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INTRODUCTION

The term the basal forebrain is used to describe a number 

of subcortical structures rich in cholinergic neurons, including 

the substantia innominata, the vertical and the horizontal limbs 

of the diagonal band, the extended amygdala, the ventral pal-

lidum, and the medial septum. Insults to this area, as observed 

in various neurodegenerative diseases such as Alzheimer dis-

ease, cause a multitude of problems in regulation of attention 

and arousal states, and impose devastating effects on learning 

and memory.1-4 The arousal promoting effects of basal fore-

brain (BF) cholinergic neurons have been extensively explored 

in studies employing either electrical or pharmacological 

stimulation, or surgical or chemical ablation methods.5-9 These 

studies provided strong evidence for the involvement of BF 

cholinergic neurons in cortical activation. However, due to the 

inherent limitation of the employed techniques, the lack of cell 

specificity of the manipulation of such a heterogeneous struc-

ture, the exact causative role of cholinergic neurons in regula-

tion of arousal states has not yet been demonstrated.

BF cholinergic neurons are heterogeneously distributed 

across the medial septum, the diagonal band and the substantia 

innominata (SI)/nucleus basalis (NB) areas that differ in af-

ferent and efferent connections. Cholinergic neurons consti-

tute only a fraction10-12 (around 5% in rats13) of neurons in BF, 

where various cell populations, including glutamatergic and 

different subtypes of GABAergic neurons are heterogeneously 
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distributed across spatially distinct clusters.14-17 Most of these 

neurons differ in their firing patterns and activation character-
istics during sleep and/or cortical activation under anesthesia. 

The majority of BF cholinergic neurons increase their firing 
during wakefulness (and behavioral mobility) and rapid eye 

movement (REM) sleep,5,18-21 as well as during spontaneous or 

evoked cortical activation under anesthesia.22,23 Other neuronal 

cell types in BF, including GAD+ and ChAT −/GAD−
 
neurons, 

show heterogeneous patterns of arousal state-dependent ac-

tivity.5,18-21,24 Overall, BF stimulation, likely through cholinergic 

activation, has been shown to modulate sensory processing25,26 

and to induce cortical activation.27

Given the histological and functional heterogeneity of the 

local circuitry, understanding the specific role of cholinergic 
neurons in regulation of arousal states requires the use of cell-

specific manipulation methods28-31 in naturally sleeping ani-

mals. Here we combined optogenetic manipulation and EEG 

recordings in freely behaving mice and explored the effects of 

selective activation of BF cholinergic neurons on sleep state 

transitions.

METHODS

All procedures followed the rules and regulations of the 

National Institute of Health; and were approved by the Institu-

tional Animal Care and Use Committees at Stanford University.

Animals
Heterozygous Chat-IRES-cre mice (129S6-Chattm1(cre)Lowl/J, 

Stock number: 006410, Jackson Laboratories, Maine) back-

crossed with C57BL/6J (Stock number: 000664, Jackson Labo-

ratories, Maine) mice (20-40g, 2-5 months old male, n = 10, 

N3-N6 for sleep experiments and n = 2, N2 for cell-counting 

experiments) were used. Animals were maintained under a 

12:12 light/dark cycle under constant temperature and fed ad lib.
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Surgical Procedures
Animals were initially anesthetized with ketamine/xylazine 

(100 and 20 mg/kg, i.p., respectively) followed by hourly sup-

plements of ketamine (100 mg/kg, i.p.). The AAV virus (0.7-0.9 

μL Ef1a::DIO::eYFP or Ef1a::DIO::ChR2-eYFP, UNC Vector 
Core Services, NC)32,33 was delivered either bilaterally (n = 5) 

or unilaterally (n = 5 for sleep recordings, n = 2 for histology) 

to SI (+0.02 mm AP, 1.5 mm ML and 4.5-4.7 mm DV for cell-
counting, and +0.32 mm AP, 1.5 mm ML and 4.2-4.3 mm DV 
for behavioral experiments). A minimum of 4 weeks was al-

lowed for viral transfection.

Histology
At the end of the experiments, animals were transcardi-

ally perfused using 4% paraformaldehyde in 0.1 M phosphate 

buffered saline. In order to visualize cholinergic neurons, free-

floating sections were counter-stained against a cholinergic 
marker (1:1000, Goat Anti-ChAT Polyclonal, Millipore) and 
double-labeled with a fluorescent marker (1:500, Alexa Fluor 
594, Donkey Anti Goat IgG, Invitrogen). Cell counting around 

SI/NB and horizontal limb of diagonal band (HLDB) was per-

formed for 2 animals (16 sections with a minimum of 20 cell 

count per section). Viral transfection and the consistency of the 

cannula implantation across animals were verified in all ani-
mals by screening a minimum of 20 sections per animal. We 

have not observed any difference in terms of the virus expres-

sion and spread between unilateral vs. bilateral injections (n = 5 

animals per group).

Stimulation

Photostimulations were performed during the light cycle 
(11:00-18:00 of 08:00-20:00 lights on). Either bilateral (n = 3 

animals) or unilateral (n = 5 animals) 26-Gauge cannula (Plas-

tics One, VA) and fiber system (BFL37-200, ThorLabs, NJ) was 
implanted in SI, such that the tip of the fiber extended to 4.7 mm 
from the pia mater. An additional 2 animals (one ChR2-eYFP 
and one eYFP) were implanted with 2-ferrule cannula system 
(TFC_200/260-400_5.5mm_FC_FL3, Dorics, Canada) for bi-

lateral stimulation. Unilateral and bilateral stimulations were 

both statistically effective to facilitate state change (P < 0.05, 
Kolmogorov Smirnov Test), and therefore the data were pooled. 

Animals were 5-10 months old (with age-matched distribution 

across control and experimental groups) at the time of stimula-

tion experiments. Light pulses were delivered as previously de-

scribed.31 Prior to implantation, the light output intensity at the 
tip of the fiber was adjusted to be 20 ± 1 mW (measurements 
done outside of the tissue). Different stimulation protocols of 

varying frequency (8-10 Hz), pulse (10-100 ms) and train dura-

tion (5-20 s) were applied across different experiments (mul-

tiple trials of the same protocol within each experiment [3-46 

trials]; mostly 10-20 trials per day).

