being heterogeneous, some GABAergic, called “On,” cells (�48%) increased their discharge (from �4 to 7 Hz), whereas
others, called “Off” cells (�38%), decreased or ceased firing during stimulation. Similarly, some noncholinergic/non-GABAergic On cells
increased (from �2 to 6 Hz, �49%), whereas other Off cells decreased firing (�35%) during stimulation. Putative glutamatergic On
together with GABAergic On neurons could thus act in parallel with cholinergic cells to stimulate cortical activation. Possibly influenced
by cholinergic On and glutamatergic Off cells, whose change in discharge precedes theirs, the GABAergic Off cells could oppose neigh-
boring neurons such as noradrenergic cells, which discharge during waking and cease firing during sleep. By concerted activity, these
heterogeneous cell groups can modulate cortical activity and behavioral state across the sleep–waking cycle.

Introduction
The cholinergic neurons in the brainstem, which form an impor-
tant part of the ascending activating system, are clustered in the
pontomesencephalic tegmentum within the laterodorsal teg-
mental (LDT) and the pedunculopontine tegmental (PPT) nuclei
(Jones, 1993; Steriade, 2004). These neurons project rostrally
along with other reticular neurons into the thalamus, the lateral
hypothalamus, and basal forebrain, where neurons in turn give
rise to widespread cortical projections and stimulate cortical ac-
tivation (Mesulam et al., 1983; Jones and Yang, 1985; Hallanger et
al., 1987; Paré et al., 1988). The cholinergic cells also project into
the pontine reticular formation, where neurons in turn promote
muscle atonia together with cortical activation and the state of
rapid eye movement (REM) sleep or as it is also called, paradox-
ical sleep (PS) (Mitani et al., 1988; Jones, 1990, 2004; Semba et al.,
1990). Evidence from pharmacological and lesion studies indi-

cates that the cholinergic neurons play an important role in stim-
ulating cortical activation during waking and PS and also in trig-
gering the state of PS (Karczmar et al., 1970; Amatruda et al.,
1975; Gillin and Sitaram, 1984; Webster and Jones, 1988). Single
unit recording studies in the LDT and PPT nuclei of cats or rats
identified cells which were presumed to be cholinergic and fired
in association with cortical activation during waking and PS or
more selectively during PS (el Mansari et al., 1989; Steriade et al.,
1990a; Steriade et al., 1990b; Kayama et al., 1992). Yet, the cho-
linergic neurons in the pontomesencephalic tegmentum are in-
termingled with other noncholinergic neurons, including
GABAergic neurons (Ford et al., 1995), which might also partic-
ipate in different ways in the modulation of cortical activity and
sleep–wake state (Maloney et al., 1999). Most recently, evidence
for the presence of glutamatergic in addition to GABAergic and
cholinergic neurons in the LDT and PPT nuclei was also pre-
sented (Wang and Morales, 2009). To understand the role of the
cholinergic, GABAergic, and putative glutamatergic neurons of
this region, it is thus necessary to identify recorded neurons ac-
cording to their neurotransmitter phenotype.

We applied the technique of juxtacellular labeling of recorded
neurons for subsequent immunohistochemical identification of
cholinergic, GABAergic, and putative glutamatergic neurons in
the LDT, SubLDT, and medial PPT (MPPT). As previously used
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for identification of the cholinergic and other neurons in the
basal forebrain (Manns et al., 2000a,b; Manns et al., 2003), we
labeled recorded cells with Neurobiotin (Nb) following their
characterization in relation to cortical activity in urethane-
anesthetized rats. As possible with this anesthesia, somatic stim-
ulation was used to evoke enhanced fast, beta– gamma along with
rhythmic slow, theta-like activity, which resembles cortical acti-
vation, from a baseline of irregular slow activity, which resembles
slow-wave activity of natural slow-wave sleep (SWS) (Maloney et
al., 1997; Clement et al., 2008). Similar to comparable popula-
tions of cells in the basal forebrain, the cell groups were found to
be heterogeneous in their properties and their response to stim-
ulation with associated cortical activation.

Materials and Methods
Animals and surgery. Experiments were performed on 66 adult male
Long–Evans rats (200 –250 g; Charles River). All procedures were ap-
proved by the McGill University Animal Care Committee and the Cana-
dian Council on Animal Care. The animals were anesthetized with ure-
thane (ethyl carbamate, Sigma) using an initial dose 1.4 g/kg (i.p.) and
supplementary doses if necessary of 0.1– 0.15 g/kg (i.p.) to insure an
adequate level of anesthesia, as determined by the lack of response to
pinching of the hind limb. Body temperature was maintained at 36 –37°C
by a thermostatically controlled heating pad. The anesthetized animals
were positioned in a stereotaxic apparatus (David Kopf Instruments) for
both the surgery and subsequent recording. For EEG recording, stainless
steel screws were placed over the retrosplenial cortex [anteroposterior
(AP) �4.0 mm, lateral (L) �0.5 mm relative to bregma] and in the
frontal bone as a reference.

Unit recording and labeling. As described previously (Manns et al.,
2000a), juxtacellular recording and labeling was performed using an in-
tracellular amplifier (IR-283, Neurodata Instruments). Unit recordings
were performed with glass microelectrodes (�0.5–1.5 �m tip and
�25– 40 M�) filled with 0.5 M NaCl and 5.0% Neurobiotin (Nb, Vector
Laboratories). To reach the pontomesencephalic tegmentum, holes were
drilled in the skull (AP �5.0 mm from bregma, L �0.9 mm) and after
opening the dura, the electrode descended from anterior to posterior at
an angle of 30 o from the vertical, so as to avoid the tentorium. Single
units were then isolated as the electrode was descended through the
pontomesencephalic tegmentum into the region of the LDT. Once iso-
lated, the unit was characterized during spontaneous irregular slow EEG
activity and during somatosensory stimulation. The somatic stimulation
consisted of a continuous pinch of the tail applied by large, blunt forceps
such as to apply pressure but not to evoke pain. The stimulation was
repeated several times to confirm that the response was constant. After
the recording and characterization of isolated neurons, they were labeled
by applying the juxtacellular method, as originally developed and de-
scribed by Pinault (1996). Labeling was accomplished by modulating the
firing of the cell through positive current pulses (1–10 nA) for a period of
2–10 min. In this study, for a total of 149 units submitted to this juxta-
cellular labeling protocol in 66 rats, 118 units were successfully labeled
with Nb (�80%).

