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Abstract: Sodium oxybate (SO) has been in use for many decades to treat narcolepsy with cata-
plexy. It functions as a weak GABAB agonist but also as an energy source for the brain as a result
of its metabolism to succinate and as a powerful antioxidant because of its capacity to induce the
formation of NADPH. Its actions at thalamic GABAB receptors can induce slow-wave activity,
while its actions at GABAB receptors on monoaminergic neurons can induce or delay REM sleep.
By altering the balance between monoaminergic and cholinergic neuronal activity, SO uniquely can
induce and prevent cataplexy. The formation of NADPH may enhance sleep’s restorative process
by accelerating the removal of the reactive oxygen species (ROS), which accumulate during wake-
fulness. SO improves alertness in normal subjects and in patients with narcolepsy. SO may allay
severe psychological stress - an inflammatory state triggered by increased levels of ROS and char-
acterized by cholinergic supersensitivity and monoaminergic deficiency. SO may be able to elimi-

nate the inflammatory state and correct the cholinergic/ monoaminergic imbalance.
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1. INTRODUCTION

Sodium oxybate (SO) has been approved by the United
States Food and Drug Administration to treat narcolepsy
with cataplexy in adults and children 7-17 years of age. Alt-
hough it addresses all the symptoms of narcolepsy, its pre-
cise mechanism of action remains “obscure” despite decades
of use [1, 2].

SO’s use in narcolepsy followed a trial in patients with
insomnia and a past history of psychiatric disorders who
were given a single dose of SO at bedtime in doses ranging
between 1 and 3 grams. Baseline sleep architecture in these
patients was normal with an initial period of NREM sleep
followed by REM sleep after the expected interval. Given
the short approximate 40 minutes half-life of SO, serum lev-
els would have been virtually normal in less than 4 hours [1,
3, 4]. During these 3 to 4 hours, SO produced an early and
prolonged REM sleep period followed by a pronounced in-
crease in slow-wave sleep (SWS), reversing the normal se-
quence of sleep stages at sleep onset. The duration of REM
sleep during these initial hours of the night was greatly pro-
longed, but the total duration of REM sleep during the night
was unchanged. SO appeared to have both induced REM
sleep and ‘gathered’ the night’s allotment of REM sleep to
itself [5]. Could it ‘gather’ together the dissociated fragments
of REM sleep distributed around the nycthemeron in
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narcolepsy, and would this alleviate the symptoms of narco-
lepsy? Initial trials of SO in patients with narcolepsy proved
that this was indeed the case, and these findings were then
independently confirmed by other investigators in double-
blind controlled studies [6-14].

In this study, we propose to examine the dual actions of
SO as a GABAB agonist and as an antioxidant and energy
source. SO’s agonistic actions at GABAB receptors generate
slow-wave activity, and its effects on neurotransmitter
release alter the balance between monoaminergic and
cholinergic activity that controls REM sleep. SO, uniquely,
can both induce and prevent cataplexy. Its antioxidant effects
may explain its capacity to act at night to significantly re-
duce sleepiness during the day. Gathering evidence suggests
that sleep’s restorative properties reflect its capacity to elim-
inate oxidants formed during wakefulness or in the course of
sleep deprivation. SO’s antioxidative effects enhance this
restorative process. These dual actions of SO suggest that it
may have therapeutic actions in addition to narcolepsy, par-
ticularly in the treatment of severe psychological distress
where a central cholinergic/monoaminergic imbalance de-
velops together with signs of oxidative stress.

2. SODIUM OXYBATE AND SLOW WAVE SLEEP

SO is a partial agonist at the GABAB receptor, and many
of its pharmacological effects can be attributed to its actions
at this receptor. GABAB receptors are widely distributed in
the adult mammalian brain at both presynaptic terminals and
post synaptic sites. Presynaptic GABAB autoreceptors are
found on GABAergic terminals and heteroreceptors on non-
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GABAergic glutamatergic, orexinergic, monoaminergic, and
cholinergic neurons [15-18]. Presynaptic GABAergic recep-
tor activation alters the synthesis and/or inhibits the release
of neurotransmitters and neuropeptides, while activation of
post synaptic GABAB receptors generates the late inhibitory
post synaptic potential (IPSP) that results from an increase in
membrane potassium conductance. While membrane hy-
perpolarization with SO has now been demonstrated at many
sites in the nervous system, hyperpolarization of the
thalamocortical neurons is particularly germane to the gene-
sis of SWS [19]. During wakefulness, under naturally occur-
ring conditions, the thalamocortical membrane potential is
greater than -65mV, and neurons tonically fire single action
potentials under the influence of cholinergic and other neuro-
transmitter afferents arising from the brain stem [20]. With
the reduced release of these neurotransmitters during sleep,
the thalamocortical membrane becomes progressively more
hyperpolarized during drowsiness and the early stages of
sleep when spindles predominate and then more negatively
polarized into the range where SWS prevails [21]. GABAer-
gic reticular thalamic projections set the membrane potential
of the thalamocortical neurons at the negative levels which
are required for a low threshold calcium current, I; and a
slow inwardly rectifying current, I, to generate slowly rising
and falling rhythms at 0.5-4.0 Hz [21]. Recent work suggests
that calcium signaling is involved in the homeostatic regula-
tion of sleep pressure and sleep duration [22-25]. Experi-
mental work in both the rat and cat has demonstrated that
slow-wave activity (SWA) can be blocked by GABAB an-
tagonists [26, 27]. Working with brain slices, Williams e? al.
demonstrated that bath application of SO, in doses starting
below 100uM, can also hyperpolarize thalamocortical neu-
rons into the voltage range, -65 to -75 mV, required to gen-
erate pacemaker activity at 0.5 to 4Hz [20]. Hyperpolariza-
tion appears to depend on actions at the GABAB receptor as
it can be blocked by the GABAB antagonist CGP354. High-
er concentrations of SO bring the neurons into an even more
negative range where intrinsically generated firing ceases
[19].

3. SODIUM OXYBATE AND SLEEP HOMEOSTASIS

Despite these elegant neurophysiological observations,
questions remain about the nature of the slow-wave activity
(SWA) produced by SO and its relationship to the naturally
occurring slow waves of sleep. Comprehensive investigative
work has defined the homeostatic function of naturally oc-
curring SWS [28, 29]. The duration and electroencephalo-
graphic (EEG) power of slow-wave [delta] sleep (0.5 to 4.0
Hz) increase in parallel with the duration of the preceding
period of wakefulness. SWA is most prominent early in the
night and gradually dissipates during the course of sleep.
These characteristics suggest that slow-wave sleep intensi-
fies the homeostatic recovery and restorative functions of
sleep, but doubts have been raised about whether the SWA
induced by SO has similar restorative properties.

Walsh and his colleagues [30] organized a S-night study
consisting of two baseline nights followed by two nights of
sleep deprivation, each followed by a 3-hour nap opportunity
between 8 AM and 11 AM during which subjects received a
placebo or 3.5 grams of SO. The 2 nights of sleep depriva-
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tion were followed by a baseline recovery night. A multiple
sleep latency test (MSLT) and a psychomotor vigilance test
(PVT) were administered during waking hours. SO signifi-
cantly increased the SWS time and significantly reduced the
REM sleep time during the two-morning naps. In subjects
treated with SO, the MSLT revealed significantly prolonged
sleep latencies during the night following the first daytime
sleep period and during the day following the second day-
time sleep period. SO improved the median PVT reaction
time, a measure of daytime alertness and attention, following
the second day sleep period. On night 5, the recovery night,
subjects who received SO had a significantly lower total
sleep time and significantly less SWS and less REM sleep
than subjects who had received placebo. The reduced impact
of sleep loss on alertness and attention together with the re-
duced recovery sleep response on the final night of the study,
suggested a lower homeostatic sleep drive in subjects treated
with SO.

In contrast, Vienne and her colleagues [31, 32] arrived at
the opposite conclusion in their studies on the homeostatic
properties of SO in mice and men. In an initial study in mice,
the actions of SO and baclofen, two GABAB agonists, were
compared by recording their effects on the EEG of wild-type
(WT) mice and mice devoid of both subunits, 1 and 2, of the
GABAB receptor, or in mice with one of the two subunits,
isoform la or 1b, missing. Mice devoid of both units of the
GABAB receptor and, to a lesser extent, those missing the la
subunit displayed spontaneous seizures. The absence of both
units of the GABAB receptor altered the distribution of sleep
and wakefulness and delayed the onset and the end of the
rest period. This was thought to reflect the known role of
GABAB receptors in the regulation of circadian phases of
depolarization at the suprachiasmatic nucleus [33]. The
amplitude and frequency of the EEG in the 1.75 to 10 Hz
delta-theta range were significantly reduced in mice devoid
of both units of the GABAB receptor compared with that
found in wild-type mice. This effect resembled the reduced
EEG synchronization observed with GABAB receptor in-
hibitors and again highlighted the role of GABAB receptors in
the generation of thalamocortical neuronal oscillations [27].