Recording
For EEG, 3 stainless steel screws were implanted above pre-

frontal, parietal and cerebellar cortices (for 2 animals, 4 bilat-

eral screws over prefrontal and parietal cortices). An additional 

cerebellar screw was used for ground. For EMG recordings, 

2 wire electrodes were bilaterally placed in the neck muscu-

lature. Differential (frontal-parietal, frontal-cerebellar and 

parietal-cerebellar) recordings were obtained using Grass In-

struments (256 Hz sampling rate, 0.1-100 Hz band pass filtered 
for EEG, 0.1-3 kHz band pass filtered for EMG, Grass Tech-

nologies, RI) and Vital Recorder sleep system (Kissei Comtec 

America Inc., CA).

Analysis
Sleep scoring was performed using SleepSign (Kissei 

Comtec America Inc., CA) in 4-s windows using a combina-

tion of parameters: EEG amplitude, EMG activity, spectral 

power in delta, theta and alpha bands, and the continuity of the 

states. Episodes associated with continuous high EMG activity 

and/or bursts of EMG activity were considered as wakefulness. 

NREM states were determined by the presence of delta and/

or alpha activity during highly reduced EMG activity. REM 

states were determined by the presence of synchronous ac-

tivity at theta frequency band (4-10 Hz) coupled with flat EMG 
activity (muscle atonia) for a minimum of 4 s. Brief arousal 

states (similar to micro arousal states defined by Rolls et al.34) 

were determined by the presence of a brief period of EEG ac-

tivation (0.5-2 s long, low amplitude, fast EEG), often cou-

pled with an increased EMG activity, preceded and followed 

by NREM sleep.

Spectral analysis was performed on the signal derived 

from parietal and cerebellar electrodes; in 3 animals where 

such derivation was not possible, frontal-parietal derivation 

was used. Fast fourier transformation (FFT) was computed 

in 4-s windows (Hamming window, 1024 points) using built-

in functions in SleepSign (Kissei Comtec America Inc., CA). 

After completion of sleep scoring and FFT computation, the 

data (sleep state, stimulation condition and spectral power of 

each 4-s episode) was transferred to Matlab (MatWorks, MA) 

computing environment. All analysis (deriving of state tran-

sition latencies and relative spectral powers, categorization 

of stimulations across different sleep states and durations) 

and figure making were performed using custom-written (to 
handle the pooling of data across experiments) and existing 

tools at Matlab environment.

To compare the impact of the ongoing sleep state on stimula-

tion-mediated effects, stimulations applied during NREM and 

REM sleep were analyzed separately. NREM stimulations were 

further categorized into 3 groups, depending on the duration of 

ongoing NREM sleep prior to the stimulation onset. State tran-

sition latency was computed in terms of the number of episodes 

following the stimulation onset and preceding a state change.

For spectral analysis, first we computed the power (or 
power ratio) for each stimulation trial; then pooled the data 

across experiments and performed the statistics on the pooled 

data. (i) Mean power in each frequency bin (0.25 Hz resolu-

tion) was averaged across 5 episodes to derive 20-s preceding 

(PRE) and stimulation (STIM) periods. (ii) Mean power for 
delta (1-3.75 Hz), theta (4-9.75 Hz), alpha (10-14 Hz), gamma 

(20-40 Hz), slow (1-14 Hz), and wide (1-40 Hz) frequency 

bands were computed by first averaging the power across des-

ignated frequency bins (0.25 Hz intervals) for each episode, 

and then averaging the mean power across the desired time 

period. (iii) Relative power across PRE/STIM periods was 
calculated by dividing the mean power for STIM period by 

the mean power for PRE period. (iv) Relative power across 
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frequency bands was calculated by dividing the mean power 

of one band by the mean power of the other band for the given 

time period.

Statistics
Each stimulation trial was treated as an independent observa-

tion, and data across experiments were combined. Normality 

of the data was assessed and whenever the distribution devi-

ated from normal (P < 0.01, Kolmogorov Smirnov test [KS 
test, Matlab]), nonparametric tests were utilized. Two-sample 

Kolmogorov Smirnov test (ktest2, Matlab) was used to com-

pare cumulative probability distributions of transition latencies. 

Kruskal-Wallis test (kruskalwallis, Matlab) was used to com-

pare the distribution of transition latencies between and within 

experimental conditions. Comparison of the spectral powers 

between experimental conditions was performed using Wil-

coxon ranked sum test (ranksum, Matlab). Pairwise comparison 
of spectral powers across baseline and stimulation periods was 

performed using Wilcoxon signed rank test (signrank, Matlab). 

Correlation between transition latency and relative EEG power 

was investigated using Kendall’s tau pairwise rank correlation 

test (corr, Matlab) and the least square line plotting tool (lsline, 

Matlab).

RESULTS

We injected an adeno associated virus (AAV5) encoding a 

floxed eYFP (DIO-YFP)32,33 into SI/NB area of Chat-IRES-

Cre animals (Figure 1A). These mice express cre recombinase 

under the control of the endogenous ChAT promoter.35 Immu-

nohistochemical analysis of SI (and bed nucleus of stria ter-

minalis and ventral pallidum) and HLDB areas revealed that 

viral targeting was specific to cholinergic neurons, such that 
94.5% ± 5.96% of eYFP positive neurons were also positive 

for cholinergic marker, ChAT; and 63.4% ± 12.02% of ChAT 
positive neurons were also positive for eYFP (Mean ± SD, 1108 
cells from n = 2 animals; Figure 1B-1E).

A previous study by English and colleagues36 showed that 

the activity of cholinergic neurons in the striatum can reliably 

be manipulated by a Cre-dependent viral-delivery method, sim-

ilar to the conditions used here, and therefore we did not repeat 

in vitro recordings of photosensitive Chat cells. After verifying 

the specificity of the viral targeting, we injected DIO ChR2-
eYFP or DIO eYFP virus into SI/NB cholinergic space (n = 5 
per group) and implanted cannulas and electrodes for light de-

livery and for recording of EEG/EMG activity. Upon recovery, 

we investigated whether photostimulation of cholinergic neu-

rons during naturally occurring sleep facilitates state transitions 

during the light (rest) cycle of the animals.