Within a few hours after the juxtacellular labeling, the animals were
administered an overdose of urethane and perfused transcardially with
physiological saline (0.9% NaCl), followed by 500 ml of a fixative con-
taining 3% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The
brains were removed, postfixed overnight in the fixative solution, and
immersed for 2 d in 30% sucrose in phosphate buffer for cryoprotection.
They were frozen at �50°C and stored at �80°C.

Histochemistry. Serial sections were cut at 25 �m thickness in the coronal
plane on a freezing microtome and collected for histochemical processing.
For revelation of Nb, sections were incubated for 2.5 h in Cy2-conjugated
streptavidin (1:1000, Jackson ImmunoResearch Laboratories). Following lo-
cation of an Nb-labeled cell, the relevant section was dual-immunostained
for vesicular transporter protein for acetylcholine [VAChT, with a goat (Gt)
polyclonal antibody, AB1578 from Millipore Bioscience Research Reagents
and a Cy5-conjugated donkey (Dky) anti-Gt antibody from Jackson Immu-

noResearch Laboratories] and glutamic acid decarboxylase [GAD, with a
mouse (Ms) monoclonal anti-GAD67 antibody, MAB5406 from Millipore
Bioscience Research Reagents and a Cy3-conjugated Dky anti-Ms antibody
from Jackson ImmunoResearch Laboratories] for identification of cells as
cholinergic, GABAergic, or noncholinergic-non-GABAergic. Sections were
viewed and images acquired by epi-fluorescence using a Nikon Eclipse E800
(Nikon Instruments) equipped with a digital camera (Microfire S99808,
Optronics). The labeled cells were mapped onto a computer resident atlas
with the aid of Neurolucida (v7, MicroBrightField). Cell size was measured
by the long axis of the cell and cells classified as small (�15 �m) or medium-
to-large (16–35 �m). Of 118 Nb-labeled cells, 73 were judged unequivocally
positively (by bright fluorescence in soma, “�”) immunostained or nega-
tively (by no fluorescence in soma, “�”) immunostained for VAChT and
GAD and were located within the confines of the LDT, SubLDT, or adjacent
MPPT, so as to be included and reported in Results.

Data analysis. Analysis of physiological data was performed on 40 s peri-
ods corresponding to prestimulation, stimulation, and poststimulation con-
ditions. For the EEG, spectral analysis was performed to determine the dom-
inant peak frequency and integrated power of the spectra in the slow, delta
(0.5–4.5 Hz) and fast high beta–gamma (20–60 Hz) frequencies. As estab-
lished previously (Manns et al., 2000a), somatic stimulation resulted in a
change in the EEG from a predominantly slow, irregular delta-like pattern to
a faster rhythmic theta-like pattern and increased fast high beta–gamma
activity, typical of a degree of cortical activation despite a lack of behavioral
response in the urethane-anesthetized animal (see supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material).

Spike duration was determined from all spikes averaged across the
prestimulation period for each unit. The duration was measured at the
first and second zero crossings and thus from the initial positive to the
negative deflection and to the subsequent return to resting level (mea-
sured with an offset from resting corresponding to 10% of the positive
peak amplitude so as to avoid variations in baseline zero) (see supple-
mental Fig. 2 A, available at www.jneurosci.org as supplemental mate-
rial). For unit discharge, average discharge rate (ADR) was calculated as
spikes/s per condition, and instantaneous firing frequency (IFF) as the
corresponding frequency of the primary mode of the interspike interval
(ISI) histogram per condition (see supplemental Fig. 2 B, C, available at
www.jneurosci.org as supplemental material). Using the condition dur-
ing which a unit discharged maximally, each unit was classified according
to several characteristics of its discharge. First, it was classified according
to the IFF as “fast” (�14.5 Hz), “slow” (0.25–14 Hz), “very slow” (� 0.25
Hz), or “silent” (0 Hz). Second, each unit was classified as “tonic” or
“phasic” by comparing the IFF to the ADR, or specifically the corre-
sponding interval of the ADR to the ISI distribution. If the ADR interval
fell within 95% of the ISI distribution, the unit was classified as tonic, if
outside 95%, as phasic. Among the tonically firing units, their discharge
was further distinguished as “tonic regular” if their ADR interval fell
within 82% of the ISI distribution or as “tonic irregular” if outside 82%.
Among phasically firing units, their discharge was further distinguished
according to the IFF as comprised by high-frequency spike bursts, as �80
Hz, or lower frequency spike clusters, as �80 Hz. Finally, cells were
classified according to their response to somatic stimulation as “On,” if
their ADR increased, “Off” if it decreased or “No” if it showed no change
(�1 Hz). The discharge of units was further examined by autocorrelation
histogram (ACH) to determine whether it was rhythmic or not and by
spike triggered averaging (STA) with EEG activity to determine whether
it was cross-correlated with cortical activity (see supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

All analyses of raw data were done using Matlab R2007a (MathWorks)
and statistical analysis using Systat 11 (SPSS). Comparisons were made
across cell types using � 2, ANOVA with Bonferroni adjustment for post
hoc paired comparisons, Student’s t tests, and Kruskal-Wallis, Mann–
Whitney or Wilcoxon nonparametric tests (for variables which con-
tained zeros or were irregularly distributed). Figures were made using
Adobe Photoshop CS (Adobe Systems) for photomicrographs and
Adobe Illustrator Creative Suite (CS2, Adobe Systems) for electrophysi-
ological data.
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Results
Of 149 cells, which were recorded, charac-
terized, and submitted to juxtacellular la-
beling, 73 were successfully labeled with
Neurobiotin (Nb), could be judged un-
equivocally immunopositive or negative
for VAChT and GAD and were located in
the region of the pontomesencephalic
cholinergic cell area, centered upon the
LDT. The Nb-labeled cells were distrib-
uted through the caudal to rostral LDT (n �
28) or its ventral extension beneath the cen-
tral gray in the SubLDT (n � 25) or medial
pedunculopontine tegmental nucleus
(MPPT) (n � 20) (Fig. 1). Of the 73 Nb-
labeled cells, 11 were established as immu-
nopositive for VAChT (Nb�/VAChT�), 29
as immunopositive for GAD (Nb�/
GAD�), and 33 as immunonegative for
both VAChT and GAD (Nb�/VAChT�/
GAD�) (Table 1). The Nb-labeled cholin-
ergic, GABAergic, and noncholinergic/non-
GABAergic cells were codistributed through
the LDT, SubLDT, and MPPT (Fig. 1, Ta-
ble 1). Morphologically, the Nb�/
VAChT� cells were in the vast majority
polygonal and multipolar, whereas the
Nb�/GAD� and the Nb�/VAChT�/
GAD� cells were in the majority round,
oval, or fusiform, accordingly bipolar and
only in the minority polygonal and multi-
polar, thus differing significantly accord-
ing to shape (Table 1). All the Nb-labeled
cholinergic cells were medium-to-large cells,
whereas the GABAergic and noncholinergic/
non-GABAergic cells were in large number
small in addition to medium-to-large, thus
differing significantly according to size
(Table 1). This difference was reflected by
a significant difference in the average (long
axis) cell size among the cell groups, with
the cholinergic cells being significantly
larger on average than the GABAergic
and noncholinergic/non-GABAergic cells
(Table 2).

