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Sleep loss negatively impacts performance, mood, memory, and immune function, but the homeostatic factors that impel sleep after sleep
loss are imperfectly understood. Pharmacological studies had implicated the basal forebrain (BF) inducible nitric oxide (NO) synthase
(iNOS)-dependent NO as a key homeostatic factor, but its cellular source was obscure. To obtain direct evidence about the cellular source
of iNOS-generated NO during sleep deprivation (SD), we used intracerebroventricular perfusion in rats of the cell membrane-permeable
dye diaminofluorescein-2/diacetate (DAF-2/DA) that, once intracellular, bound NO and fluoresced. To circumvent the effects of neuronal
NOS (nNOS), DAF-2/DA was perfused in the presence of an nNOS inhibitor. SD led to DAF-positive fluorescence only in the BF neurons,
not glia. SD increased expression of iNOS, which colocalized with NO in neurons and, more specifically, in prolonged wakefulness-active
neurons labeled by Fos. SD-induced iNOS expression in wakefulness-active neurons positively correlated with sleep pressure, as mea-
sured by the number of attempts to enter sleep. Importantly, SD did not induce Fos or iNOS in stress-responsive central amygdala and
paraventricular hypothalamic neurons, nor did SD elevate corticosterone, suggesting that the SD protocol did not provoke iNOS expres-
sion through stress. We conclude that iNOS-produced neuronal NO is an important homeostatic factor promoting recovery sleep after SD.

Introduction
Sleep is a ubiquitous but imperfectly understood state. Among
the candidate factors for its production is nitric oxide (NO), a
gaseous neurotransmitter and intracellular signaling molecule
synthesized by nitric oxide synthase (NOS) (Dzoljic and De Vries,
1994; Kapás et al., 1994a,b; Kapás and Krueger, 1996; Monti et al.,
1999; Monti and Jantos, 2004). The neuronal form of NOS,
nNOS, is constitutively expressed, and nNOS inhibition data sug-
gest a role in sleep control (M. R. Dzoljic et al., 1996; E. Dzoljic et
al., 1997; Williams et al., 1997; Burlet et al., 1999). Recently we
have produced evidence (Kalinchuk et al., 2006a,b) for the role of
NO, acting in the basal forebrain (BF), as a key factor in sleep
homeostatic regulation, defined as the biological mechanisms by
which prolonged wakefulness or sleep deprivation (SD) leads to
recovery sleep (Borbély, 1982). During SD, the BF concentration
of nitrite and nitrate, an indirect measure of NO, doubled. More-
over both an NO scavenger and a nonselective NOS inhibitor
abolished recovery sleep, whereas an NO donor increased non-

rapid eye movement (NREM) sleep (Kalinchuk et al., 2006a).
Our data further indicated that SD-induced NO in the BF was
synthesized by inducible NOS (iNOS), because iNOS inhibition
prevented recovery NREM sleep after SD, whereas inhibition of
neuronal nNOS did not (Kalinchuk et al., 2006b).

Inhibiting iNOS also prevented an adenosine increase in the
BF during SD, suggesting that iNOS-dependent NO acts to pro-
duce adenosine. The discovery of BF iNOS effects on adenosine
was of interest in view of data indicating that more than one
mechanism is likely involved in sleep homeostasis. We and others
have produced data indicating that adenosine is an important
homeostatic sleep factor and that the BF wakefulness center is an
important site of its action (Porkka-Heiskanen et al., 1997, 2000;
Basheer et al., 2004; Murillo-Rodriguez et al., 2004; McCarley,
2007). Data suggest that extracellular adenosine in the BF gradu-
ally increases during prolonged wakefulness and acts to inhibit the
BF wakefulness-active neurons (Thakkar et al., 2003a; Arrigoni et al.,
2006), thereby allowing the onset of sleep. Different homeostatic
mechanisms appear to be called into play according to the sever-
ity of sleep loss. For example, with prolonged exposure to ele-
vated adenosine levels, there is a positive feedback of adenosine
on the number of active A1 receptors, with the number of active
receptors increasing (Basheer et al., 2007; Elmenhorst et al., 2007,
2009). We thus think that the term “homeostatic cascade” is ap-
propriate for this aspect of sleep homeostasis.

Although these data suggested that NO was a key homeostatic
cascade component, critical issues remained. It remained to be
shown in which brain cells NO was produced and to demonstrate
a direct link between iNOS induction and NO production within
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specific cells. The concept of SD-induced induction of iNOS was
particularly intriguing because iNOS has been generally consid-
ered to be virtually absent in the adult healthy brain and to be
induced only by pathological stimuli (Zhan et al., 2005; Calabrese
et al., 2007). Thus, clear evidence about the cellular source of
iNOS induction during SD would have general implications for
our understanding of the role of iNOS in nonpathological con-
ditions. In this report, we describe the use of a novel assay of in
vivo intracellular fluorescent NO staining using 4,5-diaminofluo-
rescein-2/diacetate (DAF-2/DA), a cell-membrane-permeable
dye that binds intracellular NO (Kojima et al., 1998a,b). Using in
vivo NO staining combined with iNOS immunohistochemistry,
we present direct evidence that iNOS-dependent NO production
occurs in wakefulness-active BF neurons and that the extent of
this production is positively correlated with the degree of homeo-
static sleep pressure.

Materials and Methods
Animals and surgical procedures. Experiments were performed on male
Wistar rats (300 – 400 g; Charles River Laboratories). Animals were
housed in a room with constant temperature (23.5–24°C) and 12 h light/
dark cycle (lights on at 8:00 A.M.). Water and food were provided ad
libitum. Starting 5 d before the surgery, animals were habituated to ex-
perimenters by daily 10 min training sessions that included touching and
removal from the cages. During surgery under general anesthesia (ket-
amine at 7.5 mg/100 g body weight, xylazine at 0.38 mg/100 g, and
acepromazine at 0.075 mg/100 g, i.m.), rats were implanted with electro-
encephalogram (EEG) and electromyogram (EMG) electrodes. EEG
electrodes (stainless steel screws) were implanted epidurally over the

frontal [primary motor: anteroposterior (AP),
�2.0 mm; mediolateral (ML), 2.0 mm] and
parietal (retrosplenial: AP, �4.0 mm; ML, 1.0
mm) cortices. EMG recording electrodes (sil-
ver wires covered with Teflon) were implanted
into neck muscles. In animals used for the infu-
sion of DAF-2/DA (first group of experiments,
see below, Experimental paradigm), unilateral
guide cannulae (CMA/11 Guide; CMA/Microdi-
alysis) were implanted, targeting the lateral ven-
tricles [AP,�1 mm; ML,�1 mm; ventral (V), 4.5
mm (Paxinos and Watson, 1998)] (Fig. 1A). In
experiments in which DAF-2/DAF was not in-
fused (experiments of the second type, see below,
Experimental paradigm), rats were implanted
only with electrodes for EEG/EMG recording.