In WT mice or in mice missing the la or 1b subunit of
the GABAB receptor, gamma-butyrolactone (GBL), a pre-
cursor of SO, in low doses, induced EEG slow waves even
though the mouse remained behaviorally awake with eyes
open and able to respond normally to stimuli. At higher dos-
es, spike-like activity was added to the hypersynchronous
EEG slow activity. The mice were now immobile but with
their eyes open. GBL appeared to have induced a subanes-
thetic state with little resemblance to normal sleep. At the
highest doses, the mice were unresponsive and appeared
anaesthetized. Spectral analysis revealed that GBL increased
power in the low delta range, 0.75 tol.5 Hz, and suppressed
it in the spindle range at 13 Hz. Despite the large increase in
spectral power produced by GBL, delta power remained un-
changed during subsequent recovery sleep in WT mice and
mice lacking either subunits 1a or 1b of the GABAB recep-
tor. Thus, the delta oscillations induced by GBL did not have
the homeostatic impact of the naturally occurring delta
waves of NREM sleep.
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Baclofen, given to WT mice, also induced hypersynchro-
nous SWA and decreased locomotor activity but even at the
highest doses failed to induce the spike-like activity induced
by high doses of GBL. Baclofen increased the spectral power
of the EEG in the high delta range, 4.0 to 5.25 Hz, and sup-
pressed power at higher frequencies, 10.75 to 37.5 Hz. Bac-
lofen produced long-term hypersomnia containing both
NREM and REM sleep which was even evident in mice
lacking both units, 1 and 2, of the GABAB receptor. In con-
trast to the acute effects of baclofen on sleep, therefore, long-
term hypersomnia may not have been due to actions on the
GABAB receptor.

A 6-hour period of sleep deprivation was followed by the
expected signs of homeostatic recovery during the next 6
hours in WT mice and mice lacking the 1a or 1b GABAB
subunits. There was an increase in NREM sleep and in EEG
power. Thus, the homeostatic response to sleep deprivation
was not affected in mice lacking either one of these GABAB
receptor subunits. The double knockout (KO) mice were too
frail to be subjected to sleep deprivation.

Vienne et al. then examined SO’s homeostatic properties
in man [32]. They demonstrated that an unmedicated after-
noon nap significantly reduced sleep need and sleep intensity
the following night. This homeostatic response could be
documented by the reduced EEG power in the delta and theta
frequency ranges (0.75-7.25 Hz) during the subsequent
night. SO, 30 mg/kg, and baclofen, 0.35 mg/kg, both re-
versed this nap effect. The sleep latency was reduced, and
the total sleep time was prolonged on the night following a
medicated nap. There was more SWS during the first NREM
episode and greater EEG delta and theta power (0.75-7.25
Hz). Vienne and her colleagues found that a drug-free nap in
the afternoon also improved memory consolidation and per-
formance on subjective and objective tests of vigilance,
while naps enhanced by the use of baclofen or SO did not
have these effects. They again concluded that SWA induced
by SO and baclofen did not have the homeostatic properties
of normal sleep but, at the same time, noted that the number
and duration of REM sleep episodes during a nap was great-
er in subjects treated with baclofen or SO and especially with
SO. SO could induce sleep-onset REM periods lasting 30-50
minutes. SO unexpectedly also greatly increased delta and
theta power in REM sleep and wakefulness.

In view of the contrary findings of Walsh e al. and
Vienne et al., Dornbierer et al. using a different experimental
paradigm, again examined whether SWS induced by SO had
the same properties as physiological sleep and whether it
could account for the improvement in the excessive daytime
drowsiness observed with its use in narcolepsy, Parkinson’s
disease and fibromyalgia [34-38]. In their study, 50 mg/kg of
SO or placebo were given orally to 20 young male volun-
teers at 2:30 a.m. in a randomized, double-blind, crossover
manner, and the drug’s effect on sleep architecture and EEG
sleep spectra were examined. SO prolonged SWS at the cost
of REM sleep and enhanced delta-theta activity (0.5-8 Hz) in
both NREM and REM sleep. Earlier studies were cited,
which demonstrated identical changes in sleep architecture
during recovery sleep following sleep deprivation [39]. Noc-
turnal SO also significantly improved morning vigilance
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quantified on a PVT 3 hours after awakening. It was con-
cluded that there were distinct similarities between sleep
augmented by SO and the high voltage sleep that follows the
recovery from prolonged wakefulness.

Clinical trials of SO also appear to corroborate the restor-
ative powers of SO. Nocturnal application of SO in patients
with narcolepsy, with or without cataplexy, significantly
reduces daytime drowsiness whether subjectively measured
by questionnaire or objectively with either the MSLT or the
multiple wakefulness test (MWT) [40-42]. Remarkably, SO,
on its own, is as efficacious for treating excessive daytime
sleepiness as the commonly used stimulant, modafinil [43].
In addition to significantly increasing the resistance to sleep
on the MWT, SO produced a corresponding reduction in the
error rate on a test of sustained attention [42]. The alerting
effects of SO cannot be attributed to an increase in total noc-
turnal sleep time. SO improves the continuity of nocturnal
sleep in narcolepsy but not its duration [1, 44, 45].

Despite these data, the exact relationship between natu-
rally occurring SWA and that induced by SO remains unset-
tled. SO is an anesthetic agent. Its application in low doses
produces delta activity similar to natural sleep, which, how-
ever, persists if the subject is awakened. Higher doses pro-
duce rhythmic and nonrhythmic delta activity during which
the subject is comatose and cannot be aroused [46]. What
restorative properties can these slow waves have in common
with the slow waves of natural sleep? However, studies in
rats reveal that SWA produced by anesthetic agents can be
restorative. For example, the recovery of NREM and REM
sleep following 24 hours of sleep deprivation is the same
whether the rats are allowed to recover naturally or are anes-
thetized for 6 hours with the infusion of propofol [47]. The
inhalant halogenated ether anesthetics isoflurane, desflurane,
and sevoflurane can also repay the sleep debt but, in contrast
to propofol, repay only the NREM debt [48]. These observa-
tions suggest that the metabolic mediators of the recovery
process differ for the two sleep states [48, 49]. Sevoflurane
anesthesia at a level that produces burst suppression activity
on the EEG actually accelerates the homeostatic sleep recov-
ery time and reduces it by half. This raises questions about
the specific function of slow waves [48]. Is SWA essential to
the restorative process?

None of the studies conducted to date illuminate how
SWA, whether naturally occurring or drug-induced, increas-
es the restorative powers of sleep. It is difficult to imagine
how any drug could exactly duplicate naturally occurring
SWA and selectively activate or maintain the ongoing activi-
ty of the multiple neuronal circuits that act in concert to pro-
duce this activity. This is certainly true for SO, which acts on
GABAB receptors widely distributed in the nervous system.
Subjects can remain awake following the intake of SO even
while the EEG displays high voltage slow activity [46, 50].
Under certain conditions, the same dose that induces SWA
induces sleep-onset REM periods with relatively low voltage
fast activity and even cataplexy. As will be described below,
the effects of SO appear to depend on the time of day of its
administration and the state of the nervous system at that
moment [45, 51-55].
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4. REM SLEEP

While SWA induced by SO has been related to its ca-
pacity to hyperpolarize neuronal membranes, the reason for
SO’s ability to induce REM sleep remains elusive. The neu-
ral circuits generating REM sleep have been carefully scruti-
nized over many decades, and our current knowledge about
them has been described in several excellent recent reviews
[56-63]. Defining these circuits has been a daunting task
because of their complexity and the great diversity and in-
termingling of their component cell types, neurotransmitters,
and neuropeptides at each pertinent nucleus in the hypothal-
amus and brain stem. Glutamatergic and GABAergic neu-
rons dominate these nuclei intermingled with monoaminer-
gic and cholinergic neurons. Only a sketch of these circuits
will be provided here (Fig. 1). A more detailed description is
found in the references cited above.

