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Carbachol enhances rapid eye movement (REM) sleep when
microinjected into the pontine reticular formation of the cat and
rat. Carbachol elicits this REM sleep-like state via activation of
postsynaptic muscarinic cholinergic receptors (mAChRs). The
present study used in vitro autoradiography of carbachol-
stimulated [35S]guanylyl-59-O-(g-thio)-triphosphate ([35S]GTPgS)
binding to test the hypothesis that carbachol activates mAChRs to
induce stimulation of G-proteins in brainstem nuclei contribut-
ing to REM sleep generation. The results demonstrate a heter-
ogeneous increase in carbachol-stimulated G-protein activa-
tion across rat brainstem. Binding of [35S]GTPgS in the
presence of carbachol, compared with basal binding, was sig-
nificantly increased in the laterodorsal tegmental nucleus

(75.7%), caudal pontine reticular nucleus (68.9%), oral pontine
reticular nucleus (64.5%), pedunculopontine tegmental nucleus
(55.7%), and dorsal raphe nucleus (54.0%) but not in the nu-
cleus locus coeruleus. The activation of G-proteins by carba-
chol was concentration-dependent and antagonized by atro-
pine, demonstrating that G-proteins were activated via mAChR
stimulation. The results provide the first direct measures of
mAChR-activated G-proteins in brainstem nuclei known to con-
tribute to REM sleep generation.
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Cholinergic mechanisms within the brainstem contribute to rapid
eye movement (REM) sleep generation (for review, see Bagh-
doyan, 1997a). Microinjection of cholinomimetics into the medial
pontine reticular formation (mPRF) of cat or the homologous
caudal (PnC) and oral (PnO) pontine reticular nuclei of rat causes
a REM sleep-like state (Baghdoyan et al., 1984; Gnadt and
Pegram, 1986; Baghdoyan et al., 1989; Bourgin et al., 1995).
During REM sleep, neurons within the cholinergic laterodorsal
tegmental (LDT) and pedunculopontine tegmental (PPT) nuclei
increase their discharge rates (El Mansari et al., 1989; Kayama et
al., 1992), some mPRF neurons are depolarized (Ito and McCar-
ley, 1984), and mPRF acetylcholine (ACh) release is increased
(Leonard and Lydic, 1997). LDT/PPT neurons send descending
projections to the pontine reticular formation (Mitani et al., 1988;
Shiromani et al., 1988; Jones, 1990; Semba et al., 1990), and
electrical stimulation of LDT/PPT neurons enhances both ACh
release in the mPRF (Lydic and Baghdoyan, 1993) and REM
sleep (Thakkar et al., 1996). Cholinergic LDT/PPT neurons and
cholinoceptive, noncholinergic neurons in the mPRF are modu-
lated by monoaminergic projections from the dorsal raphe nu-
cleus (DR) and locus coeruleus (LC) (McCarley et al., 1995).
Together, the foregoing nuclei comprise key components of a
pontine network generating REM sleep (for review, see Steriade
and McCarley, 1990; Kryger et al., 1994).

Agonist activation of muscarinic cholinergic receptors
(mAChRs) initiates REM sleep (Shiromani and Fishbein, 1986;
Baghdoyan et al., 1989; Velazquez-Moctezuma et al., 1989; Imeri
et al., 1994; Bourgin et al., 1995). Five subtypes of mAChRs
(m1–m5) have been cloned, and all are members of a protein
family containing seven transmembrane-spanning domains cou-
pled to guanine nucleotide-binding proteins (G-proteins) (Felder,
1995). Currently, there is considerable interest in characterizing
the molecular modulation of arousal states (Lydic, 1997) and in
specifying the signal transduction pathways through which
mAChRs generate REM sleep. Recent data have suggested that
cholinergic REM sleep generation is mediated by an m2/m4-
activated signal transduction pathway involving a Gi /Go-like
G-protein, adenylyl cyclase, cAMP, and protein kinase A (Shu-
man et al., 1995; Capece and Lydic, 1997). No previous data,
however, have provided a direct measure of mAChR-activated
G-proteins in brainstem regions known to play a role in REM
sleep generation.

