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Abstract

Sleep consists of two basic stages: non-rapid egeement (NREM) and rapid eye
movement (REM) sleep. NREM sleep is characterizgagslbw high-amplitude cortical EEG
signals, while REM sleep is characterized desymdbed cortical rhythms. While, until
recently, it has been widely believed that cortieativity during REM sleep is globally
desynchronized, recent electrophysiological studiesved slow waves (SW) in some cortical
areas during REM sleep. Electrophysiological teghes, however, have been unable to resolve
the regional structure of these activities, duerdtatively sparse sampling. We mapped
functional gradients in cortical activity during RIEsleep using mesoscale imaging in mice, and
observed local SW patterns occurring mainly in somator and auditory cortical regions, with
minimum presence within the default mode netwottke Tole of the cholinergic system in local
desynchronization during REM sleep was also exgldsg calcium imaging of cholinergic
terminal activity within the mouse cortex. Termiradtivity was weaker in regions exhibiting
SW activity more frequently during REM sleep. Wesalanalyzed Allen Mouse Brain
Connectivity dataset and found that these regi@ve hveaker cholinergic projections from the

basal forebrain.

Keywords: Sleep, non-rapid eye movement (NREM), rapid eyeenwnt (REM), slow waves,
hippocampus, neocortex, Cholinergic projectionfydclkoline, wide-field mesoscale voltage and

glutamate imaging
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I ntroduction

The brain has two well-characterized general beimalstates, waking and sleeping, with
the sleeping state further divided into two phasapid eye movement (REM) sleep and non-
REM (NREM) sleep. During the waking state, the bragceives sensory stimuli from the
external world, processes it in the context of pmes experience, and makes decisions and
executes actions, if necessary. During the sleegtiaig, the brain is largely disconnected from
the external world, but current understanding & tleep is not just a passive state. Rather, it is
an active state that is involved in several impartaunctions, possibly including synaptic

hemostasis and consolidation of menidry

Both wakefulness and REM sleep are characterized‘degynchronized’, small-
amplitude cortical EEG activity, and, at least iodents, strong rhythmic activity in the
hippocampus (theta waves). In contrast, during NRié@p the cortex exhibits ‘synchronized’,
large-amplitude slow-wave activity (SWA), and thpgocampus exhibits irregular bursts of
high frequency spiking activity known as sharp-wapples (SWR). These patterns of activity
can also be observed under certain anesthetic sageh as urethahe It has been widely
accepted that these cortical activity patterns ogtnbally; however, a growing body of recent
evidence has suggested that they can also ocallyfot During a waking state after a period of
sleep deprivation, local cortical slow waves wesanid in awake humahsnd rat&®. During
NREM sleep, depth EEG recordings in hunmaasd rodenfs have shown that slow-wave
activity tends to recruit a limited number of codi regions and form travelling waves that may

not necessarily propagate across all the ctéx

Recently, laminar electrophysiological recordinghaturally sleeping mice suggested the
presence of synchronized cortical activity in REMep, which was confined to local cortical
regions and layetsAlthough this finding provided an important inisignto cortical dynamics
during REM sleep, it was not possible to obtairdearcpicture of their regional variation due to
the sparse spatial sampling of the electrophysicébgechnique. Another recent study using
EEG recording demonstrated the presence of locah $iwthe primary sensory and motor
cortices of humans during REM sléépHowever, because of volume conduction effects, th

SWA could not be definitively localized to specifaortical regions. To overcome these
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limitations, we performed wide-field optical imagiof the whole mouse cortex during natural

sleep, as well as under urethane anesthesia, wteakes a brain state similar to natural stéep

Local synchronized cortical patterns occurred hihng REM sleep and the urethane
induced REM-like state, and they were more likedydccur in somatomotor and auditory
cortical regions. Interestingly, these corticaMmks negatively correlate with the Default Mode
Network'® that is involved in the exchange of informatiortvien the hippocampus and the
neocortex during memory rec4lf>. We also investigated the role of the cholinesyistem in
regional cortical dynamics during REM sleep, udoogh structural and functional imaging of
cholinergic axon and terminal activity within thdele cortex. Our results illustrate that regions
with more SWA during REM sleep have weaker choliieeprojections from basal forebrain and
lower levels of acetylcholine release. Furthermare,demonstrated that increasing the level of
extracellular acetylcholine, significantly reduddé® occurrence of slow wave in REM sleep.
These findings shed light on possible mechanisndenying local modulation of cortical

activity and their role in information processingyitig sleep.

Results
Glutamate imaging of brain activity during deep in head-restrained mouse

Glutamate imaging of spontaneous cortical actiwiis performed in Ai85-CamKII-Emx
mice, which express the glutamate sensing fluords@porter iGluSnFR in excitatory cortical
neuron$®, while the mice slept under head-fixation (Fig, dpplementary Fig. 1a,b). Glutamate
imaging provides sufficient spatiotemporal fdeson (50 um, 100 Hz) for capturing cortical
SWA with a large field of view, and it also allovisr chronic skull-intact imaging without
performing a craniotont§. The primary challenge of this type of recordihgwever, is that
mice do not tend to fall asleep while head-res&@ifo overcome this difficulty, we maintained
the temperature of both the room and the recorglajorm at a higher level, and minimized
sounds and vibrations, in order to allow the angnalfall asleep in the recording setup. Animals
were habituated to the recording setup for at |I@asteeks prior to imaging. To increase the
success rate of sleep recording, animals wereygsletp restricted the day before the recording

(see methods). Glutamate imaging was combined wldcttrophysiological recording of
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Figure 1. Longitudinal glutamate imaging of brain activity rthg sleep in head restrain
animal. (a) Experimental setup for mesoscale glatarimaging of heatixed mouse. (b) Cranii
window preparation of widefield glutamate imagidgft) and a cartoon representing ima
cortical regions (right). (c) (i) Traces of hippogaal LFP, neck muscle EM@&nd pupil diamete
during states of wakefulness, NREM sleep and REMsin a representative hefiaxed mouse
These traces were used to score sleep and wakiteg.sPower spectrogram of the hippocar
LFP shows clear transitions across slow wave igtia NREM sleep, theta activity in RE!
sleep and wakefulness. (ii) Clogp-of LFP, EMG and pupil signals in three behavabstates
(d) Montage of spontaneous glutamate activity spoading to two epochs of NREM and Rl
sleep states highlighted in c.

hippocampal CA1 local field potentials (LFP) anakenuscle activity (supplementary Fig. 1c)
These electrophysiologicalgnals were used to score sleep stages and wa&sfu(method.
To further assist with scoring, pupil diameter bk tanimals was also measured (Fig. 1)

Spontaneous activity was recorded in several ~3Q#ai sessions, which wasfficient t»
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capture wake to sleep transitions (~58% of recgrdessions had sleep events). The implanted
unilateral imaging window was large enough to idelunultiple cortical regions (Fig. 1b).
Active waking was characterized by high muscle tdmppocampal theta activity, and large
pupil sizé**{(Fig. 1c).

NREM sleep was characterized by low electromyogyagEMG) activity, high-
amplitude irregulamippocampal activity, and oftentimes small pupiesi REM sleep was
characterized by low muscle tone, rhythmic hippgealntheta activity, and very small pupil size
(Fig. 1c, supplementary Fig. 2a,b). The peak fraqueand bandwidth of REM sleep theta
activity were similar between head-fixed sleepsiesd mice and unrestrained mice (see
methods)(supplementary Fig. 2c). However, the forgneup showed significantly longer REM
sleep episodes and inter-REM intervals (supplemngritay. 2d, p-value < 0.01, Kolmogorov-
Smirnov test). This is consistent with studies shgwincreased sleep pressure after sleep

restrictiort®®

Transitions between the three behavioural statesreffected in the spectral profile of

the iIGIuSnFR signal. For example, slow (< 1 Hz) delfa band (1-4 Hz) power for two cortical
regions (secondary motor cortex (M2) and primasual cortex (V1)) were reduced in REM
sleep compared to NREM sleep (supplementary Fig.T2g@s was in line with the fact that the
neural population activity, modulating the glutamdtuorescence signal, transitions from
irregular phasic firing during NREM sleep to moggular, tonic firing during REM sleé}y?,
An exemplar montage of images illustrates the gentiele propagation of depolarization waves
during the up/down oscillations in NREM sleep. IENR sleep, the reduction of the cortical
glutamate signal is apparent; however, some |lagdliarge-amplitude activities are still present
(Fig. 1d).