In our pilot experiments, we used unilateral
intra-BF injections of glutamate (supplemental
Fig. S1, available at www.jneurosci.org as sup-
plemental material). They were performed in
anesthetized animals under stereotaxic control
using the following coordinates: AP, �0.3 mm;
ML, �1.5 mm; V, 8.5 mm (Paxinos and
Watson, 1998).

To confirm the specificity of iNOS antibody
used in our study, we performed a short experi-
ment (n � 2/genotype) using iNOS knock-out
(KO) mice and corresponding wild-type mice
(iNOS WT) (male mice, 25–30 g, C57BL/6J; The
Jackson Laboratory). Mice were kept at the same
conditions as described above for rats. During
surgery, mice were implanted with EEG/EMG re-
cording electrodes and microdialysis guide can-
nulae (CMA/7 Guide; CMA/Microdialysis)
targeting the lateral ventricles [AP, �0.02 mm;
ML, �1.5 mm; V, 3 mm (Franklin and Paxinos,
2007)].

All surgical and experimental protocols were
in accordance with the American Association

for Accreditation of Laboratory Animal Care policy on care and use of
laboratory animals. Every effort was made to minimize animal suffering
and to reduce the number of animals used.

Recovery and adaptation. After surgery, the rats and mice were housed
in individual cages and were allowed 1 week of recovery from surgery
before procedures. Beginning 3 d after surgery, daily 10 min training
sessions were resumed. Habituation was regarded as complete when
there were no reactions of fear or aggression when the experimenter
approached the cage and touched the animals.

After 1 week of recovery period, animals were connected to EEG/EMG
recording leads for adaptation for 4 d. On the last day of adaptation,
EEG/EMG were continuously recorded starting at 8:00 A.M. for at least
24 h to monitor the stabilization of EEG and sleep–waking cycle. All
efforts were made to achieve maximal adaptation of animals to the ex-
perimental conditions and minimize possible stress related to novelty of
manipulations during experiments.

Sleep deprivation paradigm. In all experiments, SD for 6 h (10:00 A.M.
to 4:00 P.M.) was done using the gentle handling protocol (Franken et al.,
1991), which included presentation of new objects into the cages and a
gentle touching of the animals by a brush or by hands when the rats were
attempting to sleep. Attempts to sleep were identified by the onset of
behaviors typical of sleep such as cornering, curling, eye closing, etc. and
by the appearance of the first slow waves in the EEG. The numbers of
sleep attempts were used as a measure of sleep pressure and were aver-
aged for each rat over last 2 h of SD. EEG/EMG recordings were contin-
uously performed during SD to monitor the effectiveness of the SD
protocol. Only animals with �15% of sleep during the 6 h of SD were
included in the analysis. Changes in the SD group were compared with
changes in the two control groups: sleeping (SC) and waking (WC) (see
below, Experimental paradigm). Animals in the control groups were also

Figure 1. Labeling of NO-producing cells in vivo using DAF-2/DA. A, Location of chronically implanted microdialysis guide
cannula for intracerebroventricular infusion of DAF-2/DA in the rat brain. LV, Lateral ventricle. B, Schematic of DAF-2/DA transfor-
mation into DAF-2 triazole (DAF-2T, DAF). Membrane-permeable DAF-2/DA is hydrolyzed by cytosolic esterases, releasing
membrane-impermeable DAF-2, which is nonfluorescent. In the presence of NO and O2 it forms the highly fluorescent DAF-2T (DAF;
for more details, see Materials and Methods). C, Experimental paradigm for animals receiving L-NPA and DAF-2/DA. The SD group
had 6 h SD, 10:00 A.M. to 4:00 P.M. Comparison groups with the SD group were an SC group, which allowed 6 h spontaneous
sleep–wake from 10:00 A.M. to 4:00 P.M. (inactive period, mainly sleep, �20% of wake) and a WC group, which allowed 6 h
spontaneous wake–sleep from 8:00 P.M. to 2:00 A.M. (active period, mainly wake, �20% of sleep). All groups had 2 h of
pretreatment with L-NPA before the 6 h experimental period, and all groups had DAF-2/DA perfusion for the last 0.5 h of the
experimental period. Animals participating in the experiments of the second type were used for iNOS fluorescence intensity
analysis/cell counting, and double labeling of iNOS staining with GFAP, NeuN, and Fos had the same sleep–wake protocols but no
L-NPA or DAF perfusion.
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gently handled (touched with brush or hands) for 3–5 min during epi-
sodes of spontaneous wakefulness. In this way, the possibility that SD-
induced changes were evoked by the sensory stimulation associated with
gentle handling procedure rather than prolongation of wakefulness was
minimized.

Detection of NO production in the BF using the fluorescent dye DAF-2/
DA. We used DAF-2/DA (Calbiochem) as a fluorescent indicator of NO
for direct measurements of intracellular NO (Kojima et al., 1998a,b). The
diacetate salt DAF-2/DA is taken up by cells, in which it is esterified by
intracellular esterases to form the relatively nonfluorescent compound
DAF-2, which, in the presence of NO and O2, is converted to the highly
fluorescent triazolofluorescein DAF-2T (DAF) (Fig. 1 B) with excitation/
emission at 495/515 nm, respectively (Kojima et al., 1998a,b). Because of
the extremely high sensitivity (2–5 nM NO) and the direct correlation of
fluorescence intensity with the amount of NO, DAF-2/DA permits the
direct visualization and quantitative analysis of NO production at the
single-cell level. Also, it has been shown that the reaction between DAF-2
and NO is irreversible (Kojima et al., 1998a); therefore, the accumulated
level of DAF-2 fluorescence reflects the total amount of cellular NO
production within the period.

In our novel use of DAF labeling of NO-producing cells in vivo during
SD, we administered DAF-2/DA intracerebroventricularly using micro-
dialysis (Fig. 1 A). Pilot studies showed that DAF-2/DA administered
intracerebroventricularly reached the BF; these studies injected gluta-
mate (10 mM), a known activator of NOS (Bredt and Snyder, 1989), into
the BF of rats, followed by intracerebroventricular infusion of DAF-2/
DA. This treatment produced abundant DAF-positive (DAF �) staining
in the infused BF side (supplemental Materials, available at www.
jneurosci.org as supplemental material). Other pilot studies determined
the minimal effective dose of DAF-2/DA to be 5 �M and best timing of
infusion to be 30 min before the animals were killed (data not shown).