Physiologically, the Nb-labeled cells were
heterogeneous in their discharge properties.
They responded differentially to somatic
stimulation and the evoked changes in EEG
activity, which were characterized by a de-
crease in slow irregular, delta-like activity
(0.5–4 Hz) and an increase in fast, high beta–
gamma activity (20–60 Hz), sometimes
riding upon rhythmic slow, theta-like activ-
ity (see supplemental Fig. 1, available at
www.jneurosci.org as supplemental mate-
rial) (Table 1). The cholinergic cells had on average longer duration
spikes than the GABAergic and noncholinergic/non-GABAergic
cells (see supplemental Fig. 2A, available at www.jneurosci.org as
supplemental material) (Table 2). However, given large variability
they could not be distinguished on an individual basis by this feature
(see supplemental Fig. 4A, available at www.jneurosci.org as supple-

mental material). According to their instantaneous firing frequency
(calculated from the modal value of the interspike interval) during
somatic stimulation, the majority of all cells were slow firing (0.25–
14.5 Hz), regardless of cell type (see supplemental Fig. 2C, available
at www.jneurosci.org as supplemental material) (Table 1). The cell
groups could thus not be clearly distinguished according to average

Figure 1. Distribution of recorded cells in the mesopontine tegmentum. The recorded, Nb-labeled cells were immunohisto-
chemically identified as cholinergic, using VAChT (Nb�/VAChT�, blue circles), as GABAergic, using GAD (Nb�/GAD�, red
triangles), or as noncholinergic/non-GABAergic (Nb�/VAChT�/GAD�, green squares). GABAergic and noncholinergic/non-
GABAergic cells were further distinguished according to their response as On (filled symbols), Off (open symbols), or No (small
filled symbols) response to somatic stimulation. Cells are mapped onto appropriate levels (anterior, A0.9, A0.5, or A0.1 mm to
interaural zero) through the LDT/SubLDT/MPPT cholinergic cell area. Recordings and images are presented for representative cells
(largest symbols) of the cholinergic (Fig. 2), GABAergic On and Off (Figs. 3, 4), and noncholinergic/non-GABAergic On and Off cells
(Figs. 5, 6). CG, Central gray; CnF, cuneiform nucleus; crf, central reticular fasciculus; DMT, dorsomedial tegmental area; DR, dorsal
raphe nucleus; DT, dorsal tegmental nucleus; IC, inferior colliculus; LC, locus ceruleus; LL, lateral lemniscus; LPB, lateral parabra-
chial nucleus; LPPT, lateral pedunculopontine tegmental nucleus; Me5, mesencephalic trigeminal nucleus; mlf, medial longitu-
dinal fasciculus; Mo5, motor trigeminal nucleus; MPB, medial parabrachial nucleus; PnC, pontine reticular nucleus, caudal part;
PnO, pontine reticular nucleus, oral part; Pr5, principal sensory trigeminal nucleus; R, raphe nuclei; RtT, reticulotegmental nucleus
of the thalamus; scp, superior cerebellar peduncle; SubC, subceruleus; VT, ventral tegmental nucleus.
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discharge rate or instantaneous firing frequency during stimulation
(supplemental Fig. 4B,C, available at www.jneurosci.org as supple-
mental material). Nonetheless, the GABAergic and noncholinergic/
non-GABAergic cells were more heterogeneous than the cholinergic
cells and included a significant number of fast firing (�14.5 Hz)
neurons along with very slow firing (�0.25 Hz) and silent neurons in
the stimulation condition. According to their firing pattern (assessed
from the interspike interval histograms) during stimulation, the vast
majority of all cells were tonic and regular or irregular, regardless of
cell type (Table 1). In contrast to cholinergic cells, GABAergic and
noncholinergic/non-GABAergic cells also included neurons which
discharged in a phasic manner, characterized by clusters of spikes
(�80 Hz instantaneous firing frequency within the cluster). No cells
discharged in high frequency bursts (�80 Hz instantaneous firing
frequency). No cholinergic and few of the noncholinergic cells
showed rhythmic firing that was cross-correlated with the EEG ac-

tivity (n � 3) in either prestimulation or
stimulation conditions (see supplemental
Fig. 3, available at www.jneurosci.org as sup-
plemental material). Classified according to
their response to somatic stimulation as On
if they increased, Off if they decreased and
No if they showed no change in their rate of
discharge, the three cell groups differed sig-
nificantly (Table 1). Whereas all cholinergic
cells were On, the GABAergic and
noncholinergic/non-GABAergic cells com-
prised On, Off, and No cells (Table 1).

Given the heterogeneity of the non-
cholinergic cells, their further study was
performed according to the functional
subgroups of On, Off, or No. The On
and Off Nb�/GAD� and Nb�/
VAChT�/GAD� cell groups were fur-
ther examined in detail and compared
with the On Nb�/VAChT� cells (Table
3). As will be presented below for each of
these cell types, despite differing degrees
of variation in discharge properties, the
GABAergic and noncholinergic/non-
GABAergic On cells behaved in a similar
manner to the cholinergic cells. More-
over, the overlap in electrophysiological
properties of the three On cell groups
was such that a single cell could not be
distinguished as cholinergic, GABAergic,
or noncholinergic/non-GABAergic ac-
cording to those properties (see supple-
mental Fig. 5, available at www.
jneurosci.org as supplemental material).
Off cells behaved in an opposite manner to
the cholinergic and other On cells in their
response to stimulation and relationship
to EEG activity. As for the On cells, the over-
lap in their electrophysiological properties
did not allow any single cell to be distin-
guished as GABAergic or non-GABAergic
according to those properties (see supple-
mental Fig. 6, available at www.jneurosci.org
as supplemental material).