Local cortical synchronization during REM sleep

We assessed the spatial extent of local slow-watigity that occurred in REM sleep.
During REM sleep, the cortex exhibited desynchredjzmall-amplitude activity throughout the
cortical mantle; however, sometimes, certain regiexhibited synchronized activity (Fig. 2a).
To assess the spatial profile of cortical synclraton in REM sleep, we calculated the
combined slow-wave and delta power during REM aREM sleep at pixel level. P-value maps
were constructed at each pixel by statistically parmg NREM and REM sleep power

6
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1 distributions using the Wilcoxon rank-sum test (seethods). Based on the p-valoap, tre

2 cortex was often divided into two intracortical wetk: one that transitionetd a significant!

iii p=0.05
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Figure 2. Local synchronization of cortical activity in RENksp.(a) An example of iGluSnR
filtered signal (0.2-5 Hz) derived from ROIls (0.14®rf) in secondary motor cortex (M2) d
mouth primary somatosensory (S1M), as well as lippwal LFP and EMG signals durinq
epoch of NREM (left) and REM (right) sleep. Notatts1M area shows slowave activity i
both NREM and REM sleep. (b) Histogramsowing distribution of iGluSnFR signal pov
(0.5-5 Hz) during an epoch of REM (red) and NRENué¢b sleep in M2 (i) and S1M (ii).-P
10 values are calculated from comparing NREM and RHEEEEs power distributions us)
11 Wilcoxon rank-sum test. (iii) P-value magpcalculated from comparing power distributionr
12 each pixel within the entire imaging field. The @intensities are scaled logarithmically)
13  Representative p-value maps calculated for 9 ovartapping epochs (8 sec long) of a R
14  sleep episode across two different days. Note ghtterns of pralue maps are heterogens
15 and change across cortex over different REM epddhddistogram of overlap between all
16  of binarized p-value maps pooled across 6 miceorBrars, s.e.m. (e) Binarizedvplue map
17 were averaged and registered onto the Allen Instifdouse Brain Coordinate Atlas (b
18  animals). Warmer color means higher probabilitysgfichronization or presence of slovave
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activity during REM sleep. (f) (i) Four major sttucally defined cortical subnetworks. (ii) Bar
graph shows probability of synchronization duringNR sleep across cortical subnetworks,
sorted in ascending order. Error bars, s.e.m. (P05, **P < 0.01, Repeated measure ANOVA
with Greenhouse-Geisser correction for spherick$,15 = 17.947, p = 0.0024; post-hoc
multiple comparison with Tuckey’s correction: mddisa visual p = 0.5869, medial vs auditory p
= 0.1146, medial vs somatomotor p = 0.0050, vistmlauditory p = 0.0487, visual vs
somatomotor p = 0.0026, auditory vs somatomotoi0pl449).

during REM sleep (p < 0.05, Fig. 2b right panelkdeolour), and the other that continued to
exhibit synchronized activity during REM sleepX[.05, Fig. 2b right panel, hot colour).

Interestingly, the cortical regions exhibiting skinanized activity appears to be localized
within anterior-lateral sections of imaging field wew, they were not uniformly distributed
across the cortex over different REM sleep epo€igs @c). We quantified this observation by
calculating the overlap of the spatial profile afrtecal synchronization between the p-value
maps (see methods); if the spatial profiles oficafrtsynchronization are stable, the overlap
should be skewed to 100%. Instead, the overlapesalere skewed to 0% (p-value < 0.001,
Lilliefors test), with a median of 39.3%, indicaginthat the spatial profile of cortical
synchronization are relatively heterogeneous ovierdnt REM sleep epochs (Fig. 2d). To
guantitatively measure the probability of synchration during REM sleep, we averaged
binarized p-value maps and registered them ontéllea Mouse Brain reference atlas, based on
anatomical landmarks (bregma and lambda) and seesoked mapping (see methods) (Fig.
2e). Out of all the imaged regions, mouth and nygaary somatosensory cortices (S1M, S1N)
showed the highest probability of synchronizatiomimy REM sleep (Fig. 2e and Supplementary
Fig. 3a). While there is much variability in thatiation regions from mouse to mouse (Fig. 2d),
regions exhibiting synchronized activity appear lie located on the midline, as well as
distributed both medially and posteriorly. Surprgdy, these areas overlap with cortical regions
that are activated around the hippocampal sharpwigple (SWR) complex (Supplementary
Fig. 3b}*. Cortical area activated by SWR is centered ardimedDefault Mode Network as

defined in the mouse braitf?

Interestingly, regions with comparable synchronaraprobability tended to fall within
previously identified cortical subnetwoffs The somatomotor subnetwork that includes
forelimb, mouth, and nose primary somatosensopgrsgary somatosensory, and primary motor

cortices along with the auditory subnetwork staggdchronized during REM sleep for the
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longest, followed by visual and medial networksg(F2g; n = 6 per subnetwork; repeated
measure ANOVA with Greenhouse-Geisser correctian sfghericity: F3,15 = 17.947, p =

0.0024; post-hoc multiple comparison with Tuckegtsrection: medial vs visual p = 0.5869,
medial vs auditory p = 0.1146, medial vs somatompte 0.0050, visual vs auditory p = 0.0487,
visual vs somatomotor p = 0.0026, auditory vs somator p = 0.1449). In addition to

calculating the p-value maps, we also calculatedSklV/delta activity power across different
regions during REM sleep. We confirmed that somatomand auditory regions also show the
strongest SW/delta power compared to other regthiislg REM sleep (Supplementary Fig.
3b,c).

Since previous wofk has suggested that local SWA and phasic motovigctiuring
REM are correlated, we contrasted the presencecal SWA between phasic and tonic REM
sleep. To do so, phasic REM events were separated tbnic ones (Supplementary Fig. 4a).
The face movement signal was used to separatecpgREsSN events from tonic ones. The p-value
maps for phasic and tonic REM epochs were calalilatethe six Ai85-CamKII-EMX mice
strain used for glutamate imaging. In contrastrevipus studi€s, we found that the probability
of SWA presence were highly correlated betweeniplaasl tonic REM sleep across 14 cortical

regions (r =0.96, paired t-test, p>0.05 for all pamsons, Supplementary Fig. 4b,c).

Electrophysiological recording in unrestrained deeping mice showed local SWA during
REM deep

In addition to glutamate imaging of head-restraimeite, we investigated the local
occurrence of synchronization using electrophysgiiclal recording from unrestrained sleeping
mice. Bipolar electrodes were implanted in primangd secondary motor, retrosplenial, barrel,
and mouth primary somatosensory cortices of eidit @ice (Fig. 3a). Some of these cortical
areas showed synchronized, and some showed desyimdt activity during REM sleep in
glutamate imaging animals. Hippocampal and EMGteldes were also implanted for scoring
the behavioural state. LFP recording from theseerstarted one hour after the onset of the light
cycle (8:30 AM) and continued for 4 hours. This wapeated for 3 days. Wakefulness and
NREM/REM sleep were scored based on hippocampaldtfeFEMG.