At the end of the experiment, animals were perfused and 

brains were sectioned to verify viral transfection and cannula 

location. Histological investigation (> 20 sections per animal) 

proved that cannula implantations were consistent across 

animals (centered around -0.28 mm posterior from Bregma 

and 1.5 mm from midline, with 0.2 mm variation in location; 

Figure 1F, Figure S1, supplemental material). eYFP Positive 
neurons and processes were visible in a wide range of sections 

from 0.94 mm anterior to 1.95 mm posterior from Bregma. 

eYFP Positive fibers heavily innervated amygdaloid structures 
(Figure S1E, supplemental material), bed nucleus of stria ter-

minalis and neocortex. However, brain stem cholinergic areas, 

such as pedunculopontine and laterodorsal tegmental nucleus, 

lacked innervation by eYFP positive
 
fibers (Figure S2, supple-

mental material).

During the light phase of a regular 12:12 light/dark schedule, 

animals go through multiple sleep cycles consisting of drowsi-

ness, NREM sleep, REM sleep, and wakefulness or brief 

Figure 1—Cre-dependent targeting of BF cholinergic neurons. (A) Example of an injection and cannula implantation site in an animal injected with eYFP 

virus and implanted with unilateral cannula. Green, eYFP labeling. Scale is 100 micrometers. Inset, unilateral cannula placement. Arrow head, substantia 

innominata. Asterisk, horizontal limb of diagonal band nucleus. (B-D) eYFP/ChAT co-labeling around SI/NB from a coronal section around -0.08 mm AP. 

Scale is 20 micrometers. Zoomed in area of the green box shown in the inset in (A). (B) eYFP labeling. (C) ChAT labeling. (D) Merged image of (B,C). 

(E) Mean cell count from 2 animals (1108 cells in total). Error bars, standard deviation. Green, percent of eYFP and ChAT positive cells out of eYFP positive 

cells. Red, percent of eYFP and ChAT positive cells out of ChAT positive cells. (F) Summary schematics showing eYFP positive cells (green colored area) 

and fiber location (blue colored area) across animals. Images are from Allen Brain Atlas.57 Left to right, coronal sections at +0.145 mm AP, -0.08 mm AP, -0.28 

mm AP, -0.655 mm AP.
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arousal. In order to understand the effects of cholinergic activa-

tion on the naturally occurring sleep, we applied stimulations 

at 8-10 Hz frequency while the animal was resting in his home 

cage and measured the changes in sleep states, including the 

transition latency, the probability of a state change, the dura-

tion of transitioned states, and the changes in spectral power 

across delta, theta, alpha, and gamma bands. We chose stimula-

tion rates of 8-10 Hz to mimic the average firing rates of BF 
cholinergic neurons (7-14 Hz during wakefulness and REM 

sleep;18-20 much slower during cortical activation under anes-

thesia22,23). For technical considerations, we preferred using 

this mode of stimulation instead of applying phasic mode and 

matching > 100 Hz instanta-

neous firing rates.19,20 Since 

cholinergic neurons decrease 

their activity during NREM, 

we particularly focused on as-

sessing the effects of cholin-

ergic activation during NREM 

sleep.

First, we checked whether 

stimulation affected the prob-

ability of sleep state transi-

tions, i.e., transitions from 

NREM to REM sleep, to brief 

arousal or to wakefulness. For 

each stimulation trial, we cal-

culated the transition latency, 

i.e., the time passed from stim-

ulation onset to the beginning 

of the next sleep/arousal state. 

Overall, post-stimulation tran-

sitions from NREM sleep to 

another sleep/arousal state 

were much quicker for ChR2-

eYFP animals than that of con-

trols (37.0 ± 3.0 vs. 62.0 ± 5.3 
s, Mean ± SEM, 214 and 131 
trials for ChR2-eYFP and 
eYFP animals; Figure 2A-
2B) and transition latencies 

of 2 groups were significantly 
different (χ2(1,343) = 21.41, 

P = 0.0037e-3, Kruskal-Wallis 
test). The probability distribu-

tion functions of both groups 

were also significantly dif-
ferent, indicating a higher 

probability for a state change 

for ChR2-eYFP animals 
(P = 0.0096e-3, Kolmogorov 
Smirnov test, 214 and 131 

trials for ChR2-eYFP and 
eYFP groups, n = 5 animals 
per group; Figure 2C-2D). In 

a subset of experiments, stim-

ulation was applied bilaterally 

(57 and 30 trials, n = 2 and 

n = 3 animals for ChR2-eYFP 
and eYFP groups). Since both unilateral and bilateral stimula-

tions decreased the probability for state change (P < 0.05, Kol-
mogorov Smirnov Test), we pooled all the data for analysis. 

However, the majority of our results were derived from unilat-

eral stimulations (157 and 101 trials for ChR2-eYFP and eYFP 
animals).

Next, we wanted to check whether, the impact of cholin-

ergic activation depends on the timing of photostimulations 

with respect to the ongoing NREM episode. To address this, 

we applied stimulations at different time-points of NREM: (i) 

Within the first 20 s (early NREM stimulations), (ii) After 20 s 
but within the first min (mid NREM stimulations), (iii) After 

Figure 2—Effects of NREM cholinergic activation on state transitions. (A) Representative EEG and EMG traces 

preceding, during and following photo stimulation of an animal transfected with ChR2-eYFP (top 2 traces) and a 

control animal transfected with eYFP virus. Scale, 5 seconds and 0.2 mV. Stimulations were of 8 Hz frequency and 

applied for 10 s. (B) Mean (± SEM) state transition latencies. (C) Transition latency histogram. 4-s bins. 214 and 

131 trials for ChR2-eYFP and eYFP animals, n = 5 animals per group. (D) Cumulative probability distribution of state 

transition latencies. (E-G) Breakdown of sessions depending on the length of preceding NREM sleep. Mean (± SEM) 

state transition latencies. Asterisks indicate significance according to Kruskal-Wallis test. * P < 0.05. ** P < 0.001. 

