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Cholinergic neurotransmission in the basal forebrain changes
across the sleep/wake cycle, and considerable data show cor-
tical activation by ACh originating from basal forebrain neurons.
These findings have stimulated efforts to elucidate molecular
modulators of ACh release within the basal forebrain. Basal
forebrain cholinergic neurons contain nitric oxide synthase
(NOS), the enzyme that produces the gaseous neuromodulator
nitric oxide. This study tested the hypothesis that administra-
tion of an NOS inhibitor to the basal forebrain would alter basal
forebrain ACh release, sleep, and respiratory rate. Seven cats
were instrumented for recording sleep and wakefulness and for
in vivo microdialysis and microinjection. Compared with Ring-
er’s solution (control), microdialysis delivery of the NOS inhibitor
NG-nitro-L-arginine (NLA; 10 mM) increased ACh release during
wakefulness (33%), non-rapid eye movement (NREM) sleep
(70%), and rapid eye movement (REM) sleep (16%). Mean �
SEM ACh levels (pmol/10 min) during control and NLA dialysis,
respectively, were 0.58 � 0.03 and 0.77 � 0.06 in wakefulness,

0.36 � 0.01 and 0.61 � 0.06 in NREM sleep, and 0.68 � 0.06
and 0.79 � 0.09 in REM sleep. Increases in ACh release were
not evoked by dialysis delivery of the less active enantiomer
NG-nitro-D-arginine. Dialysis administration of NLA did not alter
respiratory rate. Sleep-dependent changes in basal forebrain
ACh release were localized specifically to lateral basal forebrain
regions and did not occur in medial basal forebrain sites.
Microinjection of NLA into the lateral basal forebrain did not
significantly alter the sleep/wake cycle. In contrast to NLA-
induced depression of REM sleep and ACh release in the cat
pons, the present results demonstrate that NLA increased ACh
release in the cat basal forebrain and had no effect on sleep.
The different effects of NLA on ACh release in the cat pons and
cat basal forebrain may prove relevant for developing com-
pounds that differentially alter cholinergic neurotransmission in
specific brain regions.

Key words: basal forebrain; in vivo microdialysis; nitric oxide;
NG-nitro-L-arginine; sleep; substantia innominata

Acetylcholine (ACh) release changes significantly as a function of
sleep and wakefulness in many brain areas, including the basal
forebrain (for review, see Baghdoyan and Lydic, 2002). ACh
originating from basal forebrain cholinergic neurons and released
in the cortex and the hippocampus participates in cortical arousal,
consciousness, and learning and memory (Sarter and Bruno, 2000;
Semba, 2000; Szymusiak et al., 2000). Loss of basal forebrain
cholinergic neurons results in cognitive deficits characteristic of
Alzheimer’s disease and may contribute to the memory deficits of
normal aging (Mesulam, 1996). ACh release in the substantia
innominata (SI) region of the feline basal forebrain is greatest
during the rapid eye movement (REM) phase of sleep, interme-
diate during quiet wakefulness, and lowest during non-REM
(NREM) sleep (Vazquez and Baghdoyan, 2001). Within the basal
forebrain, the functional significance of sleep-dependent changes
in ACh release is unknown.

ACh release in rat basal forebrain is modulated by nitric oxide

(Prast and Philippu, 2001). Nitric oxide is synthesized by nitric
oxide synthase (NOS), which occurs in several isoforms. The
neuronal isoform is activated by Ca2�/calmodulin and catalyzes
the reaction of L-arginine and oxygen to produce L-citrulline and
nitric oxide (for review, see Leonard and Lydic, 1999; Law et al.,
2001). Several studies have shown that systemic or intracerebro-
ventricular administration of NOS inhibitors alters control of the
sleep cycle (Dzoljic and de Vries, 1994; Kapas et al., 1994a,b;
Dzoljic et al., 1996; Burlet et al., 1999). However, few studies have
localized the effects of NOS inhibitors on sleep and ACh release
to specific brain regions (Leonard and Lydic, 1995, 1997).

Data from both rats and cats show that basal forebrain cholin-
ergic neurons containing NOS are found in the lateral and medial
septal nuclei, the horizontal and vertical divisions of the diagonal
band of Broca, the anterior hypothalamic area (HAA), and the
substantia innominata (Mizukawa et al., 1989; Pasqualotto and
Vincent, 1991; Kitchener and Diamond, 1993; Bickford et al.,
1994; Sugaya and McKinney, 1994). The presence of NOS in
cholinergic basal forebrain neurons and previous data showing
that an NOS inhibitor decreased basal forebrain ACh release in
rats (Prast and Philippu, 1992) suggested that nitric oxide may
play a role in regulating ACh release within the feline basal
forebrain. No previous data have described how administration of
an NOS inhibitor to the cat basal forebrain affects sleep or basal
forebrain ACh release. Therefore, the present study using intact,
unanesthetized cats examined the hypothesis that administration
of an NOS inhibitor to the basal forebrain would alter basal

Received Feb. 11, 2002; revised March 22, 2002; accepted April 12, 2002.
This work was supported by National Institutes of Health Grants MH45361,

HL40881, HL57120, and HL65272, and by the Department of Anesthesiology at the
University of Michigan. C. A. Lapham and M. Wilcox provided expert assistance.
We thank Dr. Kelli Sullivan and the University of Michigan Juvenile Diabetes
Research Foundation Center for the Study of Complications in Diabetes for help
with GFAP immunohistochemistry and microscopy.

