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Sleep disorders, such as insomnia, are
associated not only with having insuffi-
cient amounts of sleep, but also with a
lack of continuous undisrupted sleep.
Many insomnia patients with fragmented
sleep report having poorer memory and
attention, higher stress responsivity, and
emotional dysregulation throughout the
day (Medic et al, 2017). Additionally,
sleep homeostasis processes can cause
excessive daytime sleepiness to compen-
sate for nighttime sleep loss and/or frag-
mentation, and this can further reduce
the individual’s quality life.

Healthy maintenance of continuous
sleep involves transitions through sev-
eral sleep stages that are thought to
have different roles. The two main stages
of sleep are rapid eye movement (REM)
and non-rapid eye movement (NREM)
sleep. It has been proposed that transitions
between sleep stages (i.e., sleep promotion/
initiation) and sustaining individual stages
(i.e., sleep maintenance) are controlled by
independent mechanisms (Teng et al,
2021). These mechanisms are in con-
stant communication with one another
to maintain healthy boundaries between
each vigilant state (i.e., wake, NREM and

REM sleep) and to promote a healthy
sleep structure.

One region that has received particular
interest for its role in sleep–wake regula-
tion is the lateral preoptic hypothalamus
(LPO). The LPO contains two main group
of cells: excitatory glutamatergic neurons,
which are proposed to be inactive dur-
ing sleep and function to promote wake-
fulness when active (Chung et al, 2017;
Mondino et al, 2021); and inhibitory
GABAergic neurons, which promote and
maintain sleep by inhibiting wake-promot-
ing monoaminergic cells (Zhang et al, 2015;
Chung et al, 2017; Mondino et al, 2021).
Notably, these GABAergic neurons can be
divided into multiple subtypes – each of
which regulates either NREM sleep, REM
sleep, or both – and these are intermingled
throughout the LPO (Takahashi et al, 2009;
Chung et al, 2017).

GABAergic LPO neurons are suggested
to be more involved in sleep maintenance
than sleep initiation because electrophysio-
logical recordings of these neurons show
lower activity during the sleep–wake transi-
tion period and increased activity through-
out NREM sleep (Takahashi et al, 2009;
Alam et al, 2014). Further supporting this,
optogenetic and chemogenetic activation
of these neurons results in long-lasting
NREM sleep, while inactivation of these
neurons reduces NREM sleep amounts
by increasing wakefulness (Zhang et al,
2015; Chung et al, 2017; Kroeger et al,
2018). In addition to sleep maintenance,
some subpopulations of GABAergic LPO

neurons play a role in sleep homeostasis.
These neurons show elevated activity dur-
ing prolonged wakefulness periods when
homeostatic sleep pressure is high, and
gradually decline in activity during sleep
recovery periods (Alam et al, 2014). Given
the importance of LPO neurons in sleep
maintenance and homeostasis, any dis-
turbance to LPO neurons could potentially
lead to sleep fragmentation, sleep debt, and
an overall lack of healthy sleep structure.

LPO neurons express glutamatergic
NMDARs. NMDARs are expressed glob-
ally and have previously been shown to
be critical for sleep regulation. For example,
pharmacological inactivation of NMDARs
abolishes both NREM and REM sleep
(Burgdorf et al, 2019; Pálfi et al., 2021), and
their activation increases the time spent in
NREM sleep in rodents (Burgdorf et al,
2019). Yet the specific contribution of LPO
NMDARs in sleep maintenance is unclear.
In a recent issue of J Neurosci, Miracca et
al. (2022) aimed to understand whether
NMDARs on LPO neurons underlie the
role of LPO cells in sleep maintenance
and homeostasis in a mouse model.

Using multiunit recordings and in vivo
fiber photometry, the authors revealed that
population activity in the LPO was nor-
mally greater during REM sleep than during
NREM sleep or wakefulness. In contrast,
when LPO NMDARs were knocked out
by genetic deletion of GluN1 subunits of
NMDARs (generating DGluN1-LPO mice),
the levels of neuronal activity were not sig-
nificantly different between wake, REM,
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and NREM sleep. Additionally, the
elimination of NMDARs reduced average
time spent in NREM and REM sleep and
increased wakefulness compared with con-
trol mice. Not only were total sleep amounts
decreased, but DGluN1-LPO mice also
exhibited sleep fragmentation. Specifically,
the number of wake and NREM sleep epi-
sodes increased and the duration of each
episode was reduced. Interestingly, the
power of cortical theta oscillations during
REM sleep decreased in DGluN1-LPO
mice compared with their control, sug-
gesting that NMDARs on LPO neurons
may be responsible for regulating cortical
theta oscillations during REM sleep, as well
as for maintaining continuous sleep.