In agreement with the results of the glutamatendings, SWA was present during REM
sleep in some cortical regions’ LFPs (Fig. 3b)ldwing the p-value map calculation procedure,

9
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discussed before, we quantified the occurrence/érgonized activityin each cortical regin

by comparing the SW/delta power (#134z) of cortical LFPs between NREM sleep and |

c d
NREM sleep REM sleep REM
! ) 2 03 STM o NREM agn ——
M WY Al 3 —
49 L T P L P S AT G SV, L WY S i = -
S S1BC g . _ § 5 201
M2 P offmtermN oy, ivwtonnaprtoniehipsnt 0 coz ods 2o
RS o
RS AP Wit Smipinisndi = os .g' E 104
8 o4 g
HPG whaennifatobndl Snfgiopiomptiopresi }E g p=1.7"10* =
o Mafl
EMG —I- 0 co2 o004
1sec SWidelta power (mV?)

Figure 3. Multi-electrode LFP recording from unrestrained m®uwluring sleep shows that
probability of synchronized activity during REM v@s across cortical regions. (a) (i) Cartoon
of sleep recording preparation in freely behavinigem(ii) Schematic of the mouse cortex
showing position of cortical electrodes from whtble LFP signals were recorded. (b) Example
of LFP and EMG signals during NREM and REM sleepteNthe local occurrence of slow-
wave activity during REM sleep within S1IM and S1BE) Distribution of LFP SW/delta
power (0.5-4 Hz) in NREM and REM sleep for two @mt regions: mouth primary
somatosensory (S1M, top) and retrosplenial coriRR, (bottom). Slow activity power was
significantly reduced from NREM to REM sleep for Réile it is comparable for S1M
(ranksum Wilcoxon test). (d) 5 recording sites soged by the probability of SWA presence
during REM sleep. Error bars, s.e.m. (One-way ANOYA,25 = 12.43, p = 1.059xE0post-
hoc multiple comparison with Tuckey’'s correctioecendary motor vs primary mouth p =
5.183x10’, secondary motor vs primary barrel p = 0.0459psgtlenial vs primary mouth p =
3.967x10, retrosplenial vs primary barrel p = 0.0474, priynenotor vs primary mouth p =
7.988x10", p>0.1 for other comparison).

sleep epochs (Fig. 3c). Similar to the glutamatagimg results, probability of synchiaation
was higher in primary mouth and barrel somatosgnsantices compared to tmeidline region:,
including the secondary motor and retrospleniatices during REM sleep (Fig. 3d, Onay
ANOVA: F4,25 = 12.43, p = 1.059x%0 post-hoc multiplecomparison with Tuckey
correction: secondary motor vs primary mouth p £88x10°, secondary motor vs primv
barrel p = 0.0459, retrosplenial vs primary mouth $.967x1C, retrosplenial vs primary balil

p = 0.0474, primary motor vs primary mouth p = B980* p>0.1 for other comparisons).
Voltage imaging revealed local synchronization in urethane anesthetized mouse
Since iGIuSNFR indicator measures concentraticexticellular glutamat&which may

not translate to membrane depolarization, for exantue to dendritic inhibitionvoltag2

10
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sensitive dye (VSD) imaging was used to directly asuge population membrane
depolarizatiof™*® VSD signal has faster kinetics than iGluSAtRNd its red spectral property
mitigate neuroimaging artifacts due to flavoprotautofluorescence, hemodynamics, respiration
and heartbe&t®® Mesoscale VSD imaging was performed under urethemesthesia which
causes the brain to cycle between NREM-like and RiE#lstates, mimicking the physiological
correlates of the different stages observed dumatgral sleep’. Accordingly, seven C57 mice

were anesthetized, implanted with hippocampal amtical electrodes and imaged.

As reported beforé"® the NREM-like state was characterised by slowdency (~1

Hz) cortical LFPs (Supplementary Fig. 5a), wherdhe REM-like state consisted of
desynchronized cortical activity and hippocampatdhat a lower frequency than natural sleep
(4.5%£1.1 Hz, 7.4+0.3 Hz, and 7.5£0.2 Hz in urethamesthesia (n=7 mice), head-restrained
sleep (n=6 mice), anghrestrained sleep (n=8 mice) respectively; segl8apentary Fig. 2c for
statistical comparisons). Hippocampal and corticBP state alternations coincided with a
general reduction of VSD signal power during theMRlikke state compared to the NREM-like
state (supplementary Fig. 5&4}" Reduced power of the VSD signal in the REM-litats was
observed in almost all of the frequency bands féointo 50 Hz, but most of the power reduction
was concentrated in the frequencies less than (sifmplementary Fig. 5b). Reduction of the SW
power can be seen as the absence of up/down stateeiVSD montage when comparing
NREM-like to REM-like states (supplementary Fig). 5f

Cortical synchronization in the REM-like state wagal, and these local patterns
detected by the p-value maps changed betweenahff@EM-like epochs (supplementary Fig.
6a,b,c). Overlap of binarized p-value maps showedranormal distribution (p-value < 0.001,
Lillieforc test), with a median of 37.5% (supplentey Fig. 6d), which is consistent with the
glutamate recording (Fig. 2d). Similar to the gilotde sleep recording, probability of
synchronization showed a heterogenous distribuamss cortical regions (supplementary Fig.
6e). Group data analysis for all cortical regiomdicates that somatomotor and auditory regions
exhibited the highest probability of synchronizettivaty (supplementary Fig. 6f; n = 7 per
subnetwork; repeated measure ANOVA with Greenhd&imisser correction for sphericity:
F3,18 = 15.996, p = 0.0021; post-hoc multiple consoa with Tuckey’s correction: medial vs
visual p = 0.0590, medial vs auditory p = 0.037@dial vs somatomotor p = 3.779%1(isual
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vs auditory p = 0.0421, visual vs somatomotor p.428x10° auditory vs somatomotor p =
0.9786).

These results also demonstrate that the probabilisynchronized activity did not differ
significantly between head-fixed REM sleep and RieM-like state observed under urethane
anesthesia (t-test p-value>0.05, Supplementary®y. In addition, across these cortical areas
there was a significant positive correlation betvé®e probability of synchronization in REM
sleep and the REM-like state (Supplementary Fig.r7@.98, p<0.001). To directly compare
glutamate sleep with urethane anesthetized reshlse of the glutamate mice were recorded
under urethane anesthesia after completion of &aelfixed sleep recording. Similar cortical
maps of synchronization were found in both recagaradigms (Supplementary Fig. 7b, ¢c and
d; r=0.79, p<0.001).

Investigation of acetylcholine's role in non-uniform cortical desynchronization during
REM dleep

It has been shown that the level of acetylcholm@igh during REM sleéb®** and the
REM-like* state and that elevated acetylcholine levels atithe neocortex, partly through
disinhibition, and induce tonic firing of corticakurond®. The basal forebrain (BF), the main
source of cholinergic input to the cortex, is tomqunically organized based on its cortical
projectiond*® There are also studies suggesting that the spitabution and laminar density
of these projections differ across the cofté% Accordingly, we hypothesized that the regions
that receive weaker cholinergic innervation woutdw more SWA during REM sleep. To test
this hypothesis, we assessed the regional disoibuif cholinergic innervation received by
cortex from the BF, using the Allen Mouse Brain @ectivity (AMBC) Atlas. This atlas
provides projection mapping data that details tbeical cholinergic axonal innervation from
different parts of the basal forebrain. These akgmajections were labeled with eGFP by
injection of a Cre-dependent adeno associated (AvaV/) tracer into 10 BF nuclei sites in Chat-
IRES-Cre mic&.

The AMBC mice had the same genetic background estimals used for imaging and
electrophysiology, and were age-matched. For agehtion site, the 3D AMBC data matrix was
converted to a 2D matrix by averaging the entr@ess the dimension associated with cortical
layers (Fig. 4a, see methods for details). Nex2Rlmaps were averaged across experiments to

12


https://doi.org/10.1101/2022.03.01.481863
http://creativecommons.org/licenses/by-nc-nd/4.0/

a ks~ W N

~

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.01.481863; this version posted March 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

summarize the cholinergic innervation that the edonteceives from the BF (Fig. 4b). In the
summary map, anterior-posterior axis of midlineticat regions showed dense cholinergic
projections compared to lateral cortical regionsaly, 14 cortical regions were registered on
this map based on anatomical landmarks. The stremigBF cholinergic innervation in each
region of interest (ROI) was negatively correlatdth the probability of synchronized activity
during the REM state (Fig. 4c; r=-0.79, p<0.0011@=experiments).