Cholinergic (Nb�/VAChT�) neurons
Nb-labeled cholinergic cells (n � 11) repre-

sented a relatively homogeneous group according to both morpho-
logical and physiological characteristics (Table 1). They were com-
monly polygonal, multipolar, and medium-to-large in size (mean �
SEM: 24.32 � 2.50 �m in long diameter) (Table 2, Fig. 2A). They
had on average a relatively long spike duration (see Fig. 2C; supple-
mental Fig. 2A, available at www.jneurosci.org as supplemental ma-
terial) (0.55 � 0.04 ms mean duration to first zero crossing and
1.71 � 0.17 ms duration to second zero crossing) (Table 2), yet
comprised cells with short as well as long duration spikes (supple-
mental Fig. 4A, available at www.jneurosci.org as supplemental ma-
terial). In absence of stimulation, they fired minimally in association
with the irregular slow EEG activity during the prestimulation pe-
riod (Fig. 2B,C). They greatly increased their firing during somatic
stimulation and the associated increase in fast cortical activity. Fol-
lowing cessation of the stimulation (Post), the cholinergic cells
slowed and often subsequently ceased firing (Fig. 2B,C). Across

Table 1. Frequency of cholinergic, GABAergic, and noncholinergic/non-GABAergic cells with different anatomical
and physiological characteristicsa

All cells Nb�/VAChT� Nb�/GAD� Nb�/VAChT�/GAD� �2 statistic (df)

Total 73 11 29 33
Anatomy

Area 7.58 (4)
LDT 28 7 7 14
SubLDT 25 3 10 12
MPPT 20 1 12 7

Shapeb 6.76 (2)*
Round-oval-fusiform 36 2 18 16
Polygonal 33 9 10 14

Sizeb 7.03 (2)*
Small (�15 �m) 24 0 12 12
Medium-large (�15 �m) 45 11 16 18

Physiology
Frequency (stimulation)c 5.35 (6)

Fast (�14.5 Hz) 12 1 6 5
Slow (�14.5 Hz) 50 10 19 21
Very slow (�0.25 Hz) 6 0 3 3
Silent (0 Hz) 5 0 1 4

Firing type (stimulation)d 3.27 (4)
Tonic regular 29 6 11 12
Tonic irregular 22 5 9 8
Phasic cluster 12 0 6 6
Phasic burst 0 0 0 0

Response to stimulation
Increase (On) 41 11 14 16 10.14 (4)*
Decrease (Off ) 23 0 11 12
No change (No) 9 0 4 5

aFrequency (number of cells) for the three groups are presented and compared, using the likelihood ratio �2 statistic; *p � 0.05; **p � 0.01; ***p � 0.001.
bShape and size (long axis) of whole cell bodies only (n � 69).
cAccording to instantaneous firing frequency calculated from interspike interval modal value during stimulation.
dIncluding cells with discharge rates �0.25 Hz (n � 63).

Table 2. Morphological and physiological measures of cholinergic, GABAergic, and noncholinergic/non-GABAergic
cell groups

Nb�/VAChT�a Nb�/GAD�b Nb�/VAChT�/GAD�c Cell group statistic

Morphology
Size (�M)d 24.32 � 2.50 (11)b,c 16.34 � 0.87 (28)a 17.42 � 1.19 (30)a 4.96 (2,65)**

Physiology
Spike width 1 (ms)e 0.55 � 0.04 (11)b 0.42 � 0.02 (29)a 0.45 � 0.02 (33) 4.91 (2,70)**
Spike width 2 (ms)f 1.71 � 0.17 (11)b,c 1.22 � 0.06 (29)a 1.29 � 0.08 (33)a 5.26 (2,70)**

Mean� SEM values (with number of cells) are presented and compared by one-way ANOVA 	F (df)
, with main effect of cell group indicated by ** (p �0.01).
a– cPost-hoc Bonferroni-corrected pairwise differences in means are indicated between groups by corresponding letters.
dAccording to long axis of cell body measured in whole cells (n � 69).
eMeasured at base of first zero crossing.
fMeasured at base of second zero crossing.
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cells, the average discharge rate increased sig-
nificantly during stimulation (3.99 � 1.09
Hz) compared with the prestimulation pe-
riod (0.48 � 0.29 Hz) (Table 3) and the post-
stimulation period (0.25 � 0.15 Hz; p �
0.05). During stimulation, the cholinergic
cell discharge was characterized by a regular
(Fig. 2C) or irregular tonic firing pattern typ-
ified by a slow instantaneous firing fre-
quency (mean 3.19�0.68 Hz) (Table 3) that
was similar to the average discharge rate (see
supplemental Fig. 2B,C, available at www.
jneurosci.org as supplemental material).
Neither during stimulation or prestimula-
tion was the discharge of the cells rhythmic
or cross-correlated with slow EEG activity
(see supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). At
the beginning of somatic stimulation, the
majority of cholinergic cells (n � 7) in-
creased their firing before the change in EEG
activity (by �180 ms for the cell shown in
Fig. 2, up to �1.6 s across cells).

GABAergic (Nb�/GAD�) neurons
Based on their response to somatic stimu-
lation, the Nb-labeled GABAergic neurons
formed a heterogeneous group, the major-
ity showing an increase, as On cells
(�50%), some a decrease, as Off cells
(�34%), and a small minority no change,
as No cells (�16%) (Table 1). These func-
tionally different cell types were codistrib-
uted through the LDT, SubLDT, and
MPPT. They did not differ significantly ac-
cording to cell size or spike duration (data
not shown).