Transmembrane signal transduction occurs for mAChRs when
ligand binding leads to activation of G-protein a-subunits, which
facilitates the binding of GTP. This fact has made it possible (Sim
et al., 1995, 1997) to visualize and quantify receptor-activated
G-proteins in specific nuclei via autoradiography of agonist-
stimulated [35S]guanylyl-59-O-(g-thio)-triphosphate ([35S]GTPgS)
binding. The present study used the [35S]GTPgS assay to test the
hypothesis that the cholinergic agonist carbachol activates
mAChR-coupled G-proteins in brainstem nuclei known to be
important for REM sleep generation. Direct measures of mAChR-
activated G-proteins were obtained from LDT, PPT, PnO, PnC,
LC, and DR, in which mAChRs have been localized (Baghdoyan,
1997b).
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MATERIALS AND METHODS
Materials. Male Sprague Dawley rats (200–350 gm) were purchased from
Charles River Laboratories (Wilmington, MA). [ 35S]GTPgS (1250 Ci/
mmol) and Reflection autoradiography film were purchased from NEN
Life Science Products (Boston, MA). Unlabeled GTPgS was obtained
from Boehringer Mannheim (Indianapolis, IN). GDP, carbachol, and
atropine were obtained from Sigma (St. Louis, MO). The m-opiate
agonist [D-Ala 2,N-Me-Phe 4,Gly-ol 5]enkephalin (DAMGO) was pur-
chased from Research Biochemicals International (Natick, MA). All
other reagents were obtained from either Sigma or Fisher Scientific
(Orangeburg, NY).

Tissue preparation. All experiments were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Nine rats were killed by decapitation. Brains were
removed quickly and immediately frozen in isopentane at 230°C. Brains
were cut serially as 20 mm coronal or sagittal sections on a Hacker Bright
OTF cryostat (Fairfield, NJ), thaw-mounted onto gelatin-coated glass
slides, and placed in a vacuum desiccator on ice for 2 hr. Tissue sections
were stored at 270°C until assayed.

In vitro [ 35S]GTPgS autoradiography. On the day of the assay, tissue
sections were brought to room temperature in a vacuum desiccator. The
in vitro [ 35S]GTPgS binding procedure was performed as described
previously (Sim et al., 1995, 1997). Briefly, tissue sections were soaked in
assay buffer (in mM: 50 Tris-HCl, 3 MgCl2 , 100 NaCl, and 0.2 EGTA, pH
7.4) for 10 min at 25°C and preincubated in assay buffer containing 2 mM
GDP for 15 min, pH 7.4, at 25°C. Brainstem sections from six rats were
incubated with 0.04 nM [ 35S]GTPgS, 2 mM GDP, and either carbachol (1
mM) or, as a positive control to confirm assay conditions (Sim et al.,
1996a, 1997), the m-opiate agonist DAMGO (3 mM) for 2 hr, pH 7.4, at
25°C. Adjacent sections were incubated with carbachol (1 mM) in the
presence of the muscarinic antagonist atropine (1 mM). Brainstem slices
from three additional rats were incubated with 0.04 nM [ 35S]GTPgS, 2
mM GDP, and one of four concentrations of carbachol: 100 nM (10 27 M),
10 mM (10 25 M), 1 mM (10 23 M), or 10 mM (10 22 M). For all experiments,
basal activity of G-proteins was determined by incubating tissue sections
in the presence of 2 mM GDP and 0.04 nM [ 35S]GTPgS without agonist;
nonspecific binding (NSB) was determined in the presence of 2 mM GDP
and 10 mM unlabeled GTPgS without agonist. After the 2 hr incubation
time, tissue sections were rinsed twice in ice-cold Tris buffer for 2 min,
pH 7.0, at 25°C and once in ice-cold, deionized H2O for 30 sec. After
assay completion, tissue sections were dried under a cool stream of air for
10 min and placed in a vacuum desiccator overnight (25°C). The next day
tissue sections were packed in film cassettes with 14C microscale stan-
dards (Amersham, Arlington Heights, IL; 31–883 nCi/gm) and exposed
to Reflection autoradiography film for 72 hr. Films were developed using
a Kodak M35A X-OMAT autoprocessor. Tissue sections were fixed with
paraformaldehyde vapors at 80°C (Herkenham and Pert, 1982) and
stained with cresyl violet to aid in the localization of selected brainstem
nuclei.

