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Wake-active brainstem GABA neurons signal sleep
pressure by upregulating AMPA receptors to drive
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to NREMS, upregulate GluA1-containing
AMPA receptors, and drive rebound
sleep, revealing a synaptic-plasticity
mechanism for homeostatic sleep
recovery.
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SUMMARY

How the brain compensates for sleep deprivation (SD) by generating recovery sleep (RS) is not understood.
Using Ca?* photometry, we identified a WAKE/rapid eye movement sleep (REMS)-active somatostatin/par-
valbumin GABAergic population in the mouse brainstem oral pontine reticular nucleus (PnOYea), Following
SD, Pn0V9 cells transiently switched for the first hour to higher activity during non-REMS (NREMS), promot-
ing RS. Chemogenetic activation of PnOV9®* neurons prolonged NREMS, whereas ablation blunted electro-
encephalogram (EEG) delta power rebound and slowed RS accumulation. During RS, the selective switch
of Pn0Y9! cells to having higher Ca®* levels in NREMS correlated with elevated levels of synaptic proteins
PSD95, activated calmodulin-dependent kinase Il CaMKIl (pCaMKIl T286), activated PKA (pPKA T197),
and GluA1-containing AMPA receptor subunits with enhanced serine phosphorylation. All increases started
during SD and persisted after the first hour of RS. Patch-clamp recordings demonstrated increased postsyn-
aptic AMPA/sleep homeostasis (NMDA) receptor ratios in PnOV9% cells 1 h after RS, indicating increased
excitability and greater capacity to drive RS. In contrast, an intermingled population of GABA/glycinergic
neurons did not respond to SD, despite having similar baseline WAKE/REMS activities and an ability to
promote NREMS. The PnO also contained an intermingled population of excitatory PnOV9"“*2 WAKE/
REMS-active neurons; lesioning them caused hypoactivity, but sleep or WAKE amounts were unaffected.
The synaptic homeostasis hypothesis (SHY) proposes that as wakefulness progresses, synaptic AMPA re-
ceptor activity is enhanced, and subsequently downregulated during NREMS to rebalance circuit function.
We suggest that a variation of SHY implements catching up on lost sleep, with glutamate receptor plasticity
in the PnO tracking time awake and adjusting NREMS amounts accordingly.

INTRODUCTION suggested to require refinement,” and it has been questioned

whether the increase in electroencephalogram (EEG) delta

Both stages of mammalian sleep, non-rapid eye movement
sleep (NREMS) and rapid eye movement sleep (REMS), are regu-
lated by homeostatic mechanisms—the longer wakefulness
persists, the stronger the urge to sleep becomes, and there is
usually then some catching up on lost sleep.'** Although classi-
cally, the sleep drive is framed as being determined by two
distinct processes, process S (homeostatic) and process C
(circadian),® this concept of dual drives has recently been

®

(0.5-4 Hz) power after sleep deprivation (SD) is the best or only
measure for sleep need.”? Following SD, there is a recovery
sleep (RS) NREMS, in which there is an immediate but short-last-
ing increase in the delta component of the EEG, and a slower,
and probably more consequential, actual catching up of some
of the lost NREMS, which takes place over the subsequent
48 h or so after SD."? How the brain detects sleep loss and
then repays this sleep debt remains a central and unsolved
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question, especially because the need to catch up on lost sleep
suggests there is an important function for sleep.’ Understand-
ing what is being measured or tracked with wakefulness may
reveal this function.

While fruit flies seem to have dedicated “sleep homeostasis”
neurons,” it is unclear whether this is the case in vertebrates, in
which neurons that promote sleep also sense sleep pressure,
with possibly no particular dedicated homeostasis circuit. Sleep
need, at least as inferred from the appearance of EEG delta
waves, can be sensed locally in, for example, the neocortex.®
In vertebrates, various circuits and cell types regulate catching
up on sleep and are distributed throughout the brain: somato-
statin/GABA cells in the prefrontal cortex,® neocortical pyrami-
dal/dentate granule cells,” parvalbumin cells in neocortex,®
galanin cells in the preoptic hypothalamus,®'" GABA cells in
the ventral tegmental area (VTA),'? serotonin cells in the dorsal
raphe,'® and thalamic nucleus reuniens and zona incerta neu-
rons'* all contribute to catching up on lost sleep after SD. After
SD, some of these circuits produce both the transient increase
in delta power and the partial catching up on lost sleep. In any
case, the question is: what activates these diverse circuits to
induce sleep pressure? In other words, what induces the
sleep-promoting neurons to start firing?

During WAKE and sleep periods, some synapses physically
change size, increasing and decreasing, change their composi-
tion, change their strength, or even disappear depending on syn-
apse type and brain area,'~'® and one function of NREMS could
be to rebalance synaptic strength.’®?° This is known as the syn-
aptic homeostasis hypothesis (SHY). The essence of SHY is that
during wakefulness, neocortical and hippocampal neurons
acquire higher levels of excitatory ionotropic glutamate/AMPA
receptors, as measured by more GluA1 AMPA receptor subunits
during wakefulness than sleep, and more PKA- and calmodulin-
dependent kinase Il (CaMKIl)-dependent phosphorylation on
critical serines in the intracellular domains of GluA1, which pro-
duces more excitability.’’?* These levels are reset during
just a few hours of NREMS.?” In forebrain synapses, the
weakening of connections during sleep is produced by the
Homerla protein.”®> However, these findings do not indicate
what the sleep drive itself is and how RS would be initiated in
response to lost sleep.

An intriguing idea is that sleep pressure itself arises from syn-
aptic plasticity. In this model, a longer time awake leads to more
strengthening of synapses between sleep pressure-sensing
cells and sleep-promoting cells.?* In particular, studies in
Drosophila have suggested that sleep loss induces synaptic
modifications and increases synaptic strength via presynaptic
N-methyl-D-aspartate (NMDA) glutamate receptor-dependent
plasticity within the ellipsoid body of the fly brain, so that the
sleep drive is a strengthening of communication between those
neurons sensing sleep pressure and those that command
sleep.24 On the other hand, when we tested this idea in mice,
we found that selectively ablating NMDA glutamate receptors
from hypothalamic preoptic sleep-promoting galanin neurons
left sleep homeostasis (as defined by the delta power increase)
unaffected.”® Nevertheless, a non-NMDA receptor mechanism
for inducing RS was recently described in which SD in mice
caused a presynaptic CaMKII-dependent increase in presynap-
tic arborization, in other words, a structural change, thereby
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enhancing synaptic coupling between thalamic reuniens and
NREMS-inducing zona incerta neurons.'® This change was
associated with an increase in EEG delta power after SD and
more consolidated NREMS.'* Similarly, artificially increasing
postsynaptic synapse sizes on spines of excitatory pyramidal
cells in the prefrontal cortex increases EEG delta power and in-
duces more NREMS.?® Thus, the principle of plasticity as a
way of encoding sleep drive could apply to various circuits,
even if individual mechanisms are different.

Here, we investigated circuitry governing sleep-wake and, in
particular, NREMS homeostasis circuitry in the brainstem, in a
small region known as the oral pontine reticular nucleus (PnO),
a likely component of the ascending reticular activating system.
Work predating modern circuitry mapping techniques found that
in cats and rats, injecting excitatory and inhibitory transmitter ag-
onists and antagonists into the PnO affects amounts of REMS
and WAKE.?’"*2 One study of the PnO using modern methods
showed that dual inhibitory glycinergic/GABAergic neurons in
the mouse PnO (and neighboring caudal pontine reticular nu-
cleus) project to the midline thalamus, and, when opto-activated,
lead to behavioral arrest—all behaviors of the mice became sus-
pended, but the mice maintained their posture®®; concomitantly,
large amplitude slow oscillations in the delta frequency range of
local field potentials in the neocortex were induced.**

By surveying three PnO neuronal classes, WAKE-promoting
glutamatergic, and NREMS-promoting glycinergic and
GABAergic cells, we discovered that the somatostatin/parvalbu-
min-expressing GABAergic neurons, but not glycinergic or gluta-
matergic neurons, regulate sleep homeostatic responses—the
GABAergic cells switch their activity, as inferred from Ca®*
levels, from WAKE- and REMS-active to NREMS-active, to drive
RS. Lesioning them eliminates the increase in EEG delta power
following SD and slows the rate of subsequent recovery
NREMS. To our knowledge, this study is the first to report a
defined neuronal population altering its spontaneous sleep-
wake activity profile in response to extended wakefulness. We
find that the mechanism for how the initial part of this process
is likely implemented, with an upregulation of synaptic scaffold
proteins, kinases, and GluA1 AMPA receptors, highly resembles
that proposed for SHY.