It is known that VSD and glutamate signals mainlgasure activity from superficial
cortical layers; however, the BF cholinergic magscdssed above, was calculated based on

projections to all cortical layers. To address t@seat, we compared the BF cholinergic
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on the strength of the cholinergic innervation thegeive. The strength of ACh projections was
negatively correlated with the synchronization daibty (r=-0.79, p<0.001).

projections to the supragranular layers I-lll wittose to all cortical layers and found that the
cholinergic projection maps were similar (suppletagnFig. 8a, r=0.78, p<0.001).

To determine if increasing the ACh level could effthe local SWA during REM sleep,
six unrestrained mice were intraperitoneally (IRjected with donepezil (1 mg/kg), a
cholinesterase inhibitor that increases the adatyilce level globally in the brain. We found that
donepezil significantly reduced the probability efnchronized activity in REM sleep
(supplementary Fig. 8b). Amphetamine, a brain dtmudrug, is known to desynchronize
cortical activity by affecting multiple neuromodtday systems. It increases acetylcholine,
noradrenaline, dopamine, and glutamate levels, ameduces extracellular GABA
concentration§ ™. In three animals, after performing VSD imagingden urethane, we
systemically induced a REM-like state by IP injentiof amphetamine (0.1 mg/kg). This
injection induced slow theta (3.5+£0.25 Hz; n=3 niaetivity in the hippocampus, and globally
desynchronized activity in the cortex for at lea8tmin (with an onset latency of 15-30 nffn)
(supplementary Fig. 9a). In other words, amphetanaibolished synchronized activity in all
cortical regions during the REM-like state (suppdetary Fig. 9b).

The variations in cholinergic axonal projectionsulgb not necessarily correlate with
those in terminal activity. To shed light on thadtional role of acetylcholine (ACh) in local
desynchronization, we recorded the activity of stefic terminals in the cortex during REM
sleep. Ai162° and Chat-cre mice were crossed in order to exphessalcium sensor GCaMP6s
in cholinergic neurons and their axonal projectigRg). 4a and supplementary Fig. 10a,b).
These mice were then used to infer fluctuationgholinergic tone across NREM and REM
sleep. ACh activity during sleep was assessed lmboong widefield calcium imaging of
cortical cholinergic activity with hippocampal LFBcording. The data was recorded in one ~1.5

hour session, during which several NREM to REMsleansitions occurred.

Spontaneous transition of the forebrain from NREMREM sleep was associated with a general

increase in the calcium signal (after detrendiegpsistent with an increase of the cholinergic
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1 axonal and neuronal activity in the cortex (Fig,c3bThe increase in cholinergic activity during
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2 REM sleep was not homogeneous across all coregabms (Fig. 5e,f).

3  Figure 5. The level of cortical cholinergic activity capturég calcium imaging is negatively
4  correlated with the probability of SWA during RENeep. (a) Ail62 and ChAT-cre transgenic
5 lines (Jackson Lab) were crossed to produce micehich GCaMP6s sensor is specifically
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expressed in cholinergic neurons. (b) Change dfiwal fluorescence AF/F, averaged over
entire cortex) during NREM to REM sleep transiti@ray and black lines indicate individual
and average transitions respectively. Dashed hdeates the transition onset from NREM to
REM sleep. (c) Boxplot of episode-wise mean calciluorescence during NREM and REM
sleep (n=16 REM episodes in four mice, paired t-t¢5p<0.01). (d) Power spectral density of
calcium signal from retrosplenial cortex for twqresentative episodes of NREM and REM
sleep. (e) Montages show spatiotemporal dynamicscal€ium activity measured from
cholinergic fibers and neurons during REM-like aEEM-like states. (f) Left, changes in the
Ccd" signal measured from two cortical regions (S1M af@) during the transition from a
NREM sleep to a REM sleep episode. Dashed linew laseline fluorescencedFRight, map
of mean calcium activity calculated for the repreéave REM sleep episode in left. (g) Similar
to f-right, but animal-wise average map (n=10 arms)neegistered onto the Allen Institute Mouse
Brain Coordinate Atlas. Note that lateral regioh®ws lower level of ACh release, indirectly
measured by Gaimaging. (h) Animal-wise average (n=10) of AChidty across cortical
subnetworks, sorted in descending order. Error,mesm. (repeated measure ANOVA with
Greenhouse-Geisser correction for sphericity: F3,47.481, p = 1.658x1% post-hoc multiple
comparison with Tuckey’'s correction: medial vs aky = 0.123, medial vs auditory p =
8.04x10", medial vs somatomotor p =1.66x40visual vs auditory p = 0.0153, visual vs
somatomotor p = 0.094, auditory vs somatomotor (236). (i) Ordered level of ACh activity
measured in 14 ROIs (black, n=10) compared tottieagth of BF cholinergic projections to the
same ROIs (red, n=10) and the probability of syanlred activity during REM state (blue,
n=13). ROIs are ordered based on their ACh actidilying REM state. (p<0.001 for both
Spearman’s rank correlations).

Furthermore, the spectral analysis of the calciignad revealed that most of the power

of cholinergic terminal activity was concentratadhe slow (<1 Hz) frequency band (Fig. 5d).

We also managed to record brain activity in anotlggoup (n=6) of these
ChAT[Cre;Ail62 mice under urethane anesthesia. We fobadACh terminal activity in the
REM-like state of urethane anesthesia is similar RBEM sleep in the medial, visual,
somatomotor, and auditory subnetworks (supplemgrii@y. 10c). Based on this, we combined
the natural sleep and urethane data. For 10 miskeép + 6 urethane), we registered 14 cortical
regions on the map of average cholinergic actibised on anatomical landmarks and we
grouped these regions into 4 subnetworks (Fig. Btgdial and visual subnetworks had the
highest level of ACh activity, followed by somatotooand auditory networks (Fig. 5h; n = 10
mice per subnetwork; repeated measure ANOVA witleeBhouse-Geisser correction for
sphericity: F3,27 = 17.481, p = 1.658%]0post-hoc multiple comparison with Tuckey’s
correction: medial vs visual p = 0.123, medial uditory p = 8.04x10, medial vs somatomotor
p =1.66x10° , visual vs auditory p = 0.0153, visual vs somaiton p = 0.094, auditory vs
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somatomotor p = 0.36). Moreover, the level of ammlgic activity across cortical regions

showed a significant positive correlation with 8teength of BF cholinergic projections to these
regions, and also a significant negative corretatiith the probability of synchronized activity

during the REM state (Fig. Siadh activity and projectior0-82, Bhch activity and Rem syne=-0.94, p < 0.001

for both correlations).

Moreover, we mapped the patterns of cholinergicegnevoked activity using calcium
imaging in urethane anesthetized mice. All modessaifsory stimulation (auditory, visual,
whisker, and hindlimb) resulted in activation ofotthergic terminals in the corresponding
primary sensory cortical area, followed by a spre&akctivity toward secondary and functionally
related cortical regions (supplementary Fig. 10this was in line with modality-specific
patterns of activation recorded using voltage imggi and points to the recruitment of

acetylcholine in the processing of sensory inputs.

