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Abstract: Brain responses to external stimuli such as light are preserved under general anesthesia. In nocturnal 
animals, acute light exposure can induce sleep, and acute dark can increase wakefulness. This study aims to 
investigate the effect of acute continuous nocturnal light exposure (ACNLE) on burst-suppression patterns under 
sevoflurane anesthesia using electroencephalogram (EEG) monitoring in mice. We set the initial sevoflurane dose 
to 2.0% and increased it by 0.5% every 20 min until it reached 4.0%. Burst-suppression ratio (BSR), EEG power 
and quantitative burst analysis were used to assess the effects of ACNLE on burst suppression patterns under 
sevoflurane anesthesia. Blood serum corticosterone measurement and c-Fos immunofluorescent staining of the 
suprachiasmatic nucleus (SCN) and ventrolateral preoptic nucleus (VLPO) were used to demonstrate the biological 
consequence induced by ACNLE. Compared to darkness, ACNLE caused significant changes in EEG power and de-
crease of BSR at 2.5%, 3.0% and 3.5% sevoflurane. ACNLE was also associated with an increase in burst duration 
and burst frequency as well as a decrease in burst maximum peak-to-peak amplitude and burst power in the beta 
(15-25 Hz) and gamma (25-80 Hz) bands. ACNLE increased the concentration of serum corticosterone and the 
expression of c-Fos in the SCN, while not changed c-Fos expression in the VLPO. These results demonstrated that 
ACNLE influences the BSR under sevoflurane anesthesia, possibly by activating light-sensitive nonvisual pathways 
including SCN and increasing of peripheral serum corticosterone levels.

Keywords: Light exposure, nocturnal, burst suppression electroencephalogram, suprachiasmatic nucleus, ventro-
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Introduction

Burst-suppression activity, first described by 
Swank and Watson in 1949 [1], is defined as an 
electroencephalography (EEG) pattern compris-
ing alternative periods of high-amplitude slow 
waves (the burst) and flat EEG (suppression) 
[2], and it is often observed in coma [3], hypo-
thermia [4], epilepsy [5], and deep general 
anesthesia [6, 7]. The duration of suppression 
is prolonged as anesthesia deepens. Eventually, 
a completely isoelectric (flatline) EEG can be 

attained. Increasing levels of anesthesia are 
thought to produce a progressive loss of brain 
responsiveness to external stimuli. However, 
current evidence supports the idea that gener-
al anesthesia is not a uniform state of the brain. 
Ongoing activity of brain differs as the depth of 
anesthesia changes, and cerebral response 
properties are modulated depending on the 
anesthetic dosage [8]. General anesthetics, 
which are expected to silence brain activity, 
often spare brain responses to sensory stimuli 
[9-15]. Under the deep levels of anesthesia 
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that induce burst suppression, brain excitability 
is dramatically increased [16], such that exter-
nal stimuli, including somatosensory, auditory 
and visual stimuli, have been shown to elicit 
bursts of whole-brain activity. Previous studies 
demonstrated that light pulses can induce tran-
sient EEG bursts during general anesthesia-
induced burst suppression in both humans [9, 
12] and rodents [13, 14]. In addition, light-
induced gamma oscillations are preserved or 
enhanced in anesthesia induced by volatile 
anesthetics [14, 17, 18]. At present, the biologi-
cal consequences and neural pathway of this 
light-induced brain activity during anesthesia-
induced burst suppression are largely unknown.