In all experiments, DAF-2/DA was administered via a microdialysis
probe that was inserted into a guide cannula 20 h before the experiment;
the microdialysis pump had a flow rate of 1 �l/min. DAF-2/DA was
dissolved in a mixture of artificial CSF (aCSF) (Harvard Apparatus) and
HBSS (Sigma-Aldrich) (1:1) to produce a within-probe concentration of
5 �M. As indicated by the specifications of the manufacturer and our previ-
ous experience (Porkka-Heiskanen et al., 1997), the CMA probe delivers an
external concentration of �10% of the within-probe concentration; this
indicates a �0.5 �M concentration in the tissue outside the probe.

Our initial experiments showed that the basal level of NO in the BF,
likely from constitutive NOS activity, prevented identification of SD-
induced NO (see Results). We thus inhibited nNOS activity using the
selective inhibitor N �-propyl-L-arginine (L-NPA) (Tocris Bioscience),
delivered at a 100 �M concentration in an aCSF � HBSS solution through
the same probe as DAF-2/DA. This concentration of L-NPA in the infused
solution released �10 �M L-NPA in the tissue surrounding the probe; at this
concentration, L-NPA selectively inhibits nNOS and endothelial NOS
(eNOS) but does not affect iNOS (Ki �57 nM, 8500 nM, and 1.8�105 nM for
nNOS, eNOS, and iNOS, respectively) (Zhang et al., 1997).

Immunohistochemistry. At the end of experiments, animals designated
for immunohistochemistry and fluorescence intensity analysis/cell
counting were deeply sedated with CO2 and transcardially perfused with
4% formaldehyde. Brains were removed from the skull, fixed in 4%
formaldehyde overnight, cryoprotected in 30% sucrose, and frozen.
Coronal 30 �m sections were cut using a cryostat. Consecutive sections
were first treated with 3% Triton X-100 for 1 h at room temperature, then
blocked in 0.3% donkey serum for 1 h, and incubated overnight at 4°C
with one of the primary antibodies: anti-iNOS (mouse monoclonal,
1:15,000; Sigma-Aldrich), anti-nNOS (rabbit polyclonal, 1:200; BD Bio-
sciences), anti-neuron-specific nuclear protein (NeuN) (neuronal mark-
er; mouse monoclonal, 1:500; Millipore Bioscience Research Reagents),
or anti-glial fibrillary acidic protein (GFAP) (glial marker; mouse mono-
clonal, 1:500; Sigma-Aldrich). On the following day, sections were
treated for 1 h with anti-mouse or anti-rabbit fluorescent secondary
antibodies with green, red, or blue fluorescence, respectively (1:500, Al-
exa Fluor 488, 568, or 647; Invitrogen). Subsequently, sections assigned
for double labeling were blocked in 0.3% donkey or mouse serum and
incubated overnight at 4°C with different primary antibody, followed by

incubation with a corresponding secondary antibody of different color
and mounted with Fluoromount-G (Southern Biotechnology Associ-
ates). For double labeling of iNOS and Fos, sections were blocked in 3%
Triton X-100 for 1 h at room temperature and 0.3% donkey serum and
incubated overnight with anti-Fos primary antibody (goat polyclonal,
1:200; Santa Cruz Biotechnology) at 4°C. The next day sections were
incubated for 1 h with biotinylated donkey anti-goat IgG (1:400; Milli-
pore Bioscience Research Reagents) and avidin– biotin complex solution
for 1 h (Vectarin ABC kit; Vector Laboratories) and developed with
diaminobenzidine (DAB peroxidase substrate kit; Vector Laboratories)
in the presence of nickel to produce black reaction product. Fos-labeled
sections were blocked with 0.3% donkey serum and treated overnight
with anti-iNOS primary antibody at 4°C. On the next day, they were
incubated with biotinylated donkey anti-mouse IgG for 1 h (1:400; Mil-
lipore Bioscience Research Reagents), for 1 h with ABC, developed with
DAB to produce a brown reaction product, and mounted using Per-
mount mounting medium (Thermo Fisher Scientific). The specificity of
iNOS antibody was tested using iNOS KO mice. Immunostaining was
always performed simultaneously on pairs of sections from SD and con-
trol experimental groups.

Quantitative analysis of fluorescence intensity and cell counting. To
quantify the SD-induced changes in NO and iNOS production in the BF,
we compared the fluorescence intensity of individual DAF � or iNOS �

cells and the numbers of positively stained DAF, iNOS, and DAF/iNOS
cells in the SD, SC, and WC groups. Fluorescence microscopy was per-
formed using the Olympus BX51 microscope, and quantitative analysis
was performed using MetaMorph Software (version 6.1; Molecular De-
vices). Images from the BF area in each animal were collected at 20�
magnification using blue and/or red filters. Five comparable coronal
sections from different rats were matched using anatomical landmarks
and bregma coordinates [AP levels: �0.48, �0.2, �0.26, �0.4, and �0.8
mm (Paxinos and Watson, 1998)], and the area of the BF nuclei [hori-
zontal limb of diagonal band (HDB), substantia innominata (SI), and
magnocellular preoptic area (MCPO)] was outlined in each section.

For the analysis of fluorescence intensity of individual cells stained for
DAF or iNOS, each cell was outlined and its fluorescence intensity was
defined. The average fluorescence intensity of all cells in each section was
normalized against the background by moving the outline of a cell to the
neighboring area on tissue in which no fluorescent cell body was de-
tected. These values from five sections were averaged to form the grand
average for each rat.

For counting of DAF �, iNOS �, and DAF �/iNOS � cells, two images
of each of five sections per rat stained for both iNOS and DAF were taken.
For counting of double-labeled cells, two images were merged using
MetaMorph Software. Only cells that had intensity at least 1.5 times
greater than background were counted. Counts from five sections were
summarized to yield a total number of cells for each rat (n values of rats
are specified for each experiment in Results).