Correspondence should be addressed to Dr. Helen A. Baghdoyan, Department of
Anesthesiology, University of Michigan, 7433 Medical Sciences I, 1150 West Med-
ical Center Drive, Ann Arbor, MI 48109-0615. E-mail: helenb@umich.edu.
Copyright © 2002 Society for Neuroscience 0270-6474/02/225597-09$15.00/0

The Journal of Neuroscience, July 1, 2002, 22(13):5597–5605



forebrain ACh release and sleep. Because dialysis delivery of an
NOS inhibitor to the pons significantly altered the rate of breath-
ing (Leonard and Lydic, 1997) and because basal forebrain has
been shown to modulate respiratory rate (Bringmann and Kling-
berg, 1989), the present experiments also quantified the rate of
breathing during dialysis delivery of an NOS inhibitor to the basal
forebrain. Finally, the basal forebrain is composed of neuro-
chemically distinct regions with different afferent (Sarter and
Bruno, 2000) and efferent (Semba, 2000) regulation. Thus micro-
dialysis was used to test the hypothesis that ACh release varies as
a function of medial versus lateral basal forebrain region. Por-
tions of these data have been presented previously in abstract
form (Vazquez et al., 2001).

MATERIALS AND METHODS
Animal model and electrographic recordings of sleep, wakefulness, and
respiratory rate. All experiments followed the Guide for the Care and Use
of Laboratory Animals (1996). Seven adult, male cats were anesthetized
with isoflurane (2–3% in O2) and implanted with electrodes for poly-
somnographic monitoring of sleep and wakefulness (Ursin and Sterman,
1981). A plastic head-cap was built to contain the recording electrodes
and to permit access to the basal forebrain through the cranium. Cats
were trained to sleep in a veterinary examination bag while in a head-
stable position.

Electrographic recordings of the cortical electroencephalogram, eye
movements, muscle tone, and ponto-geniculo-occipital (PGO) waves
were made using a Grass Model 7 polygraph (Grass Instruments, West
Warwick, RI). These variables were used to objectively define states of
sleep and wakefulness according to standard criteria (Ursin and Sterman,
1981). Briefly, wakefulness was scored when the animals demonstrated a
low-voltage, high-frequency cortical EEG; the eyes were open and the
electrooculogram (EOG) showed frequent eye movements; and the am-
plitude of the nuchal electromyogram (EMG) indicated the presence of
muscle tone and reflected posture shifts. NREM sleep was scored when
there was a high-voltage, low-frequency EEG with spindles or slow
waves; the eyes were closed and the EOG revealed infrequent, slow eye
movements; and the EMG showed a lower amplitude than during wake-
fulness. REM sleep was identified by the presence of a low-voltage,
high-frequency EEG similar to the EEG of wakefulness; closed eyes and
rapid eye movements in the EOG; skeletal muscle atonia in the EMG;
and PGO waves in the lateral geniculate bodies of the thalamus. Wake-
fulness, NREM sleep, and REM sleep were scored for each minute of an
experiment. Respiratory rate (breaths per minute) was recorded using a
thermistor placed at the nares.

Basal forebrain microdialysis. In vivo microdialysis procedures using
intact, unanesthetized cats have been described in detail previously
(Leonard and Lydic, 1997; Vazquez and Baghdoyan, 2001). The micro-
dialysis probe membranes were polycarbonate with a 20 kDa pore size,
0.5 mm diameter, and 2 mm length (CMA Microdialysis, North Chelms-
ford, MA). Before beginning each experiment, a probe was perfused
continuously with Ringer’s solution (147 mM NaCl, 2.4 mM CaCl2, 4.0
mM KCl, and 10 �M neostigmine, pH 5.8) using a CMA/100 pump (3
�l /min; CMA Microdialysis). When the animal was in a state of quiet
wakefulness, the microdialysis probe was aimed stereotaxically for the
basal forebrain. Stereotaxic coordinates for dialysis aim sites were di-
vided into two groups. One group of aim sites ranged from lateral (L) 3.0
to L5.5 mm from the midline, anterior (A) 16.0 to A14.5, and horizontal
(H) �2.0 (Berman and Jones, 1982). This area subsequently is referred
to as the lateral basal forebrain region and includes the SI and the
diagonal band of Broca, horizontal division (DBH). A second group of
basal forebrain aim sites for dialysis ranged from L1.0 to L2.5, A16.0 to
A14.5, and H�2.0 (Berman and Jones, 1982). This area subsequently is
referred to as the medial basal forebrain region and includes the HAA
and diagonal band of Broca, vertical division (DBV). These lateral and
medial dialysis aim sites include basal forebrain regions known to contain
choline acetyltransferase immunoreactive neurons (Kimura et al., 1981;
Steriade et al., 1987; Vincent and Reiner, 1987; Parent et al., 1988; Gritti
et al., 1998). The minimal distance between each dialysis aim site in the
same animal was 1 mm. Only one experiment was performed at each aim
site to avoid the possibility of alterations in ACh levels caused by repeated
microdialysis sampling from the same site (Moore et al., 1995). Microdi-
alysis experiments in the same cat were separated by at least 1 week.

