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Although the neural circuitry underlying homeostatic sleep regu-
lation is little understood, cortical neurons immunoreactive for
neuronal nitric oxide synthase (nNOS) and the neurokinin-1
receptor (NK1) have been proposed to be involved in this
physiological process. By systematically manipulating the dura-
tions of sleep deprivation and subsequent recovery sleep, we
show that activation of cortical nNOS/NK1 neurons is directly
related to non-rapid eye movement (NREM) sleep time, NREM bout
duration, and EEG δ power during NREM sleep, an index of preex-
isting homeostatic sleep drive. Conversely, nNOS knockout mice
show reduced NREM sleep time, shorter NREM bouts, and decreased
power in the low δ range during NREM sleep, despite constitutively
elevated sleep drive. Cortical NK1 neurons are still activated in re-
sponse to sleep deprivation in these mice but, in the absence of
nNOS, they are unable to up-regulate NREM δ power appropriately.
These findings support the hypothesis that cortical nNOS/NK1 neu-
rons translate homeostatic sleep drive into up-regulation of NREM δ
power through an NO-dependent mechanism.
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The electrical activity of the cerebral cortex has been used to
distinguish sleep vs. wakefulness since the earliest EEG

studies of sleep (1). Several neural circuits have been implicated
in the synchronization and desynchronization of cortical activity
that distinguish non-rapid eye movement sleep (NREM) from
wakefulness and rapid eye movement sleep (REM). Input from
the basal forebrain (BF), likely from both cholinergic and non-
cholinergic neurons, is critical for the desynchronized EEG
characteristic of wakefulness and REM (2, 3). Synchronization of
the EEG during NREM depends on thalamic as well as intrinsic
cortical oscillators (4).
The firing rate of cortical neurons has generally been reported

to be reduced during NREM relative to wakefulness and REM
(5, 6). A few studies have reported cortical neurons with the
opposite pattern. For example, 4 of 177 neurons in the monkey
orbitofrontal cortex increased their firing rates during NREM
(7). In the cat parietal cortex, 25% of neurons discharged in
phase with NREM slow waves during up states but ceased firing
during quiet wakefulness (8).
Using Fos immunohistochemistry as a marker of cellular ac-

tivity, we described a population of cortical GABAergic inter-
neurons that are activated during sleep in three species (9, 10).
These neurons express neuronal nitric oxide synthase (nNOS)
and thus likely release nitric oxide (NO) as well as GABA (11).
The percentage of activated cortical nNOS neurons was pro-
portional to NREM δ energy (NRDE), the product of NREM
time and NREM EEG δ power. Because NREM time and δ
power increase in response to prolonged wakefulness through a
regulated process referred to as sleep homeostasis, NRDE is an
electrophysiological marker of homeostatic sleep “drive.” Conse-
quently, activation of cortical nNOS neurons during sleep seems to
be related to the sleep need that accrues during wakefulness.
Cortical nNOS neurons receive cholinergic (12), monoaminergic

(13), and peptidergic (14, 15) inputs. Sleep-active nNOS cells
correspond to type I nNOS neurons, which are larger and less

numerous than type II cells, express the neurokinin-1 receptor
(NK1; 14, 15), and are likely projection neurons (16, 17). On the
basis of these observations, we have proposed that cortical nNOS/
NK1 neurons are fundamentally related to the homeostatic reg-
ulation of sleep and play a critical role in coordinating slow waves
within the cortex, possibly through release of NO (18).
To further test this hypothesis, we subjected rats to varying

durations of sleep deprivation (SD) and recovery sleep oppor-
tunities (RS) and evaluated which sleep parameters were most
closely correlated with cortical nNOS/NK1 neuron activation.
We then asked whether those sleep parameters were altered in
nNOS KO mice. Consistent with a role for cortical nNOS/NK1
neurons in sleep homeostasis, we find that these neurons are
most active during consolidated NREM with increased δ power,
that the absence of nNOS results in attenuation of NREM
consolidation and NREM δ power, and that nNOS KO mice
are unable to respond appropriately to challenges to the sleep
homeostatic system.