For counting iNOS �/Fos � or Fos � cells, images were collected at
20� using a light microscope. In total, the following images were used for
counting: for the BF area, images of five sections per rat (the same AP
levels as described above); for the paraventricular hypothalamus (PVH),
images of three sections per rat [AP levels: �0.92, �1.40, and �1.88 mm
(Paxinos and Watson, 1998)]; and for the central amygdala (CeA), im-
ages of five sections per rat (AP levels: �1.60, �1.88, �2.30, �2.80, and
�3.14 mm). Fos � cells were identified by the presence of a black nucleus,
and iNOS � cells were defined by the presence of brown cytoplasm.

EEG recording and analysis. EEG/EMG recordings were used to confirm
the effectiveness of SD and sleep–waking pattern of controls. In SC group,
only animals that had �20% of wake within the 6 h experimental period
were included in the final analysis, and only animals that had �20% of sleep
within the 6 h experiment were used for the WC group data.

The EEG/EMG polygraphic data were recorded by the Grass 15LT
physiodata amplifier system. The signals were captured by Gamma (ver-
sion 4.2) acquisition software (Grass-Telefactor) using a sampling rate of
256 Hz. EEG recordings was visually scored at 10 s epochs using rodent
sleep stager software (RSS version 3; Grass-Telefactor) according to pre-
viously described criteria for wakefulness, NREM, and REM sleep
(Basheer et al., 1999; Kalinchuk et al., 2006a,b).
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Corticosterone measurements. To compare the stress level in the SD and
control animals, we measured plasma corticosterone using the Enzyme
Immunoassay kit (Assay Designs). Blood was very quickly (1–2 min)
collected by intracardiac puncture before the start of transcardial perfu-
sion. A total of 2 ml of blood was placed into prechilled tubes containing
200 �l of disodium EDTA (20 ml/mg; Sigma-Aldrich) and centrifuged at
2000 rpm for 10 min at room temperature. Plasma was collected and
stored at �80°C until assayed. Corticosterone was measured from sam-
ples diluted 1:50 according to the instructions of the manufacturer (the
sensitivity of the assay is �27 pg/ml).

Experimental paradigm. Two types of experiments were performed.
(1) The first type used infusion of DAF-2/DA and L-NPA and double
labeling of DAF staining with iNOS, nNOS, GFAP, and NeuN. (2) The
second type did not have pharmacological treatment with L-NPA or
DAF-2/DA and was used for iNOS fluorescence intensity analysis/cell
counting and double labeling of iNOS staining with GFAP, NeuN, and Fos.

All rats participating in the first type of experiments were assigned to
one of three groups: SD and two control groups, SC and WC (see sketch
of experimental paradigm in Fig. 1C). All experiments lasted 6 h plus
pretreatment with L-NPA, which began 2 h before and continued
throughout the 6 experimental hours (Fig. 1C). As noted above, treat-
ment with L-NPA was required to block constitutive NOS activity.

Rats in the SD group were sleep deprived between 10:00 A.M. and 4:00
P.M. Pretreatment with L-NPA started at 8:00 A.M. and continued
throughout SD; between 3:30 P.M. and 4:00 P.M., animals received a
mixture of L-NPA and DAF-2/DA. Animals in SC group received similar
pharmacological treatment, but they were allowed spontaneous sleep–
wake between 8:00 A.M. and 4:00 P.M. Animals in WC group were killed
at 2:00 A.M., after 6 h of spontaneous wake–sleep, and similar treatment
with L-NPA and, during the last 30 min, L-NPA � DAF-2/DA. Immedi-
ately after DAF-2/DA delivery, animals were transcardially perfused with
4% formaldehyde, and brains were collected for further investigation. A
similar experiment was also performed using the iNOS KO mice and
their corresponding WT mice. This experiment was performed to con-
firm the specificity of iNOS antibody.

Rats participating in the second type of ex-
periments were similarly divided into three
groups (SD, SC, and WC) and followed the
same sleep–wake schedule as described for the
first type of experiments, but they did not re-
ceive any pharmacological treatment.

Statistics. Data are expressed as mean �
SEM. Statistical analysis was performed using
SigmaStat 3.0 Statistical software (SPSS Inc.).
To evaluate the statistical significance of the
differences among the three groups (SD, SC,
and WC), we used the nonparametric Kruskal–
Wallis one-way ANOVA on ranks, followed by
post hoc Mann–Whitney rank sum tests. To
evaluate the statistical significance of the differ-
ence when only two groups were compared,
such as the numbers of DAF �, iNOS �, Fos �

and double-labeled cells in SD and SC, we used
the Mann–Whitney rank sum test. The associ-
ation between the numbers of iNOS �/Fos �

cells and the attempts to enter sleep was mea-
sured using Pearson’s correlation coefficient.

Results
DAF detection shows increased
SD-dependent NO production in the
basal forebrain in the presence of an
nNOS inhibitor
We first determined that our in vivo
method of staining of NO-producing cells
with intracerebroventricular application
of DAF-2/DA (Fig. 1A,B) reliably labeled
cells in the BF area by stimulating local

Figure 2. Visualization of SD-induced NO production in the BF after nNOS inhibition.
A, The rectangle indicates the position of the area shown in photomicrographs in B and C.
ac, Anterior commissure. 1, 2, and 3 indicate the BF nuclei: 1, HDB; 2, MCPO; 3, SI. B,
Histology without nNOS inhibition. Note that the background DAF � fluorescence from
the basal nNOS activity does not allow detection of differences in NO production between
SC and SD. C, Histology with nNOS inhibition by the selective inhibitor L-NPA. Note
the clear visualization of increased NO production in SD compared with SC. Scale bar,
100 �m.

Figure 3. Analysis of fluorescence intensity of DAF and iNOS staining in the BF after SD and in controls (SC and WC).
Average intensity of DAF � and iNOS � cells from five coronal sections throughout the BF (AP, �0.48, �0.2, �0.26,
�0.4, and �0.8 mm) was measured using MetaMorph Software. A, Intensity of fluorescent DAF � staining (green) in the
BF after SD is approximately fourfold higher compared with SC and WC. B, Intensity of fluorescent iNOS � staining (red) in
the BF after SD is approximately sevenfold higher compared with SC and WC. Note that, for both DAF and iNOS staining,
there was no difference between SC and WC, thus indicating that increased NO/iNOS production in the BF occurs af-
ter prolonged waking but not after spontaneous waking. *p � 0.05, SD significantly different from WC and SC. Scale bar,
50 �m.
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NO production using targeted intra-BF
injection of glutamate (10 mM), a known
NOS activator (Bredt and Snyder, 1989)
(supplemental Fig. S1, available at www.
jneurosci.org as supplemental material).
Next, we demonstrated that this method
was sensitive enough to detect SD-
induced changes in NO in the BF. Our 6 h
experimental protocol for detecting the
state dependence of NO production com-
pared three groups of rats: SD, SC, and, to
contrast SD-induced wakefulness with
spontaneous wakefulness, a WC group.
All groups had DAF-2/DA infusion dur-
ing the last half hour before decapitation
(Fig. 1C). Initial experiments showed that
perfusion of the selective nNOS inhibitor
L-NPA (100 �M) was needed to suppress
the basal constitutive NOS activity that
obscured the effects of SD (Fig. 2). In the
present study, intracerebroventricular ad-
ministration of L-NPA induced a statisti-
cally significant 10% decrease in NREM
sleep (data not shown), similar to that re-
ported previously (15% decrease in
NREM sleep) (Kalinchuk et al., 2006b).

