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Abstract
Our recent report demonstrated that a small subset of GABAergic interneurons in the cerebral
cortex of rodents expresses Fos protein, a marker for neuronal activity, during slow wave sleep
(Gerashchenko et al., 2008). The population of sleep-active neurons consists of strongly
immunohistochemically-stained cells for the enzyme neuronal nitric oxide synthase. By virtue of
their widespread localization within the cerebral cortex and their widespread projections to other
cortical cell types, cortical neuronal nitric oxide synthase-positive neurons are positioned to play a
central role in the local regulation of sleep waveforms within the cerebral cortex. Here, we review
the possible functions of neuronal nitric oxide synthase and its diffusible gas product, nitric oxide,
in regulating neuronal activity, synaptic plasticity and cerebral blood flow within the context of
local sleep regulation in the cerebral cortex. We also summarize what is known, in addition to
their expression of neuronal nitric oxide synthase, about the biochemical phenotype, synaptic
connectivity and electrophysiological properties of this novel sleep-active population of cells.
Finally, we raise some critical unanswered questions about the role of this population in local
sleep regulation within the cerebral cortex and describe some experimental approaches that might
be used to address those questions.
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Identification of a Sleep-Active Population of Neurons in the Cerebral
Cortex

The concept that there are discrete sleep-active neuronal populations - populations that
exhibit high firing rates during sleep relative to wake - has been a common thread in sleep
research for several decades. Sleep-active populations have historically been identified in
subcortical areas through electrophysiological recordings (reviewed by Siegel, 2000;
Szymusiak et al., 2001; Jacobs et al., 2002; Jones, 2004). In the past 15 years, subcortical
sleep-active populations have also been identified immunohistochemically by the expression
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of immediate early genes, typically c-fos, in animals euthanized after sleep bouts (Sherin et
al., 1996; Scammell et al., 2001; Gong et al., 2004).

Until recently, it was assumed that neurochemically-defined sleep-active populations exist
only in a small number of subcortical sleep-regulatory nuclei and not in the cerebral cortex
itself, where sleep electroencephalographic (EEG) waveforms are commonly recorded.
Large-scale slow-wave activity (SWA) occurs in the cerebral cortex during slow-wave sleep
(SWS; synonymous with non-rapid eye movement sleep in rodent behavioral state
classification). The cortex has been generally conceptualized as having reduced cellular
activity during SWS in comparison to wake; this may be true of excitatory cells, in
particular. Regular spiking cells of the rat somatosensory cortex, most of which are
excitatory glutamatergic cells, fire at lower rates during SWS (3.8 Hz on average) than quiet
wake (4.7 Hz) and REMS (5.3 Hz). This rate of firing was slightly more than half of the
firing rate during active wake (6.1 Hz; Vijayan et al., 2010). The firing rates of cortical
neurons have been assessed across spontaneous sleep and wake states in cats (Steriade et al.,
2001) and rats (Vyazovskiy et al., 2009). In a population of randomly sampled cells in cat
cerebral cortex, the reduction of firing (from 15.7 Hz during wake to 11.4 Hz during SWS),
was not statistically significant. However, when cells were classified into regular spiking
(RS), fast-rhythmic bursting (FRB) and fast-spiking (FS) types based on their firing patterns,
FS and FRB cells exhibited reduced activity during SWS relative to wake. The firing rates
of FS cells (presumably, interneurons) during SWS was reduced to 61% of wake (14 Hz vs.
23 Hz); that of FRB cells (likely a mixed population of interneurons and pyramidal cells)
was reduced to 50% of wake (7.5 Hz vs. 15 Hz; Steriade et al., 2001). Likewise, in the rat,
the firing rate of cortical cells (the neurochemical and physiological properties of which
were not defined) is higher by 40% in wake relative to SWS (Vyazovskiy et al., 2009).

However, reduced firing during SWS is not a universal property of cortical neurons. Nearly
half (44%) of presumed excitatory RS neurons (corresponding to roughly 25% of all cortical
neurons observed in a data set obtained in cats) were “wakesilent”, firing at higher rates
during SWS and the SWS-to-wake transition than during active wake (Rudolph et al., 2007).
Neurons that increase activity during SWS compared to wake have also been demonstrated
in the guinea pig auditory cortex (Pena et al., 1999) and the monkey precentral gyrus
(Evarts, 1964). Anatomical clustering of such neurons has been found only in the monkey
subgenual cingulate cortex and may thus reflect a unique sleep-related role for that cortical
region (Rolls et al., 2003).