Results
Fos Expression in Cortical nNOS Neurons Is Associated with Spontaneous
Sleep and Wakefulness. Because Fos expression in cortical nNOS
neurons declines during spontaneous sleep and wakefulness
across the day in mouse and hamster (10), we determined whether
this decline also occurred in the rat. Fig. S1 presents results from
four groups of rats killed at 2-h intervals across the day (protocol
1). Fig. S1 A and B illustrate typical results in which rats killed
early in the day show a higher proportion of Fos-positive cortical
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nNOS neurons (%Fos/nNOS) than rats killed late in the day.
Fig. S1C presents summary data showing that the %Fos/nNOS
declined from Zeitgeber Time (ZT)4 to ZT10, i.e., from 4 to 10 h
after lights on. Kruskal-Wallis one-way ANOVA revealed sig-
nificant variation among groups [H(3) = 10.49, P = 0.015] and
the Bonferroni-Dunn post hoc test established that the ZT6 and
ZT10 groups differed from each other (Q = 2.91, P < 0.05).

The Proportion of Cortical nNOS Neurons That Express Fos Depends
on the Magnitude of Homeostatic Sleep Drive and Recovery Sleep
Duration. Because we established that Fos expression in cortical
nNOS neurons can be increased by SD (10), we determined the
minimum SD duration necessary to increase the %Fos/nNOS
when RS was fixed at 2 h (protocol 2). Fig. 1 A and B shows
representative immunohistochemical results. Although relatively
few double-labeled cells were evident after 2 h SD followed by
2 h RS (Fig. 1A), the proportion of double-labeled neurons was
greatly increased by 4 h SD followed by 2 h RS (Fig. 1B). Fig. 1C
presents the time course of wakefulness observed in three groups
of rats that were subjected to SD beginning at light onset for
2–6 h followed by 2 h RS. Fig. 1D presents summary results in-
dicating that the %Fos/nNOS increased significantly above the
respective time-matched control groups after both 4 h (t = 13.73,
n = 5; P < 0.001) and 6 h of SD (t = 7.16, n = 8; P < 0.001). One-
way ANOVA revealed an effect of SD duration (F2,11 = 4.35; P =
0.04), and the Holm-Sidak post hoc test confirmed a significant
increase from 2 h to 4 h of SD (t = 2.78; P = 0.035).
Conversely, in protocol 3, the duration of SD was fixed at 6 h

(Fig. 1E), and the time course of Fos expression was determined
as the RS duration was increased. Fig. 1F demonstrates that the
%Fos/nNOS is dependent on the RS duration. Almost no dou-
ble-labeled cells were found without RS, and 30 min RS was
insufficient to produce a significant increase. However, ANOVA
revealed a significant variation among the groups (F6,33 = 19.62;
P < 0.001), and the Holm-Sidak post hoc test confirmed a sig-
nificant increase in %Fos/nNOS for all groups with RS >30 min

relative to the RS = 0 min group. The proportion of double-la-
beled cells reached a plateau after 90 min.

Activation of Cortical nNOS Neurons Is Related to NREM Sleep and
Most Strongly Correlated with NREM δ Energy. The results pre-
sented in Fig. 1 established that the %Fos/nNOS depends on
both the magnitude of homeostatic sleep drive and RS duration.
RS is characterized by increased levels of NREM, REM, and
EEG power in the δ range (0.5–4.5 Hz). To determine which of
these sleep parameters was most closely linked to activation of
cortical nNOS neurons, we correlated the magnitude of these
parameters with %Fos/nNOS during the time preceding killing.
Because the %Fos/nNOS reached a plateau after 90 min of RS
(Fig. 1F), we focused our analyses on the 90 min before perfusion.
The dataset comprised 75 rats from 15 experimental groups: the
13 distinct groups from protocols 1–3 that are depicted in Fig. 1
and Fig. S1, an additional group from protocol 1 killed at ZT9
after spontaneous sleep and wakefulness, and a group that un-
derwent 2 h SD followed by 4 h RS.
Fig. 2 presents correlations between the %Fos/nNOS and