*** P < 0.00001. Note that transition latencies are referenced to the stimulation onset. pNREM, prior NREM sleep 

episode. ChR2_eYFP, animals transfected with ChR2-eYFP virus. eYFP, animals transfected with eYFP virus.
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60 s of NREM (late NREM stimulations). Overall, 

the effects on state transitions were similar across 

all stimulations. Regardless of the length of prior 

NREM sleep, cholinergic stimulation facilitated the 

probability of a state change (P = 0.015, P = 0.013, 
P = 0.02, Kolmogorov Smirnov test, 44-29, 85-
51, 85-51 trials for ChR2-eYFP and eYFP groups, 
n = 5 animals in each group), and decreased the 

transition time (25.0 ± 4.6 s for early, 34.6 ± 4.4 s 
for mid, and 45.6 ± 5.4 s for late NREM stimula-

tions, Mean ± SEM, P = 0.00076, P = 0.011, and 
P = 0.014, for early, mid, and late NREM stimu-

lations, Kruskal-Wallis test; Figure 2E-2G). Al-

though, early NREM stimulations seemed to have 

the most robust effect (P < 0.001 vs. P < 0.05), 
transition latencies across 3 stimulation groups 

were not significantly different (χ2(2,211) = 5.59, 

P = 0.051 for ChR2-eYFP and χ2(2,128) = 1.67, 

P = 0.434 for eYFP animals within group compari-
sons, Kruskal-Wallis test).

Following NREM stimulations, ChR2-eYFP 
animals transitioned into wakefulness (including 

brief arousal and quiet wakefulness states) at a 

slightly higher, but not significantly different rate 
(76.5% ± 3.9% vs. 68.8% ± 6.9%, Mean ± SEM 
percentages from 18 and 14 experiments for 

ChR2-eYFP and eYFP groups, n = 5 animals per 
group, P > 0.05, Kruskal-Wallis Test; Figure 3A). 
Segmenting trials according to preceding NREM 

length revealed a similar trend (Figure 3B). The 

duration of wakefulness state, directly transitioned 

from NREM sleep, was significantly longer for 
ChR2-eYFP animals compared to eYFP animals 
(21.4 ± 6.8 vs. 7.0 ± 0.9 seconds, Mean ± SEM, P = 0.0004, 
Kruskal-Wallis test, 167 and 90 trials for ChR2-eYFP and eYFP 
animals, n = 5 animals per group; Figure 3C).

In order to assess whether cholinergic activation facilitated 

transitions-to-wakefulness, we focused on trials where the 

animals directly transitioned from NREM sleep to wakeful-

ness (including brief arousal states). In line with our previous 

results, we found that the probability of state transitions from 

NREM to wakefulness was significantly different between 
ChR2-eYFP and eYFP groups (P < 0.0001, Kolmogorov 
Smirnov test, for 167 and 90 trials, n = 5 animals per group; 

Figure S3A, supplemental material) with shorter transition la-

tencies for ChR2-eYFP animals (31.5 ± 3.2 vs. 52.8 ± 6.2 s, 
Mean ± SEM, for ChR2-eYFP and eYFP groups, P < 0.0001, 
Kruskal-Wallis test; Figure S3B, supplemental material). How-

ever, parsing trials into early, mid, and late NREM stimulations 

revealed that the probability of NREM-to-wakefulness transi-

tions was only affected by mid and, to a lesser significance de-

gree, early NREM stimulations (P = 0.0284, P = 0.0034, and 
P = 0.089, Kolmogorov Smirnov test for 38-23, 66-37, and 
63-30 trials, n = 5-4, n = 5-5, n = 5-5 animals, ChR2-eYFP 
and eYFP groups for early, mid, and late NREM stimulations). 
Likewise, transition latencies of ChR2-eYFP and eYFP animals 
were significantly different only for early NREM stimulations 
(17.9 ± 3.3 vs. 49.6 ± 11.1 s, Mean ± SEM, for ChR2-eYFP and 
eYFP groups, P = 0.0026 for early; 29.4 ± 4.7 vs. 46.3 ± 9.3 s, 

Mean ± SEM, for ChR2-eYFP and eYFP groups, P > 0.01 for 
mid; and 42.0 ± 6.5 vs. 63.2 ± 11.9 s, Mean ± SEM, for ChR2-
eYFP and eYFP groups, P > 0.05 for late NREM stimulations, 
Kruskal-Wallis test; Figure S3C-S3E, supplemental material). 

Comparison of transition latencies across early, mid, and late 

NREM stimulations confirmed, albeit weakly, the difference 
within stimulation groups (χ2(2,164) = 1.06, P = 0.049 and 
χ2(2,40) = 1.41, P = 0.493 for within ChR2-eYFP and within 
eYFP group comparisons, Kruskal-Wallis test). These results 
suggested the importance of the length of ongoing NREM sleep 

in shaping the wakefulness inducing effects of cholinergic 

stimulation.

To have a better understanding of the arousing effects of cho-

linergic stimulation, we performed spectral analysis of EEG. In 

order to work on comparable time frames across trials, we fo-

cused our analysis on 20 s of periods before and after the stimu-

lation onset (PRE, 20 s of the baseline period preceding the 
stimulation onset, and STIM, 20 s of the period starting with 

the stimulation onset). In order to ensure ChR2-eYFP and eYFP 
groups had a similar baseline, we compared PRE period mean 
power in delta, theta, and alpha bands (normalized by the mean 

power across 1-14 Hz) between experimental groups. The lack 

of significant difference (P = 0.62, P = 0.09, P = 0.06, for delta, 
theta, and alpha bands, 214 and 131 trials for ChR2-eYFP and 
eYFP groups, n = 5 animals per group, Wilcoxon ranked sum 
test) ensured that stimulation induced effects were not due to 

Figure 3—Post-stimulation transitioned states. (A) Percent of transitions to wakefulness, 

including brief arousal states, and REM sleep. Mean (± SEM) frequency of transitions to 

wakefulness was 76.5% ± 3.9% for ChR2-eYFP animals and 68.8% ± 6.9% for eYFP 

animals. (B) Same as in (A) but categorized according to prior NREM length. Rates of 

transitions to wakefulness (Mean ± SEM) were the following: 86.7% ± 5.9% for ChR2-eYFP 

and 66.7% ± 14.7% for eYFP animals for early NREM trials; 75.2% ± 6.4% for ChR2-eYFP 

and 74.7% ± 7.6% for eYFP animals for mid NREM trials; 69.8% ± 5.8% for ChR2-eYFP 

and 63.6% ± 7.8% for eYFP animals for late NREM trials. Blue, ChR2-eYFP animals. Green, 

eYFP animals. W, wakefulness including brief arousal states. (C) Duration of wakefulness, 

transitioned after optogenetic stimulation. Mean (± SEM) seconds. ChR2_eYFP, animals 

transfected with ChR2-eYFP virus. eYFP, animals transfected with eYFP virus.
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any prior difference among NREM sleep states of ChR2-eYFP 
and eYFP animals.