To quantify the between-state differ-
ence in NO production, we first calculated
the average fluorescence intensity of
DAF� staining in the presence of L-NPA
in three experimental groups (n � 4 rats
per group). There was an overall differ-
ence between groups (Kruskal–Wallis
one-way ANOVA on ranks, H(2) � 8.000,
p � 0.005), and SD produced an approx-
imately fourfold increase in DAF� fluo-
rescence intensity in the BF compared
with the SC and WC groups ( post hoc Mann–Whitney rank sum
comparison, SD � SC and SD � WC, both t � 10.000, p �
0.029). There was no significant difference between the SC and
WC groups ( post hoc Mann–Whitney rank sum comparison, t �
14.000, p � 0.343), thus showing that the increase in NO was
attributable to the prolonged wakefulness during SD but not to
spontaneous wakefulness (Fig. 3A).

Immunolabeling shows SD-dependent iNOS induction in the
basal forebrain
Our initial report used Western blot measurement of iNOS to
show that SD leads to iNOS induction in the BF (Kalinchuk et al.,
2006b). Here we tested whether this finding could be confirmed
by iNOS immunohistochemistry and by comparing the fluores-
cence intensity of iNOS� staining in the BF cells in three groups
of rats (SD, SC, and WC, n � 4 per group). Rats used in this
experiment were not treated with DAF-2/DA and L-NPA. The
specificity of the iNOS antibody used for immunolabeling was
confirmed in iNOS KO mice.

Among the three experimental groups, only in the SD group
did the iNOS antibody detect the presence of clear iNOS� stain-
ing in the BF (Fig. 3B). Both large (�25 �m) and small (�10 �m)
round and spindle-shaped cells were labeled. In the SC and WC
groups, only weak iNOS� staining was detected, mostly in small
cells. A quantitative analysis of iNOS� fluorescence intensity re-
vealed an overall difference in treatments (Kruskal–Wallis one-

way ANOVA on ranks, H(2) � 8.000, p � 0.005) and that SD
induced an approximately sixfold increase in iNOS level compared
with WC ( post hoc Mann–Whitney rank sum comparison, t �
10.000, p � 0.029) and an approximately eightfold increase com-
pared with SC ( post hoc Mann–Whitney rank sum comparison,
t � 10.000, p � 0.029). As was seen in the case of DAF� staining,
there was no significant difference between the SC and WC
groups ( post hoc Mann–Whitney rank sum comparison, t �
14.000, p � 0.343) (Fig. 3B).

Double labeling shows that SD-dependent NO production
detected by DAF is colocalized with iNOS but not with nNOS
Next we evaluated whether cellular NO production during SD
detected by DAF was attributable to iNOS induction rather than
to residual constitutive NOS activity resulting from incomplete
inhibition of nNOS after intracerebroventricular L-NPA infu-
sion. Consecutive BF sections from two groups of rats treated
with L-NPA � DAF-2/DA (SD and SC, n � 4 per group) were
subjected to immunohistochemistry using antibodies specific for
nNOS and iNOS. As is apparent from visual inspection of Figure
4, the majority of DAF� cells in the SD group were iNOS�,
whereas the isolated, weak DAF� staining in SC did not colocalize
with iNOS. In the SD group, only a few of DAF� cells were nNOS�,
whereas in SC group almost all DAF� cells were nNOS�.

For a quantitative analysis of iNOS-dependent NO produc-
tion, DAF�, iNOS�, and DAF�/iNOS� cells in the SD and SC

Figure 4. Double labeling of DAF-stained sections with nNOS and iNOS antibodies. Consecutive DAF-stained sections from the
BF of two groups of rats: (1) SD (rows A, C) and (2), SC (rows B, D). Groups are double labeled with DAF and either nNOS (rows A, B)
or iNOS (rows C, D) antibodies. A, C, In SD group, only a few DAF � cells are also nNOS � (A, right panel, yellow arrows), whereas
the majority of DAF � cells are also iNOS � (C, right panel). B, D, In SC group, the few DAF � cells are almost all also nNOS �

(B, white arrows in right panel), whereas the minimal iNOS � staining is not colocalized with DAF � (D, right panel). The presence
of a few DAF �/nNOS � cells likely results from incomplete inhibition of nNOS. Scale bar, 100 �m.

13258 • J. Neurosci., October 6, 2010 • 30(40):13254 –13264 Kalinchuk et al. • Nitric Oxide and Homeostatic Sleep Control



groups were counted in five sections taken through the BF. An
overwhelming majority of DAF� cells (Fig. 5A) in the SD group
were iNOS� (92.2 � 2% of all DAF� cells), whereas only 9.5 �
2% of all DAF� cells were also iNOS� in the SC group. The
difference between the number of DAF�/iNOS� cells in the SC
and SD groups was statistically highly significant (Mann–Whitney
rank sum test, t � 26.000, p � 0.029). That 21.2 � 4% of all
iNOS� cells in the SD group did not show DAF-detected NO
production suggested that immunolabeling was a slightly more
sensitive measure than DAF� labeling. Of note, both measures
showed a dramatic increase in numbers of positively labeled cells
after SD, approximately fivefold for DAF� cells (Mann–Whitney
rank sum test, t � 26.000, p � 0.029) and approximately eight-
fold for iNOS� cells (Mann–Whitney rank sum test, t � 26.000,
p � 0.029) (Fig. 5B).

The iNOS dependence of NO production during SD was fur-
ther confirmed in iNOS KO mice and corresponding iNOS WT
mice (6 h SD, n � 2 per group) by repeating the same protocol as
we used for rats. Similar to rats, there was abundant SD-induced
DAF�/iNOS� staining in the BF of WT mice, but iNOS immu-
noreactivity was almost undetectable in the BF of iNOS KO mice
and DAF� staining was significantly attenuated (Fig. 6).