several physiological parameters. Table S1 presents the amount
of each state and other sleep parameters of the 15 groups during
the 90 min before killing. The %Fos/nNOS was inversely cor-
related with the duration of wakefulness (Fig. 2A) and directly
correlated with the duration of NREM (Fig. 2B) but only weakly
correlated with REM (Fig. 2C). Because the strongest correla-
tion was with NREM, we explored this further and found that,
although there was no significant correlation with the number of
NREM bouts (Fig. 2D), there was a strong correlation with
NREM bout duration (Fig. 2E).
To determine whether activation of cortical nNOS neurons

was related to particular EEG frequencies during NREM, we
correlated the %Fos/nNOS with the normalized spectral power
in the NREM EEG in 0.122-Hz bins. Fig. 2F indicates that only
frequencies between 0.5 and 6.0 Hz were significantly correlated
with %Fos/nNOS, which includes the δ range. Given the results

Fig. 1. The proportion of cortical nNOS neurons
expressing Fos is dependent on homeostatic sleep
drive and recovery sleep duration. (A) Representa-
tive results from the cortex of a rat after 2 h SD plus
2 h RS. Arrows indicate single-labeled nNOS neu-
rons; arrowheads indicate double-labeled Fos+/nNOS
cells. (B) Representative results from the cortex of a
rat after 4 h SD plus 2 h RS. (C ) The percent time
awake in rats sleep deprived beginning at ZT0 for
either 2 h, 4 h, or 6 h followed by a 2 h RS opportunity
(protocol 2). Colored lines denote the experimental
groups; gray shading is the pooled control (non-SD)
rats (±SEM frommean). Colored triangles below the x
axis indicate the time of killing for each group. Be-
cause control rats were also killed at the times in-
dicated by the triangles in C and E, the number of rats
in the pooled control group decreases from 25 at ZT4
to 8 at ZT10. (D) Proportion of double-labeled nNOS
neurons in the three experimental groups depicted in
C (black); gray bars are the control values at ZT4, ZT6,
and ZT8 replotted from Fig. S1. *P < 0.05 for Holm-
Sidak post hoc test after ANOVA; #P < 0.05 for t test
against time-matched control group. (E) Percent time
awake in rats after 6 h SD followed by RS opportu-
nities ranging from 0 to 240 min. Gray shading rep-
resents the pooled control as in C. The 6 h SD + 2 h RS
group is also plotted in C. (F) Proportion of double-
labeled cortical nNOS neurons in the seven groups
depicted in E. *P < 0.05 for Holm-Sidak post hoc test
against RS = 0 min after ANOVA. (Scale bar, 50 μm.)
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in Fig. 2 A–F, we calculated the correlations of %Fos/nNOS with
normalized NREM δ power (0.5–4.5 Hz; NRD) and with NRDE,
the mathematical product of normalized NRD × NREM time.
NRDE had a higher correlation with %Fos/nNOS than nor-
malized NRD (Fig. 2 G and H).

nNOS Null Mutant Mice Have Impaired Regulation of EEG δ Power.
Given the above results, we hypothesized that nNOS enzymatic
activity was involved in sleep homeostasis and investigated sleep/
wake in nNOS KO mice. The results obtained in baseline record-
ings using abdominally placed telemeters were discordant from
those previously published in the same strain (19). Consequently,
we replicated our study of nNOS KO and WT mice using tethered
EEG and electromyographic (EMG) recordings, which more
closely approximated the previously published procedures and
which we have also used previously in both rats (20) and mice
(21). Because the results from these two types of recordings in
our laboratory were largely coincident (compare Fig. S2 vs. Fig. 3
and Fig. S3), we report here the results obtained from telemetry
recordings of 8 male nNOS KO mice and 12 male WT mice.
As illustrated in Fig. 3 A and B, the distinction between