A population of spinally projecting neurons in the pon-
tine sub-coeruleus region (a.k.a. sub-lateral-dorsal [SLD]
nucleus and adjacent caudal lateral-dorsal tegmental nucleus
[cLDT] in rodents) fire in anticipation and are maximally
active during REM sleep. These REM-ON neurons are glu-
tamatergic and produce atonia by activating interneurons
localized in the medullary ventral giganto-cellular reticular
nucleus, which synapse with and hyperpolarize the brainstem
and spinal motoneurons by releasing glycine and GABA.
Motor neurons also receive cholinergic input from local in-
terneurons, and muscle atonia is dependent upon motor neu-
ron hyperpolarization produced by the activation of glycine,
GABAA, GABAB, and type 2 muscarinic cholinergic
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(AchM?2) receptors. A homeostatic increase in the density of
GABAA, GABAB, and AchM2 receptors on these motor
neurons occurs in parallel with the increased duration of
wakefulness [64]. There appear to be two sets of glutama-
tergic neurons in the SLD and cLDT nuclei. Opto-or chemo-
genetic activation of one set generates the forebrain features
of REM sleep and induces the characteristic cortico-
hippocampal theta rhythms, while activation of the other set
induces the atonia of REM. Indeed, optogenetic activation of
the glutamatergic neurons in the SLD may even elicit cata-
plexy, i.e., isolated motor atonia during wakefulness, alt-
hough cataplexy can be elicited even if the glutamatergic
neurons are inactivated and, thus, the specific neural circuits
engaged in the induction of cataplexy remain to be defined
[65].

The discovery that REM sleep could be induced in cats
by infusing the muscarinic cholinergic agonist, carbachol,
into the pontine brainstem was one of the earliest discoveries
of the modern era of sleep research [66, 67]. This work has
come full circle with the recent discovery that double knock-
out mice missing the Chrml and Chrm3 genes for metabo-
tropic muscarinic cholinergic receptors have virtually no
REM sleep [68]. Cholinergic neurons cluster in the lateral
dorsal tegmental nucleus/pedunculopontine nucleus (LDT/
PPT) region of the pons and in the basal forebrain (BF).
High levels of acetylcholine are found in the pons, thalamus,
and cortex during REM sleep and wakefulness, although
cortical acetylcholine likely derives from the basal forebrain
as cortical innervation by LDT/PPT cholinergic neurons is
sparse [21, 62, 69-71]. Electrophysiological studies reveal
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Fig. (1). A Sketch of the REM Sleep Regulatory Circuit. BF: basal forebrain; cLDT/SLD: caudal lateral dorsal tegmental nucleus/sublateral
dorsal nucleus; DR: dorsal raphe; LC: locus coeruleus; M: medulla; MN: motor neuron; OX: orexin; PPT: pedunculopontine tegmentum;
VIPAG: ventrolateral periaqueductal grey. During REM sleep, noradrenergic LC and serotonergic DR neurons cease firing and release cholinergic
PPT neurons from inhibition. PPT neurons activate glutamatergic neurons in the cLDT/SLD which, in turn, activate gabaergic medullary
neurons that inhibit pontine and spinal motor neurons and induce the atonia of REM sleep. REM sleep is maintained by medullary neurons,
which feedback to inhibit LC and DR neurons as well as the gabaergic vVIPAG neurons. VIPAG neurons inhibit the activity of cLDT/SLD
neurons and prevent REM sleep. VIPAG neurons are active during wakefulness, and their activity is enhanced by orexin. A more extensive
discussion of REM sleep regulatory mechanisms is found in the text, and more detailed illustrations of the neuronal circuits regulating REM
sleep may be found in Herice et al., Peever and Fuller, Scammell et al., (58, 61, 62). (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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that there are Wake/REM-ON neurons in the LDT/PPT,
which are active during both wakefulness, and REM sleep
and REM-ON neurons, which are solely active during REM
sleep [72]. During wakefulness and NREM sleep, the REM-
ON cholinergic neurons are inhibited by the actions of locus
coeruleus noradrenergic and dorsal raphe serotonergic neu-
ronal activity. Serotonin SHT;, agonists, for example, have
been shown to inhibit the activity of the REM-ON neurons
but not the Wake/REM-ON neurons [72, 73]. Mono-
aminergic neurons cease firing during REM sleep, releasing
their inhibitory hold on REM-ON cholinergic neurons to
make cholinergic neurotransmission and all components of
REM sleep possible.

Optogenetic activation of REM-ON GABAergic neurons
in the dorsal medullary para-giganto-cellular reticular nucle-
us reveals that a set of these neurons promotes motor atonia
by projecting rostrally to the dorsal serotonergic raphe and
noradrenergic locus coeruleus to inhibit the wake-promoting
effects of these monoaminergic nuclei. As just noted, this
releases the cholinergic REM-ON neurons from inhibition
and promotes REM sleep. Inhibiting monoaminergic activity
also depresses the excitability of spinal motor neurons and
further facilitates motor atonia. The REM-ON GABAergic
neurons in the medulla also project to the ventrolateral peri-
aqueductal grey (VIPAG) and inhibit the GABAergic REM-
OFF neurons in this region [60, 63, 74] vVIPAG GABAergic
neurons project to the SLD and cLDT nuclei. Their activity
promotes NREM sleep and blocks the initiation and mainte-
nance of REM sleep [75]. By inhibiting VIPAG neuronal
activity, the GABAergic neurons projecting rostrally from
the medulla release the SLD and cLDT from inhibition and
trigger both the cortical activation and atonia of REM sleep.
vIPAG neurons cease firing at the onset of REM sleep and
start up again at its termination. The activity of these VIPAG
GABAergic neurons gradually decreases between REM
sleep periods and is reset during REM sleep [76]. The densi-
ty of GABAA and AchM2 receptors on active VIPAG GA-
BAergic neurons increases progressively with time, and a
time-dependent homeostatic recovery occurs during REM
sleep. Activation of these receptors by GABAA agonists or
AchM2 agonists hyperpolarizes and inhibits the activity of
these neurons and elicits REM sleep [77]. The shorter the
REM sleep period, the less the homeostatic recovery and the
shorter the inter-REM sleep interval [76]. However, during
wakefulness, the activation of orexin receptors on VIPAG
neurons maintains their activity at a high level and prevents
the cycling between NREM and REM sleep [76, 78]. These
observations suggest that any condition that increases the
density or sensitivity of GABAA or AchM2 receptors on
VvIPAG neurons may increase the probability of REM sleep
and atonia.

5. THE OREXINS

The orexins, 1 and 2, are two small neuropeptides that
are produced solely by neurons in the lateral, posterior, and
perifornical hypothalamus from the same precursor gene and
prepro-orexin protein precursor. These neurons have wide-
spread projections to all levels of the neuraxis aside from the
cerebellum and are recognized to integrate arousal, locomo-
tion, and food consumption in the interests of energy balance
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[79]. Two metabotropic orexin receptors, type 1 and type 2,
have been identified with overlapping but distinct distribu-
tions within the nervous system and with different affinities
for each of the orexins. Acting at these receptors, they pro-
duce excitatory effects at pre and post-synaptic sites [80].
Dogs with a mutation in the type 2 receptor gene, KO mice
lacking the type 2 receptor and, even more so, lacking both
receptors, and rats with a selective loss of hypocretin neu-
rons, are all unable to maintain wakefulness and present with
abnormal transitions from wakefulness to REM sleep and
with cataplexy-like episodes. HLA DQB1*06:02-positive
patients with narcolepsy-cataplexy have low or undetectable
cerebrospinal orexin-1 levels [81, 82]. Orexin-2 has been
difficult to assay in the cerebrospinal fluid [82].

However, low levels of orexin-1 are not essential for
sleep-onset REM periods or for cataplexy. Some HLA
DQB1*06:02 negative patients with narcolepsy and cata-
plexy are not orexin deficient [81, 82]. Early-onset dissociat-
ed REM sleep is also common in depressed patients and
many other psychiatric disorders and is a prominent feature
of antidepressant drug withdrawal [83-86]. Sleep paralysis,
like cataplexy, is a dissociated REM sleep phenomenon that
consists of motor atonia during wakefulness. It is common in
individuals with normal levels of orexin but irregular sleep
habits. Scheduled awakenings at night preceding REM sleep
in normal subjects have been shown to induce sleep onset
REM periods and sleep paralysis [87, 88].