Beyond its widely appreciated role in vision, 
light exerts a wide range of powerful biological 
effects on nonvisual responses, including the 
regulation of circadian rhythms, sleep and 
wake cycles, pupil constriction, heart rate, hor-
mone release, learning and memory, through 
distinct light-sensitive brain pathways [19, 20]. 
In addition, light-induced gamma oscillations 
result in the preservation of neuronal and syn-
aptic density across multiple brain regions in 
neurodegeneration mouse models and are 
associated with improved cognitive function 
[21]. Aside from acute changes in EEG activi-
ties, it would be interesting to know the local 
and organism-level biophysical consequences 
following light exposure during anesthesia-
induced burst suppression. Acute nocturnal 
light exposure in rodents has been shown to 
result in rapid sleep induction through intrinsi-
cally photosensitive retinal ganglion cells 
(ipRGCs) [22]. A recent study demonstrated 
that ipRGCs project to nonvisual systems, 
including the suprachiasmatic nucleus (SCN) 
and ventrolateral preoptic area (VLPO), which 
are related to arousal-promoting responses 
and sleep-promoting responses to light in mice, 
respectively [23]. The SCN and VLPO are differ-
entially involved in the action of general anes-
thetics [24, 25]. Whether acute light exposure 
impacts brain activity and to what extent the 
process and consequence of light-induced non-
visual response is preserved during sevoflu-
rane-induced burst suppression remain un- 
known.

In the present study, EEG was used to monitor 
burst suppression under sevoflurane anesthe-
sia. The burst-suppression ratio (BSR) and EEG 

power were calculated to assess the effects of 
acute light exposure at night on burst suppres-
sion under sevoflurane anesthesia in C57BL/6L 
mice kept under a light-dark cycle. SCN and 
VLPO c-Fos immunofluorescent staining and bl- 
ood serum corticosterone measurement were 
used to demonstrate the neural pathway in- 
volved in and biological consequences associ-
ated with continuous acute nighttime light 
exposure (ACNLE) induced brain activities dur-
ing sevoflurane-induced burst suppression. We 
aimed to test the hypothesis that ACNLE has an 
impact on burst suppression patterns under 
sevoflurane anesthesia. Differentially prese- 
rved light-sensitive nonvisual pathways may be 
involved in ACNLE induced changes of brain 
activity and biological consequences.

Materials and methods

Animals

All procedures were approved by the Exper- 
imental Animal Care and Use Committee of 
Tongji Medical College, Huazhong University of 
Science and Technology and carried out in 
accordance with the National Institutes of 
Health Guidelines for the Care and Use of 
Laboratory Animals. Male C57BL/6J mice aged 
10-12 weeks old weighing 22-26 g were used in 
this study. All animals were provided with at 
least 7 days of rest before experiments and 
were kept on a standard light/dark cycle (light 
on: 07:00-19:00) at constant ambient tempera-
ture (21 ± 1°C) and humidity (50 ± 5%). All 
experiments were performed between 20:00 
and 24:00.

Electroencephalogram electrode placement 
and recording

Mice were anesthetized with sodium pentobar-
bital (60 mg/kg, i.p.). The hair was removed 
from the scalp with an electric razor. Then, the 
animals were placed in a stereotaxic apparatus 
(RWD Inc., Shenzhen, China). A heating pad 
(RWD Inc., Shenzhen, China) was used to main-
tain a stable body temperature. With additional 
subcutaneous bupivacaine for analgesia, extra-
dural EEG electrodes were implanted surgically. 
Two stainless steel screws were fixed in the 
right frontal cortex (0.4 mm lateral and 1.75 
mm anterior to bregma) and left cerebellum for 
EEG recording. All leads were connected to a 
miniature plug. Then, the screws, cables and 
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miniature plug were all permanently fixed to the 
skull with Super-Bond C&B and dental acrylic 
[26, 27]. After surgery, the mice were wrapped 
in a heating pad (RWD Inc., Shenzhen, China) 
until complete recovery from anesthesia. All 
animals that underwent EEG electrode place-
ment surgery were kept on a standard light/
dark cycle (light on: 07:00-19:00) for at least 7 
days before anesthesia and EEG recording.

Mice were connected to a cable attached to a 
rotative connector to allow free movement with-
in the cylindrical chambers. EEG was performed 
with a sampling frequency of 500 Hz using a 
Model 1700 differential alternating-current 
amplifier (A-M system, Carlsborg, WA, USA) and 
a PCIe 6323 data acquisition board (National 
Instruments, Austin, TX). EEG signals were con-
tinuously recorded with Spikehound software 
[28]. Recordings began approximately 20 min 
prior to the start of sevoflurane administration 
and ended after animals regained movement.