wakefulness and sleep was much less clear in the EEG of nNOS

KO than WT mice. During wakefulness, nNOS KO mice showed
significantly greater spectral power in the δ range between 1 and
5.5 Hz (Fig. 3C). Conversely, during NREM, nNOS KO mice
showed significantly less spectral power in the low δ range be-
tween 0.5 and 2.5 Hz (Fig. 3D). In all states, nNOS KO mice
seemed to have a narrow peak of spectral power between 3 and 4
Hz (Fig. 3 C–E). When EEG spectral power during NREM was
expressed as a percentage of the corresponding wake spectra, the
characteristic increase in δ power during NREM was virtually ab-
sent, and the reduction in low γ frequencies (26–47 Hz) was at-
tenuated in nNOS KO mice (Fig. 3F). In contrast, the increase in
the β range (12–25Hz) was largely unaffected by absence of nNOS,
although the peak was shifted to a slightly higher frequency.

nNOS KO Mice Have Less NREM Sleep and Shorter NREM Bouts than
WT Mice.When examined across the 24-h period, nNOS KO mice
showed more wakefulness (P = 0.004) and less NREM (P =
0.003; Fig. 4A) than WT mice. Although the number of NREM
bouts did not change, the average NREM bout duration was one-
third shorter in nNOS KO mice than in WT mice (P = 0.03; Fig.
4B), suggesting that the mechanism underlying the reduction in
NREM time is the inability of nNOS KO mice to sustain longer
NREM bouts. These effects were independent of time of day
(Fig. S3 A and C). Mixed-model ANOVA revealed main ef-
fects for genotype for both NREM time (F1,239 = 12.23, P =

Fig. 2. The proportion of cortical nNOS neurons expressing Fos is related to
NREM and most strongly correlated with NREM δ energy. (A–E) Correlations
between the %Fos/nNOS and (A) wakefulness, (B) NREM, (C) REM, (D)
number of NREM bouts, and (E) average NREM bout duration during the
90 min before killing for the 75 rats across the 15 groups. Spearman’s cor-
relation coefficients and corresponding P values are at bottom right in each
panel. (F) Spearman’s correlation coefficients calculated between the %Fos/
nNOS and 0.122-Hz frequency bins of the EEG power spectra during NREM
sleep are plotted from 0 to 30 Hz. For each rat, the NREM power spectrum
during the 90 min before killing was normalized by division by the NREM
power spectrum during baseline (ZT5–7). Inset below shows P values for each
0.122-Hz bin. (G) Correlation between %Fos/nNOS and normalized NREM δ
power. (H) Correlation between%Fos/nNOS and normalized NREM δ energy.
Exponential growth or exponential growth to maximum functions were
fitted for correlations where rs > 0.3.

Fig. 3. EEG activity is abnormal during both waking and sleep in nNOS KO
mice. (A and B) Example EEG and EMG recordings from a WT (A; black) and
an nNOS KO mouse (B; red). (Lower) EEG during a transition from wake-
fulness to NREM in the periods depicted by the blue boxes in the EEG trace
above. (C) Mean wake EEG spectrum across a 24-h period from WT (black)
and nNOS KO mice (red). (Inset) P values for post hoc t tests between the two
genotypes after permutation ANOVA. (D) Mean NREM EEG spectra. (E)
Mean REM EEG spectra. (F) NREM spectra expressed as percent of wake
spectra. Note that the increase during NREM in the low (<5 Hz) frequencies
is strongly attenuated in nNOS KO mice, whereas the increase during NREM
from 7.5 Hz to 25 Hz is comparable between the two strains.
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0.003) and NREM bout duration (F1,239 = 6.46, P = 0.02) but
no interactions between genotype and time (2-h bins) for either
parameter.
Although the average wake bout duration did not differ sig-

nificantly between the two strains, nNOS KO mice spent less
time in long bouts of wakefulness (>32 min) than WT mice and
more time in shorter wake bouts (16–32 min; Fig. S3B). The
reduced NREM sleep and shorter NREM bout duration in
nNOS KO mice was reflected in an overall shift to NREM bouts
of shorter duration compared with WT mice, with more time
being spent in bouts <1 min in the KOs (Fig. S3D).