Data analysis. Cresyl violet-stained sections and corresponding auto-
radiograms were backlit with a Northern Light illuminator (Imaging
Research, St. Catherines, Ontario, Canada) and digitized using a Cohu
(San Diego, CA) CCD camera connected to a digitizing card (Data
Translations, Marlboro, MA). Digitized images were analyzed using the
NIH Image program (version 1.6) and an Apple Macintosh computer.
G-protein activation was quantified by densitometric analysis of the
digitized autoradiograms. Each brain region examined was localized on
the cresyl violet-stained section according to the rat brain atlas of
Paxinos and Watson (1986, 1997). The border of each brain region was
outlined on the digitized cresyl violet-stained image, and that border was
then transferred onto the matching autoradiographic image for quanti-
fication of density. Data were obtained as optical density measurements
and converted to nanocuries of 35S per gram using 14C standards and a
correction factor derived from densitometric measurements of brain
paste slices containing known amounts of 35S (Sim et al., 1996a, 1997).
Mean NSB values for each brain region were subtracted from total
binding, and data are reported as specific [ 35S]GTPgS binding. These
procedures made it possible to statistically compare G-protein activation
in specified nuclei as a function of the different in vitro treatment
conditions described above. The data were analyzed using one-way
ANOVA for repeated measures and post hoc Tukey’s and Dunnett’s
multiple comparison tests ( p , 0.05). For coronal brainstem sections, the
number of measurements acquired for each nucleus depended on the
anteroposterior extent of the nucleus. For example, because the PnO
ranges from bregma 27.30 to bregma 28.80 mm, the quantitative data

included ;30 measurements per rat per treatment condition. In the case
of the LC, which ranges from bregma 29.16 to bregma 210.30 mm,
measurements consisted of ;10 values per rat per condition.

RESULTS
An example of carbachol-stimulated [35S]GTPgS binding and its
antagonism by atropine is shown in Figure 1. Color-coded auto-
radiograms reveal that, compared with basal levels of [35S]GTPgS
binding, carbachol increased G-protein activation in the follow-
ing sleep-related nuclei: DR, PPT, PnO, LDT, and PnC. Carba-
chol also increased G-protein activation in several non-sleep-
related brainstem nuclei: cuneiform nucleus (CnF; 68.8%),
inferior colliculus (IC; 146.7%), motor trigeminal nucleus (Mo5;
224.4%), pontine nuclei (Pn; 226.4%), and ventral tegmental
nucleus (VTg; 175.5%). Carbachol-stimulated [ 35S]GTPgS bind-
ing was blocked by the muscarinic antagonist atropine, consistent
with the conclusion that G-protein activation was initiated by
mAChR stimulation. Confirmation that the G-protein activation
illustrated by Figure 1 was caused by mAChRs was also provided
by the positive control tissue sections treated with the m-opioid
agonist DAMGO. Tissue sections treated with DAMGO showed
significantly increased G-protein activation and a brainstem dis-
tribution of G-protein activation similar to that published previ-
ously (Sim et al., 1996a). DAMGO caused stimulation of
G-proteins in different brainstem nuclei than carbachol.

Figure 2 shows G-protein activation quantified for six brain-
stem nuclei. Data represent 1776 measurements from six rats.
Figure 2A shows that incubating brainstem sections with 1 mM

carbachol increased specific [35S]GTPgS binding (nanocuries per
gram) in all nuclei measured, and atropine returned carbachol-
stimulated [35S]GTPgS binding to basal levels. For the REM
sleep-related nuclei, ANOVA revealed statistically significant dif-
ferences in [ 35S]GTPgS binding in LDT (F(5,17) 5 123.3; p ,
0.0001), PnC (F(5,17) 5 71.3; p , 0.0001), PnO (F(5,17) 5 85.1; p ,
0.0001), PPT (F(5,17) 5 59.5; p , 0.0001), and DR (F(5,17) 5 85.6;
p , 0.0001).

The effect of carbachol-stimulated [35S]GTPgS binding as a
percent of basal binding for each brain region analyzed is shown
in Figure 2B. ANOVA revealed a statistically significant region
main effect of carbachol-stimulated [ 35S]GTPgS binding (F(5,35)

5 35.3; p , 0.0001). The highest increase over basal [ 35S]GTPgS
binding was in the LDT (75.7%), and the lowest was in the LC
(11.5%). The PPT showed 55.7% stimulation over basal, and the
DR revealed that [35S]GTPgS binding increased by 54.0%.
Carbachol-stimulated G-protein activation in the PnC (68.9%)
was not significantly different from G-protein activation in the
PnO (64.5%).