To assess the role of LPO neuronal
NMDARs in sleep homeostasis, the authors
conducted a 6 h sleep deprivation protocol.
During sleep deprivation, the DGluN1-LPO
mice fell asleep significantly more fre-
quently and had shorter latency to fall
asleep compared with control mice.
These results suggest elevated sleepiness
in mutant mice. In addition, the power of
delta oscillations during the first hour of
NREM sleep recovery after sleep depriva-
tion was higher than baseline levels meas-
ured before sleep deprivation in both
mutant and control mice. Because increased
power in delta oscillations is a marker of
sleep recovery, these results suggest that
sleep homeostasis was intact in mutant
mice. However, DGluN1-LPO mice still
exhibited high sleep fragmentation during

sleep recovery, as the number of NREM
sleep and wake occurrences was significantly
greater, while the duration of each episode
was shorter than control mice. These find-
ings indicate that NMDARs on LPO neu-
rons play a role in sleep maintenance but
not sleep homeostasis.

The remaining question was which
NMDAR-expressing LPO neuronal pop-
ulations are responsible for sleep mainte-
nance. To address this question, short
hairpin RNA (shRNA) targeting the
GluN1 subunit was used to selectively
reduce the expression of NMDARs in
either GABAergic or glutamatergic LPO
neurons. Knocking down GluN1 selec-
tively in glutamatergic neurons resulted in
a typical sleep–wake structure similar to
that in control mice. In contrast, knocking
down GluN1 selectively in GABAergic
neurons increased the number of transi-
tions between wake and NREM sleep while
decreasing the duration of each episode,
similar to the phenotype observed in
DGluN1-LPO mice. Interestingly, unlike
theDGluN1-LPOmice, REM sleep amounts
remained similar to the control mice, and
there was no significant change in cortical
theta oscillations in these mice.

A sleep deprivation procedure was
conducted on mice with reduced GluN1
expression in GABAergic LPO neurons.
Unexpectedly, during the sleep depriva-
tion period, mutant mice did not exhibit
the sleepiness phenotype observed in
DGluN1-LPO mice, and the phenotype

was more comparable to the control mice.
During sleep recovery in mice which had
reduced NMDARs in GABAergic neu-
rons, the power of delta oscillations during
NREM sleep was higher than at baseline
levels, demonstrating that sleep homeostasis
was intact. Additionally, the mutant mice
showed greater sleep fragmentation than
controls, thus suggesting that NMDARs on
GABAergic LPO neurons are required for
sleep maintenance.

These results align with previous stud-
ies in which optogenetic activation or
inactivation of GABAergic LPO neurons
increased or decreased amounts of NREM
sleep, respectively, without impacting the
overall sleep–wake homeostasis (Chung et
al, 2017; Kroeger et al, 2018). Moreover,
Mondino et al. (2021) demonstrated that
optogenetic activation of glutamatergic
LPO neurons promotes wakefulness while
destabilizing NREM sleep (Mondino et al,
2021). Based on these studies, we speculate
that the GABAergic LPO neurons project
to and inhibit glutamatergic LPO neurons
during NREM sleep, promoting and stabi-
lizing NREM sleep via local inhibition
(Fig. 1). Furthermore, previous studies
have shown that NREM-promoting nuclei,
such as the perioculomotor region (Zhang
et al, 2019) and subthalamic nucleus (Liu
et al, 2018), send excitatory inputs to the
LPO. Therefore, it is possible that, during
NREM sleep, the NMDARs on GABAergic
LPO neurons are activated by these NREM-
promoting nuclei, which thereby inhibit the
glutamatergic LPO cells. Without this local
inhibition, the wake-promoting glutamater-
gic LPO neurons would actively fire during
NREM sleep, even while other NREM-pro-
moting nuclei are activated, which may
result in the sleep–wake fragmentation phe-
notype observed byMiracca et al. (2022).