RESULTS

In baseline conditions, all GABAergic, glycinergic, and
glutamatergic populations in the PnO have their highest
calcium activities in WAKE and REMS

We began by examining the natural dynamics of the PnO neu-
rons, as assessed by their internal Ca®* levels, across the
sleep-wake cycle. AAV-DIO-GCaMP6s was injected into the
PnO of Vgat-Cre, GlyT2-Cre, and Vglut2-Cre mice (Figures 1
and S1), and neuronal population activity was measured by
photometry (Figure 1A). In PnOV9% neurons, higher Ca2* levels
were present during WAKE and REMS, whereas levels during
NREMS were lower (Figure 1B). The signals increased when
mice transitioned from NREMS to REMS or to WAKE. A time-
locked decrease in activity of PnOVY9%' neurons occurred at
WAKE-NREMS transitions (Figures 1C and 1D). PnO®YT2 neu-
rons exhibited similar patterns of spontaneous Ca®* levels
(Figures S1A and S1B), with the highest Ca®* transients during
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REMS, followed by WAKE, and the lowest activity during
NREMS (Figure S1C). PnOV9"®2 neurons had the highest Ca?*
during WAKE, followed by REMS and NREMS (Figures 1E and
1F), with the Ca®* transients peaking soon after the NREMS-
WAKE transitions and then decaying (Figures 1G and 1H).
Thus, both inhibitory and excitatory neurons in the PnO, regard-
less of their transmitter usage, are predominantly WAKE- and
REMS-active.

Inhibitory PnO neurons produce NREMS, whereas
glutamatergic neurons maintain locomotor activity

We next evaluated how PnO neuronal activity influenced sleep-
wake states (Figures 2, S2, and S3). By bilateral AAV injections
(Figure 2A), we expressed the excitatory chemogenetic
hM3Dq-mCherry receptor selectively in Vgat, GlyT2, and Vglut2
PnO neurons of the respective Cre mice. Sleep and WAKE
were then monitored after clozapine N-oxide (CNO, 0.3 mg/kg
intraperitoneal [i.p.]) injections. Surprisingly, given their selective
WAKE- and REMS-active Ca2* profile, chemo-activating
Pn0OVY93 neurons induced NREMS for 3 h following CNO injection
during the dark phase, a period when mice are more likely to be
active (Figures 2B-2D). Total duration of WAKE was significantly
reduced, whereas REMS remained unaffected. Consistently, the
latency to NREMS was shortened following CNO injection,
compared with the control saline-injected mice (Figure 2E). The
increased NREMS duration was due to longer sleep bouts, sug-
gesting consolidated NREMS (Figures 2F and 2G). Similarly,
chemo-activation of the PnOV9%! neurons during the light (inac-
tive) period increased the duration of NREMS for 4 h at the
expense of both WAKE and REMS (Figures S2A and S2B).
No change was found in the control mice injected with
AAV-DIO-mCherry (Figures S2C and S2D). We next chemoge-
netically tested the other inhibitory population, PnO®Y™2, Simi-
larly, and surprisingly, given their REMS preference deduced
from Ca?* levels, PNO®Y™ neurons also produced NREMS
when activatyed chemogenetically, which lasted for 2 h
(Figures S3A-S3E). For both Pn0Y92' and PnO%Y™ neurons,
REMS was postponed during CNO activation. In contrast, after
chemo-activating PnOV9"*? neurons during the light (inactive)
period, prolonged WAKE (lasting up to 6 h) occurred at the
expense of both NREMS and REMS (Figures 2H-2K). The
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latencies to both NREMS and REMS were significantly increased
(Figure 2L). Bout lengths and bout counts are shown in
Figures 2M and 2N, respectively.

Thus, inhibitory PnO neurons can strongly produce NREMS
while postponing REMS episodes, but there is an intriguing
disconnect with the Ca®" photometry data for these cells, in
which the highest Ca?* levels were during WAKE and REMS. In
contrast, PnOY9"“'2 neurons can generate extended WAKE, and
this does correlate with their Ca* activity in baseline conditions.
To look more closely at the identities of PnOY9%" neurons, AAV-
DIO-GFP was injected into the PnO area of Vgat-Cre mice, acute
brain slices were prepared, and GFP-expressing cells were
analyzed by single-cell reverse transcription quantitative PCR
(RT-gPCR) (Figure S3F). GlyT2 cells in the PnO are expected to
be a subset of the total Vgat-expressing population, and about
20% of the Vgat-Cre Pn0OY9%! cells contained GlyT?2 transcripts
(Figure S3F). These cells may be some of the dual glycine/
GABA cells that produce behavioral arrest when activated.*®
Many (about 70%) of the Vgat-Cre PnOY9%! neurons contained
somatostatin (Sst) and parvalbumin (Pvalb) transcripts; a small
number of PnOY9 cells also contained Vglut2 transcripts. This
substantial heterogeneity may contribute to regulating sleep.

Expression of the hM3Dq-mCherry receptor provided an op-
portunity to map the projections of PnOYE2 and PnOY9% neu-
rons. Each type had a distinct pattern of ascending projections:
mCherry-positive axons of PnOY9% neurons went primarily to the
basal forebrain, ventral striatum, lateral hypothalamus (LH), zona
incerta, and in the brain stem, the ventral area of the gigantocel-
lular reticular nucleus (GRN) (Figure 3A); PnOY9"*2 neurons sent a
different pattern of ascending projections, including to thalamic
midline nuclei, the VTA, and dorsal GRN (Figure 3B).

We tested the necessity of the PnO cells in sleep regulation by
using caspase-mediated selective lesioning (CASP). AAV-DIO-
CASP3 was bilaterally injected into the PnO of Vgat-Cre or
Vglut2-Cre mice to generate PnQY93:-CASP gnd pnQYani2-CASP
mice, respectively. In each case, CASP mice were paired
with their littermate controls injected with AAV-DIO-mCherry
(PnQVoat-mcheny gndq ppQVoltz-mchery ontrols) (Figure 4A). The
majority of PnO neurons were ablated 4 weeks after the viral in-
jection (85% PnOY9® and 93% PnOV9“2 were eliminated,
respectively) (Figure S4). In PnOY9a:CASP mice, there was

Figure 1. Spontaneous activity of PnO neurons across sleep-wake states

(A-D) Pn0O"9% neuronal population activities recorded using fiber photometry with EEG/EMG recordings in freely behaving Vgat-Cre mice.

(A) Left, illustration of the experimental setup. Right, image with higher magnification showing the location of AAV-DIO-GCaMP6s expressing neurons and a fiber
optic for capturing spontaneous activities of PnOY9a! neurons. Scale bars, 100 pm.

(B) Representative fiber photometry recordings aligned with EEG/EMG signals of the PnOV9® neurons.

(C) Combined fluorescence responses during transitions between vigilance states for all mice. Top, individual traces with color-coded fluorescence intensity.

Bottom, mean responses of each transition (black line) + SEM (gray).

(D) Quantification of PnO population activities during sleep-wake transitions. Error bars represent SEMs. Individual circles in the graphs indicate independent

mice used per experiment.

(E-H) Spontaneous activities of the PnOV9"*2 neurons across sleep-wake cycles combining fiber photometry with EEG/EMG recordings in freely behaving Vglut2-

Cre mice.

(E) Left, illustration of the experimental setup. Right, image with higher magnification showing the location of AAV-DIO-GCaMP6s expressing neurons and a fiber
optic for capturing spontaneous activities of PnOV9"“*2 neurons. Scale bars, 100 pm.

(F) Representative fiber photometry recordings aligned with EEG/EMG signals of the PnOY9"“*2 neurons.

(G) Combined fluorescence responses during transitions between vigilance states for all mice. Top, individual traces with color-coded fluorescence intensity.

Bottom, mean responses of each transition (black line) + SEM (gray).

(H) Quantification of PnO population activities during sleep-wake transitions. Individual circles in the graphs indicate independent mice used per experiment. Error
bars represent SEMs. Individual circles in the graphs indicate independent mice used per experiment.”p < 0.05 and *p < 0.01, paired t test.

See also Figure S1.
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significantly shortened NREMS in both light and dark periods,
due to fewer NREMS bouts; conversely, the duration of wakeful-
ness was increased, whereas REMS remained unaffected
(Figures 4B—-4E). For the sleep-wake microarchitecture, ablating
PnOv9a neurons reduced the transitions between WAKE
and NREMS by about 20% in both light and dark phases
(Figure 4F). Consistently, PnO"93:CASP mjce traveled longer
distances in the open-field assay compared with control
PnQYeat-mCherry mice (Figure 4G).