After insertion of the dialysis probe, ACh was quantified in several
serially collected dialysis samples (10 min/sample) to ensure stable levels
of release. Control dialysis samples (30 �l) then were collected during
polygraphically and behaviorally defined states of wakefulness, NREM
sleep, and REM sleep while the probe was perfused with Ringer’s
solution. After 2–3 hr of sampling, a liquid switch was used to perfuse the
dialysis probe with Ringer’s solution containing either the NOS inhibitor
N G-nitro-L-arginine (NLA) (10 mM; Research Biochemicals, Natick,
MA) or the less active enantiomer N G-nitro-D-arginine (NDA) (Wang et
al., 1993) (10 mM; Research Biochemicals). The change from control
dialysis to dialysis with NLA or NDA was always made when animals
were awake. Dialysis samples (30 �l /10 min) were collected across the
sleep/wake cycle during drug administration. All dialysis samples were
obtained during intervals comprised entirely of a single state. The order
of experiments delivering NLA or NDA by dialysis was randomized.

HPLC with electrochemical detection. Dialysis samples were analyzed
for ACh immediately after collection using a standard HPLC with
electrochemical detection (EC) system (Bioanalytical Systems, West
Lafayette, IN) (Baghdoyan et al., 1998; Vazquez and Baghdoyan, 2001).
Samples were carried in a 50 mM Na2HPO4 mobile phase solution, pH
8.5, to an analytical column at a flow rate of 1.0 ml/min. The analytical
column separated ACh, which then passed through an immobilized
enzyme reactor column that produced hydrogen peroxide in amounts
proportional to the amount of ACh in the sample. Hydrogen peroxide
was measured at a 0.5 V applied potential on a platinum electrode
referenced to an Ag �/AgCl electrode. Chromatograms were digitized
and stored using ChromGraph software (Bioanalytical Systems). The
area under the chromatographic peak for each dialysis sample was
compared with peak areas generated from known ACh amounts to
determine the picomole amount of ACh in each sample. ACh values are
expressed as picomoles/10 min of dialysis.

Basal forebrain microinjections. An additional set of experiments char-
acterized the effect of basal forebrain NLA microinjections on sleep-
cycle control. The rationale for the microinjection studies was to deliver
a known amount of NLA in a single bolus. A limitation of drug delivery
by microdialysis is that the amount of drug administered cannot be
specified. As described previously (Baghdoyan et al., 1993), microinjec-
tions into the lateral basal forebrain region were made using a 31 gauge
stainless-steel injector. Polyethylene 20 gauge tubing connected the in-
jector to a 1 �l Hamilton syringe (Thomas Scientific, Swedesboro, NJ).
Saline (0.9%, 0.25 �l, pH 5.8) or NLA dissolved in saline (10 mM, 0.55
�g/0.25 �l, pH 5.8) was microinjected over a 30 sec period using a
manual microdrive. Microinjections into the same site in the same animal
were separated by a minimum of 3 d. The order of administration of
NLA and saline was randomized. Microinjections were always made
when the animal was in a state of quiet wakefulness, and states of sleep
and wakefulness were recorded and quantified for 2 hr after the injection.
Dependent measures included the amount of time spent in wakefulness,
NREM sleep, and REM sleep; latency to onset of the first NREM sleep
and REM sleep episodes; frequency of wakefulness, NREM sleep, and
REM sleep epochs; duration of wakefulness, NREM sleep, and REM
sleep epochs; and the number of state transitions (a measure of sleep
fragmentation).