Anesthesia protocol

Four days before the test, we placed all mice 
into individual anesthesia chambers adapted 
for at least 2 hr. As shown in Figure 1, baseline 
recordings were taken for 20 min in the waking 
state before sevoflurane was administered. 
Then, anesthesia was induced with 2.0% sevo-
flurane (RWD Inc., Shenzhen, China) in oxygen 
with a fresh gas flow rate of 500 ml/min. The 
sevoflurane concentration was increased in 
steps of 0.5% every 20 min until a final concen-
tration of 4.0% was reached. This maximal 
dose was maintained for an additional 20 min. 

During the first 10 min at each dose, the ani-
mals were allowed to equilibrate to the anes-
thetic concentration in the chamber. For the 
entire recording period, the mice within the 
cylindrical chambers were placed on a far infra-
red warming pad (RightTemp®, Kent Scientific, 
USA) that had been warmed to 37°C. After the 
onset of loss of righting reflex, a rectal tempera-
ture probe (RET-3, Kent Scientific, USA) was 
placed to monitor the rectal temperature of the 
mice. The pulse oxygen saturation (SpO2) of the 
mice was continuously monitored by a pulse 
oximeter (MouseSTAT® Jr., Kent Scientific, 
USA). We recorded the rectal temperature and 
SpO2 of each mouse during the maintenance of 
anesthesia as of 5 min, 10 min, and 20 min 
into each state for analysis. Gas was continu-
ously sampled from the downstream portion of 
the chamber, and sevoflurane concentrations 
in the chamber were monitored using an anes-
thetic agent analyzer (G60, PHILIPS, Shenzhen, 
China).

Mice were randomly divided into 2 groups 
(Figure 1). Before anesthesia, mice in both 
groups were kept in the dark. In the night dark 
group (ND), sevoflurane was administered in 
the dark. In the night light group (NL), sevoflu-
rane was administered along with continuous 
acute exposure to light (LED, 5 W, 2700-3500 
K, 50 Hz).

EEG burst-suppression identification and BSR 
calculation

Artifact-free EEG data under each sevoflurane 
concentration were selected for analysis after 

Figure 1. Flowchart of the anesthesia protocol; lighting conditions during sevoflurane administration. Mice were 
recorded for 20 min in the waking state before sevoflurane was administered. Then, anesthesia was induced with 
2.0% sevoflurane in oxygen with a fresh gas flow rate of 500 mL/min. The sevoflurane concentration was increased 
by 0.5% every 20 min until a final concentration of 4.0% was attained. For first 10 min at each dose, the ani-
mals were allowed to equilibrate to the anesthetic concentration in the chamber. The second line: black box indi-
cates dark condition; the third line: black box indicates dark condition; yellow box indicates light condition. Sevo = 
sevoflurane. ND, nighttime administration of sevoflurane (20:00-24:00) in the dark; NL, nighttime administration of 
sevoflurane (20:00-24:00) with exposure to light.
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the 10 min equilibration of the animal to the 
chamber concentration. Large artifacts in the 
electroencephalogram were observed only dur-
ing gross motor movement; we searched for a 
recorded period free from such events. The raw 
EEG data were preliminarily bandpass filtered 
(10-80 Hz) and band-block filtered (48-52 Hz) 
for removal of line noise. Each EEG recording (n 
= 10 in each group) was detrended and sm- 
oothed by convolution with a Gaussian func-
tion. The BSR is calculated by segmenting the 
EEG into bursts and suppressions using a volt-
age- and duration-based threshold. Suppre- 
ssion is commonly defined as an interval in 
which the amplitude of the time-differentiated 
EEG signal remains within a -15 to 15 μV/s win-
dow for at least 200 ms; suppression events 
were considered part of the same suppression 
when the interevent interval was ≤ 50 ms. EEG 
epochs between suppression periods were 
considered bursts. For the BSR algorithm, sup-
pressions are given a value of 1 and bursts are 
given a value of 0 to create a binary time series 
[29]. This binary time series is then smoothed 
with a windowing function to calculate the BSR 
over time [10, 29]. Quantitative burst analysis 
was performed on identified burst episodes 
during burst suppression to illustrate the effect 
of acute nocturnal light exposure on burst fre-
quency, burst duration, and burst maximum 
peak-to-peak amplitude (rectified signal) ac- 
cording to previously reported methods [10]. 
Burst frequency (Hz) was the number of burst 
appearances over a period of time. Duration (s) 
was the absolute length of the individual burst. 
The maximum peak-to-peak amplitude (mV) 
was the absolute difference between the maxi-
mum and minimum amplitude values within 
each individual burst [10]. The raw EEG signals 
were exported into MATLAB R2019a (Math- 
Works, Natick, MA) and analyzed using appro-
priate code.