Nb�/GAD� On cells
The GABAergic On cells (n � 14) were not
homogeneous in their morphological or
physiological properties. As for the total
Nb�/GAD� cell group (Table 1), the On
subgroup varied in size and shape, being
either small (n � 7) (Fig. 3A) or medium-
large (n � 7) and either bipolar (n � 8) (Fig.
3A) or multipolar (n � 6). Similar to all
GABAergic cells (Table 2), the On cells had a

Figure 2. Nb�/VAChT� cell. A, The Nb-labeled cell (filled arrowhead, #ABS80a) was positively immunostained for VAChT
(filled arrowhead) and negatively for GAD (open arrowhead), while near other VAChT� and GAD� cells in the region (small
arrows). Scale bar, 20 �m. The cell was located in the SubLDT (largest blue circle) (Fig. 1, A0.5). B, C, The unit discharged at an
average low rate (0.70 Hz) in association with spontaneous irregular slow-wave activity on the EEG of the retrosplenial cortex (RS
Cx) in the period preceding stimulation (Pre). It increased its rate markedly (to 3.10 Hz) and fired tonically during somatic
stimulation in association with faster activity on the EEG. (See also supplemental Figs. 2, 3, available at www.jneurosci.org as
supplemental material.) Note that the increase in unit discharge preceded the change in EEG activity (by �180 ms). After
stimulation (Post), the unit initially decreased then ceased firing as the EEG returned to irregular slow-wave activity. Traces in B
(enclosed by dashed lines) are expanded in C (arrows). The unit had a relatively long duration spike (shown in C, 0.76 and 2.55 ms
at first and second zero crossings) (supplemental Fig. 2, available at www.jneurosci.org as supplemental material).

Table 3. Average discharge rate and instantaneous firing frequency during prestimulation and stimulation conditions of cholinergic, GABAergic, and noncholinergic/non-
GABAergic cell groups

Nb�/VAChT � cellsa Nb�/GAD � cellsb Nb�/VAChT�/GAD� cellsc

Prestimulation Stimulation Prestimulation Stimulation Prestimulation Stimulation

Average discharge rated

On subgroup† 0.48 � 0.29 (11)b 3.99 � 1.09 (11)** 3.56 � 1.17 (14)a 7.31 � 1.43 (14)*** 1.88 � 0.79 (15) 6.42 � 1.88 (15)***
Off subgroup 4.42 � 1.76 (11) 2.14 � 1.18 (11)** 4.96 � 1.77 (12) 1.98 � 0.86 (12)**

Instantaneous firing frequencye

On subgroup 1.07 � 0.51 (9) 3.19 � 0.68 (11)* 2.80 � 1.06 (14) 6.39 � 1.34 (14)** 1.47 � 0.47 (14) 5.24 � 1.78 (15)**
Off subgroup 3.91 � 1.59 (11) 2.99 � 1.22 (10) 3.69 � 1.36 (12) 1.44 � 0.72 (6)

Mean � SEM values (with number of cells) of average discharge rate and instantaneous firing frequency are presented and compared between the prestimulation and stimulation conditions by nonparametric Wilcoxon tests for each cell
subgroup (*p�0.05; **p�0.01; ***p�0.001). Rates and frequencies were compared among cell groups for the prestimulation and stimulation conditions by nonparametric Kruskal–Wallis tests. A main effect of cell group was significant
only for the average discharge rate during prestimulation among the On subgroups (†p � 0.05).
a– cAccording to post-hoc Mann-Whitney (p � 0.017, allowing 3 comparisons), pairwise differences in means are indicated between groups by corresponding letters.
dAverage discharge rate (Hz) calculated for �40 s periods of each condition.
eInstantaneous firing frequency (Hz) calculated from the interspike interval modal value for �40 s periods having �2 spikes.
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relatively short spike duration (Fig. 3C) (0.42 � 0.02 ms duration to
first zero crossing and 1.18 � 0.08 ms duration to second zero cross-
ing), yet also comprised cells with longer duration spikes (supple-
mental Fig. 5A, available at www.jneurosci.org as supplemental ma-
terial). These GABAergic neurons discharged at low rates during
spontaneous irregular slow EEG activity (prestimulation) and mark-
edly increased their firing in response to somatic stimulation and the
associated cortical activation (Fig. 3B,C). Across the GABAergic On
cells, the average discharge rate was significantly higher during stim-
ulation (7.31 � 1.43 Hz) compared with prestimulation (3.56 �
1.17 Hz) (Table 3) and poststimulation (3.49 � 1.35 Hz, p � 0.05).
During stimulation, they commonly discharged in a tonic regular to
irregular manner at low to fast instantaneous firing frequencies
(6.39 � 1.34 Hz) (Table 3). Some GABAergic On cells exhibited a
phasic, cluster firing pattern during stimulation (n � 2, data not

shown), however during neither stimulation
nor prestimulation conditions was the unit
discharge rhythmic or cross-correlated with
slow EEG activity (data not shown). Among
the GABAergic On cells which changed their
activity at a discernibly different time than
the EEG in response to somatic stimulation
(n � 9), most (n � 7) increased their firing
after the EEG activation (by �1–5 s) (Fig.
3B,C).

Nb�/GAD�Off cells
The GABAergic Off cells (n � 11) were
also heterogeneous in their morpholog-
ical and physiological characteristics.
They could be either small (Fig. 4 A)
(n � 5) or medium-large (n � 6) in size,
but were predominantly bipolar,
fusiform-oval-round (Fig. 4 A) (n � 9)
in shape. Like all GABAergic cells (Table
2), the Off cells had on average a rela-
tively short spike duration (Fig. 4C)
(0.41 � 0.31 ms duration to first zero
crossing and 1.25 � 0.12 ms to second
zero crossing), yet also comprised cells
with longer duration spikes (supple-
mental Fig. 6 A, available at www.
jneurosci.org as supplemental material).
The Off cells discharged at slow rates
during spontaneous irregular slow EEG
activity (prestimulation) and ceased or
markedly decreased their firing in re-
sponse to somatic stimulation and the
associated cortical activation (Fig.
4 B, C). They resumed discharge at rates
similar to prestimulation following ces-
sation of the stimulation. Across the
identified GABAergic Off cells, the aver-
age discharge rate decreased signifi-
cantly during stimulation (2.14 � 1.18
Hz) compared with the prestimulation
period (4.42 � 1.76 Hz) (Table 3) and
poststimulation period (4.50 � 1.76 Hz,
p � 0.05). During the prestimulation
condition in association with irregular
slow-wave EEG activity, they commonly
exhibited slow irregular tonic firing (Fig.
4C) (with average instantaneous firing
frequency of 3.91 � 1.59 Hz). Some cells

displayed phasic firing in clusters of spikes (n � 4, data not
shown), and one showed rhythmic firing which was cross-
correlated with rhythmic slow theta-like activity during stim-
ulation (data not shown). Among the GABAergic Off cells
which changed their activity at a discernibly different time
than the EEG in response to somatic stimulation (n � 7), most
(n � 5) decreased their firing following the EEG activation
(with a delay of �1– 8 s) (Fig. 4 B, C).