Immunohistochemical data demonstrate considerably greater neuronal activity in the
cerebral cortex during wake than sleep. Expression of the immediate early gene, c-fos (a
marker of neuronal activity; Morgan and Curran, 1991), is much higher in the cerebral
cortex when animals are euthanized after long wake bouts than after sleep bouts (O'Hara et
al., 1993; Pompeiano et al., 1994; Cirelli et al., 1996). Thus, our recent report
(Gerashchenko et al., 2008) of a neurochemically-defined population of cells that was active
in the cerebral cortex during sleep was particularly noteworthy. Our report documented, in
three rodent species, that a high percentage of the neurons in the cerebral cortex that are
immunohistochemically positive for neuronal nitric oxide synthase (nNOS; also known as
NOS-1, NOS1, or bNOS) express Fos protein when animals were euthanized after a period
of sleep. Based on the suggestion of a reviewer of our 2008 paper, we will refer to this
population as SANs (sleep-active neurons) hereafter. SANs expressed Fos in a time-of-day-
dependent manner when animals underwent spontaneous sleep: the number of nNOS-
positive cells expressing Fos is highest at the time of day when cerebral SWA is highest and
is considerably lower at the time of day when SWA is lowest. To date, this is the only
neurochemically-defined cortical neuron population that is activated in association with
SWS. Other articles in this volume address the question of whether sleep serves a function,
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or is regulated, at the local level within the cerebral cortex. Here, we consider the possibility
that SANs in the cerebral cortex serve an essential function within the cortical circuitry
underlying SWS. The discussion is constrained by the limited information that is available
on this population of cells at the present time. Therefore, we also raise some pressing
questions about the SAN population and propose some methods that might be used to
address them.

Neuronal NO as a Sleep-Inducing Factor: Local Regulation of Neuronal
SWA

Since the expression of nNOS is one of few known features of SANs, one possibility is that
NO produced by SANs is a regulator of SWA. In fact, NO meets some of the criteria for
sleep regulatory substances (Gautier-Sauvigne et al., 2005). Systemic administration of the
nNOS inhibitors 3-bromo-7-nitroindazole (Cavas and Navarro, 2006) and NG-nitro-L-
arginine (L-NAME; Kapas et al., 1994b) during the light phase of the LD cycle reduced the
amount of time spent in SWS, as did intracerebroventricular injection (Kapas et al., 1994a).
However, when the same compound was administered at dark onset, only suppression of
SWA occurred and time spent in SWS increased (Ribeiro and Kapas, 2005). This latter
effect was hypothesized to result from the effect of the inhibitor on nNOS-immunoreactive
cells present in the suprachiasmatic nucleus (Chen et al., 1997) whereas the elevation of
SWS as a percentage of time, occurring early in the light phase when the drive for sleep is
high, was presumably homeostatic in nature. Collectively, these results are compatible with
a model in which SWS EEG SWA is facilitated by increased NO synthesis in sleep
homeostatic regulatory circuits and suppressed by effects of NO on the circadian clock
(Ribeiro and Kapas, 2005).

If NO is critical for the expression of sleep drive, then genetic inactivation of nNOS would
be expected to attenuate the expression of sleep drive. Sleep has been studied in nNOS-
deficient mice and this appears not to be the case. The time spent in each of the sleep states
and in wake was not altered in nNOS-deficient animals relative to wild type mice. However,
SWS delta power, a measure of SWA, was significantly greater in nNOS KO mice than in
their wild type controls during all phases of the circadian cycle (Chen et al., 2003). The
same authors also found that influenza-induced elevation of time spent in SWS was
attenuated in nNOS-deficient mice (Chen et al., 2004). Thus, while nNOS may in fact
suppress sleep SWA under baseline conditions, it appears to facilitate sleep in the context of
viral infection. Whether the other isoforms of NOS (inducible and endothelial NOS) were
upregulated in neurons or elsewhere as a compensatory reaction to nNOS knockout was not
determined in the sleep studies on the nNOS knockout mice.