We also performed control experiments to rule dwé possibility of non-neuronal
processes, including hemodynamic response, congdingnour calcium imaging data. For that,
we incubated the exposed portion of the brain Wwitbcaine, and it completely abolished the
response to hindlimb stimulation in all corticabiens (supplementary Fig. 10e, f). We next
examined the effect of lidocaine administrationtba spontaneous ACh fluctuations recorded
with calcium imaging. To do so, we calculated thetrmean square (RMS) of calcium activity
at each pixel over a 20 min window before and ditiecaine application. Based on the resulting
maps, RMS values reduced throughout the cortex,tla@gixel-wise average of spontaneous

activity RMS decreased following lidocaine admiratibn (supplementary Fig. 10g, h).
Discussion

The regional variations in cortical desynchroni@atduring REM sleep and the REM-
like state were assessed using electrophysiology \@arious wide-field optical imaging
techniques in sleeping and urethane anesthetized. im head-fixed sleeping mice, glutamate
imaging revealed that, even if the hippocampal kifRal clearly indicated that the brain was in
REM sleep, there were often certain cortical regiivat continued to exhibit different gradient
of slow-wave activity, which is generally charactgc of NREM sleep. We identified spatial
gradient of slow-wave activity during REM centeratbund the sensorimotor and auditory
cortical subnetworks, including the forelimb, moatid nose primary somatosensory, secondary
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somatosensory, and auditory cortices. This netwbdth in our data and in the anatomical
characterization is orthogonal with the Default Mddetwork in the mouse braftf2We further

investigated whether local synchronization pattermsid be detected during REM sleep using
two independent approaches: electrophysiologicabréngs from freely behaving mice, and
voltage imaging of the cortex in urethane anesthdtianimals. These experiments confirmed
that synchronized patterns did occur in localizegions of the cortex during both REM sleep
and the REM-like state. Furthermore, the spatipbg¢paphy of local activity patterns was very
similar to that observed with glutamate imagingthwihe somatomotor and auditory cortical

regions being more likely to show synchronizedatgtiduring the REM state.

The results are consistent with a previous elebysiplogical study in micereporting
that the primary somatosensory, motor, and visuehsa show low-frequency oscillations in
REM sleep, while retrosplenial and secondary meigual cortices demonstrate desynchronized
patterns. Our results are also in accordance withraan EEG study which reported increased
low-frequency oscillations in primary somatosensangtor, and visual cortices during REM
sleep compared to wakefuln&ssSimilar to our data, in these two studies, thenary visual

cortex exhibited weak, low-frequency activity d@yiREM sleep.

In the present study, we also investigated the am@sins underlying local
desynchronization in REM sleep. Cholinergic tonevédl-known to increase during REM sleep;
however, it is also known that cholinergic innetwatvaries over the cortd’’, as do many
indicators of cholinergic neurotransmission suchA&hE, ChAT, muscarinic, and nicotinic
receptors’™® These studies demonstrated that the entorhirthlodfactory cortices tend to be
more densely innervated by cholinergic axons, lyey did not conduct systematic measurement
of cholinergic axons in all the cortical regionsatthvere imaged in the present study. We
hypothesized that regions of the cortex that recé#gs cholinergic innervation from the basal
forebrain would be more likely to show slow-wavetidty during REM sleep, relative to
cortical regions with more abundant cholinergicervation (and, presumably, greater levels of
acetylcholine release). To test this, we used ANuse Brain Connectivity (AMBC) data to
measure the density of cholinergic projections frtva basal forebrain to different cortical
regions. In support of our hypothesis, we found tha amount of cholinergic innervation was

negatively correlated with the likelihood of a ¢cat region exhibiting synchronized activity
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during REM sleep. The midline cortical areas, whiebre most likely to transition to REM

sleep, receive the strongest cholinergic innerndtiom the basal forebrain.

To explore whether cholinergic neural activity gerunderlies the variations in cortical
desynchronization during REM sleep, we imaged ttiwity of cholinergic fibers throughout the
cortex using calcium imaging. We confirmed that sbhenatomotor and auditory cortical regions,
the epicenters of synchronized activity in REM plee our findings, have lower levels of
cholinergic activity during REM sleep. Furthermolbs, injecting donepezil, which blocks the
breakdown of acetylcholine, we demonstrated thatremsing the acetylcholine level
significantly reduces the probability of synchratian in REM sleep. These results suggest that
acetylcholine is one of the key players for thealamrtical state alternation in REM sleep. Our
results are consistent with another study in mighjch showed that ACh release during
whisking suppresses slow-wave activity in the sensortex®. To the best of our knowledge,
this is the first study to image cholinergic adijnvacross a wide area of the mouse cortex during
sleep. Here, the calcium signal reflects the agtivi cholinergic axons stemming from the basal
forebrain as well as the activity of cortical cin@igic interneurons. The interneurons account for
between 12% and 30% of cortical cholinergic sigrgliand indirectly increase excitably in
neighboring neurori$™. Dissecting the role of these local cholinergiteineurons from basal
forebrain cholinergic projections is one possibiection for future studies. Another caveat of
our approach in investigating the cholinergic sysis that it overlooks other possible factors,
including differences in the patterns of cholinerggceptor expression and possible differences

in the efficacy of acetylcholine degradation angptake throughout the cortex.

Besides acetylcholine, other neuromodulatory systeran influence the pattern of
cortical synchronization and desynchronizationyiREM sleep. It has previously been shown
that noradrenergic projections, originating maifitym the locus coeruleus, can desynchronize
multiple sensory cortics Consistent with this, we provide evidence thatréasing
noradrenaline levels by systemic administrationanfphetamine globally desynchronizes the
cortex and abolishes slow-wave activity during REEM state. Therefore, it is likely that low
levels of noradrenaline during REM sleep are remlifor the occurrence of local cortical

synchronized patterns.
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Although it is still not clear how NREM and REM sfe contribute to brain plasticity, it
is tempting to interpret our findings by the sedisrhypothesi¥>? which holds that NREM
and REM sleep manipulate brain circuits differerdlyd sequentially. During NREM sleep,
plasticity is reduced, and the brain often reatéisacell assemblies that correspond to recent
experiences (i.e., memory reactivation). During th&sequent REM sleep, plasticity is
increased, and modification of synapses that weenpiated within the reactivated cell
assemblies takes pladeTherefore, according to the hypothesis, it isongnt to have episodes
of both NREM and REM sleep sequentially. Our resstiow that sequential alternation between
NREM and REM sleep is less common in the antent lateral cortical areas relative to the
midline and occipital cortical areas. This may oade that synaptic modification is slower or
suppressed in the anterior and lateral compareld thv# midline and occipital cortical areas.
Many of the anterior and lateral areas in our expent consisted of primary and secondary
sensory areas. These areas may have more coniseittasnvere genetically prewired than the
association areas along the midline. The disrupie&M-REM sleep sequences in the anterior

and lateral areas may help preserve the prewiredemions.

Additionally, our lab and others have shown thgipbcampal sharp-wave ripples, the
main candidate events for memory reactivation dquiNREM sleep, are well correlated with
activation of default mode network which includesline and occipital cortical areds> This
coordination is followed by a strong cholinergidiaty and desynchronized cortical patterns,
which enhance synaptic plasticity® in these regions during subsequent REM sleep. ddnis

ultimately serve the synaptic consolidation andilfdhe sequential sleep hypothesis.
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Methods

Animals. A total of 23 adult C57BL/6J mice, male and feeyalged 2-4 months and weighing
~30 g, were used for imaging experiments. For Head glutamate imaging, 6 adult EMX-

CaMKII-iGluSnFR transgenic mice expressing iGluSriRRlutamatergic cortical neurons were
used. Seven C57BL/6J mice were used for acutegebkansitive dye imaging under urethane
anesthesia. For ACh imaging study, Ail62 and Chatraice were crossed in order to express
the calcium sensor GCaMP6s in cholinergic neurdhsar(d 4 mice for urethane and sleep
experiments respectively). An additional set of &7BL/6J mice were used for

electrophysiological study. All animals were housedler 12:12 h dark/light cycle and had ad
libitum access to water and food at all time. Anietocols were approved by the University
of Lethbridge Animal Care Committee and followec thuidelines issued by the Canadian

Council on Animal Care.
Acute imaging preparation

Surgery. Mice were anesthetized with urethane (0.12% wt/arnty] a large unilateral craniotomy
(6.5 x 6 mm; bregma 2.8 to -3.7 mm and lateral 8 tam) was made. Underlying dura matter
was removed. Body temperature was kept at 37 2©.6sing a feedback loop heating pad. To
assist with breathing, a tracheotomy was performeditional doses of urethane (10% of initial

dose) were administered when necessary to keequtbeal plane of anesthesia.