In PnOV9t2-CASP mice, no changes in baseline sleep were
detected when compared to the PnQYEM22-mChery control ani-
mals (Figures 4H-4J). However, compared with controls,
PnOVolt2-CASP mice were hypoactive, with a reduced travel
distance in the open-field assay, suggesting that these mice
spent more time in a quiet wakefulness state (Figure 4K).

These findings show that PnOY9 neurons are necessary for
maintaining normal sleep structure (typical amounts of sleep),
whereas PnOV9""2 neurons support locomotion.

Pn0"92t put not PnO%"Y"2 neurons respond to sleep
pressure and contribute to sleep homeostasis

We examined, by fiber photometry, whether PnOV92 or PnOGYT2
neurons respond to high sleep pressure. 5 h of SD were per-
formed by introducing novel objects, and GCaMP6s signals in
the low (control) and high (SD) sleep pressure groups were
then compared at the same circadian time (Figure 5A). Following
5 h of SD, the Ca?* transients in the PnOY93! neurons were signif-
icantly increased during the first hour of recovery NREMS rela-
tive to those during the baseline NREMS (Figure 5B). An
increased spike rate (spikes/min) was detected in the PnOV9at
SD group during the first hour of RS, indicating that the
PnOVY93 neurons are highly sensitive to sleep need (Figure 5B).
This elevated rate of Ca®* spikes gradually decreased over
time and returned to baseline levels by the third hour post-SD.
These observations suggest that the increase in activity of
PnOV9a! neurons is reversible and coincides with the rise in delta
power following SD (Figure 5B). In contrast, no difference in
WAKE spike rate was observed after SD (Figure S5A). We per-
formed the same experiment on PnO®YT2 neurons (Figure 5C).
Although exhibiting similar REMS/WAKE Ca2* activity patterns
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and NREMS-promoting effects as PnOV92t cells under baseline
conditions (Figures S3A-S3E), PNO®Y™2 neurons had low Ca®*
activity during RS, so did not respond to elevated sleep pressure
(Figure 5C). Similarly, no change in the Ca®* transients occurred
in PNOY!2 neurons during recovery sleep compared with base-
line sleep (Figures S5B and S5C). These results suggest that the
state-switching property upon elevated sleep pressure, firing
during WAKE and REMS, and then switching to activity during
NREMS, is unique to PnOY9® neurons.

Using the PnOY93:-CASP mice (with chronically deleted PnOYoat
cells), we examined whether these neurons are required for ho-
meostatic sleep regulation. Transiently increased EEG power
of the delta band (0.5-4 Hz) marks the initial stages of recovery
sleep.? As expected, this increased delta power was observed
during the first 2 h of rRS in PnQV9a-mChemy sontrol animals
(Figure 5D). This increase became undetectable after 2 h, indi-
cating that this feature of RS was dissipated (Figure S6). In con-
trol mice, the accumulated sleep loss resulting from 5 h of SD
was fully recovered after 19 h of RS (Figure 5D). However, the im-
mediate increase in delta power was absent in the PnQV9at—CASP
mice, and the rate of accumulation was less, with only 53% of the
sleep loss recovered in the subsequent 19 h of RS (Figure 5D).
These data suggest that PnOY9®' neurons switch to an
NREMS-active state upon high sleep need and are required for
full homeostatic sleep regulation.

Pn0V"92! neurons upregulate synaptic scaffold proteins,
serine kinases, and GluA1-containing AMPA glutamate
receptors in response to elevated sleep pressure
Enhanced neuronal activity could result from increased excit-
atory synaptic input onto the PnOY9%! neurons. We examined
a possible underlying molecular mechanism that activates
Pn0OV9a! neurons in response to sleep need, focusing on the ion-
otropic AMPA-type glutamate receptors since they are major
determinants of synaptic strength.>* Mice were assigned into
three groups: control (undisturbed sleep), SD (5 h), and RS
(1 h of RS following 5 h of SD) (Figure 6A). Following this,
the PnO region was micro-dissected from all three groups for
the preparation to isolate synaptoneurosomes, a subcellular
fractionation containing both the pre- and postsynaptic

Figure 2. PnO GABAergic neurons promote sleep, whereas PnO glutamatergic neurons induce wakefulness

(A-G) Chemogenetic activation of PnOY93! neurons induces sleep.

(A) Schematic illustrating excitation of PnOV9% neurons using DREADD receptors. AAV-DIO-hM3Dg-mCherry was injected into the PnO of Vgat-Cre mice. Im-
munostaining confirmed the expression of hM3Dg-mCherry in the PnO. Scale bars, 200 pm.

(B) 6-h sleep recordings post-saline (black) or CNO (blue) administration.

(C) Representative EEG/EMG recording post-saline or CNO (0.3 mg/kg) injections.

(D-E) Summarized changes of sleep duration (D) and latency (E) during the 3-h period post-injection.

(F) Average bout length in all vigilance states during 3 h of sleep recordings post-saline or CNO injection.
(G) Total bout counts in all vigilance states during 6 h of sleep recordings post-saline or CNO injection.

(H-N) Chemogenetic activation of Pn0Y9"*2 neurons induces wakefulness.

(H) Schematic illustrating excitation of PnOY9"“2 neurons using DREADD receptors. AAV-DIO-hM3Dq-mCherry was injected into the PnO of Vglut2-Cre mice.
Immunostaining confirmed the expression of hAM3Dg-mCherry in the PnO. Scale bars, 200 pm.

(I) Average percentage of WAKE, NREMS, and REMS states during 12-h sleep recordings post-saline (black) or CNO (orange) administration.

(J) Representative EEG/EMG recording post-saline or CNO (0.3 mg/kg) injections.

(K and L) Summarized changes of sleep duration (K) and latency (L) during the 6-h period post-injection.

(M) Average bout length in all vigilance states during 6 h of sleep recordings post-saline or CNO injection.

(N) Total bout counts in all vigilance states during 6 h of sleep recordings post-saline or CNO injection.

All data are presented as means + SEM. Individual circles in the graphs indicate independent mice used per experiment. *p < 0.05 and **p < 0.01, paired t test.

See also Figures S2 and S3.

2828 Current Biology 36, 2823-2839, June 8, 2026



Current Biology

>

¢? CellPress

OPEN ACCESS

PnOY¢* projections

B

PnOVveue projections

Figure 3. PnO GABAergic and glutamatergic neurons project to various sleep-wake regulating brain areas

(A) Representative images of projections from PnOV9a:mChemy neyrons,
(B) Representative images of projections from PnQV9:mCe™Y neyrons.

Abbreviations are as follows: BF, basal forebrain; PO, preoptic area; STR, striatum; HY, hypothalamus; MD, mediodorsal nucleus of thalamus; MB, midbrain; LH,
lateral hypothalamus; PF, parafascicular nucleus; ZI, zona inserta; VTA, ventral tegmental area; SN, substantia nigra; and GRN, gigantocellular reticular nucleus.

Scale bars, 500 pm.

compartments and enriched with synaptic proteins.***® By
western blot analysis (Figure 6B), both SD and RS groups con-
tained significantly more (around 2-fold) GluA1 AMPA receptor
subunits in the PnO than the control PnO region from non-
sleep-deprived animals, as well as enhanced protein levels

(~25%) of the postsynaptic structural protein of excitatory syn-
apses, PSD95, a protein that enhances insertion of AMPA re-
ceptors into synapses.®”*® As an additional control, levels of
GluA1 AMPA subunits in cerebellum samples from the same an-
imals were not changed (Figure 6C). Elevated protein levels
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Figure 4. Genetic ablation of Pn0Y92 neurons suppresses sleep, and lesioning Pn0V9""*2 neurons reduces locomotion
(A-G) Effects of selective ablation of PnOY93 neurons.
(A) Experimental setup.

(legend continued on next page)
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(approximately 2-fold increase) of the activated (phosphory-
lated) catalytic subunits of PKA(T197)*° and (approximately
4-fold increase) CaMKII(T286),“° again starting in SD and being
maintained through RS, were also detected (Figure 6B). Corre-
spondingly, strongly increased levels of the phosphorylated
form of GIuA1 at S831 and S845, mediated by PKA and
CaMKIl, were also detected in PnO synaptoneurosomes during
SD and in the subsequent RS. Phosphorylation at these serine
sites on GIuA1 could indicate enhanced synaptic transmis-
sion.*"*? By contrast, protein levels in the PnO of GIuA2 or
GIuA3 AMPA receptor subunits and the GIuN1 NMDA-type
glutamate receptor subunit were unchanged during SD and
RS (Figure 6C). As a presynaptic marker, levels of synaptophy-
sin protein, a component of synaptic vesicles, were also un-
changed during SD and RS (Figure 6C).