Histolog ical analyses. After the final experiment, cats were deeply
anesthetized with pentobarbital (35–40 mg/kg, i.v.) and perfused tran-
scardially with saline followed by formalin (10%). The brains were
removed and soak fixed in 10% formalin for 2–3 weeks. Forebrain blocks
then were placed in 30% sucrose formalin for 7 d and serial, coronal
sections were cut on a freezing microtome. Every other section (40 �m
thick) was stained with cresyl violet and float-mounted onto gelatin-
coated glass slides. Alternate sections were processed for glial fibrillary
acidic protein (GFAP) (Benevento and McCleary, 1992; Miasnikov et al.,
1999) before being mounted on slides. All brain sections were defatted
and coverslipped. Glial tracts caused by microdialysis probes or micro-
injection cannulas were localized by comparing the stained tissue sec-
tions with a cat forebrain atlas (Berman and Jones, 1982). This technique
permitted assignment of stereotaxic coordinates to each microdialysis
and microinjection site and made it possible to distinguish dialysis
experiments performed in lateral and medial basal forebrain regions.
Stereotaxic coordinates were assigned to the deepest part of each lesion.

Statistical analysis. Results are reported as means � SEM. p � 0.05 was
considered statistically significant. ANOVA, the Tukey–Kramer
multiple-comparison test, and the Student’s t test were used to evaluate
significant effects of drugs on sleep, ACh release, and respiratory rate.
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RESULTS
Lateral basal forebrain acetylcholine release was
increased by dialysis delivery of NG-nitro-L-arginine
Basal forebrain ACh release was measured during behaviorally
and electrographically defined sleep/wake states (Fig. 1A). Rep-
resentative chromatograms (Fig. 1B) show examples of the raw
data used to quantify ACh release during Ringer’s solution (con-
trol) dialysis and during dialysis with Ringer’s solution containing
the NOS inhibitor NLA. The time course of ACh release during

a typical experiment is illustrated in Figure 2. This study used an
intensive, within-subjects design, and the number of dialysis sam-
ples collected during each behavioral state varied from experi-
ment to experiment. One to five dialysis samples typically were
collected during each state (wakefulness, NREM sleep, and
REM sleep) to yield control levels of ACh release. A liquid switch
was then activated to begin dialysis delivery of NLA or NDA.
The experimental goal was to obtain an additional one to five
ACh measures during each sleep/wake state. Figure 3 summa-

Figure 1. A, Polygraph recordings used to identify and quantify states of sleep and wakefulness. Each panel shows a 60 sec recording obtained from the
same cat. B, ACh chromatograph peaks obtained using microdialysis and HPLC/EC. Representative ACh samples collected during Ringer’s solution
dialysis (Control ) and during dialysis with Ringer’s solution containing NLA are shown for wakefulness (lef t), NREM sleep (middle), and REM sleep
(right). Note the increase in peak height, indicating an increase in amount of ACh (in picomoles) caused by dialysis administration of NLA. Resp,
Respiration; LGB, lateral geniculate body.
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rizes ACh measures obtained during 3780 min of dialysis. Dial-
ysis delivery of NLA into the lateral basal forebrain region
increased ACh release over control levels by 33% during wake-
fulness, 70% during NREM sleep, and 16% during REM sleep.
Figure 4 plots basal forebrain ACh during dialysis delivery of
NDA, the less active NOS inhibitor. NDA did not significantly
change ACh, indicating that the NLA-induced increase in ACh
release (Fig. 3) was stereospecific.

Dialysis delivery of NG-nitro-L-arginine did not alter
respiratory rate
For 12 microdialysis experiments in three animals, the respiratory
rate (breaths per minute) was quantified during control and NLA
dialysis. Two-way ANOVA showed a significant ( p � 0.0001)
state main effect on respiratory rate, no drug main effect, and no
state-by-drug interaction. During dialysis with Ringer’s solution
alone, respiratory rate (mean � SEM) was 46.1 � 1.5 during
wakefulness, 22.2 � 0.6 during NREM sleep, and 34.3 � 1.8
during REM sleep. During dialysis administration of NLA, the
respiratory rate was 48.6 � 1.7 during wakefulness, 23.1 � 0.8
during NREM sleep, and 32.3 � 1.5 during REM sleep.

Acetylcholine release varied as a function of basal
forebrain laterality
All results described above were obtained from microdialysis
experiments localized to lateral regions of the basal forebrain.
Additional experiments were designed to place microdialysis
probes in medial regions of the basal forebrain for measurement
of ACh release across the sleep/wake cycle. Figure 5 illustrates
how GFAP immunohistochemistry facilitated localization of mi-
crodialysis sites within lateral and medial basal forebrain regions.
Figure 6 summarizes the stereotaxic coordinates for all basal
forebrain microdialysis sites. Histological analysis showed that all
lateral region microdialysis sites were localized to the SI and
DBH and that all medial region microdialysis sites were localized
to the HAA and DBV. Stereotaxic coordinates for microdialysis
sites in the lateral basal forebrain region (Fig. 6, gray cylinders)
ranged from L3.5 to L6.5, A14.0 to A16.5, and H�2.0. Mean �
SEM stereotaxic coordinates for lateral region dialysis sites were
as follows: L4.9 � 0.1; A15.1 � 0.1; and H�2.0. Microdialysis
sites in the medial basal forebrain region (Fig. 6, white cylinders)
ranged from L0.5 to L2.0, A14.5 to L16.0, and H�2.0, with a
mean � SEM of L1.6 � 0.2; A15.3 � 0.2; and H�2.0. Thus, the
anterior and horizontal coordinates of the dialysis sites were held
constant between the lateral and medial basal forebrain regions.
Figure 7 plots ACh release as a function of basal forebrain