In cats, orexin neurons have been found to be most active
during wakefulness when the animal is engaged in explorato-
ry reward-seeking behavior and far less active during quiet
wakefulness or SWS [80]. The orexins appear to be involved
in the regulation of vigilance and motor control [89, 90].
Although a number of studies reveal that the orexin neurons
are quiescent during REM sleep, other work reveals that they
fire in conjunction with the phasic twitches of REM sleep
likely to facilitate motoneuron activity [80]. Orexin neurons
promote  wakefulness by exciting the nonspecific
thalamocortical projection neurons that stimulate and main-
tain cortical activation. Dense excitatory projections to
brainstem arousal systems such as the noradrenergic locus
coeruleus, the dorsal serotonergic raphe, and the histaminer-
gic tuberomammillary nucleus have been identified. The
activity of the noradrenergic, serotonergic, histaminergic,
and dopaminergic neurons parallels the activity of the orexin
neurons with the highest levels during wakefulness, lower
levels during SWS, and little or no activity during REM
sleep [79, 91]. The decline or absence of hypocretin neuronal
activity during NREM sleep and the corresponding decline
in monoamine neurotransmitter release have been attributed
to signals arising from the suprachiasmatic nucleus control-
ling the circadian rhythm of sleep and wakefulness [92, 93].

5.1. Orexin and the Monoamines

Changes in monoamine receptor sensitivity have been
identified in dogs with mutated orexin -2-receptors and thus
with impaired orexin activity. Increased numbers of pre-and
post-synaptic a2-adrenoreceptors have been identified in the
locus coeruleus, and an increased number of post-synaptic
al-receptors have been found in the amygdala [94, 95]. A
significantly increased number of dopamine D2 receptors
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has also been found in the amygdala, nucleus accumbens,
and rostral caudate [96]. Human post-mortem brain studies
have confirmed increases in D2 receptor levels in the caudate
and putamen but attempts to confirm these findings with
SPECT studies in living patients with narcolepsy have met
with mixed success [97-102]. The increase in the number of
adrenergic and dopaminergic receptors likely reflects the
reduction in noradrenergic and dopaminergic neurotransmis-
sion in the absence of orexin.

While ascending noradrenergic neurons projecting to the
forebrain mediate cortical arousal, descending monoaminer-
gic projections to the spinal cord maintain muscle tone. Mo-
tor paralysis, or cataplexy, occurs when motor neurons are
hyperpolarized. The monoamines, noradrenaline, and seroto-
nin, acting on al-adrenergic and SHT?2 receptors, reduce the
motor neuron membrane potential and promote increased
motor neuron excitability [103]. Orexin, applied to the locus
coeruleus, increases noradrenergic neuronal activity and also
increases muscle tone while its injection into the cholinocep-
tive sub-coeruleus region suppresses muscle tone [104].
Orexin also acts peripherally at pre- and post-synaptic recep-
tors to enhance lumbar motor neuron excitability and motor
neuron discharge [105]. In canine narcolepsy and in human
narcolepsy, in the absence of orexin, cataplexy can be trig-
gered by blocking the effects of noradrenaline with prazosin,
an oy-adrenergic receptor antagonist [95, 106-108]. On the
other hand, noradrenergic and serotonergic reuptake inhibi-
tors, which increase the availability of these neurotransmit-
ters at the synapse, are commonly used to prevent cataplexy
[109-111]. The anti-cataplectic properties of the histamine-
H3 inverse agonists may also be attributed to their ability to
improve noradrenergic neurotransmission by desensitizing
ap-noradrenergic receptors at both the locus coeruleus and at
the spinal level [112]. In mice with narcolepsy, inverse
histamine-H3 receptor agonists have been shown to increase
noradrenergic as well as histaminergic neuronal activity and
to decrease abnormal direct transitions from wakefulness to
REM sleep, a phenomenon characteristic of cataplexy [113].

5.2. Orexin and Acetylcholine

Orexins also have excitatory effects on cholinergic and
noncholinergic neurons in the basal forebrain (BF) and en-
hance arousal and attention by increasing the cortical release
of acetylcholine [114, 115]. Cholinergic neurons in this re-
gion discharge in bursts at maximal rates during wakefulness
and REM sleep but less frequently during SWS [116]. Cho-
linergic neurons in the LDT/PPT nucleus are also heavily
innervated by orexinergic neurons [117]. Both cholinergic
and non-cholinergic neurons in the PPT/LTD have been
shown to be excited by orexins, although orexins can also
reduce the release of acetylcholine by activating GABAergic
interneurons in this region that inhibit cholinergic neuronal
activity [90, 118, 119]. Nevertheless, dialysates of the pon-
tine tegmental region reveal that twice as much acetylcholine
is released during REM sleep than during SWS or wakeful-
ness [69]. In the absence of effective orexin action, as in
dogs lacking the orexin-2 receptor, the reduced cholinergic
neuronal activity would be expected to lead to an upregula-
tion of AchM2 receptors and to the development of cholin-
ergic hypersensitivity and, indeed, the infusion of low doses
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of carbachol into the BF or pons of these animals elicits cat-
aplexy [120]. Normal dogs require much higher doses to
elicit this response. A significant increase in the density of
AchM2 receptors has been documented in the brainstem of
dogs with narcolepsy, and the suggestion of a similar change
has been found in the caudate and other regions of the brain
post-mortem in patients with narcolepsy [97, 121].

6. DOPAMINE

Spinal dopamine neurons arise primarily in the posterior
hypothalamus and project to dopamine receptors, DIR-D5R,
which are nonuniformly distributed through the dorsal and
ventral horns of the spinal cord [122]. Although there are
differences among species, in the mouse, D2-like receptors
(D2R, D3R, D4R) are highly expressed in the dorsal horn
where they mediate inhibitory effects, although they are also
expressed, with less density, in the ventral horn. In contrast,
Dl-like receptors (DIR and DS5R) are highly expressed in
the ventral horn, including the motoneurons, where they me-
diate excitatory effects [123, 124]. The activation of D1-like
receptors located on or near cranial somatic motor neurons
has also been found to increase muscle tone [125]. Neverthe-
less, a specific role for spinal dopamine in the genesis of
cataplexy has not been identified.

For some time, it was also not clear how the activity of
dopamine neurons was related to the vigilance states despite
the potent waking effects of drugs like the amphetamines
that raise the synaptic levels of dopamine [126]. Early elec-
trophysiological findings suggested that ventral tegmental
area (VTA) and substantia nigra pars compacta (SNc) dopa-
minergic neurons did not change their mean firing rate
across sleep-wake states [127]. However, follow-up studies
of VTA dopaminergic neuronal firing patterns revealed that
VTA neurons had prominent burst firing patterns during
REM sleep associated with the extensive release of synaptic
dopamine. This activation was similar to the burst firing ob-
served during motivated behaviors like the consumption of
food, while slow firing rates with irregular patterns appeared
during quiet waking and non-REM (NREM) sleep [128].
Recent chemo-genetic and optogenetic manipulations have
provided more definitive evidence that VTA dopaminergic
neurons are necessary for arousal and that their inhibition
suppresses wakefulness. Opto-genetic stimulation initiates
and maintains wakefulness and suppresses sleep [129]. Wake
active dopaminergic neurons have also been identified in the
ventral periaqueductal gray (VPAG) [130]. Dopamine neu-
rons arising in the VTA and the vPAG innervate areas in-
volved in sleep/wake regulation and include the serotonergic
cells of the dorsal raphe, the noradrenergic cells of the locus
coeruleus, the cholinergic cells of the LDT/PPT and the BF,
the orexinergic neurons of the lateral hypothalamus and the
neurons that modulate the behavioural state in the thalamus
and the prefrontal cortex. In turn, inputs to the dopaminergic
VTA and vPAG cells have been found from most of these
anatomical structures [130].

Dopamine neurons also send dense projections to the
striatum that are topographically organized. Medially located
VTA dopamine neurons project to the ventromedial striatum,
while more laterally located SN dopamine neurons project to
the dorsolateral striatum [131]. Midbrain dopamine neurons
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characteristically fire in bursts signalling unexpected reward
and reward-related cues. These neurons make the mon-
osynaptic connection with cholinergic interneurons (Chi) and
interrupt their firing [132]. Damage to these neurons with 6-
OHDOPA appears to result in an increase in acetylcholine
release and down regulation of muscarinic receptor sensitivi-
ty measured by quinuclidinyl benzilate (‘H-QNB) binding
[133, 134].