Noncholinergic/non-GABAergic
(Nb�/VAChT�/GAD�) neurons
Nb-labeled noncholinergic/non-GABAergic cells (n � 33) were
heterogeneous in their properties and comprised On (�44%),
Off (�42%), and No cells (�14%) (Table 1), which were codis-

Figure 3. Nb�/GAD� On cell. A, Nb-labeled cell (filled arrowhead, #ABS78b) was negatively immunostained for VAChT
(open arrowhead) and positively so for GAD (filled arrowhead), while located near other VAChT� and GAD� cells in the region
(small arrows). Scale bar, 20 �m. The cell was situated in the LDT (largest red filled triangle) (Fig. 1, A0.1). B, C, The unit discharged
at a low average rate (0.46 Hz) in association with irregular slow-wave activity on the EEG of the retrosplenial cortex (RS Cx) before
stimulation (Pre). It increased its firing markedly (to 11.49 Hz) and fired tonically in association with faster cortical activity riding
upon rhythmic slow (theta-like) activity during somatic stimulation. Note that the increase in unit discharge followed the change
in EEG activity (by�1.22 s). After stimulation (Post), the unit decreased its rate of firing to return to prestimulation levels in similar
association with irregular slow-wave activity. Traces in B (enclosed by dashed lines) are expanded in C (arrows). The unit had a
relatively short duration spike (shown in C, 0.44 and 1.21 ms at first and second zero crossings).
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tributed through the LDT, SubLDT, and
MPPT. These cell subgroups did not differ
significantly according to cell size or spike
duration (data not shown).

VAChT�/GAD� On cells
Most noncholinergic/non-GABAergic On
cells were medium-large (Fig. 5A) (n � 10)
and the remaining small (n � 4). For the
shape, the majority was bipolar (Fig. 5A)
(n � 11) and the remaining multipolar
(n � 3). They had on average a relatively
short spike duration (Fig. 5C) (0.42 � 0.02
ms to first zero crossing and 1.20 � 0.11
ms to second zero crossing), yet com-
prised cells with longer duration spikes
(supplemental Fig. 5A, available at
www.jneurosci.org as supplemental mate-
rial). These neurons discharged at low
rates during spontaneous irregular slow
EEG activity (prestimulation) and mark-
edly increased their rate in response to so-
matic stimulation and the associated cor-
tical activation (Fig. 5B,C). They
decreased and ceased firing during the
poststimulation period. Across cells, the
average discharge rate increased signifi-
cantly during stimulation (6.42 � 1.88
Hz) compared with the prestimulation pe-
riod (1.88 � 0.79 Hz) (Table 3) and post-
stimulation period (3.01 � 1.51 Hz, p �
0.05). They generally exhibited a tonic fir-
ing pattern, either regular (Fig. 5C) or ir-
regular (5.24 � 1.78 Hz, average instanta-
neous firing frequency). Some cells
exhibited a phasic cluster firing pattern
during prestimulation or stimulation peri-
ods (n � 3, data not shown), of which one
was rhythmic and showed cross-correlated
discharge with rhythmic slow theta-like
activity during stimulation (data not
shown). Of the VAChT�/GAD� On cells
which changed their discharge at a dis-
cernibly different time than the EEG fol-
lowing somatic stimulation (n � 11), most
(n � 8) started to fire before EEG activa-
tion (from �100 ms to 1.5 s) (Fig. 5B,C).

VAChT�/GAD� Off cells
The VAChT�/GAD� Off cells (n � 12) varied in size. Like all
such cells (Table 1), the Off cells could be either medium-large
(Fig. 6A) (n � 7) or small (n � 4). For the shape, the majority was
multipolar (n � 8) and the remaining bipolar (Fig. 6A) (n � 3).
Like all VAChT�/GAD� (Table 2), the Off cells had on average
a medium spike duration (Fig. 6C) (0.44 � 0.03 ms to first zero
crossing and 1.25 � 0.11 ms to second zero crossing) and com-
prised cells with short, medium, or long duration spikes (supple-
mental Fig. 6A, available at www.jneurosci.org as supplemental
material). These Off neurons discharged at slow rates during
spontaneous irregular slow EEG activity (prestimulation) and
ceased or significantly decreased their firing in response to so-
matic stimulation and the associated cortical activation (Fig.
6B,C). After cessation of the stimulation, they increased their

firing to prestimulation discharge rate. The average discharge rate
decreased significantly during stimulation (1.98 � 0.86 Hz) com-
pared with the prestimulation period (4.96 � 1.77 Hz) (Table 3)
and poststimulation period (4.77 � 1.64 Hz, p � 0.05). During
the prestimulation condition in association with irregular slow-
wave EEG activity, they commonly exhibited slow irregular tonic
firing (Fig. 6C) (with average instantaneous firing frequency of
3.69 � 1.36 Hz). Some cells exhibited a phasic cluster firing pat-
tern (n � 3, data not shown), and one showed rhythmic activity
during stimulation, which was cross-correlated with EEG activity
(data not shown). Although only for a minority of VAChT�/
GAD� Off cells could their decrease in firing be clearly assessed
in relation to the EEG following somatic stimulation (n � 5),
most of these (n � 4) decreased their firing before the change in
EEG activity (by �130 ms to 4.3 s, data not shown).

Figure 4. Nb�/GAD� Off cell. A, Nb-labeled cell (filled arrowhead, #ABS102a) was negatively immunostained for VAChT
(open arrowhead) and positively so for GAD (filled arrowhead), while located near other VAChT� and GAD� cells in the region
(small arrows). Scale bar, 20 �m. The cell was situated in the SubLDT (largest red open triangle) (Fig. 1, A0.1). B, C, The unit
discharged phasically at a moderate average rate (2.07 Hz) in association with irregular slow-wave activity on the EEG of the
retrosplenial cortex (RS Cx) before stimulation (Pre). It ceased firing in association with faster cortical activity riding upon rhythmic
slow (theta-like) activity during somatic stimulation. Note that the unit ceased firing following the change in EEG activity (by
�1.31 s). After stimulation (Post), the unit recovered its baseline rate of firing in association with irregular slow-wave activity.
Traces in B (enclosed by dashed lines) are expanded in C (arrows). The unit had a relatively short duration spike (shown in C, 0.35
and 0.93 ms at first and second zero crossings).
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Discussion
This study shows that in rats under urethane anesthesia, identi-
fied cholinergic pontomesencephalic neurons discharge in asso-
ciation with evoked cortical activation, whereas intermingled
GABAergic and noncholinergic/non-GABAergic cells discharge
maximally either in association with cortical activation in a par-
allel manner or with cortical slow-wave activity in a reciprocal
manner to the cholinergic cells. Thus while revealing the hetero-
geneity of codistributed cholinergic, GABAergic, and putative
glutamatergic pontomesencephalic neurons, these results pro-
vide a basis for understanding the way in which these different
cell groups might act in a coordinated manner to stimulate cor-
tical activation and modulate sleep–wake states.