Double labeling shows that iNOS-dependent NO production
during SD occurs in neurons but not in glia
Although iNOS is primarily expressed in glial cells under most
conditions (Calabrese et al., 2007), neuronal iNOS induc-
tion has been also reported in several studies (Heneka and
Feinstein, 2001). To determine whether neurons and/or glia
were responsible for SD-induced iNOS-dependent NO pro-
duction, we performed double labeling of sections stained
with DAF or iNOS antibody with antibodies specific for the
neuronal marker NeuN or the glial marker GFAP (SD and SC
conditions, n � 4 animals for each of the 2 stain pairs). The
iNOS � staining in the SD group was colocalized with most of
the NeuN � cells but not colocalized with GFAP � (Fig. 7 A, B).
Only minimal, weak iNOS � staining in the SC group could be

seen in glia and, to a lesser extent, in neurons. Similarly, DAF �

staining in SD group was primarily colocalized with NeuN but
not GFAP (Fig. 7C,D). In SC animals, no DAF � staining was
observed in glia, although some was observed in neurons,
likely as a result of incomplete inhibition of nNOS, as de-
scribed above.

SD-dependent iNOS induction in the BF occurs in prolonged
wake–active neurons and positively correlates with
homeostatic sleep pressure
Next, we sought to understand the functional identity of neurons
expressing iNOS during SD. Because iNOS induction is known to
be triggered by metabolic challenge (Moro et al., 1998), we spec-
ulated that iNOS induction might correlate with neuronal acti-
vation and be produced in cells active during prolonged wake. To
test this hypothesis, we performed double labeling of iNOS-
stained sections from two groups of rats not treated with DAF-
2/DA and L-NPA (SD and SC conditions, n � 7 per group) with
antibody specific for Fos, the protein product of the immediate-
early gene c-fos and a marker of neuronal activation (Morgan and
Curran, 1986; Cirelli and Tononi, 2000).

We observed that SD induced an �10-fold increase in the
number of Fos� cells in the BF compared with SC (Mann–Whitney
rank sum test, t � 77.000, p � 0.001) and an approximately
eightfold increase in the total number of iNOS� cells (Mann–
Whitney rank sum test, t � 77.000, p � 0.001). The majority of
iNOS� cells in SD group (94.0 � 2% of total number) were also
Fos�. However, some Fos� cells were iNOS-negative (15.0 � 3%
of total number of Fos� cells), thus showing that not all pro-
longed wake–active cells expressed detectable iNOS during SD
(Fig. 8A,B). We compared the numbers of cells expressing
iNOS�/Fos� after 6 h SD with those after 3 h SD (n � 4) and
found that there was a significant increase after 6 h SD (by 42%,
Mann–Whitney rank sum test, t � 10.500, p � 0.006). Thus, SD
induces progressive increase in iNOS�/FOS� cells in the BF,
suggesting that their number might correlate with homeostatic
sleep pressure.

Figure 5. Analysis of iNOS-dependent NO production in the BF after SD. A, DAF �, iNOS �, and iNOS �/DAF � cells were counted in five sections collected throughout the BF. The top row shows
the AP levels of sections taken for analysis (Paxinos and Watson, 1998). Squares indicate the areas of the photomicrographs in the bottom rows. The bottom rows show significant colocalization of
iNOS � (red) and DAF � (green) stains throughout the entire BF area in this representative rat from SD group. B, Quantitative analysis of numbers of DAF �, iNOS �, and DAF �/iNOS � cells in the
BF in SD and SC groups. SD induced significant increases in numbers of DAF � and iNOS � cells in the BF. The overwhelming majority of DAF � cells in SD were also iNOS � (labeled as DAF �/iNOS �).
In sections from a representative sleeping control rat, only few DAF � cells were iNOS �. Scale bar, 100 �m. *p � 0.05, SD significantly different from SC.
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To determine whether iNOS induction
in prolonged wake–active neurons during
SD was related to increased homeostatic
sleep pressure, we examined the number
of attempts to enter NREM sleep from
wake during the last 2 h of 6 h SD before
decapitation, as described in Materials
and Methods. We found that the number
of iNOS�/Fos� cells was strongly and
positively correlated with attempts to en-
ter sleep (Pearson’s r � 0.889, p �
0.00745) (Fig. 8C).

SD-dependent iNOS induction in the
BF is not triggered by stress: absence of
increase in Fos � staining in stress-
associated brain regions and plasma
corticosterone level in sleep-deprived
animals
Our study sought to minimize any possi-
ble stress from SD and other procedures
by habituating animals to the experi-
menter, cage, and connection to the re-
cording cable before experiments began,
as described in Materials and Methods.
Nonetheless, we considered it important
to rule out the possibility that BF iNOS
induction was not the result of stress associ-
ated with gentle handling SD procedures
but rather the result of the prolongation of
wakefulness. We thus examined for Fos�

staining in PVH and CeA, regions found
to have Fos induction during stressful
stimuli (Cano et al., 2008) in the same SD
and SC rats (n � 4 per group) used for iNOS�/Fos� immunola-
beling in the BF. We also included four additional rats that were
killed at 1:00 A.M. (6 h WC group). There was no increase in
Fos� cells in SD group compared with SC or WC in either PVH
(Kruskal–Wallis one-way ANOVA on ranks, H(2) � 1.077, p �
0.630) or CeA (Kruskal–Wallis one-way ANOVA on ranks, H(2)

� 0.151, p � 0.941) (Fig. 9A–C). Because induction of iNOS in
the brain can also indicate stress (Olivenza et al., 2000), we
examined PVH and CeA for the presence of iNOS � staining
and found that there was virtually no iNOS � or Fos �/iNOS �

double staining in either the SC group or the SD group. This
suggests that the conjoint iNOS �/Fos � expression in the BF
observed by us was not the result of stress.

To further evaluate for stress effects, we also examined the
changes in the humoral stress factor plasma corticosterone. We
compared the levels of plasma corticosterone in the same 12 rats
from SD, SC, and WC groups (n � 4 per group) and found no
significant difference between groups (Kruskal–Wallis one-way
ANOVA on ranks, H(2) � 1.385, p � 0.557) (Fig. 9D). Finally, we
found no correlation between the level of corticosterone and
iNOS�/Fos� induction in the BF in SD and SC groups (Pearson’s
r � �0.0636, p � 0.881).