In the narcoleptic canine, local perfusion of the presynap-
tic D2 dopamine agonist quinpirole into the VTA, substantia
nigra, or the globus pallidus/putamen produces a dose-
dependent increase in cataplexy without significantly reduc-
ing basal muscle tone [135, 136]. Quinpirole inhibits dopa-
mine release. Perfusion with the D2-dopamine antagonist
raclopride produces a moderate reduction in cataplexy. In
control animals, neither of these drugs induces cataplexy or
muscle atonia when perfused into either the VTA or the glo-
bus pallidus/putamen. Identical results are found in orexin
KO mice in which the intraperitoneal administration of
quinpirole increases the incidence of cataplexy, and the in-
traperitoneal administration of eticlopride, a D2-dopamine
antagonist, reduces the incidence of cataplexy [137]. Cata-
plexy may be induced by the increased release of acetylcho-
line in the striatum, which follows the inhibition of dopa-
mine release. However, the direct effects of inhibiting dopa-
minergic neuronal activity on the cholinergic REM-ON neu-
rons in the LDT/PPT await examination.

7. SODIUM OXYBATE

Sodium Oxybate is remarkable in that it can both induce
cataplexy and prevent it [2, 13, 55]. It can induce REM sleep
and suppress it [41, 45]. It can induce REM sleep and even
sleep paralysis in the presence of normal levels of orexin
[54]. Its capacity to induce REM sleep, cataplexy, or sleep
paralysis is predicated on the pre-existence of increased cho-
linergic sensitivity and is evident in patients with narcolepsy
and in patients suffering from depression and other forms of
mental distress as well as following its administration to
normal subjects in the early morning hours.

7.1. Sodium Oxybate and Cholinergic Sensitivity

In the rat, the circadian rhythmicity of the cholinergic
system is revealed by high levels of cortical acetylcholine
(ACH) release during the animal’s active phase with simul-
taneously enhanced choline-acetyl-transferase activity and
reduced ACH esterase activity [138]. In contrast, the number
of unbound available muscarinic cholinergic receptors
(mACHRSs) is highest when ACH neurotransmission is low-
est, ie., during the inactive phase of the animal. The least
number of available mAChRs is found when the animal is
most active [139]. A comparable pattern has been identified
in the post mortem human brain [140]. REM sleep shows a
strong circadian distribution in man with an acrophase in the
morning. Subjects submitted to a 90-min sleep-wake sched-
ule display REM periods chiefly from 7:30 a.m. to 2:00 p.m.
[141]. SO is most likely to induce REM sleep carly in the
day in healthy subjects when unbound muscarinic receptors
are available, and the probability of REM sleep is high [32,
53]. Under normal conditions, unbound mACHRs, generated
during the night in response to low ACH levels promote
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REM sleep in the early morning hours. The tight relationship
between cholinergic sensitivity and the onset of REM sleep
has been carefully studied in the rat where the density of
mACHRs on vIPAG GABAergic neurons has been shown to
increase with time until REM sleep is triggered. The density
of these receptors then declines in response to the high levels
of ACH present during REM [77]. BF cholinergic neurons
discharge in bursts at maximal rates during active waking
and paradoxical sleep, when gamma and theta electroen-
cephalographic activity is maximal. They virtually cease
firing during slow-wave sleep [116].

7.2. Sodium Oxybate and Depression

SO also induces REM sleep and even sleep-onset REM
periods in subjects at risk for depression [5, 52, 53]. Patients
with depression suffer from disturbed sleep with difficulty
getting to sleep and staying asleep. Sleep studies in patients
with depression may reveal REM sleep latencies of less than
20 minutes (normal is about 90 minutes) and even sleep-
onset REM sleep periods. The first REM sleep period of the
night is often prolonged, and the frequency of rapid eye
movements (REM density) during this first period is often
high. These changes in REM sleep parameters need not fully
remit following the resolution of the depression. Persistent
psychological distress appears to induce REM sleep. Studies
in rodents show that chronic stress increases the number and
duration of REM sleep periods during both the light and dark
periods in response to an increased release of corticotropin-
releasing hormone (CRH) [142, 143].The increase in REM
sleep follows the stress-related rise in the levels of CRH in
the amygdala and lateral dorsal tegmentum, which, in turn,
activates the release of ACH in these regions and triggers
REM sleep [142, 144]. Carbachol, a cholinergic agonist,
injected into the central nucleus of the amygdala, is known
to promote REM sleep [142, 145].

These observations suggest that clinical depression may
be viewed as a stress-induced cholinergic supersensitivity
state and that this sensitivity accounts for the short REM
sleep latencies found in patients with depression [85, 146,
147]. Reduced REM sleep latencies may persist after the
depression remits but may also be found in asymptomatic
first-degree relatives suggesting a genetic basis for the ex-
cessive cholinergic response to stress [148]. For example, the
cholinergic muscarinic 2 receptor gene tends to have distinct
structural characteristics in depressed women [149]. Once
established, either genetically or perhaps in response to life
events, excessive cholinergic sensitivity appears to predis-
pose to the development of depression. This is evident in
subjects with a strong family history of affective disorders
who may have a normal REM sleep latency at baseline but in
whom the induction of a short REM latency with the use of
RS-86, a cholinergic agonist, appears predictive for the onset
of future major depressive disorders. RS-86 produces a much
greater reduction in REM sleep latency in high-risk probands
than in normal subjects and may even induce sleep-onset
REM periods in these vulnerable individuals [150, 151]. In
contrast to the effects of cholinergic agonists, scopolamine, a
cholinergic antagonist, increases REM sleep latency and
suppresses REM density and duration in depressed patients
and shows promising results as a fast-acting antidepressant
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[146, 152-154]. The early REM sleep periods induced by
cholinergic agonists and sodium oxybate may thus identify
individuals prone to depression [52, 53]. Rapid REM sleep
induction may constitute a depressive trait.

7.3. Sodium Oxybate and Narcolepsy

Narcolepsy may also be viewed as a cholinergic super-
sensitivity state. It was the induction of a sleep-onset REM
sleep period together with subjective feelings of sleep paral-
ysis in a patient with a history of poor sleep and psychologi-
cal distress that first linked SO to narcolepsy [54]. In narco-
lepsy, the immediate application of SO can induce REM
sleep and even cataplexy, but its repeated nightly use re-
stores REM sleep latency to normal values and prevents cat-
aplexy. These opposite immediate and long-term effects of
SO both appear to depend, at least in part, upon its actions on
cholinergic neurotransmission. Although not clearly demon-
strated in the human brain, in the absence of effective orexin
action, as noted earlier in this essay, a significant increase in
the density of AchM2 receptors develops in the pontine re-
ticular formation in narcoleptic canines [97, 121, 155, 156].
In these dogs, local perfusion of the pontine reticular for-
mation and BF with agonists that act on these receptors elic-
its REM sleep and cataplexy. AchM2 receptor antagonists
block these effects [120, 157]. The activation of AchM2 re-
ceptors located on vIPAG gabaergic neurons hyperpolarizes
and inhibits these neurons and releases their target REM-ON
neurons from inhibition [77]. The central role of ACH re-
lease and its action on AchM2 receptors in the generation of
REM sleep and cataplexy is emphasized by the observation
that muscle atonia can even be elicited in dogs with normal
levels of orexin using high doses of the AchM2 receptor ag-
onist carbachol [120, 157].

The induction of REM sleep and cataplexy with SO like-
ly reflect its actions on the GABAB receptor with the result-
ing inhibition of serotonergic, noradrenergic, and dopamin-
ergic neurotransmission leading to an increase in ACH re-
lease. GABAB receptors have been identified on all 3 of
these monoaminergic neurons [16, 17]. SO, acting on
GABAB receptors has been shown to have strong inhibitory
actions on dorsal raphe serotonergic cells. Silencing these
cells permits REM sleep [18]. GABAB receptors have also
been shown to mediate the tonic inhibition of locus coerule-
us noradrenergic neurons [158]. In rats, low subcutaneous
doses of SO, 40 mg/day, decrease both the spontaneous and
evoked burst firing rate of noradrenergic neurons by about
50% [159]. SO withdrawal is followed by a significant 33%
increase in spontaneous activity and by a robust 79% in-
crease in burst firing in response to paw pinch. Given at
night, the inhibition of noradrenaline release by SO would be
expected to promote REM sleep. The tonic increase in nora-
drenergic neuronal activity upon withdrawal during the day
would enhance alertness, and the phasic increase should
augment reactivity to goal-relevant sensory stimuli [160].
Substantia nigra dopaminergic neurons appear to be equally
sensitive to the effects of SO. A dose-dependent decrease in
tonic neuronal activity and burst firing that can be blocked
by GABAB antagonists is observed with intravenous SO
doses starting as low as 12.5 mg/kg [161]. Studies in our
laboratory reveal that the typical 3-gram dose of SO used to
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treat narcolepsy produces a small, non-significant increase in
striatal [C-11] raclopride binding that suggests reduced syn-
aptic dopamine levels (Kish et al., 2021; manuscript submit-
ted for publication). As discussed earlier, inhibition of stria-
tal dopaminergic neuronal activity may trigger REM sleep
by promoting the release of acetylcholine.