Biochemical and electrophysiological evidence is more supportive of an acute wake-
promoting than a sleep-promoting role for nNOS. Upon its release by nNOS-positive cells,
NO alters cell physiology by diffusing freely across cell membranes and activating a soluble
guanylyl cyclase in target neurons (reviewed by Schuman and Madison, 1994). The
guanylyl cyclase activated by NO synthesizes cyclic GMP, the consequences of which are
manifestly excitatory in neurons involved in corticothalamic oscillations. NO inhibition by
L-NAME decreases the firing of cortical and thalamic neurons (Cudeiro and Rivadulla,
1999). Application of the NO donor S-nitroso-N-acetyl-DL-penicillamine (SNAP), by
contrast, increases neuronal firing (Cudeiro et al., 2000). In addition, firing elicited by
sensory stimuli in visual cortex neurons is attenuated by a NOS inhibitor and potentiated by
a NOS donor (Cudeiro et al., 2000). It is difficult to reconcile these data with the notion that
NO promotes sleep. However, these pharmacological effects may be misleading with regard
to the dynamics of NO activity. Whereas these pharmacological manipulations result in
either a protracted decrease (L-NAME) or increase (SNAP) in NO levels, NO levels in vivo
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are highly labile, as the halflife of NO is less than one second (Barbosa et al., 2008).
Rhythmic release of NO driven by rhythmic activation of nNOS-positive cells (see section
below on Ca2+-dependence of NOS activity) may have quite different effects from tonic
manipulations. So, the role of SANs in regulating sleep timing and sleep waveforms in the
cerebral cortex remains unresolved by pharmacological, electrophysiological and genetic
studies. The relevance of these studies is also limited by the fact that the manipulations were
not cell type-specific. It is likely that individual effects of nNOS-deficiency in the
suprachiasmatic nucleus, basal forebrain, SANs and other nNOS-positive sites have distinct
effects, some of which are wake-promoting and others are sleep-promoting. These
counterbalancing effects may, on the whole, prevent any significant sleep phenotype from
being expressed. It will be necessary to specifically target interventions to the SAN
population to resolve this matter.

Neuronal NOS as a Sleep-induced Factor: Regulation of Synaptic Plasticity
and Cerebral Blood Flow

It is possible that rather than being a sleep-inducing factor, nNOS functions as a sleep-
induced regulator of either synaptic function, sleep-related cerebral hemodynamics, or other
functional concomitants of sleep. In addition to affecting neurotransmission acutely, NO has
long-term effects on neuronal communication via its role in synaptic plasticity. NO-induced
synthesis of the second messenger cyclic GMP can induce synaptic plasticity in the form of
long-term potentiation (LTP) or long-term depression (LTD; reviewed by Schuman and
Madison, 1994; Centonze et al., 1999). In the cerebral cortex during sleep, the latter scenario
is more likely. nNOS is a calmodulin-sensitive enzyme (Knowles et al., 1989; Bredt and
Snyder, 1990; Bredt et al., 1992) and its enzymatic activity is directly proportional to Ca2+

concentration in the cell (Tatsumi et al., 1998; Montgomery et al., 2000). The elevation of
Fos in SANs during sleep is likely to be secondary to elevation of intracellular Ca2+, a major
trigger for Fos expression (Morgan and Curran, 1991). Therefore, it is likely that there is a
surge in Ca2+-dependent nNOS activity within these cells during SWS, paralleling Ca2+-
dependent Fos expression. How does this increase relate to synaptic plasticity? The
presumed elevation of NO due to Ca2+ influx in SANs occurs simultaneously with slow
(approximately 1 Hz) oscillations between up and down states in nearby pyramidal cells, an
electrophysiological hallmark of SWS (as described elsewhere in this issue by Timofeev).
The coincidence of elevated NO concentration and 1 Hz cycles of synaptic input activation
has been shown to induce long-term depression of both inhibitory (Le Roux et al., 2009) and
excitatory (Huang and Hsu, 2010) inputs to and outputs from (Calabresi et al., 1999;
Centonze et al., 1999) cortical pyramidal neurons, as well as in hippocampal circuits (Wu et
al., 1998). By virtue of the coincident 1 Hz firing and elevation of NO during SWS,
pyramidal cells are vulnerable to LTD.