Next, we compared the mean power in each frequency bin 

(1-40 Hz wide band signal parsed in 0.25 Hz intervals) across 

PRE and STIM periods. For ChR2-eYFP group, this paired anal-
ysis revealed multiple frequency bins where STIM mean power 

differed from that of PRE period (56 bins with P < 0.0001, 15 
additional bins with P < 0.001, 21 additional bins with P < 0.01, 
Wilcoxon signed rank test, 214 trials, n = 5 animals). In contrast, 

for eYFP group, only 9 bins were significantly different across 
PRE and STIM periods (1 bin with P < 0.001 level, 8 additional 
bins with P < 0.01 level, 131 trials, n = 5 animals; Figure 4A-
4B). Band-wise analysis confirmed the robust difference be-

tween STIM and PRE periods, where STIM period mean power 
in delta, theta, alpha, and gamma bands were lower than that 

of PRE period. This effect was only present for ChR2-eYFP 
group but not for eYFP animals (P < 0.0001e-5 for all bands 
for pairwise comparisons within ChR2-eYFP group vs. P > 0.01 
for all within group comparisons in eYFP animals, Wilcoxon 
signed rank test). These effects were also visible at the com-

bined 1-40 Hz wide band signal (P = 0.0047e-15 vs. P = 0.374 
for ChR2-eYFP and eYFP groups, Wilcoxon signed rank test). 
Band-wise comparison of STIM period mean power normalized 

by PRE period mean power (STIM/PRE ratio) between ChR2-
eYFP and eYFP groups confirmed the stimulation mediated de-

crease in delta, theta and alpha powers in ChR2-eYFP animals 
(P = 0.0003, P = 0.00192e-6, P = 0.00012, and P = 0.00349e-6 
for delta, theta, alpha, and wide-band comparisons, P > 0.01 for 
gamma band, Wilcoxon ranked sum test; Figure 4C-4F).

In the next set of analyses; we focused on identifying the 

effects of stimulation on the EEG activity preceding a state 

transition. We explored pre-REM37 and pre-wake correlates 

of EEG activity and evaluated whether and how cholinergic 

activation affected those indicators. For each stimulation trial, 

we defined a pre-transition period, starting with the stimula-

tion onset and ending with the start of the next sleep/arousal 

state, which was determined by the initial sleep scoring. Then, 

we checked the correlations between pre-transition period 

mean powers across delta and theta bands with state transition 

latencies. Observations from eYFP control animals provided 
the benchmarked comparison for the physiological condition. 

Overall, all correlations were very weak (the strongest correla-

tion being r = −0.252, 131 trials, n = 5 animals for eYFP ani-
mals; Table 1). Cholinergic stimulation further abolished these 

weak relationships (214 trials, n = 5 animals). We then divided 

trials into 2 categories based on the transitioned state, REM 

vs. wakefulness (including brief arousal states). In control ani-

mals, we found relatively stronger correlations between tran-

sition latency to REM and normalized delta, theta, and delta/

theta ratio (r = 0.39, r = −0.37, and r = 0.39, P < 0.001, 40 

Figure 4—Effects of NREM cholinergic activation on spectral power. (A,B) Spectral power across baseline (PRE) and stimulation (STIM) periods for ChR2-

eYFP and eYFP animals. Error bars, standard deviation. (C-F) STIM/PRE mean power ratios across frequency bands. Error bars, standard error of the mean. 

Asterisks indicate significance according to paired Wilcoxon signed rank test. + P < 0.05. * P < 0.001. *** P < 0.00000001. PRE, 20-s preceding the stimulation 

onset. STIM, 20-s after the stimulation onset.

Table 1—Correlation between state transition latency and power in delta 

and theta bands.

ChR2-eYFP eYFP 

All trials and transitions with a significant (P < 0.05) correlation 
Delta – r = +0.131, P = 0.03470

Theta – r = −0.162, P = 0.00903
Delta/Theta – r = +0.143, P = 0.02071

All mid-NREM trials 
Delta – r = +0.244, P = 0.01768

Theta – r = −0.252, P = 0.01445
Delta/Theta – r = +0.237, P = 0.02152

All NREM-to-REM transitions
Delta – r = +0.392, P = 0.00043

Theta – r = −0.374, P = 0.00078
Delta/Theta – r = +0.389, P = 0.00047

All mid-NREM trials of NREM-to-REM transitions
Delta – r = +0.5, P = 0.01569

Theta – –

Delta/Theta – r = +0.456, P = 0.02806

All late-NREM trials of NREM-to-REM transitions
Delta r = +0.445, P = 0.00465 r = +0.419, P = 0.01126

Theta r = −0.357, P = 0.02356 r = −0.366, P = 0.02713
Delta/Theta r = +0.436, P = 0.00554 r = +0.377, P = 0.02292

Only correlations with significant relationship (P < 0.05, Kendall’s tau pair-
wise rank correlation) are shown. Delta and theta powers are normalized 

by the mean power in the slow band (1-14 Hz).
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trials from n = 4 eYFP animals). These cor-
relations were more robust for longer NREM 

bouts (for mid and late-NREM trials where 

prior NREM is > 20 s), where delta and theta 

powers, as well as delta/theta ratio were all 

correlated with REM sleep transition latency 

(|r| > 0.36 for late-NREM trials, 21 trials, n = 4 

eYFP animals, P < 0.05, Kendall tau pairwise 
rank-correlation test; Table 1, Figure 5). At 

first glance, such a correlation was absent for 
ChR2-eYFP group (P > 0.05, 45 trials, n = 5 
ChR2-eYFP animals). However, when trials 
were parsed according to prior NREM length, 

we discovered relatively stronger correlations 

for ChR2-eYFP animals (|r| > 0.35, P < 0.05, 
22 trials, n = 5 animals) for late NREM trials. 