The electrophysiological properties of the three cell groups
overlapped extensively and as such confirmed the importance of

juxtacellular labeling and immunohisto-
chemical staining of recorded cells for
their unequivocal identification according
to neurotransmitter phenotype. Based
upon evidence in one study in anesthe-
tized rats that neurons with long duration
spikes (0.95 � 0.14, mean � SD, for first
zero crossing measured at zero line) were
stained for nicotinamide adenine dinucle-
otide phosphate-diaphorase (Koyama et
al., 1998), such cells were selected in stud-
ies of unanesthetized rats and cats as “pre-
sumptive” or “possibly” cholinergic cells
(Kayama and Ogawa, 1987; el Mansari et
al., 1989; Kayama et al., 1992). Yet, only in
the present study have cells in the LDT/
PPT been randomly sampled and identi-
fied as ChAT�, GAD�, or ChAT�/
GAD� to examine the full range of spike
durations for each cell type. The measure-
ments were found to overlap extensively
among cell groups here, as also previously
found with intracellular recording and label-
ing (Takakusaki et al., 1997), such that spike
duration could not be used to distinguish an
individual cell as cholinergic or noncholin-
ergic. Given a comparable overlap in average
discharge rate and instantaneous firing fre-
quency, these characteristics could also
not be used alone or together with spike
duration to identify individual cells as
presumptive cholinergic, GABAergic, or
noncholinergic/non-GABAergic.

Out of 73 Nb-labeled cells in the LDT/
SubLDT/MPPT area, 15% were cholin-
ergic, 40% were GABAergic and 45% were
noncholinergic/non-GABAergic, propor-
tions which correspond approximately to
the relative frequency of these cell types in
the LDT/PPT region (Ford et al., 1995;
Wang and Morales, 2009). Based upon
in situ hybridization for the vesicular
glutamate transporter, VGluT2, the
noncholinergic/non-GABAergic neurons
would appear to be glutamatergic (Wang
and Morales, 2009). Immunohistochemi-
cal staining for VGluT2 has also proven a
glutamatergic identity of noncholinergic/

non-GABAergic neurons in the basal forebrain (Henny and
Jones, 2008). We thus propose that the VAChT�/GAD� Nb-
labeled neurons recorded here in the LDT correspond to putative
glutamatergic neurons.

The cholinergic LDT/SubLDT/MPPT neurons formed a ho-
mogeneous group that discharged minimally in an irregular
manner (�0.5 Hz) during irregular slow EEG activity and then in
a tonic sustained manner at a moderate rate (�4 Hz) in response
to somatic stimulation in association with increased high beta–
gamma and theta-like EEG activity. In contrast to a recent study
reporting phasic modulation of cholinergic PPT neurons in as-
sociation with nested gamma oscillations during slow oscillations
in urethane/xylazine/ketamine-anesthetized rats (Mena-Segovia
et al., 2008), the present study did not find any phasic modulation
or cross-correlation with slow EEG activity of the cholinergic cell

Figure 5. Nb�/VAChT�/GAD� On cell. A, Nb-labeled cell (filled arrowhead, #ABS87c) was negatively immunostained for
VAChT (open arrowhead) and for GAD (open arrowhead), while located near other VAChT� and GAD� cells in the region (small
arrows). Scale bar, 20 �m. The cell was situated in the LDT (largest green filled square) (Fig. 1, A0.9). B, C, The unit discharged
irregularly at a low average rate (0.385 Hz) in association with irregular slow-wave activity on the EEG of the retrosplenial cortex
(RS Cx) before stimulation (Pre). It increased its firing markedly (to 3.59 Hz) and fired tonically in association with faster cortical
activity during somatic stimulation. Note that the increase in unit discharge preceded the change in EEG activity (by �210 ms).
After stimulation (Post), the unit decreased its rate back to baseline levels in association with irregular slow-wave activity. Traces
in B (enclosed by dashed lines) are expanded in C (arrows). The unit had a relatively short duration spike (shown in C, 0.36 and 0.98
ms at first and second zero crossings).
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discharge during spontaneous, prestimu-
lation conditions in the urethane-
anesthetized rats. The presence of such
phasic activity in association with gamma
during slow oscillations could well be due
to xylazine/ketamine anesthesia which is
associated with highly synchronous slow-
wave activity that often develops into
spike-wave seizure activity in the cortex
and transmission through corticofugal
projections to thalamic and subcortical
networks (Timofeev et al., 1998). More-
over, ketamine is associated with anoma-
lous high amplitude and coherent gamma
activity in the cortex (Pinault, 2008),
whereas urethane is associated with de-
creased gamma activity, similarly to natu-
ral SWS (Maloney et al., 1997; Clement et
al., 2008), which can moreover be aug-
mented as in the present study by somatic
sensory stimulation. Indeed, as for the
basal forebrain cholinergic neurons which
have been studied both under urethane
anesthesia and during natural sleep
(Manns et al., 2000a; Lee et al., 2005), the
LDT/PPT cholinergic neurons appear to
be relatively silent in association with
slow-wave activity. In contrast to the
former, however, the LDT/PPT cholin-
ergic neurons did not show any phasic,
rhythmic discharge in association with
theta-like EEG activity. Rhythmic bursting
by basal forebrain cholinergic neurons had
been shown in vitro to be driven by low
threshold calcium spikes (Khateb et al.,
1992), which were also found in LDT cho-
linergic neurons, though rarely associated
with bursts (Leonard and Llinas, 1990; Ka-
mondi et al., 1992). Here in vivo, no spike
bursts were observed in cholinergic LDT/
SubLDT or MPPT cells. They would thus
appear to provide a tonic slow input to
their target neurons. According to the
postsynaptic actions of ACh in the thala-
mus, their tonic discharge could change
the mode of firing of thalamic cells from
bursting, as occurs with spindling and
slow-wave oscillations during SWS, to tonic, as occurs with fast
cortical activity during waking (McCormick, 1992; Steriade,
1993). In reaction to somatic stimulation, the vast majority of
cholinergic neurons started to increase their firing rate before the
increase in fast cortical activity, suggesting that they are among
cells of the ascending activating system that are responsible for
eliciting cortical activation through excitation of thalamic, hypo-
thalamic, and basal forebrain relays.