In the LDT, SO’s inhibitory effect on cholinergic neurons
is weak, and it appears to inhibit only a subset of cholinergic
cells. It has been proposed that SO selectively suppresses
only the ‘wake active’ cholinergic neurons and not the REM-
ON cholinergic neurons responsible for generating REM
sleep and motor atonia [18].

As it stands, the evidence to date suggests that SO’s ca-
pacity to act on GABAB receptors and to simultaneously
block serotonergic, noradrenergic, and dopaminergic neuro-
transmission can account for SO’s capacity to induce REM
sleep and cataplexy in patients with narcolepsy. However,
SO may also promote cataplexy in these patients by inhibit-
ing neurotransmission directly at pontine and spinal motor
neurons. Motor inhibition in man during REM sleep and
cataplexy is characterized by an absent or markedly attenuat-
ed H-reflex response [162, 163]. Low oral doses of SO, 30
mg/kg, given to normal and narcoleptic subjects similarly
inhibit the H-reflex and do so whether or not REM or slow-
wave sleep is induced [164]. The effect lasts for about 2
hours. These findings raise the possibility that the prolonged
inhibition of motor activity at night by SO is followed by a
rebound increase in the threshold for motor inhibition the
next day. This may help account for suppression of cataplexy
during the day by the nocturnal application of SO. The re-
bound increase in monoaminergic activity following its sup-
pression at night with SO may further reduce the likelihood
of cataplexy during the day.

The repeated and prolonged inhibition of monoaminergic
neurotransmission at night and the consequent increase in
ACH release gradually downregulates the density of AchM2
receptors. For example, a significant decrease in the number
of H-QNB binding sites in striatal membranes has been ob-
served in rats exposed to GBL for 3 weeks. The decrease in
*H-QNB binding is not due to a direct effect of GBL on
muscarinic receptors since no alteration in binding is pro-
duced by high concentrations of GBL or its active metabo-
lite, gamma-hydroxybutyrate (SO). Inhibition of the nigro-
striatal dopaminergic pathway produced by chronic GBL
treatment leads to persistent activation of the intrastriatal
cholinergic interneurons, which, as noted earlier, are normal-
ly held in check by dopaminergic nigrostriatal neuronal ac-
tivity. The activation of these intrastriatal cholinergic inter-
neurons results in a downregulation of muscarinic receptors
and reduced sensitivity to ACH [133]. This downregulation
takes time and could account for the gradual improvement of
cataplexy with the repeated nightly use of SO. Future work
will explore whether a similar downregulation can be elicited
in the pons where dopaminergic neurons serve the choliner-
gic cells of the LDT/PPT [130]. Clinically, the reduction in
cholinergic sensitivity is reflected in the restoration of the
normally high threshold for REM sleep and cataplexy. In
narcolepsy, with the repeated nightly use of SO, sleep onset
REM periods disappear, and REM latencies gradually return
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to their normal values [45]. Upon withdrawal, the symptoms
of narcolepsy gradually reappear. SO holds a receptor imbal-
ance in check but does not correct the basic pathology of the
disorder, the loss of the orexins.

In addition to SO, tricyclic antidepressants (TCA) and
selective serotonin and noradrenaline reuptake inhibitors
continue to be used for the treatment of cataplexy [1, 2].
These drugs suppress REM sleep and prolong the REM sleep
latency and owe their anti-cataplectic effects to their ability
to block noradrenaline and serotonin reuptake, but the TCAs,
in addition, have anticholinergic properties and can block
ACHR?2 receptors [110]. Patients with cataplexy withdrawn
from antidepressants display a rebound increase in REM
sleep and a reduced REM sleep latency, as well as a signifi-
cant rebound increase in cataplexy. The sudden loss of the
agonistic effects of noradrenaline and serotonin on their re-
spective postsynaptic receptors may account for this re-
bound. Prazosin, for example, an alpha 1 noradrenergic an-
tagonist, has been documented to trigger frequent daily epi-
sodes of cataplexy in a patient with narcolepsy [106]. In nar-
coleptic dogs, a similar increase in cataplexy with prazosin
can be blocked by anticholinergic agents [95]. The additional
sensitization of AchR2 receptors with the anticholinergic
TCAs may explain the greater rebound increase in cataplexy
following withdrawal from TCAs than from SSRIs or SNRIs
[111].

8. SO: AN ANTIOXIDANT
SOURCE

AND AN ENERGY

Although the pharmacological actions of SO on the
GABAB receptor account for many of its effects on the
structure of sleep, this unique molecule has another set of
distinct metabolic actions, which may specifically account
for its ability to improve the restorative and homeostatic
properties of sleep. Its catabolism in both the cytoplasm and
mitochondria of the brain generates succinic semialdehyde,
which is then rapidly converted to the metabolic intermediate
succinate with the concomitant reduction of NAD to NADH
[165]. NADH is transformed by mitochondrial nicotinamide
nucleotide transhydrogenase to the antioxidant cofactor
NADPH. Succinate is metabolized along the electron
transport chain to form ATP, but it may also be processed
through the malate-pyruvate shuttle to form additional
NADPH [166, 167]. SO is also known to shift intermediary
metabolism in the direction of the pentose phosphate shunt
to generate NADPH [168, 169]. SO is thus both a source of
energy to the cell and a powerful antioxidant.

The high metabolic demands and high oxygen consump-
tion of the waking brain favor the formation of free radicals,
and many investigators have identified signs of oxidative
stress in the rodent brain following prolonged periods of
wakefulness [170-174]. For example, a recent study focused
on the effects of sleep deprivation on the parvalbumin con-
taining interneurons (PV) in the rat prelimbic prefrontal cor-
tex and orbital frontal cortex [175]. PV interneurons are vul-
nerable to oxidative stress because they fire at the high rate
required to generate the EEG gamma activity (> 30 Hz) that
is a prominent feature of the waking brain. In fact, the ob-
served decline in gamma activity in local field potentials of
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the rodent cerebral cortex across sustained wakefulness is
thought to mirror the level of oxidative stress in PV cells as
increasing oxidative stress suppresses gamma activity in
neural cultures containing these cells. Experimental work has
demonstrated that 6 and 12- hour periods of sleep depriva-
tion greatly increase the intensity of the oxidative stress
marker 8-0x0-2’-deoxyguanosine in these interneurons. Even
more compelling evidence for the intimate relationship be-
tween brain energy metabolism, oxidative stress, and sleep
comes from a sophisticated body of work using the fruit fly,
Drosophila [176]. These flies are active during the day and
rest at night. About 2 dozen sleep-inducing neurons in Dro-
sophila that project to its dorsal fan-shaped body (dFB) ad-
just their electrical activity to the need for sleep by regulat-
ing opposing potassium conductance through 2 channels: a
voltage-gated A-type current carried by the Shaker channel
that fires tonically during sleep; the downregulation of this
current and the upregulation of Sandman, a voltage-
independent leak current during wakefulness carried by an-
other potassium channel. An NADPH cofactor is bound to
Hyperkinetic, the oxidoreductive domain of Shaker’s Kvf
subunit, that keeps Shaker shut during wakefulness. Sleep
loss raises the level of mitochondrial reactive oxygen species
(ROS) in dFB neurons which register this rise by converting
NADPH to NADP. The change in NADPH/NADP ratio
opens the Shaker channel increases the frequency of action
potentials and puts the fly to sleep. Sleep persists until the
NADPH/NADP ratio returns to its baseline level and the
channel shuts [177]. In Drosophila, oxidative stress triggers
sleep, and sleep then functions as an antioxidant. Preventing
oxidative stress reduces the duration of sleep and prolongs
wakefulness [178].