These findings provide further support to the 
sleep-state dependent effects of cholinergic 

activation. Early and mid NREM stimulations, 

which induced wakefulness, disrupted the cor-

relation while late NREM stimulations did not 

disrupt the correlation, nor induced wakeful-

ness, instead they might have facilitated the 

imminent transitions to REM sleep. Overall, 

we could not find any robust EEG correlate of 
preceding wakefulness, neither in eYFP nor in 
ChR2-eYFP animals (83 trials and 151 trials, 
n = 5 animals per group, for eYFP and ChR2-
eYFP animals, P > 0.05, Kendall tau pairwise 
rank-correlation test).

Neocortical, hippocampal, and subcortical 

neuronal activities (including basal forebrain 

cholinergic neurons) vastly differ across 

NREM and REM sleep states. In order to test 

the effects of sleep states on stimulation-me-

diated arousal, in a subset of experiments, we 

applied stimulations during REM sleep. Photo-

stimulation of cholinergic neurons during REM 

did not affect the probability of state transitions 

(P > 0.05, Kolmogorov Smirnov test, 45 and 
18 trials, n = 4 and n = 3 animals, for ChR2-

eYFP and eYFP groups; Figure 6A). State transition latencies, 
were also not different between the 2 groups (47.20 ± 6.83 vs. 
39.78 ± 10.40 s, Mean ± SEM, for ChR2-eYFP and eYFP ani-
mals, P > 0.05, Kruskal-Wallis test). It should be noted that rela-

tively short nature of the REM sleep makes it hard to delineate 

finer scale effects of stimulation from the naturally occurring 
differences in neural activity across REM cycle. Regardless, 

the comparison of STIM/PRE mean power ratios between 
ChR2-eYFP and eYFP animals did not reveal any difference 
across any of the frequency bands (P > 0.05 for delta, theta, 
alpha, gamma, and wide-band comparisons, Wilcoxon ranked 

sum test; Figure 6B-6C).

When the stimulations were applied during active wakeful-

ness (Figure S4, supplemental material), we did not observe 

any disruption to the behavior of the animal or any pathological 

activity across the EEG. Pairwise comparisons of spectral ac-

tivity in trials presented no significant difference among pre-
stimulation and pre-transition (stimulation) periods for either of 

the experimental groups (P > 0.01 for all band-wise compari-
sons, i.e., delta, theta, alpha, gamma, wide band comparisons, 

Wilcoxon signed rank test, 14 and 10 trials for ChR2-eYFP and 
eYFP groups, n = 3 animals per group). However, we would 
like to emphasize the limitation of our analysis due to the lim-

ited scope of our study, not including satisfactory number of 

trials for wake behaving assessments.

DISCUSSION

We showed that optogenetic activation of BF cholinergic neu-

rons during NREM sleep is sufficient to facilitate transitions to 
wakefulness and arousal. Several authors have previously shown 

that optogenetic targeting of cholinergic system is a reliable ma-

nipulation method to induce behavioral and electrophysiological 

effects.36,38,39 We also have shown that natural sleep of animals 

can be manipulated to induce wakefulness and/or to fragment 

sleep by the use of optogenetic tools.31,33,34,40 A study by Han 

and colleagues41 was published during the revision of this report, 

Figure 5—EEG correlates of state transitions. (A,B) Correlation between pre-transition period 

delta/theta power and the transition latency to wakefulness (A) and to REM sleep (B) separately 

shown for ChR2-eYFP (left column) and eYFP (right column) groups. Color of the markers 

indicates the length of prior-NREM sleep (i.e., early, mid, late NREM trials). Blue/green, prior 

NREM was > 60 s. Magenta, prior NREM was > 20 s and < 60 s. Cyan, prior NREM was < 20 s. 

Legend applies to all subplots.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/3
7
/1

2
/1

9
4
1
/2

4
1
6
8
1
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



SLEEP, Vol. 37, No. 12, 2014 1948 BF Cholinergic Modulation of Sleep—Ozen Irmak and de Lecea

demonstrating the arousal inducing effects of optogenetic acti-

vation of cholinergic neurons and fibers within BF.
Several studies suggest the existence of different popula-

tions of BF cholinergic neurons that might differ in terms of 

firing properties and anatomical projections.14,39 This diversity 

may also exist in the membrane molecules involved in viral 

delivery and might explain the rather incomplete targeting, ap-

proximately 60%, of cholinergic neurons using AAV based Cre 

approach as applied here. However, the observed innervations 

of both neocortex and amygdaloid structures by eYFP-positive 
neurons suggest that we could reliably recruit cholinergic neu-

rons that vary in their projection profiles.
Optogenetic activation of cholinergic neurons during NREM 

sleep, disrupted the ongoing sleep state, facilitated state tran-

sitions, particularly transitions to wakefulness, and prolonged 

the duration of post-stimulation arousal. These effects were 

manifested as an overall decrease in the power across 1-14 Hz 

frequency band. These changes in the neocortical EEG within 

20 seconds of the stimulation onset are reflective of the dis-

ruption of NREM associated neural synchrony. Moreover, cho-

linergic activation mediated state transitions were relatively 

slow to develop (~30 seconds on average) and the transitioned 

wakefulness states lasted longer, suggesting the recruitment of 

postsynaptic targets of BF cholinergic system and an overall 

facilitation of arousal. The absence of any observable electro-

physiological abnormalities or behavioral distress supports the 

relevance of our findings to the physiological effects exerted by 
BF cholinergic neurons during natural arousal and sleep states.

In our study, optogenetic stimulations did not elicit an im-

mediate alertness and the induced effects were not specific to 
the activity in theta-band. However, most of our current un-

derstanding on the subcortical arousal system is coming from 

the studies that used manipulation techniques with different 

timescales and/or selectivity characteristics (e.g., pharmaco-

logical or surgical ablation methods, electrical or pharmaco-

logical stimulations, agonist/antagonist applications to cortical 

targets). Our stimulations were predominantly unilateral; bilat-

eral stimulations could have elicited more robust effects with 

shorter transition latencies and smaller variability across trials. 