Collectively, these data are compatible with a model in which SANs mediate synaptic LTD
in a sleep-dependent manner (Figure 1). While this line of reasoning presents a set of
tractable hypotheses, the specifics of the relationship between SWS and synaptic strength
are not certain. While slow oscillations in the EEG may approximate a 1 Hz rhythm, their
occurrence is irregular. Experimental stimulation paradigms that more accurately reflect the
irregularity of in vivo activity patterns (i.e., Poisson-distributed stimuli with an average
interstimulus interval of 1 sec) do not reliably cause LTD in pyramidal cells of the guinea
pig cerebral cortex studied in vitro (Perrett et al., 2001). Furthermore, regular 1 Hz
stimulation can induce LTP (i.e., an increase in synaptic strength), albeit subcortically in the
amygdala or hippocampus, when delivered over protracted periods of time (reviewed by
Habib and Dringenberg, 2010). Finally, whereas some of the above-cited studies on the
relationship between NO and LTD involved brain tissues from immature animals less than 1
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month old (Wu et al., 1998; Le Roux et al., 2009; Huang and Hsu, 2010), studies on the
relationship between slow waves and synaptic strength have generally been made in more
mature animals. Given that the EEG (Frank et al., 1998) and biochemical (Hairston et al.,
2004) phenomena associated with sleep homeostasis in young animals are quite distinct
from those in mature animals, caution is warranted in extrapolating from the in vitro work to
the functional concomitants of SWS in vivo.

As described elsewhere (Benington and Frank, 2003) and in this issue (Ferrara and
DeGennaro, 2010; Hanlon et al., 2010), regulation of synaptic plasticity, including possibly
LTD, is a likely functional concomitant of sleep. By releasing NO during SWS, SANs may
play an essential role in sleep-dependent synaptic plasticity. Given the evidence that sleep
regulates synaptic plasticity within the cerebral cortex, a definitive assessment of this model
is needed. Specifically, it would be of value to determine whether disruption of nNOS
activity in the SAN population, independently of other nNOS-positive populations, disrupts
the sleep history-dependent changes in synaptic strength, as measured by EEG dynamics or
local field potentials (as in Vyazovskiy et al., 2007). It is interesting to note that EEG delta
power is elevated in nNOS-deficient mice relative to wild type mice (Chen et al., 2003).
Inasmuch as delta power serves as an indirect measure of synaptic strength (Esser et al.,
2007), these data are compatible with the notion that nNOS deficiency confers a sleep-
related deficit in synaptic downscaling.

Vasodilation is another well-documented response to NO in the cerebral cortex and
elsewhere (Estrada and DeFelipe, 1998; Cauli et al., 2004). Although SWS is characterized
by reduced cerebral blood flow relative to wakefulness (reviewed by (Madsen and Vorstrup,
1991), the vasodilatory response to neuronal activation is more robust during SWS than
during wake or REM sleep (Schei and Rector, this issue). Since SWS is also the time that
SANs are active, it is possible that NO produced by these cells mediates this state-specific
response. NO release by GABAergic interneurons underlies transient increases in cerebral
blood flow in response to shortterm activation of brain circuitry (reviewed in Cauli and
Hamel, 2010). By contrast, other vasoactive agents (likely to be produced by astrocytes) are
likely to underlie the protracted neurovascular response that occurs when neuronal activation
is sustained (Cauli and Hamel, 2010), as it is in wake. Activation of cortical nNOS-positive
neurons located in the vicinity of cerebral microvessels results in vasodilation of cerebral
microvessels over an interval of several minutes (Cauli et al., 2004). (More rapid dynamics
might be expected in vivo as these in vitro studies were done at 20-25°C). This effect was
mimicked by an NO donor (Cauli et al., 2004). Triggering vasodilation during SWS may
prove to be a function of the SAN population. The possible role of nNOS in regulating
SWS-specific changes in cortical blood flow thus requires a closer look.

What Do We Know About SANs Other Than That They are nNOS-positive?
It is also possible that other signaling mechanisms utilized by SANs are important to cortical
sleep waveforms and functions. This section describes what is known about the
neurochemistry, morphology and electrophysiology of these cells in addition to their
expression of nNOS. There are two types of nNOS-immunoreactive neurons in the cortex
(reviewed by Kilduff et al., 2011): Type I neurons have a large soma and exhibit intense
NADPH-d activity and nNOS immunoreactivity. While there are some species differences,
Type I cells in the cat cerebral cortex are located infragranularly in the deeper layers and
even in the white matter. In contrast, Type II neurons have a small soma, weak NADPH-d
activity and modest nNOS immunoreactivity. These cell bodies are located in the more
superficial layers of the cerebral cortex. The SANs are Type I nNOS-positive cells
(Gerashchenko et al., 2010). Although both Type I and Type II cells are GABAergic (Yan et
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al., 1996), they have morphological differences and appear at different times during
development (Yan and Ribak, 1997; Ohyu and Takashima, 1998).