Voltage-sensitive dye imaging. RH1961 (Optical Imaging) was dissolved in HEPE#dyaed
saline solution (0.5 mg/ml) and applied for 40-6 no the cortex exposed by the craniotomy.
Unbounded dye molecules were washed away afteri/nmdminimizing respiration artifacts,
1.5% agarose made with HEPES-buffered saline wesadpover the cortex and sealed by a
coverslip. VSD image stacks were collected in I2Xdymat at 100 Hz frame rate using a CCD
camera (1M60 Pantera, Dalsa, Waterloo, ON) and RiX EE8 frame grabber controlled with
XCAP 3.7 imaging software (EPIX, Inc, Buffalo Groue) (LM60 Pantera, Dalsa) and XCAP
3.8 imaging software (EPIX, Inc.). Images were takeough a microscope composed of front-
to-front video lenses (8.6 x 8.6 mm field of viedV, um per pixel). VSD was excited by two red
LEDs (627-nm center, Luxeon K2) and emitted fluoegxe passed thugh a 673-nm to 703-
nm bandpass emission filter. Each VSD imaging stdckpontaneous activity included 90,000

frames.
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Electrophysiological recording. The hippocampal electrode was implanted outsidepthned
cranial window prior to performing the craniotonfior that, a Teflon-coated stainless steel wire
(bare diameter 50.8 um) was placed in the pyram&jedr of the right dorsal hippocampus. It
was inserted posterior to the occipital suture V@8idegree angle (with respect to the vertical
axis) according to the following coordinates relatto bregma: mediolateral (ML): 2.3 mm,;
dorsoventral (DV): 1.6 to 1.9 mm. The position bé telectrode tip was confirmed using an
audio monitor (Grass Instrument Co.). For cortimdording, a bipolar electrode made with
Formvar-coated nichrome wire (coated diameter 3§ ywas inserted into either the primary
motor or auditory sensory cortex; the tip sepamatias 0.5 mm and the upper tip was located in
layer 2/3. The reference and ground electrodes wieed on the cerebellum. The LFP and
EMG signals were amplified (x1000) and filtered1€Q0,000 Hz) using a Grass P5 Series AC
amplifier (Grass Instrument Co.) and were sampledOakHz using a data acquisition system
(Axon Instruments). After data collection, 100 pArent was injected into the hippocampal
electrode for 10 sec. Animals were sacrificed arainis were extracted, sectioned and mounted.

Location of the hippocampal electrode was furtleficmed using cresyl violet staining.

Amphetamine administration. After recording 4-5 imaging stacks of spontaneauasvity,
animals were injected with amphetamine (IP, 0.1kapg/After 20-30 min, the effect of the drug
on brain activity could be detected based on thgomy electrophysiological recording. From

here, electrophysiological recording and VSD imggiere resumed.
Chronicimaging preparation

Surgery. Six mice were anesthetized with isoflurane (2.5%uwation, 1-1.5% maintenance) and,
using antiseptic techniques, were implanted withpbcampal and EMG electrodes. For the
hippocampal electrode, a bipolar electrode mad®a foTeflon-coated stainless-steel wire (bare
diameter 50.8 um, tip separation 0.5 mm) was placede pyramidal layer of the right dorsal
hippocampus. It was inserted posterior to the aadiputure with 33-degree angle (with respect
to the vertical axis) according to the followingocdinates relative to bregma: ML: 2.3 mm; DV
(upper tip): 1.6 to 1.9 mm. For EMG recording, @dbar multi-stranded stainless-steel wire
(bare diameter 127 um) was inserted into the neg&cmature using a 22-gauge needle. The
ground screws were placed on the skull over thebadilum. Then the skull was covered with a

thin layer of transparent metabond (Parkell, Inend a headplate was secured to it using
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metobond. The other ends of the hippocampal and EMGrodes were soldered to a connector

(Mill-Max Mfg. Corp.), and the connector was fixed the edge of the headplate.

Habituation and sleep restriction. Animals were allowed to recover for 7 days aftergsuy

and were then habituated to the recording setumtfdeast 2 weeks. For habituation, animals
were moved to the recording platform in the mornaryl were head-restrained using two
clamps. Their body motion was limited by puttingnhin a plastic tube. Sounds and vibrations
in the recording setup and the room were minimized] conditions of the recording day were
simulated as much as possible. In the first sessioce were allowed to explore the platform
without restraint. In the next session, mice wegptikhead-fixed for 5 min, and this time was
increased by 5-10 min every day over the next 2kaieAfter each session, the animals were

rewarded with two Cheerios.

Sleep restriction was performed the day beforerécerding session. To do so, animals’ home
cages were transferred from the housing room tooaedure room around 2 pm. There, the
animal's sleep was restricted by mild external atation using a cotton applicator for 1-2
seconds whenever drowsiness (immobility with eyelabure) was observed. We continued the
sleep restriction for 6-8 hours and then transéetihe animals to a cage with a few objects and a
running wheel. The animals spent the night in taige and had ad libitum access to food and
water. In the morning around 8 AM, animals werensfarred to the recording setup for
combined glutamate and electrophysiological recaydiAfter the recording session, animals
were returned to their home cage and to the housiorg where they could sleep undisturbed for

the rest of the day. They were allowed to recowenfweek before the next recording session.

Glutamate imaging. Animals were gently moved to the recording setup head-fixed using
two clamps. Room temperature was maintained at%fd the recording platform was kept
warm using a microwavable heating pad. Part oftiimal’'s nesting materials were put close to
them to reduce stress. For exciting the iGluSnkR), ltllue LEDs (470-nm center, Luxeon K2)
were used. They were turned on at the beginnintpefrecording and kept on throughout the
imaging session. Image stacks were collected atHiODame rate. Emitted fluorescence passed
through a 510-nm to 550-nm bandpass emission.filitaree stacks of spontaneous activity
(170,000 frames each) were recorded during eadiosesRecordings were repeated once a

week.
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Electrophysiological and video recording. The hippocampal LFP and EMG signals were
amplified (x1000) and filtered (0.1-10,000 Hz) ysia Grass P5 Series AC amplifier (Grass
Instrument Co.) and were sampled at 20 kHz usidgta acquisition system (Axon Instruments).
The animal’'s behavior and pupil movements were ddnmat 30 Hz using a V2 infrared Pi
camera. The animal's head, shoulders, and forelwdre illuminated using a 940 nm infrared
LED.

Calcium Imaging of cholinergic terminal activity. Procedures for hippocampal electrode
implantation and chronic window preparation wemikir to glutamate imaging, except the
mice had GCaMP6s indicators expressed in theirirdngjic cells. Animals were habituated for
two weeks, and sleep restricted the day beforedeup as explained before. Image stacks were
collected for calcium at 30 Hz frame rate. GCaMP@iscators were excited by two blue LEDs
(470-nm center, Luxeon K2), and emitted fluoreseepassed through a 510-nm to 550-nm

bandpass emission filter. Each imaging stack oftgreeous activity included 170,000 frames.
Chronic EEG recording

Surgery. Seven C57BL/6J mice were anesthetized with isafler(2.5% induction, 1-1.5%
maintenance) and implanted with cortical, hippocainpnd muscular electrodes, using aseptic
techniques. For cortical and hippocampal electrodgsolar (tip separation = .6 mm) and
monopolar electrodes made from Teflon-coated &ssnisteel wire (bare diameter 50.8 um)
were implanted in cortical areas, and in the pydainlayer of the CAL1 hippocampal region
according to the following coordinates (in mm):npairy motor cortex (M1): AP: 1.5, ML: -1.7,
DV: 1.5, secondary motor cortex (M2): AP: 1.7, MQ:6, DV:1.1 mm, mouth primary
somatosensory area (S1M): AP: 0.85, ML: 2.8, D\, Dbarrel primary somatosensory area
(S1BC): AP: -0.1, ML: -3.0, DV: 1.4, retrosplen@drtex (RS): AP: -2.5, ML: 0.6, DV: 1.1, and
hippocampus (HPC): AP: -2.5, ML: 2.0, DV:1.1 mm.rEMG, a multistranded Teflon-coated
stainless-steel wire (bare diameter 127 um) wadaimbed into the neck musculature using a 22
gauge needle. The reference and ground screwsplazed on the skull over the cerebellum.
The other ends of the electrode wires were clanf@deen two receptacle connectors (Mill-

Max Mfg. Corp.), and the headpiece was secureldgskull using metabond and dental cement.