Figure 2. ACh release in the lateral basal forebrain region during
one experiment. Each histogram represents the amount of ACh in one
10 min dialysis sample. Six samples (sample numbers 1–6 ) were collected
during dialysis with Ringer’s solution to obtain control levels of ACh
release during wakefulness (1, 2), NREM sleep (3–5), and REM sleep
(6). The dialysis probe then was perfused with Ringer’s solution contain-
ing NLA and 10 dialysis samples (7–16 ) were collected during wakeful-
ness (7–9, 13, 16 ), NREM sleep (10–12, 14 ), and REM sleep (15).

Figure 3. Dialysis delivery of NLA to the lateral basal forebrain region
significantly increased ACh release. ACh release is plotted as a function
of arousal state and drug administration. Data were obtained from 18
experiments using five cats. Two-way ANOVA revealed significant ( p �
0.0001) drug and state main effects on ACh release and no significant
drug-by-state interaction. The Tukey–Kramer test showed that NLA
significantly (*p � 0.05) increased ACh over control levels during wake-
fulness (n � 73 control dialysis samples and 73 NLA samples) and
NREM sleep (n � 109 control and 80 NLA samples). During REM sleep
(n � 18 control and 25 NLA samples), the NLA-induced increase in ACh
release did not reach statistical significance. Portions of the control
microdialysis data have been reported previously (Vazquez and Bagh-
doyan, 2001).

Figure 4. Dialysis delivery of NDA to the lateral basal forebrain region
had no effect on ACh release. ACh release is plotted as a function of
arousal state and drug administration. Data were obtained from 930 min
of dialysis during five experiments in four cats. Two-way ANOVA showed
no significant drug main effect on ACh release, a significant ( p � 0.0145)
state main effect, and no significant drug-by-state interaction. ACh release
was quantified during wakefulness (n � 19 control dialysis samples and 19
NDA samples), NREM sleep (n � 26 control and 17 NDA samples), and
REM sleep (n � 7 control and 6 NDA samples).
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dialysis region (lateral, medial) and arousal state (wakefulness,
NREM sleep, REM sleep). ACh release in the medial basal
forebrain region (Fig. 7, solid circles) did not change significantly
as a function of the sleep/wake state. This is in contrast to ACh
release in the lateral basal forebrain region (Fig. 7, open triangles),
which was significantly decreased during NREM sleep and sig-
nificantly increased during REM sleep relative to wakefulness.
Within-state comparisons revealed that ACh release was signifi-
cantly greater in the lateral than in the medial basal forebrain
region during wakefulness (Fig. 7, asterisk). ACh release was not
different between lateral and medial regions during NREM sleep.

The small number of dialysis samples (n � 4) obtained from the
medial region during REM sleep did not permit a statistical
comparison with the lateral region.

Microinjection of NG-nitro-L-arginine into the lateral
basal forebrain region did not alter sleep
The findings that sleep-dependent changes in basal forebrain
ACh release were localized to the lateral basal forebrain region
(Fig. 7) and that NLA increased ACh release in this lateral
region (Fig. 3) imply a functional role for nitric oxide and ACh
within the lateral basal forebrain. Published data show that pon-
tine administration of NLA decreased both ACh release and
REM sleep (Leonard and Lydic, 1997). Therefore, this study also
examined the hypothesis that microinjection of NLA into the
lateral basal forebrain would significantly alter the sleep/wake
cycle. Three cats each received three microinjections of saline
and three microinjections of NLA. The results showed that the
amounts of sleep and wakefulness after saline (control) injections
were within normal ranges (Baghdoyan et al., 1993) and that
microinjection of NLA had no significant effect on any dependent
measure of sleep or wakefulness. Histological analysis (Fig. 8)
revealed that NLA microinjection sites were localized to the
same lateral basal forebrain region in which dialysis delivery of
NLA significantly increased ACh release. Stereotaxic coordi-
nates of the microinjection sites ranged from L4.5 to L5.0, A14.5
to A15.0, and H�2.0, with a mean � SEM of L4.8 � 0.2; A14.7 �
0.2; and H�2.0.