Oxidative stress has also been shown to trigger sleep in
the mammalian brain. In rats, the intracerebroventricular
infusion of low doses of t-butyl hydroperoxide, an organic
chemical that generates ROS, significantly increases the du-
ration of NREM and REM sleep. The infusion of t-butyl
hydroperoxide into the preoptic/ anterior hypothalamus pro-
motes the release of the sleep-inducing neuromodulators,
adenosine, and nitric oxide (NO), without causing neuro-
degeneration [179]. t-butylhydroperoxide and other oxidants
can also increase tissue prostaglandin levels [180, 181]. NO,
adenosine, and prostaglandin D2 (PGD2) are the 3 major
mediators of the homeostatic sleep response following sleep
deprivation. Inhibiting the actions of any one of these media-
tors prevents this homeostatic response. A naturally occur-
ring increase in oxidative stress may best explain the rise in
all 3 of these mediators following sleep deprivation.

8.1. Nitric Oxide

Inducible nitric oxide synthase (iNOS), the generator of
nitric oxide, is expressed by BF cholinergic cells and activat-
ed microglia and astrocytes. It is found at only low levels
during the spontaneous sleep/wake cycle, but its expression
increases following prolonged wakefulness, likely in re-
sponse to its induction by cytokines, specifically IL-1p and
TNFa, whose levels rise during sleep deprivation together
with signs of oxidative stress. A rise in brain antioxidant
enzyme activity with sleep deprivation accompanies signs of
increased lipid peroxidation and DNA oxidation [182-190].
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The BF concentrations of nitrite and nitrate, indirect
measures of NO, double in rats during sleep deprivation.
Both a NO scavenger and an iNOS inhibitor will abolish
homeostatic NREM recovery sleep, while a NO donor will
increase the intensity of NREM recovery sleep. These find-
ings suggest that the elevation of NO produced by induction
of iNOS in the BF during prolonged wakefulness is a specif-
ic mechanism for producing NREM recovery sleep. In this
regard, the application of SO would assist the recovery pro-
cess by generating NADPH. NOS depends on NADPH to
convert arginine to citrulline and NO. This reaction requires
tetrahydrobiopterin, among other factors, but tetrahydrobiop-
terin also requires NADPH for its biosynthesis [191].

Inhibiting iNOS prevents the rise in the level of adeno-
sine in the BF triggered by the release of NO during sleep
deprivation. The rise in adenosine levels is thus dependent
on the production of NO by iNOS [184, 186, 187]. NO may
generate adenosine by inhibiting adenosine kinase (AdK),
the enzyme that converts adenosine to AMP and/ or by ac-
tions on the electron-transport chain and mitochondrial respi-
ration that reduce ATP production [192, 193]. The exact
source of the released adenosine remains uncertain [194].
Destruction of BF cholinergic neurons abolishes the sleep
deprivation increase in adenosine release in this region, the
homeostatic sleep response, and the sleep-inducing effects of
BF adenosine infusion [195]. Evidence for an astrocytic
source for adenosine and for glial transmission remains in-
conclusive; however, an astrocytic source would explain the
increase in rebound SWA activity in mice deficient in glial
AdK [194, 196-198].

8.2. Prostaglandin D2

Extracellular levels of adenosine also rise in response to
prostaglandin D2 (PGD2), the most potent endogenous
sleep-promoting agent [199, 200]. The intracerebroventricu-
lar infusion of femtomolar (10™° M/L) quantities of PGD2
profoundly enhances both NREM and REM sleep. The EEG
power spectrum of NREM sleep following PGD2 infusion
into the monkey brain is identical to that of natural sleep and
clearly distinct from benzodiazepine induced sleep which is
characterized by reduced power in the theta range and
increased fast activity with a peak at 20 Hz. PGD2 is the
most abundant prostaglandin in the rat and human brain. Its
concentration in the rat cerebrospinal fluid fluctuates with
circadian rhythmicity in parallel with the sleep-wake cycle
and increases with sleep deprivation, together with a rising
need for sleep. PGD2 is synthesized when oxidative stress
increases the expression and activity of phospholipase A2,
which then acts on membrane phospholipids to produce ara-
chidonic acid (AA) [181, 201]. AA is converted into the un-
stable intermediate prostaglandin, PGH2, by the action of
cyclooxygenase-2 (COX-2), and this step is followed by the
synthesis of stable PGD2 by lipocalin-type PGD2 synthase
(L-PGDS) [200].

L-PGDS is present in the leptomeninges and produces
PGD2 in the arachnoid trabecular cells.PGD2 enters the CSF
circulation and activates the leptomeningeal D-type pros-
tanoid receptor 1 (DP1) found almost exclusively on the ven-
tral surface of the rostral BF. Activation of the DP1 receptor
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increases extracellular adenosine in a dose-dependent man-
ner by an unknown mechanism, and adenosine then acts on
the adenosine receptors A1R and A2R to induce sleep.
PGD?2 infusion fails to induce sleep in KO mice lacking DP1
receptors. Selenium tetrachloride (SeCly), an L-PGDS inhibi-
tor, produces insomnia and reveals that PGD2 also partici-
pates in the generation of baseline physiological sleep. WT
mice accumulate PGD2 in their brains during sleep depriva-
tion, and a significant NREM sleep rebound follows. This
rebound does not occur in L-PGDS knockout mice [199,
200].

Terao et al., 1998 found that IL-1f could induce NREM
sleep by acting at the PGD2-sensitive sleep-promoting zone
and that the induced sleep could be completely inhibited by
pre-treating the rats with NS398, an inhibitor of COX-2
[202]. As various cytokines, such as IL-1 and TNFa induce
cyclooxygenase in a variety of cells and increase the produc-
tion of prostaglandins, they proposed that IL-1B-induced
NREM sleep was dependent upon the production of prosta-
glandins, most likely PGD2. However, Zhang et al., 2017,
using the same inhibitor, failed to suppress the induction of
NREM sleep in WT mice or in DP1R KO mice, and they
concluded that the somnogenic effect of IL-1f was inde-
pendent of the PGD2/DPIR system [203]. They suggested
that IL-1B may act directly on sleep-active neurons of the
preoptic area of the hypothalamus and inhibit the wake-
active neurons in the BF and pons. They noted that IL-1§
decreased the delta power of NREM sleep, whereas PGD2
did not and, therefore, that the brain mechanisms for the
sleep-inducing effects of IL-1p and PGD2 were likely differ-
ent.

8.3. Adenosine Triphosphate: ATP

ATP co-released with neurotransmitters into the extracel-
lular space from multiple brain regions, and glia has been
shown to act on glial purine P2 receptors to induce the re-
lease of IL-1B and TNFa. A P2 receptor agonist, benzoyl-
benzoyl ATP, increases NREM sleep and EEG delta power
in rats, while two different P2 receptor antagonists, acting by
different mechanisms, reduce spontaneous NREM sleep.
Compared to wild-type mice, mice lacking functional P2
receptors have attenuated NREM and delta power responses
to sleep deprivation but not to IL-1p [204].

8.4. Adenosine

Adenosine levels in the BF fluctuate as a function of
sleep-wake states. In the cat, adenosine levels decline by 15
to 20% during episodes of spontanecous sleep relative to
wakefulness but levels increase significantly in the choliner-
gic region of the BF (to 140% of baseline) and, to a lesser
extent in the cortex, during 6 hours of sleep deprivation. This
increase is not observed in other regions such as the thala-
mus, preoptic hypothalamus, and pons. Following sleep dep-
rivation, BF adenosine levels decline very slowly, remaining
significantly elevated throughout a 3-hour period of recovery
sleep [205, 206].

Adenosine regulates neuronal activity at two major recep-
tors: the inhibitory A1R that are distributed throughout the
brain and the excitatory A2R that are mainly localized in the
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striatum, nucleus accumbens, and the olfactory tubercle
[200, 207]. In A2R KO mice, caffeine (an AIR and A2R
antagonist) fails to promote wakefulness, and the depriva-
tion-induced NREM sleep rebound is reduced. Activation of
A2R directly excites ventrolateral preoptic (VLPO) neurons
which, in turn, excite VLPO neurons that indirectly induce
sleep by sending inhibitory signals to the histaminergic
wake-promoting neurons in the tuberomammillary nucleus.
On the other hand, A1R mediate inhibitory effects of adeno-
sine on wake-active BF cholinergic neurons, hypothalamic
orexinergic and histaminergic neurons, and locus coeruleus
adrenergic neurons. The sleep deprivation-induced adenosine
increases in BF and cortical adenosine would be expected to
both reduce the release of cortical acetylcholine and promote
slow-wave sleep as adenosine presynaptically inhibits the
cortical release of acetylcholine as well as the activity of
cholinergic and other BF neurons [206, 208]. Adenosine may
also be able to elicit the slow oscillations of slow-wave sleep
by acting on thalamic AIR to increase potassium conduct-
ance and hyperpolarize thalamic relay neurons. However, the
potassium currents generated by near maximal stimulation of
adenosine and GABAB receptors are not additive [209, 210].
The rebound in SWA induced by sleep deprivation is attenu-
ated in AIR KO mice [211].