In addition, not all BF cholinergic neurons were targeted; en-

gaging a limited fraction of cholinergic neurons might have 

played a role, as well. Some of the differences in expected vs. 

observed impact might also be attributed to the stimulation 

differentially recruiting tonic vs. burst firing modes of cholin-

ergic neurons.18-20,22,42 Although, 10 Hz stimulation was shown 

to elicit burst firing in BF cholinergic neurons in vitro,41 our 

8-10 Hz stimulation might not have elicited burst firing, which 
can reach more than 100 Hz frequencies within bursts.18-20 Our 

stimulation might have also elicited a “wake-like” cholinergic 

tone since cholinergic neurons fire, on average, 7 Hz during 
active wake and 14 Hz during REM sleep (rates are slower for 

cortical activation elicited in anesthetized preparations).18-20,22,23 

It is also possible that 10 Hz stimulation was limited in its effec-

tiveness in inducing arousal.41 Future studies that would com-

bine optogenetics with in vivo intracortical recordings from BF 

cholinergic neurons would help to clarify the underlying physi-

ology of the induced effects.

Our findings and the recently published findings by Han and 
colleagues41 are similar regarding the following aspects: (1) 

Han et al. reported a “frequently observed immediate” state 

transition that occurred within 15 seconds from the onset of the 

stimulation, which was applied 12 seconds after NREM onset. 

This effect is similar to our early NREM trials, where the stimu-

lation induced wakefulness with a mean latency of 18 seconds. 

(2) Both studies showed that stimulations applied during REM 

sleep did not induce arousal or wakefulness. (3) The break-

downs of transitioned wakefulness and REM states are also 

similar (80% to 20% ratio vs. 76.5% to 23.5% ratio). (4) In 

terms of the spectral analysis, peak frequencies were not shifted 

by the stimulation. The overall effect (decrease in power) on 

slow frequencies reported in our study is similar to the reported 

decrease in power of 7-10 Hz range by Han et al. The differ-

ence in timeframes of EEG analysis conducted in both studies 

disables a more detailed one-to-one comparison.

Despite the similarities, our findings diverge from the recent 
report in two main areas: (1) The shorter duration of induced 

wakefulness reported by Han and colleagues41 contrasts with 

our observations. (2) The increased probability of the continu-

ation (and the duration) of REM sleep reported by Han et al. is 

different than our report of the lack of change on the transition 

probability and the mean state transition latency (i.e., the dura-

tion of sustained REM sleep). Stimulation and analysis related 

differences could be one potential explanation of these differ-

ences. Han and colleagues’ stimulations were applied after 12 

Figure 6—Optogenetic stimulation during REM sleep. (A) Cumulative probability distribution of state transition latencies. (B,C) Spectral power across 

baseline (PRE) and stimulation (STIM) periods for ChR2-eYFP and eYFP animals. Error bars, standard deviation. PRE, 20-s preceding the stimulation onset. 

STIM, 20-s after the stimulation onset.
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seconds of state onset; this is similar to our early NREM trials 

but constitutes a different condition than that of our remaining 

NREM trials, where we sampled the effects of stimulation ap-

plied at longer lengths of the ongoing sleep state. Moreover, 

some of their quantification was based on the trials that “in-

duced a state transition within 15 seconds” and some of their 

comparisons were based on the previous day’s sleep. We em-

ployed a different approach where we included all trials, re-

gardless of the presumed effectiveness of a given stimulation 

trial; and our comparison was based on what was observed in 

strain-matched control animals. Another possibility to explain 

the differences might be the use of different frequency stimula-

tions. Despite both frequency stimulations elicit similar burst 

firing in vitro,41 8-10 Hz frequency applied in our study might 

have recruited neurons/fibers in a way different than that of 20 
Hz frequency did. Nevertheless, the main methodical differ-

ence between our study and Han et al. is the use of transgenic 

animals and the method of viral delivery. Considering BF cho-

linergic neurons are not the only source of cholinergic input to 

BF, it is critical to ensure that other cholinergic neurons, partic-

ularly the projection fibers of brain stem cholinergic nuclei43-47 

are not activated. In our case, viral expression was limited to 

the injection site, SI/NB and HLDB area, ensuring that the 

stimulation activated only the cell body and fibers of these neu-

rons. Moreover, in our study, only a subpopulation (60%) of the 

targeted neurons expressed ChR2. In other words, our targeting 

was specific but limited to a subpopulation of cholinergic neu-

rons within BF region. On the other hand, Han and colleagues41 

used ChAT-ChR2-EYFP mice (ChAT mice) and had an almost 
complete (95%) targeting of BF cholinergic neurons. However, 

ChAT mice were reported to express ChR2 in cholinergic neu-

rons of other regions, as well.48-50 Despite the use of offspring of 

animals without apparent expression in LDT/PPT, cholinergic 
fibers bypassing and/or projecting to the area that was in the 
range of the stimulation could have been activated.41 Moreover, 

cholinergic neurotransmission is enhanced in ChAT-mice due 

to the overexpression of the functional vesicular acetylcholine 

transporter gene.51 The enhanced cholinergic tone was sug-

gested to cause disruptions in learning and attention processing, 

enhanced motor behavior and dark cycle drinking and feeding 

activities observed in these mice.51 In short, the cholinergic 

tone recruited by the two studies was different. The combined 

results might be reflecting a spectrum of effects that vary de-

pending on the pool of the recruited cholinergic tone within BF, 

ranging from the activation of a sub-population of BF cholin-

ergic neurons to the activation of all cholinergic neurons and 

fibers within BF.
Comparison of the arousal inducing effects of BF cholinergic 

activation with other neuromodulatory systems studied in our 

laboratory31,33,34,40 shows similarities across hypocretinergic and 

BF cholinergic activation. Optogenetic modulation of hypocret-

inergic neurons were shown to facilitate transitions to wake-

fulness within 35-45 seconds from the stimulation onset,31,40 a 

latency similar to that observed following optogenetic stimula-

tion of cholinergic neurons (29-38 seconds). On the other hand, 

activation of noradrenergic neurons in locus coeruleus medi-

ated an almost instantaneous transition to wakefulness.33 These 

differences support the notion that individual arousal pro-

moting circuits are activated by different modulatory signals 

and have different contributions to the dynamics of sleep and 

wakefulness.52,53

In contrast to the hypocretin-induced awakenings,31 the 

arousal promoting effects of cholinergic modulation were 

dependent on the ongoing sleep states, as photostimulation 

of cholinergic neurons during REM sleep did not increase 

wakefulness. Our findings also suggest that the timing of the 
stimulation, relative to the length of preceding NREM epi-