DISCUSSION
The nitric oxide synthase inhibitor NG-nitro-L-arginine
increased acetylcholine release in the lateral basal
forebrain region
Only one previous study has quantified ACh release across the
sleep/wake cycle within the feline basal forebrain. ACh release in
the substantia innominata region of the cat basal forebrain was
greatest during REM sleep, intermediate during wakefulness,
and lowest during NREM sleep (Vazquez and Baghdoyan, 2001).
Those data, and evidence that pontine ACh release was signifi-
cantly decreased by dialysis administration of NLA to cat pons
(Leonard and Lydic, 1997), encouraged the present investigation.
In contrast to decreasing pontine ACh release, dialysis delivery of
NLA increased ACh release in the lateral basal forebrain region
(Figs. 1–3). The mechanisms underlying the opposite effects of
NLA on ACh release in the cat pons and basal forebrain are
unknown. Nitric oxide is thought to facilitate transmitter release
(Garthwaite and Boulton, 1995; Zhang and Snyder, 1995); thus, a
decrease in nitric oxide levels attributable to inhibition of the
synthetic enzyme NOS would be expected to cause a decrease in
transmitter release, as was observed in the pons. One speculation
is that in the basal forebrain the NLA-induced decrease in nitric
oxide caused a decrease in the release of GABA, thereby reduc-
ing GABAergic inhibition of basal forebrain cholinergic neurons.
NOS has been localized to some GABAergic neurons (Valt-
schanoff et al., 1993; Meng et al., 1996), GABAergic neurons
outnumber cholinergic neurons by �2:1 within the feline basal
forebrain (Gritti et al., 1993), and GABA inhibits basal forebrain
cholinergic neurons (Khateb et al., 1998). Nitric oxide also has
been shown to modulate ACh release via NMDA receptor mech-
anisms (Ikarashi et al., 1998). The question of whether NLA
increased basal forebrain ACh release by a direct action on
cholinergic neurons or by an indirect action remains to be
addressed.

Figure 5. Histological localization of basal forebrain microdialysis sites.
A, Line drawing of a cat forebrain adapted from coronal atlas plate A15.6
of Berman and Jones (1982). (The boxed area is enlarged in B.) B,
Coronal section processed for GFAP shows a lesion from one represen-
tative dialysis site in the lateral basal forebrain region (right arrowhead)
and one representative dialysis site in the medial basal forebrain region
(lef t arrowhead). The lateral dialysis site is located in the SI �4 mm from
the midline. The medial dialysis site is localized within the DBV �1 mm
from the midline. AC, Anterior commissure; CA, caudate; IC, internal
capsule; LV, lateral ventricle.
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The NLA-induced increase in basal forebrain ACh release also
was surprising in light of previous data showing that administra-
tion of NLA to the basal forebrain of conscious rats decreased
basal forebrain ACh release (Prast and Philippu, 1992). Differ-
ences in species (rat vs cat), drug delivery technique (push/pull
perfusion vs microdialysis), and drug concentration (0.1 vs 10
mM) preclude direct comparisons between the previous study,
which used rats (Prast and Philippu, 1992), and the present study
using cats. In addition, the basal forebrain region examined in rats
(Prast and Philippu, 1992) was not homologous to the lateral basal
forebrain region tested in the present study. These differences
encourage a future study specifically designed to determine the

extent to which the direction of the NLA-induced change in ACh
release is a function of species, drug concentration, and site of
drug delivery within the basal forebrain.

NLA increased basal forebrain ACh release during all arousal
states, and this increase achieved statistical significance only
during wakefulness and NREM sleep (Fig. 3). The reason NLA
did not significantly enhance ACh release during REM sleep is
not clear. Basal forebrain ACh release reaches maximal levels
during REM sleep (Fig. 3) (Vazquez and Baghdoyan, 2001),
perhaps making it difficult for NLA to cause an additional in-
crease in ACh release.

Basal forebrain dialysis delivery of NDA, the less active

Figure 6. Schematic localization of basal forebrain dialysis
sites. Dialysis sites are represented as 2-mm-long, 0.5-mm-wide
cylinders to indicate the length and diameter of the dialysis
probe membrane. Gray cylinders localize 31 lateral basal fore-
brain dialysis sites in six cats; white cylinders localize seven
medial basal forebrain dialysis sites in four cats. Cylinders are
shown on coronal atlas plates at 14.5 and 15.6 mm anterior to
stereotaxic zero [modified from Berman and Jones (1982)].
Tick marks on axes indicate 0.5 mm increments. AC, Anterior
commissure; CA, caudate; IC, internal capsule; LV, lateral
ventricle; OC, optic chiasm.
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D-enantiomer of NLA, did not significantly alter basal forebrain
ACh release (Fig. 4). The finding that NLA stereoselectively
increased basal forebrain ACh release (Figs. 3, 4) is consistent
with the interpretation that NLA inhibited NOS and decreased
production of nitric oxide (Fukuto and Chaudhuri, 1995). NLA-
induced inhibition of ACh release in the pontine reticular forma-
tion also was stereoselective (Leonard and Lydic, 1997). Pontine
ACh release is regulated by laterodorsal and pedunculopontine
tegmental (LDT/PPT) neurons. Electrical stimulation of LDT/
PPT causes a monotonic increase in pontine ACh release (Lydic
and Baghdoyan, 1993), and electrical stimulation of LDT in a
brain-slice preparation significantly enhances LDT levels of nitric
oxide (Leonard et al., 2001). Thus, independent evidence from in
vivo and in vitro studies demonstrates parallel changes in levels of
nitric oxide and pontine ACh release.