The GABAergic LDT/SubLDT/MPPT neurons were hetero-
geneous in both their physiological and morphological proper-
ties. They comprised On (�48%) and Off (�38%) cells, which
respectively increased or decreased their discharge in response to
somatic stimulation. On and Off GABAergic subgroups each in-
cluded small, presumed locally projecting neurons and a contin-
gent of medium-large, presumed long projecting neurons, which
send their axons into the forebrain (Ford et al., 1995). The

GABAergic On neurons discharged and behaved in a similar
manner to the cholinergic cells by increasing their rate of dis-
charge and firing tonically during somatic stimulation. They
could thus act in parallel with the cholinergic neurons either as
locally projecting neurons, inhibiting other Off cells in the LDT
region, or as projection neurons to other Off cells in distant re-
gions. The GABAergic Off cells behaved in a reciprocal manner to
the cholinergic cells. These GABAergic Off cells could thus nor-
mally play a role in dampening cortical activation by exerting an
inhibitory influence on other neurons of the activating system.
Yet, in contrast to the cholinergic neurons, most GABAergic neu-
rons changed their rate of firing after the change in EEG evoked
by somatic stimulation. This time course suggests that the
GABAergic cells may be secondarily modulated by neighboring
cells, including the cholinergic via release of ACh and action
upon muscarinic, M1 receptors, for excitation of On cells, or M2

Figure 6. Nb�/VAChT�/GAD� Off cell. A, Nb-labeled cell (filled arrowhead, #ABS54) was negatively immunostained for
VAChT (open arrowhead) and for GAD (open arrowhead), while located near other VAChT� and GAD� cells in the region (small
arrows). Scale bar, 20 �m. The cell was situated in the MPPT (largest green open square) (Fig. 1, A0.9). B, C, The unit discharged
at a fast average rate (13.28 Hz) in association with irregular slow-wave activity on the EEG of the retrosplenial cortex (RS Cx)
before stimulation (Pre). It decreased its average discharge rate (to 4.20 Hz) in association with faster cortical activity during
somatic stimulation. After stimulation (Post), the unit recovered its baseline rate in association with irregular slow-wave activity.
Traces in B (enclosed by dashed lines) are expanded in C (arrows). The unit had a medium duration spike (shown in C, 0.49 and 1.34
ms at first and second zero crossings).
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receptors, for inhibition of Off cells. Different responses to ACh
have been found among identified GABAergic neurons recorded
in the pontine tegmentum in vitro (Brown et al., 2008). And with
immunohistochemical staining, M2 receptors have been visual-
ized upon GABAergic neurons in SubLDT and adjacent pontine
tegmentum (Brischoux et al., 2008). The GABAergic neurons
could also be influenced by the local glutamatergic neurons (be-
low) or by other distant neurons involving feedback from the
thalamus, hypothalamus, and/or basal forebrain.

Like the GABAergic neurons, the putative glutamatergic neu-
rons were also heterogeneous in their properties and response to
somatic stimulation, thus also comprising On (�49%) and Off
(�35%) cell groups, which similarly varied in size and shape. In
this case, however, the response of the putative glutamatergic
neurons generally preceded the changes in cortical activation, as
it did for the cholinergic cells. Indeed, the glutamatergic On cells
could act in parallel to the cholinergic cells and form an impor-
tant contingent of long ascending projections from the LDT/PPT
into the forebrain (Paré et al., 1988; Jones and Cuello, 1989; Ras-
musson et al., 1994; Ford et al., 1995). The putative glutamatergic
On and Off cells could also control the local GABAergic On and
Off cells (above).

Given the impossibility of identifying recorded cells as cholin-
ergic, GABAergic, or putative glutamatergic according to dis-
charge properties here in anesthetized animals, it is also not pos-
sible to postulate that they correspond to cells previously
recorded in unanesthetized animals and characterized as dis-
charging in particular sleep–wake states. Nonetheless, given the
homogeneous response profile of cholinergic LDT/SubLDT/
MPPT neurons found here, it can be stated that these cells dis-
charge in association with cortical activation and thus could do so
during both waking and PS, as was established to be the case for
identified cholinergic neurons in the basal forebrain (Manns et
al., 2000a; Lee et al., 2005). Indeed, ACh release in the thalamus,
which would arise largely from the brainstem cholinergic neu-
rons, is low during SWS and high during both waking and PS in
association with cortical activation (Williams et al., 1994). In the
LDT/PPT region of both cat and rat, Wake-PS active cells were
previously postulated to be presumptive or possibly cholinergic
neurons (el Mansari et al., 1989; Steriade et al., 1990a; Kayama et
al., 1992). However, our results would indicate that such
Wake-PS cells likely also include noncholinergic cells. Possibly
cholinergic neurons were also proposed to be most active during
PS and relatively silent during waking (Kayama et al., 1992). Yet,
such PS-active cells also increased their discharge during SWS
relative to waking (Steriade et al., 1990a; Kayama et al., 1992).
They would thus more likely correspond to noncholinergic cells
which were found here to have a higher rate of discharge during
spontaneous irregular slow activity and thus to GABAergic or
putative glutamatergic Off neurons. Such Off cells could thus
gradually increase their rate of firing during sleep to fire maxi-
mally during PS in association with decreasing muscle tone in the
natural sleep cycle. GABAergic Off cells could progressively in-
hibit other surrounding neurons during sleep, such as the sero-
tonergic or noradrenergic cells which discharge during waking
and turn off during sleep to be silent during PS (McGinty and
Harper, 1976; Aston-Jones and Bloom, 1981; Maloney et al.,
1999). Discharging in parallel but also in the lead, glutamatergic
Off cells may normally excite these GABAergic Off, postulated
sleep-active cells in the region. Cells classified as Wake-active,
which discharge during wake and not during SWS or PS (Kayama
et al., 1992), might include some of the putative glutamatergic
and GABAergic On cells recorded here. Clearly, future studies

applying recording with juxtacellular labeling in naturally
sleeping-waking rats will be necessary to elucidate the precise
roles of these cell groups in sleep–wake states. The present results
indicate that cholinergic, GABAergic, and putative glutamatergic
neurons can function in parallel or reciprocal manners to mod-
ulate cortical activity and behavioral state across the sleep–wak-
ing cycle.
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