Electrophysiology. Animals were allowed to recover for 7 days aftergsry, and then
habituated for 5-7 days in the recording setup.b@seline days, animals were injected with
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saline at 8:25 AM and moved to the recording sewipgre their sleep activity was recorded
from 8:30 AM for 4 hours using a motorized commatgiNeuroTek Inc.). Baseline recording
was repeated for 3 days. On the fourth day, aninvate injected with donepezil (IP, dosage 1
mg/kg) 5 minutes before the recording. LFP and EM&rdings were amplified, filtered (0.1-
4000 Hz), and digitized at 16 kHz using a Digitaynk SX Electrophysiology System
(Neuralynx, Inc.), and the data was recorded aakdton a local PC using Cheetah software

(Neuralynx, Inc.). A Pi camera was used to rechedanimal’s behaviour during the recording.
Data analysis

State scoring in urethane anesthesa. LFP and EMG signals were downsampled to 2 kHz
offine, and analyzed using custom-written codes MATLAB (MathWorks). REM-like,
NREM-like, and transition states were scored basethe hippocampal LFP. The ratios of theta
(3-5 Hz) power and slow wave (0.2-1.2 Hz) powethe total power were calculated in 4-sec
windows, and a threshold of mean plus one standewiation was used to differentiate the
states. The hippocampal LFP was scored as a REvstide when the theta ratio was above the
threshold for 10 consecutive seconds while the skawve ratio was below the threshold
simultaneously. A NREM-like state was defined apposite case of the REM-like state; that
is, when the slow wave ratio was above the threksfol 10 consecutive seconds while the theta
ratio was below the threshold simultaneously. Aiqeethat did not meet these conditions was

classified as a transition state.

Quantification of pupil diameter. Pupil diameter during different states of sleepd an
wakefulness was quantified offline using a custofgodthm implemented in Bonsai

(https://bonsai-rx.org)/ Briefly, the algorithm detects the pupil by semgrting it from the iris

and sclera and models it as an ellipse. The majerlength of this ellipse was quantified as the

pupil diameter.

Sleep scoring. LFP and EMG signals were downsampled to 2 kHanaflScoring was done in
4-sec epochs. The ratios of theta (5-10 Hz) powdrdelta (0.5-4 Hz) power to the total power
were calculated for the hippocampal LFP signal ised windows. Raw EMG activity was
fitered between 70 Hz and 1000 Hz and then redifand integrated using 4-sec moving

windows. A state was scored as NREM sleep wheleM& signal was smaller than half of its
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mean and the delta power ratio was above 0.4-(B3/ Rleep was detected when the EMG
signal was smaller than half of its mean and tle¢atipower ratio was above 0.4-0.5. To avoid
the transitory periods, the first 10 sec and laseb of the REM episodes were excluded.
Everything else was scored as wakefulness. Thisngcavas confirmed by another observer
separately. In the head-fixed recording preparatiom pupil diameter of the animals was used to
assist the observer in correcting the scoring; Hemnewhen there was contradiction between
scoring based on pupil diameter and electrophygicéd recording, the latter was used as
criteria.

For scoring phasic versus tonic REM sleep in glat@rmice, face movement was detected
using a camera that recorded animal and pupil mewenTo define animal movement, a 25x25-
pixel square was selected on the animal’s chiménbehavioral video, and the average intensity
of this ROI was calculated over time. This signabkMiltered above 1 Hz and thresholded using
the mean + 1 SD to detect chin movement. Each &sech which had movement in more than

20% of it was considered to be a phasic REM event.

Image preprocessing. Raw data for VSD and glutamate imaging of spordaseactivity were
preprocessed based on the following steps: Hrsttiine series of each pixel was filtered using a
zero-phase highpass Chebyshev filter above 0.2THen, a baseline signalgjFvas calculated

by averaging all the frames, and the fluorescehemges were quantified as (F g)/F~ x 100,
where F - kis the filtered signal. PCA was subsequently peré on the image stacks, and
the principal components with the greatest singuddunes were kept. To further reduce spatial
noise, images were filtered by a Gaussian kernel & pixels, sigma = 1). To eliminate the
strong heartbeat artifact, imaging data was alserdd using a zero-phase lowpass Chebyshev
filter below 6 Hz. In calcium imaging datAF was calculated using the locdetrend function in
the Choronux toolbox, in which a piecewise linearve was fitted to the pixel time series using
the local regression method (150-sec moving windt@@-sec step size). The rest of the steps

were similar to glutamate imaging.

Calculation of p-value maps of synchronization. P-value maps were calculated by comparing
REM and NREM sleep SW/delta powers. For that, imggstacks of each NREM episode
(defined based on hippocampal LFP and EMG) fromamminuous recording session were first

concatenated in time. Then the 0.5 to 5-Hz powerlt{taper method) of the optical signal for
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each pixel was calculated in 3-sec long windowsd@-overlap). Same was repeated for each 8-
sec epoch of REM sleep. This generates two povarilgitions for the concatenated NREM
data and the individual REM epochs (for each pixgt) determine if a specific pixel during a
given REM epoch undergoes state transition, aofesignificance (Wilcoxon rank-sum test=
0.05) was performed against the null hypothesisttteamedian of the REM distribution is equal
to that of the NREM distribution. The pixel actiitvas scored as desynchronized if the

calculated p-value was significant, otherwise iswaored as synchronized.

Calculation of p-value map overlap. P-value maps calculated for each REM sleep epa&rk w

first binarized based on 0.05 significance leveléils assigned to pixels that had p-value greater
than and equal to 0.05, and 0 was assigned toe#ite Only maps that contained at least 100
nonzero pixels were kept. Overlap between eaclheftwo maps was calculated based on this

formula:

NO. nonzero pixels of map1*map2

overlap = 200 *

NO. nonzero pixels of map1 + NO. nonzero pixels of map2

Calculation of two-dimensional map of cortical cholinergic projection. Images of coronal

sections of mice brain injected with GFP-expressif)/ in the basal forebrain nuclei were

downloaded from Allen Institute for Brain Sciend&ty://connectivity.brain-map.org/Each
section was 100 pm apart and its resolution wagt&§er pixel. For each injection experiment,
a series of coronal section images spanning theeadrtex was assembled into a 3D stack. This
stack was rotated laterally 30° to match the anflihe mouse head in the glutamate and VSD
imaging experiments. Projection data outside of toetex was masked to remove viral
expression in subcortical areas. The 3D data metx converted to a 2D matrix by averaging
the entries across the dimension associated witicablayers. 2D maps obtained from different
injection experiments were registered using midamel position of bregma and then averaged

together.