Color-coded autoradiograms of sagittal brainstem sections
(Fig. 3) illustrate carbachol-stimulated and basal [ 35S]GTPgS
binding. The sagittal plane clearly reveals the differential distri-
bution of cholinergically activated G-proteins. Homogeneous
G-protein activation within the reticular formation (PnO and
PnC) in response to cholinergic stimulation also can be visualized
in these sagittal sections (Fig. 3; L 5 1.40 mm, L 5 0.90 mm).

Figure 4 illustrates the concentration-dependent nature of
carbachol-induced [35S]GTPgS binding in the reticular formation
(PnO and PnC). These data summarize 792 measurements in
three rats. Basal [ 35S]GTPgS binding was 115.0 nCi/g in the PnO
and 105.1 nCi/g in the PnC. ANOVA and post hoc Tukey’s test
revealed that 1025, 1023, and 1022 M carbachol caused a signif-
icant increase in G-protein activation compared with basal
[ 35S]GTPgS binding ( p , 0.05). The percent increase from basal
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binding for 1027, 1025, 1023, and 1022 M carbachol was 11.7,
60.6, 89.4, and 80.7%, respectively, in the PnO, and 13.7, 63.8,
91.3, and 84.7%, respectively, in the PnC. Maximum [35S]GTPgS
binding was achieved with 1023 M (1 mM) carbachol. For each
dose of carbachol, the increase in G-protein activation was not
significantly different between the PnO and PnC.

DISCUSSION
The experimental procedures (Sim et al., 1995, 1997) used in this
study took advantage of a transmembrane signal transduction
process initiated by ligand binding to G-protein-coupled recep-
tors (GPCRs). Before ligand activation of a GPCR, inactive
G-proteins are bound to GDP. On carbachol activation of
mAChRs and subsequent stimulation of G-proteins, GDP is
exchanged for GTP. The GTP analog used in the present assay
was a nonhydrolyzable and irreversible analog of GTP labeled
with 35S. It should be clear that the results provide two different
types of information. First, the autoradiographic data of Figures
1 and 3 represent total [ 35S]GTPgS binding, providing reliable
and precise anatomical localization of G-proteins (Sim et al.,

1995, 1997). Second, by subtracting nonspecific from total bind-
ing, the assay provides a quantitative measure of specific
[ 35S]GTPgS binding (Figs. 2, 4).

Carbachol-induced G-protein activation was
antagonized by atropine
Atropine, a competitive inhibitor of muscarinic receptors,
blocked carbachol-stimulated G-protein activation in REM sleep-
related brainstem nuclei (Fig. 2A), indicating that carbachol-
induced G-protein activation is mediated by mAChRs. As dem-
onstrated previously, atropine alone does not alter basal
G-protein binding (Sim et al., 1996b). The present finding of
atropine antagonism is consistent with other in vitro studies
showing that carbachol-stimulated [35S]GTPgS binding can be
blocked with atropine in porcine atrial membranes (Hilf et al.,
1989), and with previous in vivo data showing that administration
of muscarinic antagonists into the pontine reticular formation
inhibits cholinergically induced REM sleep in cat (Baghdoyan et
al., 1989; Velazquez-Moctezuma et al., 1989) and rat (Bourgin
et al., 1995) and spontaneously occurring REM sleep in cat

Figure 1. Color-coded autoradiograms of coronal brainstem sections from the same rat show total [ 35S]GTPgS binding for three different treatment
conditions: carbachol (1 mM), basal, and carbachol in the presence of atropine (1 mM). Color bar, Total [ 35S]GTPgS binding in nanocuries per gram.
Adjacent sections from bregma 28.30 mm (top) and bregma 29.50 mm (bottom) show carbachol-stimulated G-protein activation in specific REM
sleep-related nuclei (DR, PPT, PnO, LDT, and PnC) and in several non-sleep-related nuclei (IC, CnF, VTg, Pn, and Mo5). In all nuclei, this activation
was blocked by the muscarinic antagonist atropine, confirming that carbachol-induced G-protein activation was mediated by mAChRs. CnF, Cuneiform
nucleus; DR, dorsal raphe nucleus; IC, inferior colliculus; LC, locus coeruleus; LDT, laterodorsal tegmental nucleus; Mo5, motor trigeminal nucleus; Pn,
pontine nuclei; PnC, nucleus pontis caudalis; PnO, nucleus pontis oralis; PPT, pedunculopontine tegmental nucleus; VTg, ventral tegmental nucleus.
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(Lee et al., 1995) and rat (Shiromani and Fishbein, 1986; Imeri
et al., 1994).