Next, we assessed functional changes of AMPA receptors,
and thus excitatory transmission, on individual PnOV9%" neurons.
To do this, AAV-DIO-GFP was bilaterally injected into the PnO of
Vgat-Cre mice for visualizing PnOV9%' neurons, and subse-
quently, mice were then either given 5 h SD and 1 h of RS or
experienced the same total period of baseline sleep-wake activ-
ity. Acute brain slices of the PnO area were then prepared, and
whole-cell voltage-clamp recordings were made from GFP-pos-
itive cells. For the PnOY93! neurons from mice that had 1 h RS,
the AMPA/NMDA receptor ratio significantly increased by about
50% compared with the control neurons, thus showing
enhanced incorporation of AMPA receptors onto the postsyn-
aptic sites of the PnOY9%! neurons (Figure 6D).

Collectively, these results reveal that during, or because of,
extended wakefulness, levels of activated serine kinases (PKA
and CaMKIl), synaptic scaffolding proteins (PSD95), and GluA1
AMPA receptor subunits and associated serine phosphorylation
increase. This all points to GluA1 AMPA receptor-mediated
enhancement of glutamatergic excitatory transmission onto
PnOY93 neurons as a potential mechanism that is already
happening during SD and then contributes to enhancing the
EEG delta power in RS and potentially contributes to the sus-
tained but slow recovery of sleep.

DISCUSSION

Our study reveals that long-range projecting PnOY92! cells (the
majority of which express the peptide somatostatin and the
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calcium-binding protein parvalbumin) are a component of the
sleep homeostasis system, regulating both the transient delta
power increase after SD and also contributing to the rate of
sleep recovery in the subsequent 19 h post-SD. Within the
PnO, we identified GABAergic PnOV9® neurons, but not the in-
termingled NREMS-inducing GABA/glycinergic PnOSY™ or
WAKE-inducing glutamatergic PnOV9"®2 neurons, as uniquely
able to switch their calcium activities (and thus likely action po-
tential firing) in response to sleep pressure. In baseline condi-
tions, PnOY9%" neurons have the highest Ca?* levels in WAKE
and REMS. But during SD and in the subsequent first 2 h of
RS, Ca®* spiking increases significantly in these neurons.
They then revert to lower Ca?* levels by the third hour of RS.
This raised Ca* during the first 2 h of NREM RS could be either
associated with the cells’ firing action potentials to drive the
first stages of RS, such as the heightened EEG delta power,
or alternatively, the Ca®* could be functioning as a second
messenger to ensure medium-term changes and that the
subsequent RS is implemented by these cells. In parallel, start-
ing during SD and persisting for the first 2 h of RS, levels of
structural postsynaptic protein PSD95 increase, along with
increased protein levels of activated PKA (pT197) and activated
kinase CaMKIl (pT286). The result is that GluA1-containing
AMPA receptors with phosphorylated serines at positions 831
and 845, two maodifications that facilitate enhanced synaptic
transmission,*’*? are functionally upregulated, as confirmed
by an increased AMPA/NMDA glutamate receptor ratio found
by whole-cell recording from PnOY9% cells. These changes,
which do not happen in a non-sleep-regulating structure, the
cerebellum, might allow PnOY9®' neurons to initiate RS and
implement sleep homeostatic control. Without PnOY9%" neu-
rons, there is no increase in delta EEG power straight after
SD, and the rate of recovery of lost sleep, although not abol-
ished, is significantly slowed, such that only around 50% of
the lost sleep was recovered after 19 h.

The upstream glutamate terminals that drive the PnQY9a!
cells during RS could be from the local PnOY9"“*2 neurons,
although these did not change their Ca®* activity during RS, or
be long-range inputs from elsewhere in the brain. However, the
activity and output of the upstream neurons may not need to
change in response to SD, as upregulating postsynaptic AMPA
receptors will be sufficient to produce more responses (i.e., the
response to sleep pressure is only postsynaptic).

(B) Representative EEG/EMG recording across 24 h in control mCherry and PnOV9% caspase groups.
(C) Summary of total amount of time for both control (black) and caspase (blue) mice spent in WAKE, NREMS, and REMS states in the 12 h of light period or 12 h of

dark period (with gray background).

(D) Left, average bout length during 12 h of light phase; right, average bout counts during 12 h of light phase.

(E) Left, average bout length during 12 h of dark phase; right, average bout counts during 12 h of dark phase.

(F) Reduced transitions between WAKE and NREMS states in the caspase mice compared to controls in both light and dark periods.

(G) 30 min open-field test on Vglut2-Cre mice. Top, travel distances in both mCherry control (black) and caspase (blue) groups plotted every 5 min. Bottom,
average total travel distances during 30 min tests in both control and caspase groups.

(H-K) Effects of selective ablation of PnOV9" neurons.
(H) Experimental setup.

(I) Representative EEG/EMG recording across 24 h in control mCherry and caspase groups.
(J) Summary of total amount of time for both control (black) and caspase (orange) mice spent in WAKE, NREMS, and REMS states in the 12 h of light period or 12 h

of dark period (with gray background).

(K) Left, travel distances in both mCherry control (black) and caspase (orange) groups plotted every 5 min; Right, average total travel distances during 30 min tests

in both control and caspase groups.

All data are presented as means + SEM. Individual circles in the graphs indicate independent mice used per experiment. *p < 0.05 and **p < 0.01, t test.

See also Figure S4.
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Our work builds on previous ideas as follows: although many
synaptic proteins become phosphorylated following SD or time
spent awake,®™*° one simple change stands out. It is long estab-
lished that as wakefulness progresses, GIuA1 AMPA receptor
amounts, and serine 831 and 845 phosphorylation of this subunit
on the C terminus, increase, and that both GluA1 levels and
serine phosphorylation decrease during sleep.?’ This is sug-
gested to enable rebalancing of synaptic strengths and as a pur-
pose of sleep (the SHY hypothesis).'®*° More phosphorylated
GluA1-containing AMPA receptors correspond to enhanced
transmission at glutamate synapses between excitatory cells.
However, for this particular PnO circuit, we are proposing that
this SHY mechanism is adapted for catching up on sleep. As
WAKE progresses, GluA1 phosphorylation and the AMPA/
NMDA receptor ratio increase in PnOVY9at cells, and then, in
conjunction with (unknown) upstream glutamate neuronal input,
this enhanced AMPA receptor expression is the basis for
catching up on sleep. NREMS is initiated by the dedicated cir-
cuitry of the PnOY%% cells (but not the glycinergic cells).

Mechanism of plasticity (increased synaptic drive) onto
Pn0V9?* neurons that could ensure enhanced recovery
sleep

Many different changes in PnO"%2! neurons, enhancing commu-
nication between excitatory neurons and PnOY9® neurons, could
happen in parallel and reinforce each other during SD. An inter-
esting feature is the increase in protein levels of PSD95, CaMKII,
and PKA kinases, as well as GluA1 subunits (but not the other
AMPA subunits or the NMDA GIuN1 subunit). It is unclear how
this protein level change happens, but if this occurs on dendrites
of PnOY93 cells, then there could be local increases of mRNA
translation of dendritic mRNA, as found in the hippocampus.*’
Post-synaptically, working as a structural protein in spines,
CaMKIl (pT286) is important for initiating structural changes
that in themselves could increase plasticity independent of any
kinase activity, as well as functioning as a kinase that initiates
plasticity (both increases and decreases).*® During SD, pulses
of Ca®* will increase the activity of CaMKII, resulting in autophos-
phorylation, and then the protein becomes Ca?* independent.*®
Increasing the levels of the scaffold PSD95 protein will strongly
promote insertion of AMPA receptors into the synapse, even
without changing GIuA1 levels.®”*® PKA, anchored to AKAP
scaffold proteins, once activated by cyclic AMP (Camp), can
phosphorylate, together with CaMKIl, AMPA GluA1 subunits.
Both kinases work together to enhance AMPA receptor function.
CaMKIIl-mediated serine 831 phosphorylation of the GIluA1
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AMPA subunit C-terminal segment increases single-channel
conductance of the AMPA receptor*’; PKA-mediated serine
845 phosphorylation on GluA1 increases both membrane inser-
tion of receptors containing the subunit, and the single-channel
conductance.®®®? It has been claimed, based on whole-brain
knockouts, that PKA is a “wake-promoting kinase”**; however,
this is likely to depend on the type of cell in which PKA is ex-
pressed, as here we are positing that PKA is a “sleep-promoting
kinase” in Pn0OY92" neurons.