The Homeostatic Response to Sleep Loss Is Greatly Diminished in
nNOS KO Mice. In the absence of nNOS, the homeostatic re-
sponse to SD was greatly reduced. Fig. 5 A and B presents heat
maps of the EEG frequency spectra recorded during 6 h SD
and subsequent 6 h RS in WT and nNOS KO mice. These heat
maps are expressed as a percentage of the corresponding 24-h
baseline spectra which, to account for the genotypic differences
in amounts of NREM sleep, were calculated as the mean of the
average wake and NREM spectra recorded on the baseline day.
Whereas an increase in spectral power in the δ range (0.5–4.5 Hz)
of the EEG is clearly evident for at least 90 min after termination
of SD in WT mice (white arrow in Fig. 5A), little or no response
was evident in nNOS KO mice (white arrow in Fig. 5B). Fig. 5C
demonstrates the efficacy of our procedures during the 6-h SD
period. Fig. 5D presents the NREM EEG spectrum (0–30 Hz) for
the first 90 min of RS for both genotypes as a percentage of the
NREM spectrum during the time-matched period on the baseline
day. Both genotypes increased power across the entire spectrum in
response to 6 h of SD. However, whereas WT mice showed the
greatest increase in the low δ range (0.5–2.5 Hz, arrow), the in-
crease in this range was selectively attenuated in nNOS KO mice.
The time course of low δ during 6 h RS shows this difference in
greater detail (Fig. 5E). When NREM low δ during RS was nor-
malized by the baseline values and compared between genotypes
by mixed-model two-way permutation ANOVA, a main effect for
time (F11,197 = 17.65, P < 0.001) and for the time × genotype
interaction (F11,197 = 4.89, P < 0.001) was revealed. Although
the Holm-Sidak post hoc test did not identify the source of the
interaction effect, the largest differences between genotypes were
in the first 2 h of RS (Fig. 5E). Last, when expressed as a pro-
portion of spectral power of all frequencies (0–60 Hz), the in-
crease in low δ evident in WTmice during the recovery period was
completely absent in nNOS KO mice (Fig. 5F). Thus, despite an
overall increase in spectral power in response to 6 h of SD (Fig. 5
D and E), in the absence of nNOS, spectral power was not shifted
toward the low δ range (Fig. 5F) as would be expected after SD.
NREM bout duration is also considered an indicator of the

homeostatic response to SD. As in baseline conditions, NREM
bout duration in response to 6 h SD was shorter in nNOS KO than
WT mice (Fig. S4D), although the proportional increase relative
to baseline was comparable between the genotypes (Fig. S4E).

nNOS KO Mice Are Sleepier Than WT Mice. The Multiple Sleep La-
tency Test (MSLT), a tool used in both clinical and research
settings to quantify sleepiness, has been adapted for use in
rodents (22). During the 20-min nap opportunities in the murine
MSLT, nNOS KO mice had more NREM (P = 0.005; Fig. S5 A
and C) and REM (P = 0.019; Fig. S5 B and D) sleep as well as
a shorter latency to NREM (P = 0.014; Fig. S5C) than WT mice.
Thus, despite having a reduced homeostatic response to SD (Fig.
5), nNOS KO mice were objectively sleepier than WT mice.
Experimenter observations during the period of SD reported
that some mice were more difficult to keep awake during SD
than others. Once the blind was revealed, retrospective analyses
established that these mice were nNOS KO mice.