Power spectral analysis

We computed spectrograms using multitaper 
methods from the Chronux toolbox (version 
2.1.2, http://chronux.org/) in MATLAB R2019a 
(MathWorks, Natick, MA) [30]. An EEG spectro-
gram of spontaneous brain activity was com-
puted every 4 s (50% overlapping) with a 
5-taper FFT. The average power spectral densi-
ty (PSD) over the whole frequency band (0.5-80 
Hz) and for single frequency bands of the raw 
EEG signal was computed as follows: 300 s of 

spontaneous brain activity was computed every 
4 s (50% overlapping), bandpass filtered (0.5-
80 Hz) and band-block filtered (48-52 Hz) for 
removal of line noise, followed by a 5-taper fast 
Fourier transform (FFT). The averaged power 
values were calculated for the delta (0.5-4 Hz), 
theta (4-8 Hz), alpha (8-12 Hz), spindle (12-15 
Hz), beta (15-25 Hz) and gamma (25-80 Hz) fre-
quency bands for each studied sample [31, 
32]. For the analysis of power of identified 
bursts during the burst suppression patterns, a 
wavelet spectrogram was generated via con-
tinuous wavelet transform (Morlet kernel) for 
each frequency (0.5 Hz bin size) and normal-
ized to be coherent with PSD as described 
above [33]. The wavelet decomposition was 
chosen over more traditional fast Fourier trans-
form-based methods because it offers variable 
time and frequency resolutions and enables 
reliable detection of rapid transient changes in 
signal amplitude at higher frequencies [34].

Blood collection and corticosterone analysis

Mice in groups ND and NL were administered 
2.5% sevoflurane. After anesthesia was main-
tained for 40 min, the mice were decapitated, 
and approximately 1 ml of blood was collected 
into a serum separator tube. After clot forma-
tion, the samples were centrifuged at 3000×g 
for 10 min at 4°C to separate out the serum. 
The serum was stored at -20°C until corticoste-
rone analysis. All blood sampling was conduct-
ed within the same 3-h period in an effort to 
minimize the effect of circadian rhythms on cor-
ticosterone release.

Serum corticosterone concentrations were 
measured with an enzyme-linked immunosor-
bent assay (ELISA) kit (ab108821; Abcam, 
Cambridge, MA, United States). According to 
the manufacturer’s protocol, 25 μl of sample 
and standard solutions and 25 μl biotinylated 
corticosterone protein were added to the pre-
coated antibody plate provided with the kit and 
incubated for 2 h at room temperature. The 
plate was manually washed five times with 200 
μL of 1× wash buffer. Next, 50 µl of 1× strepta-
vidin-peroxidase conjugate was added to each 
well and incubated for 30 min at room tempera-
ture. Then, the microplate was washed as 
described above. A 50 µl volume of chromogen 
substrate was added to each well and incubat-
ed for 25 min at room temperature. The reac-
tion was stopped by adding 50 μl of stop solu-
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tion to each well. The optical density (O.D.) of 
corticosterone was read at a wavelength of 
450 nm using a microplate reader (Model 680; 
Bio-Rad, California, USA). The concentration of 
serum corticosterone was calculated according 
to the standard curves.

Immunofluorescent staining and cell counting

Mice in groups ND and NL were administered 
2.5% sevoflurane. After anesthesia was main-
tained for 40 min, the mice were perfused 
intracardially with saline followed by 4% ice-
cold paraformaldehyde (PFA) in 0.1 M phos-
phate buffer saline (PBS). After perfusion, the 
brains were harvested, postfixed in 4% PFA for 
4 h, and dehydrated in 30% sucrose in PBS at 
4°C until they sank. The brains were coronally 
sectioned into 20-μm slices on a cryostat 
(CM1900; Leica, Germany), mounted on polyly-
sine-coated slides, and stored at -80°C until 
use.