Going forward, the relative contributions of these molecular
pathways that allow PnOY9 cells to regulate sleep homeostasis
could be dissected using approaches such as expressing
phospho-mimetic mutations (S831D/S845D) in GluA1°%; domi-
nant-negative constructs that block AMPA receptor function®;
dominant-active (CaMKlla T286D) or kinase-dead CaMKlla
(K42R:T286D) variants, and CN190, a CaMKIl inhibitory peptide;
and dominant-negative PSD95.%®

Consistent with our findings, another study found that parval-
bumin-positive cells in mice contribute to sleep homeostasis
(increased delta power and sleep rebound) and that this requires
CaMKIl activation in those cells.® Although those authors in-
ferred the cells to be neocortical, these parvalbumin neurons
may also include the brainstem PnOY9® population we targeted
by stereotaxic AAV injection (because in the other study, AAV de-
livery and transgenesis were via the optic nerve and so targeted
parvalbumin cells throughout the brain).? Indeed, CaMKII has
been described as a sleep-promoting kinase, as its gene
knockout from the whole mouse reduces total NREMS by about
an hour.>®

It seems likely that for the PnOV9® neurons to fire more
following SD, the end effect of the above processes, such as ki-
nase activation and changes in scaffold proteins, must be to
change channel or receptor function. AMPA-type glutamate re-
ceptors are the main basis for fast (millisecond scale) excitatory
transmission in the brain. They are cation channels, mostly Ca®*-
impermeable, and made as heteromeric combinations of tetra-
mers assembled from four possible AMPA receptor subunits
(GluA1-4), with the composition (e.g., GluA1/GluA2) varying
with cell type and brain region.’®>” AMPA receptors without
the GIuA2 subunit, however, are Ca2"—permeable,68 although it
is now thought that there is a continuum of AMPA receptors con-
taining GIuA2 subunits that can have Ca?* permeability depend-
ing on the association of the receptor complexes with auxiliary
proteins.®® However, it is interesting to note that, although native
Ca®*-permeable AMPA receptors are typically GIuA1/GluA4
heteromers,®>®" GIuA1 can function as a Ca®*-permeable

Figure 5. GABAergic neurons in the PnO switch to NREMS-active mode during recovery sleep and are essential for normal sleep homeostat-
ic responses

(A) Experimental setup. Vgat-Cre or GlyT2-Cre mice injected with AAV-DIO-GCaMP6s in the PnO were randomly assigned to control (undisturbed sleep) and
recovery sleep (RS, 1 h sleep following 5 h of sleep deprivation) groups. Ca?* transients of Pn0Y9% or PnO%Y™ neurons were recorded using fiber photometry and
compared at the same circadian time points.

(B) Top, representative fiber photometry recordings of PnOV92 neurons under baseline sleep and RS. Bottom, quantification of spike rates in controls, 1,2,and 3 h
of RS. Error bars represent SEMs. Individual circles in the graphs indicate independent mice used per experiment. *p < 0.05 and **p < 0.01.

(C) Top, representative fiber photometry recordings of PnO®Y™ neurons under baseline sleep and recovery sleep. Bottom, quantification of spike rates in
controls, 1, 2, and 3 h of RS.

(D) Homeostatic responses of mice with AAV-DIO-mCherry infected (control) or selective PnOV9 neurons ablated with AAV-DIO-Capsase. Left, slower
recovery following 5 h of SD in the caspase group compared with controls. Middle and Right, normalized delta power during the first 2 h of RS in the control
and PnOV9at-CASP mice. Delta power accumulation is eliminated after selective ablation of Pn0Y9% neurons. Shaded bands represent the SEMs.

See also Figures S5 and S6.

Current Biology 36, 2823-2839, June 8, 2026 2833



¢ CellPress

OPEN ACCESS

Current Biology
Article

A Western Blotting
Vgat-Cre mouse 0%0
_ (= a'n =
Control —— T/ PnO
sD o —————| Synaptoneurosome
\ AMPA
SD+Rs Acute brain slices — o
1 1 J
0 Time (h) S 6
Patch-clamp
MW MW MW MW
(kDa) Control SD RS (kDa)ControI SD RS (kDa) Control SD RS (kDa) Control SD RS
T286 197
- _
CalKIl
C
'% E control
o H so
% 1.0 O rs
el
&
s 05
£
(=]
p=4
0.0
GluA1 PSD95 GluA1 p831 GluA1 p845 pCaMKIl T286 pPKAT197
c c 157 o 57 E control
2 M sp
MW Control SD RS Control SD @ O rs
(kDa) 3
95 @
N
s
35 35 S
NR1 GluA2/3
_é B control
mw Control SD RS Control SD RS 8 Eifs’
(kDa) 3
Synaptophysin Cerebellum g
35 95 GluA1 @
N
) Cerebelum £
35 B-actin 35 B-actin 2
Synaptophysin Cerebellum
GluA1
D **
2.5+
PhOYeLGFP Control RS .
=} _
AMPA b 2.0 :
AMPA - ©
vl"rA g 1.5
\l?/ NrﬁDA \NMDA ; oo
< 1.0+
<= %
0.5+
. 10pA
Para-horizontal J P
10ms 0.0-
Control RS

Figure 6. Enhanced synaptic strength in the PnO GABAergic neurons during recovery sleep following prolonged wakefulness
(A) Experimental setup. Vgat-Cre mice were randomly assigned to three groups: control, 5 h of sleep deprivation (SD), and recovery sleep (RS, 5 h of SD followed
by 1 h of RS). Changes in synaptic strength were assessed using biochemical and electrophysiological methods. First, synaptoneurosomes were extracted from
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homomeric receptor that contributes to plasticity,’” and that
increased amounts of GluA1 homomeric receptors in PnOV92!
cells could explain the enhanced Ca®* signal. The Ca®* through
these receptors could have further second messenger roles to
ensure that PnOY92! cells stay active following SD.

Beyond the simple concept of synaptic plasticity, an intriguing
alternative explanation for our findings is that activity in PnOve®
neurons during extended wakefulness alters the maintenance of
excitatory synapse diversity, thereby changing PnOY9® output
and sleep drive. We measured plasticity at the cell population
level (western blot, electrophysiology), but single-synapse ana-
lyses reveal a striking synapse diversity across the mouse
brain,®® and this diversity is modified by SD."® Different synapse
types and subtypes show distinct, activity-dependent protein
turnover rates. 8354 Thus, it could be that in PnO neurons, pro-
teostatic mechanisms regulating excitatory synaptic diversity
could track sleep pressure and adjust NREMS accordingly. A
next step would be to characterize the PnOV9% “synaptome,”
its protein composition and turnover, at high spatial resolution
in identified PnO neurons during extended WAKE.

An unexpected finding of our study is that WAKE/REMS-active
Pn0OVY9at (and PnO%Y™) neurons (inferred by Ca®* photometry)
promoted NREMS when chemo-activated. Similar results, with
mismatches between neurons having WAKE/REMS Ca®* sig-
nals, but when they are chemo- or opto-activated, induce
NREMS, have been reported by us and others before. Examples
include GABAergic neurons in the VTA, parvalbumin-expressing
neurons in the ventral medulla, and glutamatergic neurons in the
lateral habenula (LHb).6>°” Given that the GABA neurons in the
VTA also contribute to catching up on lost sleep after SD,"? it
may be that these neurons can also switch their activity from
WAKE/REMS to NREMS. On the other hand, the PnO%Y'2 neu-
rons do not switch their Ca®* levels during SD.