Another potential pathway by which
LPO neurons may regulate NREM sleep is
by their projections to the VTA. It has pre-
viously been shown that GABAergic LPO
neurons inhibit GABAergic VTA cells
which promote NREM sleep (Yu et al.,
2019; Gordon-Fennell et al, 2020). Since
some GABAergic neurons in the LPO are
wake-promoting (Chung et al, 2017), it is
possible that these neurons inhibit NREM-
promoting GABAergic VTA during wake-
fulness. Thus, we speculate that the removal
of this inhibition by knocking down
NMDARs on GABAergic LPO neurons
would have increased the activity of
GABAergic VTA cells, leading to an
increase in NREM sleep. On the other
hand, glutamatergic LPO neurons pro-
ject to glutamatergic and dopaminergic
VTA cells that initiate wakefulness (Eban-

Figure 1. A schematic diagram of the neural circuitry involving LPO and VTA cells. NREM sleep is induced by subpopula-
tions of GABAergic LPO neurons through inhibition of wake-promoting regions. To maintain continuous NREM sleep, we
hypothesize that GABAergic LPO neurons inhibit the activity of local wake-promoting glutamatergic LPO cells. Further, we pro-
pose that wake-promoting GABAergic LPO cells inhibit NREM-promoting GABAergic VTA cells to promote transitions from
NREM to wakefulness. Wakefulness may be further facilitated by excitation of wake-promoting glutamate/dopamine VTA neu-
rons by glutamatergic LPO cells.
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Rothschild et al, 2016; Yu et al, 2019;
Gordon-Fennell et al, 2020). Therefore, re-
moval of this excitation would lower the
activity of wake-promoting VTA cells.
Consequently, when both GABAergic and
glutamatergic LPO cells are inactive due
to NMDAR knock out, sleep-promoting
VTA neurons would have increased
activity, while wake-promoting VTA neu-
rons would have decreased activity, result-
ing in the greater sleepiness behavior
observed in the study by Miracca et al.
(2022) (Fig. 1). Future studies should
investigate the function of LPO projec-
tions to VTA neurons in sleep and wake-
fulness regulation.

It may be puzzling that GABAergic
LPO neurons are most active during REM
sleep if they play a role in NREM sleep
maintenance. Consistent with the current
paper, previous studies have confirmed
that the majority of LPO cells display max-
imal activity during REM sleep, with lower
discharge during NREM sleep (Alam et al,
2014; Chung et al, 2017). As previously
stated, there are many GABAergic subpo-
pulations within the LPO, including CRH-
and CCK-expressing neurons, which, upon
optogenetic activation, increase REM sleep
amounts in addition to increasing NREM
sleep (Chung et al, 2017). Given that the
authors expressed calcium indicators in all
GABAergic neurons as a whole and the
different subpopulations of GABAergic
neurons are intermingled in the LPO, it
was technically challenging to determine
whether different subpopulations exhib-
ited different temporal patterns of activity.
Thus, targeting specific subpopulations of
LPO neurons expressing NMDARs will
enhance our understanding of which cell
types are involved in the regulation of
REM and NREM sleep.

An interesting finding by Miracca et
al. (2022) was that nonspecific knock out
of NMDARs in LPO resulted in reduced
duration of REM sleep, power of theta
oscillations during REM sleep, as well as
increased sleepiness during the sleep

deprivation experiment, whereas cell-spe-
cific knockdown of NMDARs in either
GABAergic or glutamatergic LPO neurons
did not result in these phenotypes. These
results suggest that silencing both gluta-
matergic and GABAergic LPO neurons
resulted in a synergic effect, such that,
when all glutamate inputs to LPO neu-
rons and hence LPO outputs onto other
sleep- and theta-regulating neurons were
abolished, more dramatic effects were
observed.

In conclusion, Miracca et al. (2022)
uncovered a novel role of NMDARs in
sleep maintenance and cortical oscilla-
tion regulation during REM sleep. These
results are significant because they open
up a new avenue of research into mecha-
nisms that might prevent sleep fragmen-
tation and may provide an opportunity
to treat insomnia and other related sleep
disorders.
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