Type I nNOS-positive cells are quite rare in the cerebral cortex. The vast majority of
neurons in the cerebral cortex are either glutamatergic pyramidal cells (70-80%) or
GABAergic interneurons (20-30%; DeFelipe and Farinas, 1992). nNOS-positive cells
represent a small subset of the GABAergic interneuron population (Druga, 2009). About
0.5% of the GABAergic neurons are nNOS-positive (Estrada and DeFelipe, 1998). Early
immunohistochemical characterizations demonstrated a 100% overlap between brain
neurons expressing nNOS and NADPH diaphorase immunoreactivity and, in fact, nNOS
engages in both NO synthesis and NADPH diaphorase activity (Hope et al., 1991). Although
limited by the lack of reagents to unequivocally distinguish between Type I and Type II
nNOS cortical neurons, our estimate is that the Type II nNOS neurons outnumber the Type I
cells by a factor of 10. Thus, the SAN population is a very rare cell type.

Other non-ubiquitous proteins that exhibit partial overlap with nNOS in the hippocampus
(Price et al., 2005) or cerebral cortex (Estrada and DeFelipe, 1998; Druga, 2009) at the
immunohistochemical level include two neuropeptides (somatostatin and NPY), a
microfilament α-actinin (Fuentealba et al., 2008) and the GABAA receptor-δ subunit (Olah
et al., 2009). The overlap with nNOS among these markers is far from complete. Of NPY-
positive interneurons in the cerebral cortex identified using single cell polymerase chain
reaction assays, about one third were nNOS-positive (see Figure 1A in Karagiannis et al.,
2009). This relatively high percentage of nNOS-positive NPY cells is in contrast to
somatostatin (SOM) and parvalbumin-positive neurons, of which less than 10 percent were
nNOS-positive, and VIP-positive cells, of which 2% were nNOS-positive (Karagiannis et
al., 2009). Of the nNOS-positive cells identified by Karagiannis et al., the majority (80%)
were NPY-positive. Other studies concur that the neurochemical marker that most strongly
overlaps with nNOS in the brain (including cerebral cortex and hippocampus) is NPY (Cauli
et al., 2004; Fuentealba et al., 2008). NPY-positive cells may therefore be informative with
regard to the physiological properties of SANs in the cerebral cortex with two caveats. First,
as mentioned above, only one third of NPY-positive cortical cells are nNOS-positive at the
mRNA level. Second, the NPY-positive cells studied electrophysiologically were mostly
present in layers 1-3, where nNOS cells are more likely to be Type II cells (i.e., not SANs)
than in deeper layers (Karagiannis et al., 2009). It is the SOM/NPY/NOS cells that are the
Type I cells and likely to be SANs (Kilduff et al., in press). The NPY/NOS-positive SOM-
negative cells are much more common and are likely Type II (Karagiannis et al., 2009).

The temporal and spatial lability of NO concentration allows for fine-tuning of
electrophysiological events, including oscillations. There is evidence that rhythmic
electrophysiological events in the hippocampus are modulated by nNOS-dependent changes
in NO concentration. Fuentealba and colleagues (Fuentealba et al., 2008) studied the
electrophysiological properties of nNOS/NPY/GABA-positive “ivy cells” (so named for
their widespread arborization) in the hippocampus. These cells synapse onto the pyramidal
cells that undergo theta oscillations during wake and rapid eye movement sleep. Ivy cells
and cortical nNOS-positive cells are both derived from median ganglionic eminence
precursor cells and are dependent on the transcriptional regulator Nkx2-1 for their
development (Pleasure et al., 2000; Tricoire et al., 2010). A related population of nNOS- and
NPY-positive cells in the hippocampus, termed neurogliaform cells, are also derived from
the same precursor population and have electrophysiological properties similar to those of
ivy cells (Tricoire et al., 2010). Electrophysiological properties of ivy cells and nNOS-
positive neurogliaform cells may therefore provide data relevant to the function of nNOS-
positive cells in the cortex. Since the firing of ivy cells was phase locked with the trough of
hippocampal theta and gamma oscillations, it appears that these cells function in the
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generation of slow theta oscillations. More generally speaking, the function of these NOS-
positive GABAergic cells may be to sustain the cellular down state that is produced by
rhythm-generating circuitry (Fuentealba et al., 2008). If the same effect was involved in the
cerebral cortex, it would provide a mechanism whereby nNOS could reinforce slow
oscillations. Another characteristic of nNOS-positive cortical interneurons that makes them
a possible player in slow-wave generation is their morphology. nNOS is commonly detected
immunohistochemically in cortical interneurons that send corticocortical and other long-
range projections (Tomioka et al., 2005; Higo et al., 2007; Tomioka and Rockland, 2007). It
is likely that these cells are Type I nNOS cells (i.e. SANs), since long-range projections are
typically found on cells with large cell bodies. Cells with long-range projections are ideally
situated to enforce the synchrony across large ensembles of cells that typifies SWS.