What triggers the SHY-like mechanism in PnOV9% neurons
during SD? Most models of sleep homeostasis in mammals
focus on molecular mechanisms that affect the increase in
EEG delta power post-SD, but do not usually examine the actual
catching up on lost sleep. There are many substances and
biochemical reactions that change with time spent awake, thus
potentially providing a mechanism to track wakefulness and
sleep pressure, and which could be influencing PnOV92! neurons.
These factors include accumulating extracellular adenosine,®®%°
increasing intracellular chloride concentrations,”® and increasing
non-mitochondrial cytosolic hydrogen peroxide.”" In fruit flies,
changes in mitochondrial oxidation state and accumulating lipid
peroxidation contribute to the origin of sleep pressure.”’# All
these substances, or biochemical changes, are suggested to
result in a threshold being passed because of prolonged
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wakefulness and the activation of sleep-promoting neurons. Mu-
tations in several of the biochemical pathways, such as the LKB1
kinase-Sik3-HDAC pathway, that regulate the overall amount of
sleep in any given 24-h period, although influencing the transient
delta power increase after SD, do not result in the mice catching
up on lost sleep.“® On the other hand, calcineurin phosphatase
knockouts throughout the mouse brain reduce the ability to
catch up on lost sleep.”®

Arousal-promoting neurons in the PnO

We discovered an intermingled population of glutamate neurons
in the PnO that affected locomotion. Their lesioning did not affect
baseline sleep-wake states, but mice became hypomobile after
specific lesioning of these cells. The effects of extended wakeful-
ness upon chemo-activation of these neurons lasted for 9 h,
greater than those of glutamatergic populations in wake-promot-
ing areas such as the preoptic area (POA), LH, and medial septum
(MS),”*"® but comparable in duration to chemo-activation of
wake-promoting glutamatergic/nitrergic cells in the VTA.®® When
activated, the PnO glutamatergic neurons likely engage multiple
wake-related brain regions (see Figure 3) to achieve arousal, for
example, the midline thalamic nuclei (Figure 3). Although lesions
or selective inhibitions of various wake-promoting neuronal popu-
lations have little effect on baseline sleep-wake durations,””~%°
these kinds of neurons often mediate arousal under specific con-
ditions, such as exposure to a novel environment, waking from a
loud sound, or other stressors.®'%* Thus, PnOY9"“*2 heurons could
have similar roles. Also, an anesthetic-sensitive region in the rat
brainstem, termed the mesopontine tegmental anesthesia area,
where microinjections of various anesthetic agents rapidly and
reversibly induce general anesthesia,®"° overlaps with the PnO
area.®®®” How PnO neurons respond to anesthetics or facilitate
emergence and recovery from general anesthesia requires future
investigation.

Conclusions

Our results add weight to the idea that sleep drive is encoded by
synaptic plasticity (see background material in the introduction)
and that sleep homeostasis is regulated by distributed circuits.
Intriguingly, the molecular changes (e.g., serine phosphorylated
AMPA GluA1 receptor subunits, increased CaMKIl levels) in
PnOV93 neurons that seem likely to drive increased sleep are
similar to those that form the foundations of SHY,?" whereby
those markers increase during WAKE, reflecting more potentia-
tion between excitatory cells in the neocortex and hippocampus,
and then become reset during NREMS. %22 We propose that a
SHY-like mechanism between excitatory and inhibitory neurons
in the PnO can also be used to implement sleep homeostasis.

the PnO, and expression of key synaptic proteins was examined using western blotting. Second, acute brain slices containing the PnO area were prepared from
Vgat-Cre mice injected with AAV-DIO-GFP to label GABAergic neurons. AMPA/NMDA receptor ratios were recorded and compared in three experimental

groups.

(B) Top, representative images of western blotting of synaptic proteins including GluA1 AMPA receptor subunit, PSD95, GluA1 p831 and p845, pCaMKII T286,
and pPKA-C T197. Bottom, normalized expression of examined synaptic proteins.

(C) No changes were detected in GIuN1 NMDA receptor, GluA2/3 AMPA receptor, synaptophysin, or cerebellar GluA1 AMPA receptor protein levels.

(D) Left, experimental setup for the electrophysiology. Middle, example traces of evoked AMPA receptor- and NMDA receptor-mediated currents recorded using
whole-cell patch clamp. Right, AMPA/NMDA ratio in control and RS groups. Dots represent individual animals.

All data are presented as means + SEM. Individual circles in the graphs indicate independent mice used per experiment. *p < 0.05, **p < 0.01, **p < 0.001,

and***p < 0.0001; t test.
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Biolegend
Genescript
Invitrogen
CST

CST

CST

CST

CST

Chemicon

SCBT

Thermo Fisher Scientific

Cat# 75-028; RRID:AB _2292909
Cat# N355/1; RRID: AB_2877405
RRID: AB_2801158

RRID: AB_1968817

RRID: AB_2170037

RRID: AB_10545451

RRID: AB_2713889

RRID: AB_2300165

RRID: AB_2799873

RRID: AB_10860773

RRID: AB_90710

RRID: AB_631746

Cat# M11217; RRID: AB_2536611

chicken polyclonal GFP Abcam Cat# ab13970; RRID: AB_300798
Alexa Fluor 488 goat anti-rabbit Invitrogen Cat# A11008; RRID: AB_143165
Alexa Fluor 488 goat anti-mouse Invitrogen Cat# A11001; RRID: AB_2534069
Alexa Fluor 594 goat anti-rabbit Invitrogen Cat# A11037; RRID: AB_2534095
Alexa Fluor 594 goat anti-mouse Invitrogen Cat# A11005; RRID: AB_2534073
Alexa Fluor 594 goat anti-rat Invitrogen Cat# A11007; RRID: AB_10561522
Chemicals, peptides, and recombinant proteins

clozapine-N-oxide Sigma-Aldrich C0832

Hoechst 33342 Thermo Fisher Scientific H3507

Experimental models: Organisms/strains

Mouse: Vglut2-ires-Cre ((Slc17a6m2Creowly ) Jackson Lab JAX Stock 016963

Mouse: Vgat-ires-Cre (Slc32a1tm2(Crel-owly,)) Jackson Lab JAX Stock 016962

Mouse: GlyT2-Cre (Tg(Slc6a5-Cre)1Uze) Jackson Lab JAX Stock 038515

Recombinant DNA

Adenovirus helper plasmid pFA6 Donated by M Klugmann NA

AAV helper plasmid pH21 (AAV1) Donated by M Klugmann NA

AAV helper plasmid pRVI(AAV2) Donated by M Klugmann NA

PAAV-hSyn-DIO-hM3Dq-mCherry
PAAV-hSyn-DIO-hM4D(Gi)-mCherry
PAAV-hSyn-DIO-GCaMP6s
pGP-CMV-GCaMP6s
PAAV-EF1a-DIO-taCASP3-TEV

Gift from Bryan L. Roth
Gift from Bryan L. Roth
Addgene

Addgene

Gift from Nirao Shah

Addgene plasmid 44361
Addgene plasmid 44362
Addgene plasmid 184284
Addgene plasmid 40753
Addgene plasmid 45580

Software and algorithms

Spike 2
Matlab
Fiji

Cambridge Electronic Design Limited

MathWorks
Fiji

https://ced.co.uk/products/spkovin
https://uk.mathworks.com/
https://fiji.sc/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All procedures were approved by the Animal Welfare Ethical Review Body at Imperial College London. Experiments were performed
in accordance with the UK Home Office Animal Procedures Act (1986). Vglut2-ires-Cre mice (Slc17a6™2€LoWl/ ) and Vgat-ires-Cre
mice (Slc32a1"m2"®)-o%!/ )) were kindly provided by B.B. Lowell (JAX lab stock 016963 and JAX lab stock 016962).%° GlyT2-Cre mice
(Tg(Slc6a5-Cre)1Uze) were generated as described.®® Mice were housed at constant temperature (22 + 1 °C) and humidity and a
reversed 12 h light-dark circadian cycle. Food and water were available ad libitum. Both male and female heterozygous mice
10-12 weeks of age at the start of experimental procedures were used in all experiments.

METHOD DETAILS

Viral constructs and preparation

Cre-inducible recombinant AAV vectors carrying transgenes encoding chemogenetic receptors (pAAV-DIO-hM3Dqg-mCherry and
PAAV- DIO-hM4Di-mCherry) were gifts from Bryan L. Roth (Addgene plasmids 44361 and 44362).°° pAAV-DIO-GFP was a gift
from Edward Boyden (Addgene plasmid 28304). For Ca®* photometry experiments, plasmid pAAV-DIO-GCaMP6s (Addgene
plasmid 184284) was generated by inserting the GCaMP6s open reading frame from pGP-CMV-GCaMP6s (Addgene plasmid
40753, gift of Douglas Kim)®" into the pAAV-DIO-hM3Dgq-mCherry backbone, as we described previously.®® For the caspase lesions,
PAAV-EF1a-DIO-taCASP3-TEV was a gift from Nirao Shah (Addgene plasmid 45580).°% All vectors were packed into AAV capsids in-
house (mixed 1:1 ratio of AAV1 and AAV2 capsids proteins with AAV2 inverted terminal repeats) as described previously.”*°* Aliquots
of virus were stored at -80 °C before stereotaxic injection.