Discussion
Our findings that SD-induced iNOS expression and NO produc-
tion occur in neurons and after neuronal activation have not, to
our knowledge, been reported previously. During SD, iNOS ex-
pression is increased by approximately sevenfold and is associ-
ated with an approximately fourfold increase in NO production,

as detected by our novel in vivo method involving intracerebro-
ventricular infusion of DAF-2/DA. That NO is produced by
iNOS as indicated by their strong colocalization; 92% of cells
that produce NO after SD are iNOS �. Moreover, the SD-
induced iNOS expression occurs in prolonged wake–active
neurons, as indicated by the presence of Fos immunoreactivity
in 94% of iNOS � cells. The number of iNOS �/Fos � cells
correlates with sleep pressure during SD, which was measured
by the number of attempts to enter sleep. Finally, our data
indicate that the SD-induced increase in iNOS is not attribut-
able to a stress response associated with SD.

Much of the literature has considered brain iNOS-dependent
NO production as mainly occurring in glia, microglia, and astro-
cytes in response to pathological processes, including those dur-
ing infection, brain trauma, stroke, hypoxia, and stress, as well as
neurodegenerative diseases, such as multiple sclerosis and Alz-
heimer’s and Parkinson’s diseases (Zhan et al., 2005; Saha and
Pahan, 2006; Calabrese et al., 2007). However, several recent
studies have demonstrated that iNOS can be also induced in neu-
rons (Heneka and Feinstein, 2001; Small et al., 2004). Similar to
glial iNOS induction, neuronal iNOS induction has been shown
to occur after stimulation by proinflammatory mediators, in-
cluding lipopolysaccharide (LPS) or an LPS/interferon-� com-
bination (Combs et al., 2001; Small et al., 2004). Moreover,
induction of neuronal iNOS occurs in metabolically challeng-
ing conditions of hypoxia and hypoglycemia (Moro et al.,
1998; Heneka and Feinstein, 2001). Unlike glial induction, neu-
ronal iNOS induction alone does not lead to cell death (Combs et
al., 2001; Small et al., 2004), thus suggesting that appearance of

Figure 6. The absence of SD-induced iNOS and NO production in the iNOS knock-out mouse. iNOS KO mouse and corresponding
WT were intracerebroventricularly infused in vivo with DAF-2/DA and L-NPA during SD (see Materials and Methods). A, Position of
chronically implanted microdialysis guide cannula for intracerebroventricular infusion of DAF-2/DA in the mouse brain. LV, Lateral
ventricle. B, Rectangle indicates the location of the area shown in photomicrographs in C. ac, Anterior commissure. 1, HDB; 2,
MCPO; 3, SI. C, SD-induced iNOS � (red) and DAF � (green) stains were detected in the WT but in not in the KO mouse. Areas shown
by rectangles in the top panels are magnified in bottom panels. Scale bars, 100 �m.
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iNOS in neurons could be the part of neuroprotective rather than
a neurodegenerative mechanism.

Our data and the literature raise the possibility that NO pro-
duction is also a protective response, albeit to less severe meta-
bolic challenge than hypoglycemia and hypoxia. It is known that
a majority of BF neurons show tonically increased firing during
wakefulness, functionally related to maintenance of cortical
arousal and associated cognitive operations (Baxter and Chiba,
1999; Szymusiak et al., 2000; Jones, 2005; Lee et al., 2005). During
SD, BF neuronal activity is increased even more than in sponta-
neous wakefulness, as shown by the degree of Fos immunoreactiv-

ity (Greco et al., 2000; Modirrousta et al.,
2004; McKenna et al., 2009). A positive cor-
relation between the number of iNOS�/
Fos� cells in BF and homeostatic sleep
pressure (Fig. 8) suggests that the Fos ex-
pression in BF serves as an index of sleep
need. We note further that a sleep pressure-
associated increase in Fos immunoreactivity
has been reported previously in response to
6 h and longer durations of SD in other
sleep-related areas, such as paraventricular
thalamus (Semba et al., 2001) and medial
preoptic area (Cirelli et al., 1995). One of the
major factors contributing to increased Fos
expression, despite the increased NO- and
adenosine-induced inhibitory effects on BF
neurons, may be excitatory input from
brainstem, both from glutamatergic reticu-
lar formation neurons and noradrenergic
locus ceruleus neurons, neurons activated
during SD procedures (for review, see Jones,
2003; Steriade and McCarley, 2005).

Prolonged wakefulness is likely meta-
bolically challenging for the BF wake–active cells, because con-
tinuous activation of neurons is known to increase their energy
demands (Wong-Riley, 1989). Our present data thus are compat-
ible with the possibility that iNOS induction during SD could also
be functionally related to a protective response to SD-associated
energy expenditure and metabolic challenge.

The relationship of NO and adenosine adds support to this
hypothesis. Our in vivo results indicate that NO donors act to
induce sleep through adenosine production (Kalinchuk et al.,
2006a). Moreover, preliminary in vitro evidence indicates that

Figure 7. Double labeling of iNOS- or DAF-stained section with glial marker GFAP and neuronal marker NeuN. Sections stained for iNOS (A, B) or DAF (C, D) from the BF of rats in SD and SC groups doubled
labeled for either GFAP or NeuN. Rightmost frame is merged image in all panels. A, No colocalization between iNOS � (red) and GFAP � (blue) is detected in SD group. In SC group, the weak iNOS � staining is
only rarely colocalized with GFAP �. B, In SD group, the majority of iNOS � cells (red) are NeuN � (blue), whereas in SC group, the weak iNOS staining is only rarely colocalized with NeuN. C, No colocalization
between DAF � (green) and GFAP � (red) is detected in either the SD or SC group. D, In SD group, the majority of DAF � cells are NeuN �. Overall in the SC group, only a few neurons were NeuN �/DAF �; one
neuron in this section is double labeled. Presence of NO in neurons in SC group likely resulted from incomplete inhibition of nNOS (see Fig. 4). Scale bars, 50 �m.