What Makes SANs Active During Sleep?
Wake-active subcortical projections have profound influence on the electrophysiological
activity of the cerebral cortex (Siegel, 2000; Jones, 2004). Projections from these wake-
active populations are potential sources of afferent input to the SANs. Cortical nNOS cells
are contacted by choline acetyltransferase- (ChAT) positive neuronal terminals (Vaucher et
al., 1997; Cauli et al., 2004) and the number of such terminals is significantly reduced when
the substantia innominata is lesioned (Vaucher et al., 1997). Cortical nNOS cells are also
innervated by serotonergic terminals (Cauli et al., 2004), however, the type of nNOS cells
(Type I SANs, Type II non-SANs, or both) innervated by cholinergic and serotonergic
terminals is unknown. Both cholinergic tone and serotonergic tone are high during wake and
low during SWS (for review see Siegel, 2000; Jones, 2004). We hypothesize that SANs are
inhibited by acetylcholine and serotonin, and that the withdrawal of cholinergic and
serotonergic tone disinhibits these cells during SWS (see Figure 1). At least in the case of
serotonin, there is evidence for receptor expression (5-HT3A receptors, specifically) on
NPY-positive neurogliaform cells in the cerebral cortex (Vucurovic et al., 2010).

Future Directions
Progress in understanding the role of the SAN population in sleep is hindered by a lack of
both knowledge of their neurochemical makeup and suitable experimental tools for their
characterization. Even the designation of the cells as sleep-active is based on a biochemical
marker (Fos expression) rather than observations of their electrophysiological properties in
vivo during EEG-defined sleep. Whether SANs are rendered active due to disinhibition by
the cessation of neurotransmitter release by terminals of subcortical origin, changes in local
circuit inputs, or by direct effects of sleep-inducing substances via receptors expressed on
the SANs is unknown. Transcriptome characterization of the receptor repertoire of SANs
(isolated by laser capture microdissection, for instance) might address this question.
Transcriptome characterization might also identify a promoter suitable for targeting these
cells for ablation or optogenetic activation, two approaches that have proved fruitful in
characterizing the roles of other neurochemically-defined populations in regulating sleep
(Hara et al., 2001; Adamantidis et al., 2007). Unfortunately, the currently known nNOS
promoter targets reporter gene expression to the Type II cortical nNOS neurons rather than
the Type I nNOS cells, which includes the SAN population (www.gensat.org). Therefore,
another protein that is co-expressed in SANs must be identified. The transcription factors
Nkx2-1, Dlx1, Dlx2, Dlx5 and Dlx6 regulate development of GABAergic forebrain neurons
and, as such, might be useful for genetic targeting to GABAergic cells. The promoters of
these genes are sufficient to drive transgene expression in GABAergic interneurons of the
cerebral cortex, but are by no means selective to nNOS-positive cells (Potter et al., 2009).
More specific developmental regulators of the SAN population remain to be identified.
Efforts to learn more about these cells would be well placed. It is clear that cortical
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interneurons play a unique role in maintaining the up state/down state oscillations that
characterize SWS (Vyazovskiy et al., 2002; Watson et al., 2008) and Timofeev, this issue).
The SAN population provides a novel inroad to begin addressing this role in more detail.
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Figure 1.
Hypothetical model for the functions of SAN activation during SWS. At SWS onset, SANs
are released from the tonic inhibition that they receive via monoaminergic and cholinergic
inputs during wake. Excitation of SANs results in increased intracellular Ca2+ levels, which
induces expression of Fos and activates nNOS. nNOS activation increases the concentration
of NO within the cell. Being membrane permeant, NO disperses to nearby pyramidal cells.
This increase in NO concentration is simultaneous with sleep-associated slow
(approximately 1 Hz) oscillations in the electrical potential of pyramidal cells. The
coincidence of 1 Hz oscillations and increased NO concentration induces long-term
depression of synaptic inputs to the pyramidal cells (left). At the same time, NO triggers
activity-dependent vasodilation of the cerebral microvasculature (right).
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