Stereotaxic surgery

Mice were anesthetized with isoflurane (induced at 4% and maintained at 1.5%-2.5%) in oxygen (vol/vol) and positioned on a ste-
reotaxic frame (Angle Two, Leica Microsystems, Milton Keynes, Buckinghamshire, UK). A heat pad was used during the surgery to
prevent heat loss (ThermoStar, RWD Life Sciences, China). A digital mouse-brain atlas was linked to the injection frame to guide to
the desired brain regions. The following coordinates were used for PnO: AP = -4.4 mm; ML = -0.8 mm; DV = 4.2 mm. The virus (0.2 -
0.3 pl total volume depending on the viral titer) was injected through a stainless steel 33-gauge/15-mm/PST3 internal cannula (Ham-
ilton) attached to a 10 pl Hamilton syringe, at a rate of 0.1 ul min~". After infusion, the cannula was left at the injection site for 5 min and
then slowly withdrawn.

For photometry recordings, following AAV injection, a mono-fiber optical cannula (200 pm; Doric Lenses Inc., Quebec, Canada)
was placed 100 pm above the PnO and fixed with dental cement. We conducted post-mortem analysis to verify the viral injection
sites and to evaluate the placement of the fiber optic. Only mice with appropriate viral expression pattern and fiber/cannula implan-
tation were included in this study.

EEG and EMG recording and scoring of sleep-wake states

Non-tethered EEG and EMG recordings were captured using Neurologger 2A devices at a sampling rate of 200Hz as described pre-
viously.95 Mice were implanted with three miniature screw electrodes (-1.5 mm Bregma, +1.5 mm midline, first recording electrode; -
+1.5 mm Bregma, —1.5 mm midline, second recording electrode; -1 mm Lambda, 0 mm midline, reference electrode) with two EMG
wires inserted in the dorsal neck muscles (AS634, Cooner Wire, CA). The EEG-EMG device was fixed to the skull with Orthodontic
Resin powder and Orthodontic resin liquid (Tocdental, UK). All mice were allowed 3-4 weeks for recovery in their home cages.
Collected data was downloaded and waveforms visualized using Spike2 software (Cambridge Electronic Design, Cambridge,
UK). The EEG signals were high-pass filtered (0.5 Hz, -3dB, an FFT size of 512 sample was used as the designated time window)
using a digital filter. The EMG signals were band-pass filtered between 5-45 Hz (-3dB). Power in the delta (0.5-4 Hz), theta
(6-10 Hz) bands and theta to delta band ratios were calculated, along with the root mean square (RMS) value of the EMG signal (aver-
aged over a bin size of 5 s). These data were used to define the vigilance states of WAKE, NREMS and REMS by an automatic script.
Each vigilance state was subsequently screened and confirmed manually. The peak frequency during NREMS epochs were analyzed
using Fourier transform power spectra to average power spectra over blocks of time.

For chemogenetic experiments,’® clozapine-N-oxide (C0832, Sigma-Aldrich, dissolved in saline, 0.3 mg/kg) or saline was injected
i.p., and the vigilance states were recorded. Mice were split into random groups that received either saline or CNO injection. After
conducting preliminary experiments, for the hM3Dqg-mCherry-receptor-expressing mice, CNO or saline were injected during the
“lights off” active phase.

Sleep deprivation

Sleep deprivation was performed at the start of “lights on” period (zeitgeber time 0, ZT0) when sleep pressure is the highest. Animals
were sleep deprived for 5 h by introducing novel objects (mice were not touched directly to minimize the level of stress). Mice were
then returned to their home cages for RS for 19 h. In total, sleep-wake states were recorded for 24 h for each mouse. RS was normal-
ized to the corresponding baseline sleep of each mouse prior to comparison. For western blot experiments, PnO and cerebellum
were micro-dissected and collected at ZT5 for control (undisturbed sleep) and SD groups. Tissues in the RS group were collected
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at ZT6 after 1 h of RS. Patch-clamp experiments were performed at ZT6. Control animals underwent undisturbed sleep and RS an-
imals were allowed 1 h of RS following 5 h of sleep deprivation.

Immunohistochemistry
Mice were deeply anesthetized with an overdose of pentobarbital (100 mg/kg body weight; i.p.) and transcardially perfused with 4%
paraformaldehyde (Thermo Fisher Scientific, Inc, Massachusetts, United States) in phosphate buffered saline (PBS, pH 7.4, Sigma-
Aldrich). After post-fixation overnight, the mouse brain was preserved in 30% sucrose/PBS for 2 days. 60-um-thick coronal sections
were sliced using a Leica SM 2010R microtome. Free-floating sections were washed in PBS three times for 5 min, permeabilized in
PBS plus 0.4% Triton X-100 for 15 min and blocked by incubation in PBS plus 5% normal goat serum (NGS) (Vector), 0.2% Triton
X-100 for 1 hour. Sections were incubated with primary antibody diluted in PBS plus 2% NGS overnight at 4°C in a shaker. Incubated
slices were then washed three times in PBS for 10 min and incubated for 2 h with secondary antibody (Molecular Probes) in PBS and
subsequently washed three times in PBS for 10 min (all at room temperature). Before mounting, slices were incubated with Hoechst
33342 (Thermo Fisher Scientific, Inc) for 15 min followed by rinsing with PBS. Finally, slices were mounted on slides, embedded in
Dako mounting medium (Agilent Technologies, California, United States) and imaged using an inverted wide-field microscope (Zeiss
Axio Observer) or a Leica SP5 MP confocal microscope (Facility for Imaging by Light Microscopy, FILM, Imperial College London).
Primary antibodies used were rat monoclonal mCherry (1:2000, Thermo Fisher Scientific, Inc); chicken polyclonal GFP (1:1000,
Abcam, Cambridge, UK); Secondary antibodies were Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 488 goat anti-mouse, Alexa Fluor
594 goat anti-rabbit, Alexa Fluor 594 goat anti-mouse (1:1000, Invitrogen Molecular Probes, UK).

Fiber photometry

A 473-nm diode-pumped solid-state blue laser (Shanghai Laser & Optics Century Co., Ltd) was used for GCaMP6s excitation. The
laser light was passed through a single-source fluorescence cube (FMC_GFP_FC, Doric Lenses) through an optical fiber patch cord
(@ 200 pm, 0.22 numerical aperture, Doric Lenses). From the filter cube, a multimodal optical patch cord (@ 200 pm, 0.37 numerical
aperture) was attached to a ceramic optical fiber (@ 200 um, 0.37 numerical aperture) implanted into the mouse brain with a ceramic
split mating sleeve ferrule (Thorlabs, New Jersey, United States). The GCaMP6 output was then filtered at 500-550 nm using a sec-
ond dichroic mirror in the fluorescence cube and converted to voltage by an amplified photodiode (APD-FC, Doric Lenses). The
photodiode signal was output to a lock-in amplifier (SR810, Stanford Research Systems) and the power of the laser was set to
80 pW at the fiber tip. The signal was then digitized using a CED 1401 Micro Box (Cambridge Electronic Design, Cambridge, UK)
and recorded at 1 kHz using Spike2 software (Cambridge Electronic Design).

The photometry signal was aligned with the EEG and EMG recordings. For each experiment, the photometry signal F was normal-
ized to the baseline signal using AF/F(f) = (F(f) — median (F))/median (F). We observed a decay of photometry signal at the beginning
of some recordings. All the sessions were selected after the photometry signal became stable. We performed the recordings in 2-3
sessions per mouse, each session for 6 h. For the vigilance state transitions, several sessions were randomly chosen and analyzed.

Synaptoneurosomal preparation

PnO tissue from control, sleep-deprivation and RS groups were collected immediately after experiment. Tissue was rapidly frozen in
Isopentane for subsequent synaptoneurosome extraction. Synaptoneurosomes were prepared using the filtration method>® similar
to that described previously.””~° Briefly, PnO tissue was gently homogenized with a Dounce tissue grinder (2 mL, Wilmad Labglass,
United States) in ice cold synaptoneurosome buffer (in mM: NaCl 118, KCI 4.7, MgSQO,4 1.2, KH,PO,4 1.53, Glucose 212.7, kynurenic
acid 1, EGTA 0.5, HEPES 5, pH 7.4) supplemented with 1 mM DTT, 10 pg/mL protease inhibitors (aprotinin, leupeptin, and pepstatin
A) and 0.1 mg/mL phenylmethanesulfonyl fluoride (PMSF). The homogenate was first centrifuged at 300 g, 4 °C, for 2min, to remove
nuclei, larger cell fragments and unbroken cells. The supernatant was collected and filtered through buffer-equilibrated Mitex Mem-
brane Filter paper (5.0 pm pore size, hydrophobic PTFE) (Merck Millipore, Massachusetts, United States). The flow-through was
centrifuged at 14,000 g, 4 °C, for 4 min. Pellets containing synaptoneurosome were washed once with resuspension buffer (in
mM: NaCl 118, KCI 4.7, MgSO, 1.2, EGTA 0.5, HEPES 5, pH 7.4) supplemented with 1 mM DTT, 10 pug/mL protease inhibitors
(aprotinin, leupeptin, and pepstatin A), 0.1 mg/mL PMSF, and resuspended again in the same buffer. Protein concentration was
determined using the Pierce™ 660nm Protein Assay Reagent (Thermo Fisher Scientific, Inc.). Samples were snap-frozen at -
80°C. Samples were lysed in 1x Laemmli buffer (62.5 mM Tris-HCI; pH 6.8, 2% SDS, 10% glycerol, 2% beta-mercaptoethanol,
and 0.02% bromophenol blue) and boiled 10 min at 95 °C for immunoblotting analyses.