For c-Fos staining, the brain sections were per-
meabilized with 0.3% Triton X-100 for 15 min 
and blocked with 10% donkey serum for 1 h at 
room temperature, incubated overnight at 4°C 
with the rabbit anti-c-Fos antibody (1:500; Cat. 
No. 226 003; Synaptic Systems, Germany). 
Then, the sections were incubated with Alexa 
Fluor 488-labeled donkey anti-rabbit second-
ary antibody (1:300; A-21206; Invitrogen, Carls- 
bad, CA, United States) for 2 h at room temper-
ature and washed with PBS. After being cov-
ered with DAPI (AR1177; Boster, Wuhan, China) 
for 5 min at room temperature, sections were 
rinsed, mounted, and cover-slipped with 50% 
glycerol. Images were captured using a fluores-
cence microscope (DM2500, Leica, Germany). 
The c-Fos-positive cells were counted on alter-
nate sections in the SCN nucleus from -0.22 to 
-0.82 mm relative to bregma. VLPO c-Fos-posi-
tive cell counts were performed on sections 
spanning from +0.26 mm to -0.10 mm relative 
to bregma using a standardized 400×250 μm 
box positioned 300 μm lateral to the midline.

Statistical analysis

GraphPad Prism 6 (GraphPad Software, San 
Diego, CA) was used for statistical analysis. In 
the repeated-measures designs (body temper-
ature and SpO2, BSR, burst analysis and EEG 
PSD), principal effects were tested with one-
way or two-way repeated-measures ANOVA 

(rANOVA). The Greenhouse-Geisser correction 
was applied when sphericity could not be as- 
sumed. Group comparisons in repeated-mea-
sures design were tested with two-way rANOVA, 
and Sidak’s multiple comparison test or Fisher’s 
least significant difference (LSD) test was 
applied for multiple hypothesis testing. The 
two-sample t-test was chosen for non-repeated 
measures designs (serum corticosterone, SCN 
and VLPO c-Fos), and the Welch correction for 
unequal variance was applied. All data are pre-
sented as the mean ± standard error of the 
mean. P < 0.05 was considered statistically 
significant.

Results

Initial assessment of depth of sevoflurane 
anesthesia

To evaluate the changes of depth of anesthe-
sia, we recorded cortical activity by EEG moni-
toring. The sevoflurane concentrations used in 
this study ranged from 2.0 to 4.0%. Figures 
2B-D, 3B-D present representative EEG power 
spectrograms, raw EEG traces and BSR re- 
sponses for groups ND and NL. In the waking 
state, spontaneous cortical activity showed the 
characteristic low amplitude and high frequen-
cy EEG with no obvious burst-suppression activ-
ity (Figures 2E, 3E). When the sevoflurane  
concentration was increased, a clear burst- 
suppression pattern was induced (Figures 2F, 
2G, 3F, 3G), reflecting strong brain inactivation, 
which is characteristic of deep general anes- 
thesia.

Effect of ACNLE on BSR and EEG power under 
sevoflurane anesthesia

Burst suppression ratio (BSR) was zero in the 
waking state, and a large increase in BSR was 
found in groups ND and NL when the sevoflu-
rane concentration was increased (Figure 4A). 
Compared to group ND, acute light exposure in 
group NL caused a significant decrease in BSR 
at 2.5%, 3.0% and 3.5% sevoflurane (Figure 
4A). With the lowest (2.0%) and highest (4.0%) 
concentrations of sevoflurane, there were no 
significant differences in BSR between groups 
NL and ND (Figure 4A). The mean EEG power 
over the whole frequency band (0.5-80 Hz) was 
increased in group NL compared to group ND at 
2.5%, 3.0% and 3.5% sevoflurane (Figure 4B). 
The administration of sevoflurane produced a 
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significant reduction in EEG power in almost all 
individual frequency bands, with the exception 
of the spindle band in group ND (Figure 4C and 
4E). However, administration of sevoflurane 
produced a significant reduction in EEG power 
only in the delta, theta and gamma bands in the 
group NL (Figure 4D and 4F).