Cholinergically activated G-proteins and muscarinic
receptors: parallel distribution and different densities
Receptor autoradiography of cat (Baghdoyan et al., 1994) and rat
(Baghdoyan, 1997b) brainstem has revealed the presence of M1,
M2, and M3 mAChRs in REM sleep-related brainstem nuclei.
The present overall distribution of G-protein activation (Figs. 1,
3) resembles the pattern of mAChR binding across rat brainstem
(Baghdoyan, 1997b). The density of G-protein activation in spe-
cific brainstem nuclei, however, does not exactly correspond to
levels of mAChRs in those same nuclei. For example, mAChR
density in the rat was highest in LC and DR, intermediate in LDT
and PPT, and lowest in the PnO and PnC (Baghdoyan, 1997b). In
contrast, G-protein activation by carbachol was significantly
greater in LDT, PnC, PnO, and PPT than in LC or DR (Fig. 2B).
The finding of parallel distribution and different density between
receptors and G-proteins has been noted with other receptor
systems (Sim et al., 1995). Such discrepancies may represent
differences in the efficacy with which G-proteins couple to
mAChRs (Sim et al., 1995) and raise intriguing questions for
future studies of the transmembrane transduction mechanisms
modulating REM sleep. Are mAChRs in the LC and DR linked
to fewer G-proteins than mAChRs in the PnO and PnC? Does

G-protein activation depend on which subtype of mAChR is
activated? Whereas the LC and DR contain multiple mAChR
subtypes, the PnO and PnC have predominantly M2 receptors
(Baghdoyan, 1997b). Carbachol is known to bind with higher
affinity to M2 receptors (Wess, 1993), and the signal transduction
pathway for m2 and m4 receptors differs from the m1 and m3
transduction pathway (Felder, 1995). Activating m2 mAChRs
decreases adenylyl cyclase activity, resulting in diminished cAMP
production and inhibition of protein kinase A (PKA) (Caulfield,
1993). Recent data have demonstrated that mPRF administration
of compounds facilitating adenylyl cyclase, cAMP, and PKA
significantly decrease cholinergic REM sleep generation (Shuman
et al., 1995; Capece and Lydic, 1997). Thus, carbachol activation
of G-proteins in PnO and PnC is consistent with in vitro and in
vivo data concerning cholinergic activation of M2 mAChRs and
manipulation of signal transduction cascades known to be acti-
vated by mAChRs.

Carbachol-stimulated G-protein activation was
homogeneous throughout the reticular formation
Within PnO and PnC regions of the reticular formation, there was
a homogeneous activation of G-proteins by carbachol (Fig. 3).
Considering the anatomical site specificity for carbachol-induced
REM sleep enhancement in rat (Bourgin et al., 1995), one might
have expected to see a localized area in the caudal PnO with