Figure 8. Double labeling of iNOS-stained sections with Fos, a marker of neuronal activation. A, Photomicrographs of the BF
sections stained for iNOS and Fos. In this representative slide from the SD group, all shown iNOS � cells are also Fos �. In the SC
representative section, weak iNOS (shown by black arrows) and Fos (shown by blue arrows) stainings are not colocalized. B,
Quantitative analysis of the numbers of iNOS �, Fos �, and iNOS �/Fos � cells in SD and SC groups. Note that almost all of iNOS �

cells are also Fos �. **p � 0.001, SD significantly different from SC. C, Correlation between the numbers of iNOS �/Fos � cells in
the SD group and attempts to enter into sleep during last 2 h of SD (n � 7). Note the strong positive correlation. Scale bar, 50 �m.
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NO acts to produce adenosine-mediated
neuronal hyperpolarization and inhibi-
tion (Franciosi et al., 2008). The NO–ad-
enosine relationship is consistent with a
large literature on the neuroprotective ef-
fects of adenosine (Basheer et al., 2004),
which acts to decrease the level of energy
expenditure via decreased neuronal acti-
vation (Dunwiddie and Masino, 2001;
Cunha, 2005). Evidence of the action of
adenosine to inhibit wake–active neurons is
particularly strong in the BF: adenosine
postsynaptically inhibits wake–active BF
neurons via the A1 receptor (Thakkar et
al., 2003a; Arrigoni et al., 2006), phar-
macologically increasing adenosine in
the BF decreases wakefulness (Porkka-
Heiskanen et al., 1997; Basheer et al.,
1999), and antisense to the A1 receptor
and A1 antagonist strongly blunt recovery
sleep (Thakkar et al., 2003b; Gass et al.,
2009). NO action to produce adenosine
may result from inhibition of adenosine
kinase, the enzyme that converts adeno-
sine to AMP (Rosenberg et al., 2000)
and/or by decreasing ATP production by
actions on the electron-transport chain
and mitochondrial respiration (Brorson
et al., 1999). It is unclear whether adeno-
sine is released from the same neurons in
which NO is produced or from the neigh-
boring cells, because NO is a highly diffus-
ible molecule (Calabrese et al., 2007).
Previous data, including our own, indi-
cated that SD-induced adenosine release
is impaired after the lesion of BF cholin-
ergic neurons (Blanco-Centurion et al.,
2006; Kalinchuk et al., 2008). Conversely,
other data indicate the important, and
possibly leading, role of the astrocytes in
adenosine release (Halassa et al., 2009).

That increased iNOS or DAF labeling
is visible only in sleep-deprived animals
and not during spontaneous waking is
compatible with the iNOS-dependent NO
response being part of a homeostatic cas-
cade of responses to prolonged waking,
with the initial level of response being in-
creased BF adenosine (seen in spontane-
ous waking), followed by an iNOS/NO
increase during longer-duration, forced
wakefulness. It is possible that the sus-
tained, increased excitatory input from brainstem to BF elicited
in the course of SD may be responsible for iNOS induction in
wake–active cells during SD.

After spontaneous wakefulness, when increased adenosiner-
gic tone leads to inhibition of wake–active cells and decreases
neuronal activation, iNOS is not induced. It is also possible that a
very low iNOS/NO response occurs with spontaneous waking
and is not detectable by our methods. A previous study showed
that iNOS KO mice had less NREM sleep during the dark period
(Chen et al., 2003). However, our study showed that infusion of
an iNOS-selective inhibitor into BF did not affect spontaneous

sleep during light period (Kalinchuk et al., 2006b). We note that
the increased level of adenosine response to SD is considerably
higher than the modest increases during spontaneous wake in
cats and rats (Porkka-Heiskanen et al., 1997; McKenna et al.,
2003; Murillo-Rodriguez et al., 2004), and it is possible that a
similar response gradient is present for iNOS/NO but not detect-
able at the levels occurring during spontaneous wake.

Because the NO response is detected only with SD, the absence
of an SD stress-related response in our data is important. Often,
brain iNOS induction, mostly in the cortex, has been associated
with stressful stimuli (Olivenza et al., 2000; Calabrese et al.,

Figure 9. SD does not induce increases in Fos expression in central amygdala and paraventricular hypothalamus, key compo-
nents of the stress network, and does not elevate blood plasma corticosterone level. A, Top panels show the location of the areas
in photomicrographs (bottom panels) in the PVH and CeA. Middle panels show the areas indicated by squares in top panels. BLA,
Basolateral amygdaloid nucleus, anterior part; BLP, basolateral amygdaloid nucleus, posterior part; CeC, central amygdaloid
nucleus, capsular part; CeL, central amygdaloid nucleus, lateral division; CeM, central amygdaloid nucleus, medial division; PaDC,
paraventricular hypothalamic nucleus, dorsal cap; PaLM, paraventricular hypothalamic nucleus, lateral magnocellular part; PaMP,
paraventricular hypothalamic nucleus, medial parvicellular part; PaV, paraventricular hypothalamic nucleus, ventral part. B, C,
Note that the numbers of Fos � cells did not vary between SC, WC, and SD groups. Quantitative analysis of Fos � cells did not reveal
any difference between SD, SC, and WC groups in PVH (B) and CeA (C). D, The level of blood plasma corticosterone did not increase
in SD group compared with SC and WC. Scale bars, 200 �m.
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2007). Moreover, concerns have been expressed over forced
wakefulness during SD being a stressful state (Semba et al., 2001).
Almost all forms of SD, including wheel rotation, gentle han-
dling, and the platform method, might involve some form of
stress resulting from the novelty of the manipulations (Meerlo et
al., 2002; Mashoodh et al., 2008). Gentle handling is generally
considered to be the least stressful SD approach (Rechtschaffen et
al., 1999), although not all agree (Semba et al., 2001). Nonethe-
less, our study considered it important to rule out the possibility
that BF iNOS induction was not the result of stress associated
with gentle handling SD. We thus examined two brain areas
shown previously to be associated with stress-induced Fos induc-
tion during cage exchange with another rat (PVH and CeA)
(Cano et al., 2008) and observed the absence of increase in Fos�

staining after SD compared with SC or WC and complete absence
of iNOS� and iNOS�/Fos� double staining in the same rats that
had increase in iNOS�/Fos� staining in the BF. In the same
animals used for these Fos studies, we compared the level of
plasma corticosterone and found no difference between sleep-
deprived and control groups. This is in agreement with the pre-
viously published observation that SD induced by forced
locomotion does not induce the activation of hypothalamo–
pituitary–adrenal stress response (Tobler et al., 1983; Tartar et al.,
2009).

In summary, we view NO production via iNOS induction in BF
neurons as part of the homeostatic cascade of responses to sleep loss.
This model of an iNOS-induced homeostatic, compensatory mech-
anism would place SD-induced iNOS as yet another example of
phylogenetically ancient defense and compensatory iNOS-based
mechanisms, with inciting events and responses that range from
starvation and sporulation in macroplasmodia (Golderer et al.,
2001) to bacterial infection and responses in teleost fish (Campos-
Perez et al., 2000) and mammals (Bogdan et al., 2000).
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