Effect of ACNLE on features of spontaneous 
bursts under sevoflurane anesthesia

The burst duration and burst frequency de- 
creased with increasing sevoflurane concentra-
tion in both groups. The peak-to-peak ampli-

tude and burst power in the beta (15-25 Hz) 
and gamma (25-80 Hz) bands were increased 
with increasing sevoflurane concentration in 
both groups.

Compared to group ND, the analysis of individu-
al bursts showed that burst duration and burst 
frequency were significantly increased in group 
NL (Figure 5H, 5I). The burst maximum peak-to-
peak amplitude was decreased in group NL 
compared to group ND (Figure 5G). Compared 
to group ND, burst power in the beta (15-25 Hz) 
and gamma (25-80 Hz) bands was decreased 
in group NL (Figure 5J, 5K).

Figure 2. Representative electroencephalogram (EEG) power spectrogram, burst-suppression ratio (BSR) graph and 
raw EEG traces in an ND mouse. (A), the concentration and duration of sevoflurane anesthesia; black boxes indicate 
dark conditions. (B), EEG power spectrogram. Color bar, scale in decibels (dB); warm colors indicate frequency com-
ponents with high power; cool colors indicate frequency components with low power. The EEG energy is decreased 
with the increase of the sevoflurane concentration. The deeper the anesthesia, the lower the EEG energy. (C), raw 
EEG trace under sevoflurane anesthesia. (D), BSR response under sevoflurane anesthesia. The BSR is increased 
with the increase of the sevoflurane concentration. (E-G), representative raw EEG traces (20 s) in the waking state 
(E left) and under 2.0% sevoflurane (E right), 2.5% sevoflurane (F left), 3.0% sevoflurane (F right), 3.5% sevoflurane 
(G left), 4.0% sevoflurane (G right).
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Effect of ACNLE on c-Fos expression in the 
SCN and VLPO under sevoflurane anesthesia

To determine whether the SCN and VLPO were 
involved in changes induced by ACNLE during 
sevoflurane anesthesia, we examined immun- 
ofluorescent expression of c-Fos, a marker of 
antecedent neuronal activity. Figures 6 and 7 
show that ACNLE under sevoflurane anesthesia 
elicited a significant increase in c-Fos expres-
sion in the SCN but had no effect on the num-
ber of c-Fos-positive cells in the VLPO, suggest-
ing that ACNLE during sevoflurane anesthesia 
could activate only the SCN.

Effect of ACNLE on serum corticosterone levels 
under sevoflurane anesthesia

We measured the serum corticosterone levels 
in groups ND and NL at 2.5% sevoflurane, and 
we found that the serum corticosterone con-
centration of group NL was higher than that of 
group ND (Figure 8).

Body temperature and pulse oxygen saturation 
under sevoflurane anesthesia

To verify that the differences in BSR and EEG 
power were not caused by hypothermia or 
hypoxia, we recorded rectal temperature and 