Reducing extracellular adenosine by knocking out 5’-
ectonucleotidase, an enzyme that converts AMP to adeno-
sine, or by reducing the glial release of ATP, which may be
also be converted to adenosine, reduces homeostatic sleep
rebound [198, 212]. Thus, both extracellular adenosine and
extracellular ATP appear to be involved in the regulation of
NREM sleep.

Adenosine is not involved in the mechanism that deter-
mines the set point of the amount of sleep; rather, it induces
high voltage delta (0.5-4.0 Hz) sleep, a measure of NREM
sleep intensity, in response to the toxic inflammatory state
which develops in response to sleep deprivation [211].

9. SLEEP RESTORATION

But how does delta sleep resolve this toxic inflammatory
state? A generalized reduction in neural activity is recorded
in many regions of the brain during sleep that may be at-
tributed to the loss of cholinergic input [213]. Activation of
the PPT cholinergic nucleus transforms the slowly oscillat-
ing cortical cells of sleep into tonically firing neurons. Even
the long-lasting hyperpolarization separating the prolonged
depolarization of the slow cortical rhythms (< 1.0 Hz) are
selectively blocked by stimulation of the PPT nucleus [21,
214]. Neural activity accounts for close to 90% of the energy
used by the brain, and the decline in neural activity during
sleep may account for the concomitant reduction in oxygen
consumption and glucose utilization [215]. Compared with
wakefulness, a 25% reduction in the cerebral metabolic rate
of oxygen (CMRO,) has been found during slow-wave sleep
together with a striking 44% reduction in cerebral glucose
utilization and a corresponding reduction in cerebral blood
flow [216]. Indeed, there appears to be an inverse relation-
ship between the EEG power in delta sleep and the CMRO,.
The greater the power, the lower the brain’s oxygen con-
sumption [217]. The reduction in CMRO, and in glucose
utilization may promote metabolic recovery by reducing
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ROS formation, and thus the reduction in cerebral metabo-
lism may have an antioxidant effect, although this has not
been clearly demonstrated [218].

As noted earlier in this essay, propofol, and the inhalant
halogenated ether anesthetics, isoflurane, desflurane and
sevoflurane have also been shown able to repay the sleep
debt following sleep deprivation [47, 49]. These agents re-
duce cerebral cholinergic neurotransmission and neuronal
activity [219-222], and they reduce the cerebral metabolic
rate of oxygen and glucose [223-227]. Propofol has definite
antioxidant properties, as do the inhalant anesthetics, particu-
larly sevoflurane, the most potent homeostatic anesthetic,
capable of restoring sleep loss in about half the time required
by physiological sleep [228-230].

However, metabolic depression may not even be a neces-
sary feature of the restorative process. Recovery may occur
in the absence of this depression. While SO, like other anes-
thetic agents, diffusely depresses neuronal activity in the
brain, SO does not reduce cerebral oxygen consumption or
cerebral blood flow [19, 231]. SO reduces cerebral glucose
utilization but supplies the brain with succinate in its stead.
In fact, SO increases oxygen consumption in brain tissue
slices [169]. Thus, it maintains or even augments the brain’s
supply of energy while at the same time raising the concen-
tration of the brain’s essential antioxidant cofactor, NADPH.
As noted earlier, SO may do so by activating the pentose
phosphate shunt and supplying NADH to nicotinamide nu-
cleotide transhydrogenase and succinate to the malate shuttle
[166-168]. SO’s capacity to improve the restorative capacity
of sleep may rest largely upon its ability to remove the prod-
ucts of oxidative metabolism, which accumulate during the
day in response to the high metabolic rate of the waking
brain. This may also be a key function of naturally occurring
sleep in man and fruit fly. [Curiously, propofol, despite its
antioxidant properties, is toxic to Drosophila and does not
satisfy their homeostatic need for sleep [232]].

CONCLUSION

SO’s unique biochemical properties may explain its ca-
pacity to both induce and prevent cataplexy and to improve
attentiveness and daytime alertness in normal subjects and
patients in whom sleep’s restorative process is inefficient or
incomplete, such as in narcolepsy, fibromyalgia, and Parkin-
son’s disease [35-38]. SO may have a place in the manage-
ment of shift-work. This remains to be tested. Future work
will also determine whether it can be used to correct the in-
flammatory state and metabolic imbalance which develops in
the brain in response to severe mental distress. Signs of oxi-
dative stress accompanied by increased cytokine release have
been demonstrated in the brains of laboratory animals in
response to psychological distress as well as in human brains
post-mortem [170, 233-237]. In mice, for example, chronic
psychosocial stress, a model for anxiety and depression, ac-
tivates microglia, increases the release of proinflammatory
substances, and elevates ROS. Antioxidants prevent the be-
havioral effects of this stress [238, 239]. Severe stress also
activates REM sleep in animals and induces premature REM
sleep in humans. Severe stress produces a central monoam-
inergic /cholinergic imbalance with deficient monoaminergic
activity coupled to cholinergic supersensitivity [84, 85, 146,
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147]. The repeated use of SO at night may antagonize the
development of this pathological inflammatory/metabolic
state. By generating high levels of NADPH, SO could miti-
gate oxidative stress and the inflammation it brings about.
SO would suppress noradrenergic and serotonergic tone at
night during sleep, but a rebound during the day would en-
hance the release of these two mood-enhancing neurotrans-
mitters [159, 240]. The repeated use of SO at night would
correct the monoaminergic/cholinergic imbalance that is a
marker of the stressed brain.

SO may have a key role to play in the management of
depression and other disorders of severe psychological dis-
tress.

LIST OF ABBREVIATIONS

6-OHDOP = 6-Hydroxydopamine

AIR = Type 1 Adenosine Receptor

A2R = Type 2 Adenosine Receptor

AA = Arachidonic Acid

AchM2 = Type 2 Muscarinic Cholinergic Receptor

AMP = Adenosine Monophosphate

ATP = Adenosine Triphosphate

BF = Basal Forebrain

Chrm = Muscarinic Cholinergic Receptors

cLDT = Caudal Lateral Dorsal Tegmental
Nucleus

CMRO, = Cerebral Metabolic Rate of Oxygen

COX-2 = Cyclo-oxygenase Type 2

CRH = Corticotropin-Releasing Hormone

D-1 = Type 1 Dopamine Receptor

D-2 = Type 2 Dopamine Receptor

dFB = Dorsal Fan Shaped Body

DNA = Deoxyribonucleic Acid

DP-1 = D-Type Prostanoid Receptor-1

EEG = Electroencephalogram

GABAA = GABAA Receptor

GABAB = GABAB Receptor

GBL = Gammabutyrolactone

Hz = Hertz: Cycles/Second

IL-1B = Interleukin 1B

iNOS = Inducible Nitric Oxide Synthase

IPSP = Inhibitory Post Synaptic Potential

KO = Knock Out

L-PGDS = Lopocalin Type Prostaglandin D2 Syn-

thase
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LDT/PPT = Lateral Dorsal Tegmental Nucle-
us/Pedunculopontine Tegmental Nucleus

MSLT = Multiple Sleep Latency Test

MWT = Multiple Wakefulness Test

NADP = Nicotinamide = Adenine  Dinucleotide
Phosphate

NO = Nitric Oxide

NREM = Non-Rapid Eye Movement Sleep

P2 = Type P2 Purine receptors

PGD2 =  Prostaglandin D2

PGH2 = Prostaglandin H2

PV = Parvalbumin

PVT = Psychomotor Vigilance Test

QNB = Quinuclidinyl Benzilate

REM = Rapid Eye Movement Sleep

ROS = Reactive Oxygen Species

SLD = Sublateral Dorsal Nucleus

SNc = Substantia Nigra pars Compacta

SO = Sodium Oxybate

SWA = Slow Wave Activity

SWS = Slow Wave Sleep

TNFa = Tumor Necrosis Factor o

vIPAG = Ventrolateral Periaqueductal Grey

VLPO = Ventrolateral Preoptic

vPAG = Ventral Periaqueductal Grey

VTA = Ventral Tegmental Area

WT = Wild Type
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