Figure 2. Quantitative analysis of carbachol-
stimulated G-protein activation in sleep-related brain-
stem nuclei from six animals. A, Bars represent mean
specific [ 35S]GTPgS binding 1 SEM for each of the
treatment conditions: basal binding assayed without
agonist and carbachol-induced [ 35S]GTPgS binding
assayed in the presence of 1 mM carbachol with or
without atropine. B, Rank ordering of carbachol-
stimulated [ 35S]GTPgS binding. Results are reported
as percent increase from basal [ 35S]GTPgS binding.
*Statistically significant increase in G-protein activa-
tion over basal levels ( p , 0.05).
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Figure 3. Color-coded autoradiograms of sagittal brainstem sections from four different lateralities (L 5 1.90–0.40 mm). Sections in the lef t column were
treated with 1 mM carbachol, and sections in the right column were treated without agonist. Color bar, Total [ 35S]GTPgS binding in nanocuries per gram.
In the medulla, the nucleus of the solitary tract (Sol ) revealed a significant (33.3%) increase in carbachol-stimulated [ 35S]GTPgS binding compared with
basal. Sagittal sections illustrate G-protein activation by carbachol across the rostrocaudal extent of the brainstem. DR, Dorsal raphe nucleus; LC, locus
coeruleus; LDT, laterodorsal tegmental nucleus; PnC, nucleus pontis caudalis; PnO, nucleus pontis oralis; PPT, pedunculopontine tegmental nucleus; Sol,
nucleus of the solitary tract.
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significantly higher carbachol-stimulated [35S]GTPgS binding.
Homogeneous [ 35S]GTPgS binding throughout PnO and PnC,
however, is consistent with the homogeneous distribution of M2
mAChRs throughout PnO and PnC (Baghdoyan, 1997b). Perhaps
the site specificity of carbachol for causing REM sleep enhance-
ment from the caudal PnO (Bourgin et al., 1995) is not attributed
to the number of muscarinic receptors or G-proteins present but
may result from the ability of PnO G-proteins to differentially
amplify transmembrane signaling (Felder, 1995).

Carbachol activation of G-proteins
was concentration-dependent
In every experiment, [ 35S]GTPgS binding in rat brainstem was
facilitated in the presence of carbachol. The concentration–
response data (Fig. 4) revealed that 1 mM carbachol was most
efficacious in stimulating [35S]GTPgS binding in rat brainstem.
This finding is similar to previous studies (Hilf et al., 1989),
showing that 1 mM carbachol stimulated G-protein activation in
porcine atrial membranes, and to a previously reported dose–
response curve for carbachol-stimulated [ 35S]GTPgS binding in
chick optic tectum (Kurkinen et al., 1996). The ability of carba-
chol to enhance REM sleep when administered in vivo into the
pontine reticular formation of cats and rats also has been shown
to be dose-dependent. These microinjection studies have shown
that 2.2 mM carbachol in cat (Baghdoyan et al., 1989) and 0.1–1.1
mM carbachol in rat (Bourgin et al., 1995) were sufficient to elicit
the REM sleep-like state.

Limitations and conclusion
The ability to map the distribution of G-proteins coupled to
populations of active receptors provides important information
about the signal transduction pathways stimulated by specific
agonists. The limitations of the [35S]GTPgS assay have been
discussed in detail elsewhere (Sim et al., 1995, 1997). Three key
limitations are of particular relevance to the current findings.
First is the fact that the [35S]GTPgS assay procedure did not
specify the type of G-protein stimulated. Second, although car-
bachol is known to bind with highest affinity to M2 receptors
(Wess, 1993), the differential magnitude of mAChR subtype

activation by carbachol in the nuclei studied is unknown. Thus,
the present results do not differentiate subtypes of mAChRs or
G-proteins. It should be possible, however, for future studies to
overcome these two limitations through the use of relatively
selective mAChR antagonists and G-protein toxins. A third lim-
itation is that, although the results do quantify G-protein activa-
tion by cholinergic stimulation, these in vitro data may differ from
G-protein activation during REM sleep.

In conclusion, this is the first study to map the distribution of
cholinergically stimulated G-proteins in rat brainstem, with spe-
cific emphasis on nuclei known to contribute to the regulation of
REM sleep. The data provide a novel perspective on the cholin-
ergic transmembrane signal transduction cascade, consistent with
recently emerging findings. The results demonstrate cholinergic
activation of mAChR-coupled G-proteins that parallels the local-
ization of mAChRs (Baghdoyan, 1997b). The pharmacological
validation of the present [ 35S]GTPgS assay, demonstrating ago-
nist concentration dependence and antagonist reversibility, also
parallels the dose dependence and atropine blocking of cholin-
ergic REM sleep generation (for review, see Baghdoyan, 1997a).
The present [ 35S]GTPgS binding results are consistent with re-
cent data showing that mAChRs, G-proteins, nitric oxide, adeny-
lyl cyclase, cAMP, and protein kinase A in the medial pontine
reticular formation modulate cholinergic REM sleep enhance-
ment (Shuman et al., 1995; Capece and Lydic, 1997; Leonard and
Lydic, 1997). The results encourage future in vivo studies and the
exciting opportunity to quantify G-protein activation in relation
to different states of electroencephalographic and behavioral
arousal.
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