Immunoblotting

Immunoblotting was performed similar to that previously.'°° Briefly, equal amounts of synaptoneurosome samples were loaded onto
SDS-PAGE gels and transferred onto nitrocellulose membranes. Nitrocelluose membranes were blocked with 5% milk in TBS with
0.01% Tween for 1 h at room temperature followed by overnight incubation with primary antibodies at 4 °C. The primary and
secondary antibodies used were as follows: anti-PSD95 mouse monoclonal antibody (0.5 pg/mL, K28/43, UC Davis/NIH NeuroMab
Facility, RRID:AB_2292909), anti-GluA1 mouse monoclonal antibody (0.5 pg/mL, N355/1, UC Davis/NIH NeuroMab Facility, RRI-
D:AB_2877405), anti-p-actin mouse monoclonal antibody (0.1 pg/mL, 2D1D10, Genescript, RRID:AB_1968817), anti-NMDAR1
monoclonal antibody (0.5 pg/mL, N308/48, Biolegend, RRID:AB_2801158), anti-PKAc alpha rabbit polyclonal antibody
(0.5 pg/mL, PA1-30236, Invitrogen, RRID:AB_2170037), anti-CaMKII (pan) rabbit monoclonal antibody (1:1000, D11A10, CST,
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RRID:AB_10545451), anti-Phospho-CaMKIl (Thr286) rabbit monoclonal (1:1000, D21E4, CST, RRID:AB_2713889), anti-Phospho-
PKA C (Thr197) rabbit polyclonal antibody (1:1000, #4781, CST, RRID:AB_2300165), anti-Phospho-AMPA Receptor 1 (GluA1)
(Ser831) (A502P) rabbit monoclonal antibody (1:1000, CST, RRID:AB_2799873), anti-Phospho-AMPA Receptor 1 (GluA1) (Ser845)
(D10Gb) rabbit monoclonal antibody (1:1000, CST, RRID:AB_10860773), Anti-Glutamate Receptor 2 & 3 rabbit polyclonal (1:1000,
Chemicon, RRID:AB_90710goat anti-rabbit-HRP (1:20000, #sc-2004, SCBT, RRID:AB_631746) and goat anti-mouse-HRP
(1:20000, #sc-2005, SCBT, RRID:AB_631736).

Blots were developed using SuperSignal West Femto Maximum Sensitivity substrate (Thermo Fisher Scientific, Inc.) and pre-
flashed X-ray films (Amersham Hyperfilm ECL, GE) were exposed to the blots. Images were quantified using ImageJ Gel Analyzer'®
(with background corrected profile analysis).

Acute slice electrophysiology recordings and single-cell RT-qPCR

Vgat-Cre mice were injected into the PnO area with AAV-DIO-EGFP. About a month later, mice underwent sleep deprivation or con-
trol experiences as described above (see section “sleep deprivation”). 5 h after sleep deprivation, when mice were in the RS period,
mice were euthanized by cervical dislocation and subsequent decapitation. The brain was rapidly retrieved to be sliced and placed
into cold oxygenated N-methyl-D-glucamine (NMDG,) solution (in mM: NMDG 93, HCI 93, KCI 2.5, NaH,PO, 1.2, NaHCO3; 30, HEPES
20, glucose 25, sodium ascorbate 5, thiourea 2, sodium pyruvate 3, MgSO,4 10, CaCl, 0.5). Para-horizontal or coronal slices (thick-
ness 220 pm) encompassing the PnO area were obtained using a vibrotome (Vibrating Microtome 7000 smz-2; Campden Instru-
ments, Ltd.). Slices were incubated for 15 min in NMDG solution at 33°C with constant oxygenation and transferred to oxygenated
standard aCSF (in mM: NaCl 120, KCI 3.5, NaH,PO,4 1.25, NaHCO3; 25, glucose 10, MgCl, 1, CaCl, 2) solution for at least 1 h at RT.
Slices were transferred to a submersion recording chamber and were continuously perfused at a rate of 4-5 mL/min with fully
oxygenated aCSF at room temperature. For whole-cell recording, patch pipettes at 4 - 6MQ were pulled from borosilicate glass cap-
illaries (1.5 mm OD, 0.86 mm ID, Harvard Apparatus, #GC150F-10) and filled with intracellular solution containing in mM: 128
CsCH3S0O3, 2.8 NaCl,20 HEPES, 0.4 EGTA, 5 TEA-CI, 2 Mg-ATP, 0.5 NaGTP (pH7.35, osmolality 285 mOsm). 0.1% Neurobiotin
was included in the intracellular solutions to identify the cell position and morphology following recording. Recordings were per-
formed using a Multiclamp 700B amplifier (Molecular Devices, California, United States). Access and input resistances were moni-
tored throughout the experiments. The access resistance was typically 20 MQ, and results we discarded if resistance changed by
more than 20%.

GFP-positive neurons were visually identified and randomly selected. For AMPA and NMDA currents, a bipolar stimulus microelec-
trode (MX21AEW, FHC, ME, United States) was placed 100-200pm away caudally from the recording site. The intensity of stimulus
(10 ms) was adjusted to evoke a measurable, evoked EPSC (eEPSC) in recording cells. AMPA and NMDA mixed currents were
measured at a holding potential of +40mV. After obtaining at least 10 sweeps of stable mixed currents, the NMDA blocker D-AP5
(50 uM) was perfused in the bath solution for 15 min and AMPA currents were measured. NMDA currents were obtained by subtract-
ing AMPA currents from mixed currents off-line. The mean peak amplitude of both currents was used for AMPA/NMDA ratio analysis.
All recordings were made in the presence of Picrotoxin (100uM) to block GABAsR-mediated currents. For immunohistochemistry
following electrophysiological recordings, brain slices were postfixed in 4% paraformaldehyde overnight at 4 °C. Paraformaldehyde
was then washed away three times for 15 min in PBS and slices were blocked and permeabilized in 10% NGS, 0.2% Triton X-100 in
PBS (PBSTXx) for 3 h while shaking. Primary anti-GFP antibody to trace viral distribution was diluted in 2% NGS, 0.2% PBSTx for 2
nights at 4°C while shaking. After four washes in 0.2% PBSTx for 30 min each, secondary antibody and an Alexa594-conjugated
streptavidin (Invitrogen) was diluted in 2% NGS and 0.2% PBSTx overnight at 4 °C while shaking. After four washes of 15 min in
PBS, slices were mounted on glass slides.

At the end of each recording, cytoplasm was aspirated into the patch pipette, and expelled into a PCR tube containing lysate buffer
with DNase | solution. The single-cell RT-gPCR assays were performed using the Ambion Single-Cell to CT Kit (Invitrogen). Reverse
transcription and complementary DNA pre-amplification were performed according to the kit protocol. Quantitative PCR was per-
formed using the TagMan Gene Expression Assay system (Applied Biosystems). The mouse TagMan assay probes were designed
by and purchased from Invitrogen (Thermo Fisher): Vgat (Mm00494138_m1); GlyT2 (Mm01202538_m1); Vglut2 (Mm00499876_m1);
Pvalb (Mm00443100_m1); Sst (Mm00436671_m1); Calb1 (Mm00499876_m1); Calb2 (Ec06990451_m1).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mice with an incorrect viral expression or fiber/cannula placement were excluded from the analysis. Data distribution was assumed to
be normal, but this was not formally tested. Analyses were performed with GraphPad Prism 8 (GraphPad software) and MATLAB
(Mathworks). Data are presented as means + SEM. For analyzing sleep changes, we used either two-tailed t-test or paired t-test.
Data from western blot were analyzed by one-way ANOVA followed by Tukey’s multiple comparisons post hoc test. For electrophys-
iology, we used Welch’s t-test. P-values are shown when they were <0.05.
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