sode, affected the probability of state transitions (particularly 

the transitions to wakefulness) where wake-promoting effects 

of cholinergic activation were not significant for stimulations 
preceded by long periods of NREM. Furthermore, stimulations 

applied during early and mid NREM disrupted the relationship 

between delta/theta powers and the transition latency, partic-

ularly for NREM to REM transitions, as observed in control 

animals. On the other hand, for late NREM stimulations the 

correlation between delta/theta powers and the transitions to 

REM sleep was similar (with a slight increase) to that of con-

trol animals, suggesting the absence of a stimulation-induced 

disruption of delta/theta power and transition latency relation-

ship. Benington and colleagues37 have shown that the changes 

in delta and theta powers reliably predict the sleep state transi-

tions; where a decrease in delta/theta ratio precedes the REM 

onset, while high delta/theta ratio predicts the prolonged NREM 

state. This relationship was disrupted for early and mid NREM 

trials; but not for late NREM trials. One plausible interpreta-

tion is that early and mid NREM stimulations induced transi-

tions to wakefulness whereas late NREM stimulations played 

a facilitatory role for the imminent transitions to REM sleep. 

These effects might be a result of state-dependent cholinergic 

sensitivity of arousal systems. During early NREM sleep (such 

as after 20 s of NREM), the activity of cholinergic neurons is 

likely to be minimal;18-20 this would ensure the maximum level 

of impact exerted by external activation of cholinergic neurons 

(as also shown by Han et al.41). On the other hand, as NREM 

develops and the sleep cycle comes closer to a transition period, 

cholinergic neurons start to join the active pool of neurons and 

increase their firing.18-20 Thus, optogenetic stimulations applied 

at this late NREM period may not be able to produce a differ-

ential signal, enough to induce wakefulness; instead it may fa-

cilitate transitions to REM sleep, which occur more frequently 

after long NREM bouts.37 Such state-dependent effects of cho-

linergic activation might have substantial use for therapeutic or 

experimental purposes, where induction of either REM sleep or 

wakefulness is specifically desired.
In a recent study, Yang and colleagues50 demonstrated an addi-

tional role for BF cholinergic system to modulate cortical activa-

tion and arousal. Cholinergic inputs, originating from collaterals 

of neighboring BF cholinergic neurons54,55 and/or projections 

from brain stem cholinergic neurons,43-47 excited cortically pro-

jecting basal forebrain GABAergic neurons.20,23 Disinhibition of 

neocortex through the activation of long-range inhibitory neu-

rons6,23,56 is a likely contributor to the arousal inducing effects of 

BF cholinergic activation observed in our study.

In our study, we focused on understanding the effects of ac-

tivation of cholinergic neurons in SI/NB and HLDB areas on 

state transitions in naturally sleeping animals. Further studies 

are needed to reveal the impact of cholinergic activation in re-

lation to sleep pressure and the homeostatic regulation, as well 
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as the effects of cholinergic drive on more attentive arousal 

states (such as encoding of sensory information during an 

object recognition task) and cognitive load (such as memory 

consolidation and/or memory retrieval). Furthermore, it would 

be important to extend this research to investigate the arousal 

promoting roles of other BF cholinergic neurons, neurons in 

the medial septum and/or the vertical limb of the diagonal band 

areas, as well as brain stem cholinergic neurons.
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SUPPLEMENTAL MATERIAL

Figure S1—eYFP labeling of processes and cell bodies of cholinergic neurons transfected with eYFP virus injected in BF cholinergic space. (A-D) 

Representative injection and cannula locations of 4 animals that went through sleep experiments. (A) Top section is same as in (Figure 1A). Sections from an 

animal with unilateral eYFP injection. (B) Sections from an animal with unilateral ChR2-eYFP injection. (C,D) Sections from an animal with unilateral ChR2-

eYFP injection. (D,E) Visualization of eYFP positive fibers across amygdaloid structures. (E) Same animal as in (A) with a unilateral eYFP injection. Scale is 

100 micrometers. Inset, representative coronal section at -1.25 mm AP from Allen Brain Atlas.57

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/s
le

e
p
/a

rtic
le

/3
7
/1

2
/1

9
4
1
/2

4
1
6
8
1
5
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



SLEEP, Vol. 37, No. 12, 2014 1951B BF Cholinergic Modulation of Sleep—Ozen Irmak and de Lecea

Figure S2—Lack of eYFP labeling in Brain Stem cholinergic areas. (A) Representative coronal section at -5.15 mm AP from Allen Brain Atlas.57 Open boxes 

indicate representative locations for the pictures in (B-D). (B) Sections from an animal with unilateral ChR2-eYFP injection. (C) Sections from an animal with 

unilateral eYFP injection. (D,E) Sections from an animal (same animal) with ChR2-eYFP injection. Note the un-level coronal plane in (C-E). (E) Open box 

shows the zoomed-in area for the right two columns. Green, eYFP labeling. Red, ChAT staining.
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Figure S3—Effects of NREM cholinergic activation on transitions to wakefulness. (A) Cumulative 

probability distribution of NREM to wakefulness transition latencies. 167 and 90 trials for ChR2-eYFP 

and eYFP animals, n = 5 animals per group. (B) Mean (± SEM) NREM to wakefulness transition 

latencies. (C-E) Breakdown of sessions depending on the length of preceding NREM sleep. Mean 

(± SEM) NREM to wakefulness transition latencies. Asterisks indicate significance according to 
Kruskal-Wallis test. * P < 0.05. ** P < 0.01. **** P < 0.0001. Note that transition latencies are referenced 

to the stimulation onset. pNREM, prior NREM sleep episode. ChR2_eYFP, animals transfected with 

ChR2-eYFP virus. eYFP, animals transfected with eYFP virus.

Figure S4—Optogenetic stimulation during wakefulness. (A,B) Spectral power across baseline (PRE) and stimulation (STIM) periods for ChR2-eYFP and 

eYFP animals (14 and 10 trials for ChR2-eYFP and eYFP groups, n = 3 animals per group). Error bars, standard deviation. PRE, 20-s preceding the 

stimulation onset. STIM, 20-s after the stimulation onset.
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