NG-nitro-L-arginine administered to the lateral basal
forebrain region did not alter sleep or respiratory rate
Microinjection of 10 mM NLA into the lateral basal forebrain had
no effect on sleep. Previous studies have shown that microinjec-
tion of cholinergic agonists into the lateral basal forebrain in-
creases wakefulness in cats (Baghdoyan et al., 1993) and normal
dogs (Nishino et al., 1995) and triggers cataplexy in narcoleptic
dogs (Nishino et al., 1995). The finding that basal forebrain
microinjection of NLA did not alter sleep may mean that natu-
rally occurring, sleep-dependent changes in basal forebrain ACh
release (Vazquez and Baghdoyan, 2001) do not regulate sleep.
This interpretation is consistent with the finding that the sleep/
wake state does not determine the discharge rate of putatively
cholinergic neurons in the lateral basal forebrain (Szymusiak et
al., 2000). Another possible interpretation is that NLA may have

altered the release of other basal forebrain transmitters that have
effects on sleep opposite to those of ACh. The lack of an effect of
basal forebrain NLA on sleep differs from findings in the pontine
reticular formation, in which microinjection of NLA significantly
decreased REM sleep (Leonard and Lydic, 1997). This compar-
ison emphasizes the importance of taking the brain region into
account when evaluating the effects of NLA on sleep.

The concentration of NLA that decreased REM sleep when
microinjected into the pontine reticular formation was 22.8 mM

(Leonard and Lydic, 1997). The present study systematically

Figure 7. State-dependent changes in ACh release are localized to
lateral regions of the basal forebrain. ACh release is plotted as a function
of the sleep/wake state for lateral and medial basal forebrain regions.
There was no significant effect of arousal state on ACh release in medial
basal forebrain regions. One-way ANOVA showed that ACh release in
lateral sites was state-dependent ( p � 0.0001). Lateral site data are based
on 3530 min of dialysis, including 133 dialysis samples collected during
wakefulness, 187 NREM sleep samples, and 33 REM sleep samples
obtained from 31 experiments in six cats. Medial site data are based on
940 min of dialysis, including 37 dialysis samples collected during wake-
fulness, 53 NREM sleep samples, and four REM sleep samples obtained
from seven experiments in four cats. The asterisk indicates a significant
difference in ACh release between the lateral and medial basal forebrain
regions.

Figure 8. Histological localization of basal forebrain microinjection sites.
A, Cat forebrain, adapted from coronal atlas plate A14.5 of Berman and
Jones (1982). (The boxed area is enlarged in B.) B, Coronal section
stained with cresyl violet shows a representative microinjection-induced
lesion (arrow) in the lateral basal forebrain region. The microinjection site
is located in the SI �4 mm from the midline. Comparison with Figure 6
confirms that NLA was microinjected into the same lateral basal fore-
brain region where NLA was administered by microdialysis. AC, Anterior
commissure; CA, caudate; IC, internal capsule; LV, lateral ventricle; OC,
optic chiasm.
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quantified the effects on sleep of microinjecting 10 mM NLA into
the basal forebrain; it is possible that a higher NLA concentration
microinjected into the basal forebrain may have altered sleep.
However, this possibility is unlikely, based on the fact that in two
cats basal forebrain microinjection of 20 mM NLA did not alter
any dependent measure of sleep or wakefulness.

Respiratory rate was quantified after basal forebrain dialysis
administration of NLA, because forebrain structures receiving
basal forebrain cholinergic input contribute to respiratory control
(King et al., 1999). Central motor command to respiratory mus-
cles produces a perception of respiratory effort that is processed
by multiple forebrain regions. The sensation of breathlessness
(dyspnea) is a clinically significant problem (Manning and
Schwartzstein, 1995), and the corollary discharge hypothesis pos-
tulates that projections from medullary respiratory neurons to the
forebrain account for sensations of breathlessness (Spengler et al.,
1998). Respiratory rate also is modulated by the parabrachial
nuclei (for review, see Gilbert and Lydic, 1994), and basal fore-
brain and parabrachial nuclei share reciprocal neuroanatomical
projections (Wild et al., 1990). These projections likely mediate
changes in the respiratory rate caused by electrically stimulating
the basal forebrain and parabrachial cuneiform nucleus (Bring-
mann and Klingberg, 1989).