Cortical nNOS/NK1 Cells Are Activated by Sleep Deprivation in the
Absence of nNOS. Immunohistochemical staining confirmed the
absence of nNOS cells in the cerebral cortex of mice established
to be nNOS KO by PCR genotyping (Fig. S6). Although only
∼70% of cortical NK1 neurons in rats coexpress nNOS (14, 15),
overlap of these two markers in the mouse cortex is virtually
complete (14). Because nNOS KO mice are deficient in the

Fig. 4. nNOS KOmice have less NREM and shorter NREMbouts thanWTmice.
(A) Percentage of time spent in wake, NREM, and REM across the 24 h period in
WT (black) and nNOS KO (red) mice. (B) Average bout durations of each of the
three states across the 24-h period. *P < 0.05 for t test against WT.

Fig. 5. The homeostatic response to sleep loss is diminished in nNOS KO
mice. (A) Heat map presenting average normalized EEG spectra from 12 WT
mice during 6 h SD (white bar) and subsequent 6 h RS. White arrow indicates
intense δ activity during the first hours of RS. (B) Heat map from eight nNOS
KO mice plotted as in A. White arrow indicates diminished response in the
δ range during RS. (C) Wakefulness during SD (black bar) and RS corre-
sponding to A and B for WT (black) and KO (red). Shaded areas indicate
wakefulness during the baseline day. (D) NREM spectral power during the
first 90 min of RS (ZT6–7.5) relative to NREM spectra during the same time
period of the baseline day in WT and KO mice. Arrow highlights greater
increase in the low δ (0.5–2.5 Hz) range in WT. No differences were found
above 30 Hz. (Inset) P values for post hoc t tests between the two genotypes
after permutation ANOVA. (E) Spectral power in the low δ (0.5–2.5 Hz) range
during RS relative to the average baseline value in WT and KO. The increase
is blunted in KO mice. Shaded areas indicate NREM low δ power on the
baseline day. (F) Spectral power in the low δ range (0.5–2.5 Hz) as the pro-
portion of the entire NREM spectra during RS in WT and KO. Shaded areas
indicate the relative NREM δ power on the baseline day. In KO mice, there is
essentially no response to SD. *P < 0.05 within-subject Holm-Sidak post hoc
test against baseline after two-way repeated-measures ANOVA with factors
“SD condition” and “time bin.”
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homeostatic sleep response (Fig. 5), we investigated whether the
presence of nNOS was necessary for activation of these cells.
When nNOS KO mice were deprived of sleep for 6 h and then
allowed 2 h RS, the %Fos/NK1 was indistinguishable between
nNOS KO and WT mice (Fig. 6). Thus, nNOS KO mice can
detect homeostatic sleep drive but, in the absence of nNOS, are
unable to recruit an appropriate homeostatic response.

Discussion
By systematically manipulating the durations of SD and RS, we
found that activation of cortical nNOS/NK1 neurons was most
highly correlated with NREM consolidation and NREM δ en-
ergy. In the absence of nNOS, mice cannot sustain long bouts of
NREM sleep, and both cortical slow wave activity and homeo-
static sleep regulation are disrupted, yet cortical NK1 neurons
are still activated by increased sleep pressure. These results are
consistent with our hypothesis that cortical nNOS/NK1 neurons
are part of the neural substrate underlying sleep homeostasis
(18). We suggest here that cortical nNOS/NK1 neurons co-
ordinate the homeostatic sleep response by integrating homeo-
static sleep drive and linking it to EEG slow wave activity, likely
through release of NO.
As shown previously in mice and hamsters (10), the %Fos/

nNOS in rats undergoing spontaneous sleep and wakefulness
decreased across the light (i.e., inactive) period when homeo-
static sleep drive is expected to dissipate. When sleep pressure
was increased by SD, up to 80% of cortical nNOS neurons were
activated. Although 2 h of SD did not produce a significant in-
crease, SD of 4 h or longer maximally activated these cells. When
SD duration was kept constant and RS duration was varied, %
Fos/nNOS significantly increased after 60 min and reached
a plateau after 90 min. A similar time course of Fos induction
has been found in many studies, for example in rat visual cortex
after ongoing photic stimulation (23). Consequently, we can infer
that activation of cortical nNOS neurons is initiated in con-
junction with RS. Conversely, decay of Fos could be expected to
occur by 60–90 min after stimulus cessation (23). The fact that
%Fos/nNOS remained elevated even after 240 min of RS implies
that activation of these neurons was ongoing, although the slight
downward trend may indicate a slow decrease.
We found that time awake during the 90 min before killing was