Statistical tests. All statistical test for linear data were performasing MATLAB built-in
functions. Paired t-test and Wilcoxon signed-ragdts were used for linear data. Error bars and
+ ranges represent the s.e.m. *P < 0.05, *P < 0P < 0.001. All the statistical tests were

two sided.
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Supplementary Figure 1. Expression of iGISnFR and electrode localization. (i) Scher
diagram showing the location of brain sectionsamed ii. (ii) Coronal brain sections showz
expression of iGIuSnFR in neocortex and hippocampui85-CamKIl-Emx mouse. (ii
Representative brain sedtistained with nissle, showing the tip locationtleé hippocamgl

electrode.
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Supplementary Figure 2. (a) Power spectral density (PSD) of hippocampal HERng wakin)
and NREM/REM sleep. (b) Distribution of pupil diatee across behavioral states @n
representative recording session (c) Comparisdnpgfocampal theta activity (left: PSD, ri¢
theta peak frequency and full width at half maxim(FWWHM) frequency between hedided
REM sleep (n=6), unrestrained REM sleep (n=8), amethane REM-likestate (n=7). Error ba,
s.e.m. (*P < 0.001, Student’s t-test). (d) Curmriiva distribution of REM and inteREM bout
duration in head-fixed, unrestrained and anestbétimice (**P < 0.01, **P <0.00],
KolmogorovSmirnov test). (e) Power spectral density of iGIERmsignal from M2 (left) ad
V1 (right) during waking and NREM/REM sleep.
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Supplementary Figure 3. (a) Left: Animalwise average (n=6 glutamate mice) map show
probability of syntironized activity during REM sleep across differenttical regions. Rigl:
Ordered probability of synchronization in 14 ROEror bars, s.e.m. (b) Left: Animalise
average (n=12 mice) map demonstrates cortical aaiiv around hippocampal shasgve
ripples during NREM sleep. Right: Cortical actiwati across 13 ROIs sorted basea
probability of synchronization in REM sleep. The @itude of cortical activation in NRE
sleep was negatively correlated with the synchadrom probability in REM sleep (r6-9z,
p<0.001). Data was obtained from Karimi Abadchiagt2020. (c) Left: 2D map shows 2
distribution of SW/delta power across regions messaluring REM sleep. Right: The 14 K
were sorted based on the REM sleep SW/delta pd&wear bars, s.e.m.
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Supplementary Figure 4. Cortex shows local synchronized patterns durindh hgtasic and
tonic REM sleep. (a) Top: Example trace of hippoggahiFP signal showing epochs of phasic
and tonic REM sleep in a head-restrained mousedgticSpectrogram of hippocampal LFP
illustrates frequency modulation of theta activdtgross phasic and tonic REM sleep. Bottom:
The face movement signal which was used to sepphatsic REM events from tonic ones. (b)
Epoch-wise average of binarized p-value maps fasigh(top) vs tonic (bottom) REM sleep
calculated for a representative animal. Warmer reolshow cortical regions with higher
probability of synchronization. (c) Bar graph inglies the probability of synchronized activity
during phasic and tonic REM sleep across 14 ROBIsRare sorted based on probability of

synchronized activity in tonic events. Error bae,m. (n=5 mice; paired t-test, n.s. p>0.05).
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Supplementary Figure 5. Spontaneous state alternation of brain activity urethar2
anesthetizednouse. (a) A cortical VSD (first panel from topriccal LFP (second panel), d
hippocampal LFP traces (third panel), as well asresponding spectrograms shoy
spontaneous alternation of brain states duringharet anesthesia. The VSD signal wagwbd
from an ROI (0.112 mf) around the cortical electrode in the primary motortex. Tre
percentages of the total power in the 3-5 Hz a@dl® Hz bands for hippocampal LFP2
displayed in the fourth panel. Their ratio was usedcore the recording into NREM-like, REM
like and transition states. (b) Power spectralyamslreveals a reduction of below 1 Hz pow
the VSD, cortical (CTX) LFP, and hippocampal (HREP signals during the RENike state.
(c) Representative traces of VSD (0.2Hz) and cortical and hippocampal LFP signale
shown. (d) Time expansion of signals highlightea inand ii are showrVertical scale bars @
the same as c. (e) Cross-correlogreetween 15 minutes of VSD signal and cortical?
recorded from the same area (M1). Note that twoadggare highlcorrelated. (*** p < 0.00,
Student’s t-test). (f) Montage of spontaneous V8fvay (0.2-7 Hz), corresponding to epoci
and ii, demonstrates different spatiotemporal dyisanof cortical activity during NREMike
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1 and REM-like states. Note that diverse corticalioeg get activated during NREM-like up
2 states. During REM state, most of the cortex shiwgynchronized activity.

38


https://doi.org/10.1101/2022.03.01.481863
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.01.481863; this version posted March 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

--Eg o s

E“ao-

5

22

Bl 10

Sk iy

| =
2 Supplementary Figure 6. Local cortical synchronization during REMe state assessed/
3 VSD imaging in urethane anesthetized mice. (a) @&ashow VSD signals (top and mie
4  traces) derived from two ROIs (S1M and V1) and siameously recorded hippocaaipLFP
5 signal during NREM-like (left) and REM-like episaiéight). (b) Representativeyalue map
6 of synchronization calculated for 2 epochs (8 s&g) of a REM sleep episode highlighte
7 green (i) and red (ii) in a. (c) Similar to b, at five consecutive 8-sec epochs during a REM
8 like episode. (d) Histogram of overlap betweemnpalls of binarized palue maps pooled acrs
9 7 mice. Error bars, s.e.m. (e) Binarized/glue maps from 7 animals were averaged
10  registered onto the Allen InstituMouse Brain Coordinate Atlas. (f) (i) Four majorusturall’
11  defined neocortical subnetworks. (ii) Bar graphvetidhe probability of synchronized actir
12 during REMlike state across cortical subnetworks, sortedstceading order. Error bars, s..
13 (repeated measure ANOVA with Greenhosgsser correction for sphericity: F3,18 = 15,
14  p =0.0021; poshoc multiple comparison with Tuckey’s correctioredaral vs visual p = 0.05,
15 medial vs auditory p = 0.0379, medial vs somatompte 3.779x1d, visual vs auditory p-
16 0.0421, visual vs somatomotor p = 2.425%18uditory vs somatomotor p = 0.9786).
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Supplementary Figure 7. (a) Regionwise comparison of synchronization probability dg
REM-like state of VSD experiments and REM sleepghftamate experiments (n=7 ans
respectively; p-value > 0.05 for all ROIs, studsnttest). ROIs are ordered based orz
synchronization probability in REM sleep. Moreovehe rank order of synchronizan
probability in REM-like state was similar to thenkaorder of synchronization probability
REM sleep. Error bars, s.e.m. (p < 0.001, Spearsnamik correlation). (b) Left, palue map f
synchronization for a representative RHk& epoch recorded using glutamate imaging. F,
cortical activity in rérosplenial and mouth primary somatosensory catiedong wib
hippocampal LFP and neck EMG recorded during theEMRike and REMlke states
corresponding to the lep-value map. (c) Maps of synchronization in the RiEd state arl
REM sleep for a glutamate mouse were juxtaposeddorparison purpose. (d) Comparisd
synchronization probability during the REMe state and REM sleep in glutamate mice 3
for bothgroups). ROIs are ordered based on the synchramzatobability in REM sleep. Err

bars, s.e.m.
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Supplementary Figure 9. Amphetamine abolishes local SWA during the REk- state. ()
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induced neural desynchronization. Error bars, s.aB8 mice).
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image of cholinergic axons in the primary visuafter. ChAT Jexpressing axons Cdabeled
with GCaMP6s (enhanced with anFP staining) in ChatCre;Ai162 mice. (c) ACh activity
in four cortical subnetworks measured in the um¢hiaduced REM-like state and REM sleep.
Error bars, s.e.m. (n=6 and 4 for urethane andralatleep respectively, Wilcoxon rank-sum
test, n.s. p>0.05). (d) Montages of evoked calcium activityidaing multiple modalities of
sensory stimulation, including auditory tone stiatidn, visual stimulation, whisker stimulation
and hindlimb electrical stimulation. Hindlimb stifation was repeated after topical application
of lidocaine (2%; last row). (e) Time course ofdlimb stimulation evoked activity from 0.112
mn? ROIs chosen from primary (left) and secondaryhflidhindlimb somatosensory cortices
before (blue) and 10 minutes after (red) lidocaadeninistration. (f) Comparison of the peak
amplitude of evoked calcium activity in HLS1 betwethe control and lidocaine groups. (g)
Root mean square (RMS) maps of spontaneous acfiviBO min) prior to and following the
application of lidocaine (2%). (h) Pixel-wise avgeaof RMS maps for two animals before and

after lidocaine administration.
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