Although the basal forebrain contributes to respiratory control
(Harper et al., 1996), and cuneiform neurons may be an important
source of nitric oxide (Pose et al., 2000), the rate of breathing in
the present study was not altered by dialysis delivery of 10 mM

NLA to the basal forebrain. The lack of a respiratory response to
basal forebrain NLA is in contrast to the finding that microin-
jection of 22.8 mM NLA into the medial pontine reticular forma-
tion blocked the cholinergically induced respiratory rate depres-
sion (Leonard and Lydic, 1997). These different respiratory
effects of NLA may be a function of dose (10 vs 22.8 mM), method
of NLA delivery (microdialysis vs microinjection), or brain re-
gion (basal forebrain vs pontine reticular formation). Whether
basal forebrain NLA administration can diminish or block de-
creases in the rate of breathing caused by pontine cholinomimet-
ics is open to investigation.

State-dependent changes in acetylcholine release are
region-specific within the basal forebrain
An additional new finding to emerge from this study is that ACh
release in the medial basal forebrain region did not change
significantly as a function of the sleep/wake state (Figs. 5–7).
Thus, sleep-dependent changes in ACh release are localized to
the lateral basal forebrain region (SI, DBH). This lateral-to-
medial difference in state-dependent ACh release profiles cannot
be explained on the basis of a differential distribution of cholin-
ergic neurons. The medial basal forebrain region (HAA, DBV)
also contains choline acetyltransferase-positive (i.e., cholinergic)
neurons (Kimura et al., 1981; Steriade et al., 1987; Vincent and
Reiner, 1987; Parent et al., 1988; Gritti et al., 1998). Because of
the lack of sleep-dependent changes in ACh release within the
medial basal forebrain region, this study did not examine the
effects on ACh release of NLA administered to the medial basal
forebrain region.

The few dialysis samples obtained from the medial basal fore-
brain region during REM sleep must be acknowledged as a
limitation. Several factors account for this low number of REM
sleep samples. First, the relatively small size of the medial region
permitted only one dialysis experiment per hemisphere per cat.
Second, the HPLC/EC system used to quantify ACh requires a

dialysis sample volume of 30 �l. At a dialysis flow rate of 3
�l /min, 10 min of REM sleep are necessary to obtain one dialysis
sample. When a cat spends �10 min in REM sleep during an
experiment, it is not possible to obtain ACh measures during
REM sleep. Third, REM sleep occupies only �15% of total
recording time in cats (Ursin and Sterman, 1981). Thus, Figure 7
presents only descriptive data for ACh release in the medial basal
forebrain region during REM sleep.

Conclusions
The data reported here characterize, for the first time, the effects
of basal forebrain NLA administration on basal forebrain ACh
release, states of sleep and wakefulness, and rate of breathing.
Dialysis delivery of NLA significantly increased ACh release in
the lateral basal forebrain during sleep and wakefulness. This
novel finding suggests that nitric oxide modulates basal forebrain
ACh release. These data emphasize the importance of taking into
account the site of drug action within the brain, because dialysis
delivery of the same NLA concentration to the pontine reticular
formation significantly decreased pontine ACh release (Leonard
and Lydic, 1997). Administration of NLA into the basal forebrain
did not alter the sleep/wake cycle, implying that sleep-dependent
changes in basal forebrain ACh release follow, rather than cause,
normal alternations between sleep and wakefulness.

This study also provides the first comparison of ACh release
across the sleep/wake cycle in lateral and medial regions of the
basal forebrain. State-dependent changes in basal forebrain ACh
release were localized to the lateral basal forebrain region. The
functional significance of differential state-dependent changes in
ACh release in medial versus lateral basal forebrain regions is not
clear. ACh facilitates rhythmic discharge in cholinergic basal
forebrain neurons in vitro, and it has been suggested that this
facilitation may contribute to the rhythmic modulation of cortical
EEG (Khateb et al., 1997; Manns et al., 2000). Whether ACh
levels in medial versus lateral basal forebrain regions differentially
alter the cortical EEG remains to be studied.

Understanding the modulators of basal forebrain ACh release
has potential for drug development and animal models of Alz-
heimer’s disease (Buccafusco and Terry, 2000). Recent evidence
suggests that nitric oxide may play a role in dementia-related
neuronal degeneration (de la Torre and Stefano, 2000; Law et al.,
2001). The degree to which future drugs can serve as effective
countermeasures for the cognitive decline and sleep-cycle disrup-
tions characteristic of Alzheimer’s disease must be balanced
against the side-effect profiles of such agents. There is wide
agreement that the diminished cognitive function of Alzheimer’s
disease originates, at least in part, from the loss of basal forebrain
cholinergic neurons (Mesulam, 1996; Felder et al., 2000). There-
fore, maximum therapeutic efficacy with minimal undesirable
side effects can be achieved by developing drugs that have local-
ized, site-specific actions.
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