a negative predictor of cortical nNOS neuron activation, indi-
cating that these cells are inactive during wake as observed pre-
viously (10). Conversely, time spent inNREMwas highly predictive
of %Fos/nNOS, indicating that these neurons are highly active
during NREM. The weak correlation of %Fos/nNOS with REM
time is likely a secondary consequence of the fact that the groups
with lowest %Fos/nNOS—rats kept awake without RS—were
acutely deprived of both NREM and REM.

Because NREM bout number was not correlated with %Fos/
nNOS, it is unlikely that these neurons are activated during wake/
NREM transitions (i.e., during the process of falling asleep) rather
than during NREM itself. In contrast, a high correlation was
found between %Fos/nNOS and NREM bout duration. The %
Fos/nNOS was also highly correlated with average NRD, but
NRDE had the highest predictive value of all measures tested.
Because Fos expression is an integrative signal of neuronal acti-
vation and NRDE is an integrative measure of NRD over time,
this result indicates that cortical nNOS neurons are most active
during NREM sleep with elevated NRD. Intriguingly, nNOS KO
mice had defects in these same parameters: NREM time and
mean bout duration were reduced relative to WTmice, and nNOS
KO mice exhibited a deficit in the low NREM δ power. Both of
these deficits likely contributed to the inability to respond ap-
propriately to a homeostatic sleep challenge.
It is unclear why our results differed from an earlier report on

the same strain of nNOS KO mice (19). The location of EEG
electrodes was comparable in both studies. It is possible that drift
in the genetic background has occurred and changed expres-
sion of the phenotype. However, our results are in agreement
with pharmacological blockade of nNOS (24) and knockout of
cGMP-dependent protein kinase type I, a downstream effector
of NO signaling (25), indicating that the phenotype we observed
is caused by the lack of nNOS. Although it could be argued that
nNOS KO mice simply need less sleep, the MSLT results suggest
that nNOS KO mice are under elevated sleep pressure, likely
a consequence of their NREM consolidation deficit and di-
minished ability to generate slow wave activity. The increased δ
power during wake may be a result of elevated sleep pressure in
nNOS KO mice. However, it cannot be excluded that the wake
EEG abnormalities in nNOS KO mice result from the absence of
nNOS in a wake-promoting system, rather than being an indirect
consequence of impaired NREM regulation.
The deficits described here in nNOS KO mice suggest that NO

is necessary to maintain sustained NREM bouts and for the
synchronization of firing among cortical neurons that underlies
EEG activity in the low δ range (4). NO release might facilitate δ
waves by reducing neuronal excitability or synaptic transmission,
thereby increasing the propensity for neuronal down-states (26).
A limitation of the present study is that the nNOS KO mice we

studied had constitutive, rather than cortex-specific, elimination
of nNOS. nNOS is expressed in several subcortical areas in-
volved in sleep/wake control, including the BF, dorsal raphe
nuclei, and laterodorsal tegmental nuclei. On the other hand, we
have recently shown that type I cortical nNOS neurons are the
only nNOS population in the brain that is sleep-active (9), with
the possible exception of some striatal neurons (10). Thus, we
think it is likely that the deficits described here are due largely to
the absence of nNOS from the cortex.
An extensive literature indicates that buildup of adenosine in

the BF during wakefulness, possibly originating from astrocytes
(27), is critical for the homeostatic sleep response, and that BF
cholinergic neurons may be required (28–30). NO production in
the BF has been proposed to be essential for RS (31), with in-
ducible NOS (iNOS) being implicated specifically in NREM
recovery (32, 33). Because BF cholinergic neurons are known to
project to cortical nNOS neurons (12), a neural circuit involving
adenosine, BF cholinergic neurons, iNOS, cortical nNOS/NK1
neurons, NO, and likely other yet-to-be-identified elements may
underlie global homeostatic sleep regulation. Use-dependent
accumulation of sleep-regulatory substances, such as adenosine
and cytokines, during wakefulness is thought to underlie local
regulation of NREM δ activity (34). Because type I sleep-active
nNOS neurons are distributed throughout all cortical areas, these
cells might integrate signals of increased sleep need and re-
spond with locally increased NO release during subsequent sleep.
The synaptic homeostasis hypothesis (35) posits that average

synaptic strength is reduced during sleep to restore the ability to
acquire new information during waking by synaptic potentiation.
NREM slow waves are proposed to contribute to this process

Fig. 6. Cortical NK1 neurons are activated during RS in the absence of
nNOS. (A) Cortical NK1 neurons (brown) do not express Fos (black) in nNOS
KO mice killed at the end of 6 h SD. (B) In contrast, cortical NK1 neurons
express Fos after 6 h SD followed by a 2 h RS opportunity. (C) The %Fos/NK1
neurons is significantly increased after 2 h RS in both WT and KO mice, even
though the homeostatic response differs between these two strains as
demonstrated in Fig. 5. Arrows, single-labeled NK1 neurons; arrowheads,
double-labeled Fos/NK1 cells. (Scale bar, 50 μM.)
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because they resemble the 1-Hz stimulation used to experimentally
induce long-term depression. Interestingly, induction of synaptic
depression in the cortex by 1-Hz stimulation requires NO and is
blocked by an nNOS-specific inhibitor (36). Thus, cortical nNOS
neurons might contribute to synaptic downscaling by facilitating
slow waves and providing NO as part of the required neuro-
modulatory environment (37).
As discussed above, nNOS KO mice have defects in the same

parameters that are highly correlated with cortical nNOS/NK1
neuron activation: NREM time, NREM bout duration, and
NREM δ power. However, even in the absence of nNOS, cortical
NK1 neurons are activated in response to elevated sleep pressure.
Consequently, we propose that cortical nNOS/NK1 neurons are
not only responsive to homeostatic sleep drive but integrate this
input and transform it to an output signal in the form of NO
which, in turn, plays a critical role in the production of cortical
slow wave activity.

Materials and Methods
Detailed methodology is provided in SI Materials and Methods.

Animals. All experimental procedures involving animals were approved by
SRI International’s Institutional Animal Care and Use Committee and were
in accordance with National Institutes of Health (NIH) guidelines. For the
functional anatomical studies, 75 male Sprague-Dawley rats were distrib-
uted among the 15 experimental groups described in SI Materials and

Methods, Experimental Protocols. To determine the sleep/wake pheno-
type of nNOS KO mice, 13 male B6;129S4-Nos1tm1 Plh nNOS KO and 17
B6;129SF2/J WT mice (Jackson Laboratories) were separated into two
groups for either telemetric or tethered EEG recordings.

EEG/EMG Recording and Analyses. Rats were recorded by telemetry (10, 38,
39); mice were recorded either by telemetry (40) or by tethered (10, 21)
procedures. State determinations and data analysis were conducted as de-
scribed in these publications.

Immunohistochemistry and Cell Counts. Rat brain sections were stained for
Fos and nNOS as described previously (9, 10). Single-labeled nNOS and
double-labeled Fos/nNOS cells were counted in two hemisections of the
cerebral cortex between 2.8 and 3.8 mm posterior to bregma. Mouse
brain sections (40 μm) were stained for Fos, incubated in rabbit anti-NK1
antibody (1:1,000; gift from Ryuichi Shigemoto, IST Austria, Klosterneuburg)
and visualized with a peroxidase system (Nova Red, SK-4805, Vector Labo-
ratories). Single-labeled NK1 and double-labeled Fos/NK1 cells were
counted in two hemisections of the cerebral cortex, one at +0.9 to +1.1
mm and one at −1.2 to −1.7 mm from bregma.
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