Figure 3. Representative electroencephalogram (EEG) power spectrogram, burst-suppression ratio (BSR) and raw 
EEG traces in an NL mouse. (A), the concentration and duration of sevoflurane anesthesia; black box indicates 
dark condition, yellow boxes indicate light conditions. (B), EEG power spectrogram. Color bar, scale in decibels (dB); 
warm colors indicate frequency components with high power; cool colors indicate frequency components with low 
power. The EEG energy is decreased with the increase of the sevoflurane concentration. The deeper the anesthesia, 
the lower the EEG energy. (C), raw EEG trace under sevoflurane anesthesia. (D), BSR response under sevoflurane 
anesthesia. The BSR is increased with the increase of the sevoflurane concentration. (E-G), representative raw EEG 
traces (20 s) in the waking state (E left) and under 2.0% sevoflurane (E right), 2.5% sevoflurane (F left), 3.0% sevo-
flurane (F right), 3.5% sevoflurane (G left), 4.0% sevoflurane (G right).
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Figure 4. Effect of acute continuous nocturnal light exposure (ACNLE) on electroencephalogram (EEG) burst-sup-
pression ratio (BSR) and EEG power spectral density (PSD) under sevoflurane anesthesia. (A), BSR for sevoflurane 
at each state. BSR increased as the sevoflurane concentration increased in groups ND and NL (####P < 0.0001, 
main effect of sevoflurane concentration by two-way rANOVA). Compared to group ND, acute light exposure in group 
NL caused a significant decrease in BSR at 2.5%, 3.0% and 3.5% sevoflurane. With the lowest (2.0%) and highest 
(4.0%) concentrations of sevoflurane, there were no significant differences in BSR between groups NL and ND (*P 
< 0.05, ***P < 0.001 compared with ND, n = 10 in each group, two-way rANOVA followed by Sidak’s multiple com-
parison test). (B), mean EEG PSD over the whole frequency band (0.5-80 Hz) from quantitative EEG spectral analysis 
in the waking state and under 2.5%, 3.0% and 3.5% sevoflurane anesthesia for groups NL and ND. The mean EEG 
power decreased as the sevoflurane concentration increased in groups ND and NL (####P < 0.0001, main effect 
of sevoflurane concentration by two-way rANOVA). The mean EEG power over the whole frequency band (0.5-80 Hz) 
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SpO2 of each mouse as of 5 min, 10 min, and 
20 min into each state. The mean of three rec-
tal temperature measurements was consid-
ered the final temperature; likewise, three SpO2 
measurements were averaged to calculate the 
final SpO2. A two-way ANOVA showed no signifi-
cant difference in rectal temperature (Figure 
9A) or SpO2 (Figure 9B) between groups ND 
and NL under sevoflurane anesthesia.

Discussion

This study demonstrated that ACNLE influences 
burst-suppression patterns under sevoflurane 
anesthesia. Our findings can be briefly de- 
scribed as follows: (1) ACNLE under sevoflurane 
anesthesia decreased the depth of anesthesia 
and was associated with reduced BSR, in- 
creased mean EEG power over the whole fre-
quency range and less suppression of EEG 
power in single frequency bands compared to 
darkness at night. (2) ACNLE under sevoflurane 
anesthesia increased burst duration and burst 
frequency while decreasing burst maximum 
peak-to-peak amplitude and burst power in the 
beta (15-25 Hz) and gamma (25-80 Hz) bands. 
(3) ACNLE under sevoflurane anesthesia incr- 
eased the expression of SCN c-Fos and the 
concentration of serum corticosterone. (4) 
ACNLE had no effect on VLPO c-Fos expre- 
ssion.

Burst suppression is an EEG pattern character-
ized by periods of high-voltage electrical activi-
ty alternating with periods of inactivity in the 
brain. Burst suppression was formally defined 
by the International Federation of Societies for 
Electroencephalography and Clinical Neurop- 
hysiology (IF-SECN) as a “pattern characterized 
by theta and/or delta waves, at times inter-
mixed with faster waves, and intervening peri-
ods of relative quiescence” [35]. This EEG pat-
tern has been considered to be associated with 
profound brain inactivation and unconscious-

ness and can be observed in patients with inac-
tivated brain states, such as coma [3], hypo-
thermia [4], and deep general anesthesia [6].

Increasing levels of anesthesia are thought to 
produce a progressive loss of brain responsive-
ness to external stimuli. In anesthetized sub-
jects, sensory stimuli fail to gain access to the 
cerebral cortex because of a block or disrup-
tion of thalamocortical information transfer 
[36, 37]. However, under the deep levels of 
anesthesia that induce burst suppression, 
brain excitability is still preserved or even dra-
matically increased [16]; external auditory [38], 
mechanical [39] and visual stimuli [9, 12-14] 
have been shown to elicit bursts of whole-brain 
activity. In a human study, Hartikainen et al. 
demonstrated that the central nervous system 
reacts strongly to photic stimulation under 
deep anesthesia [12]. In humans under isoflu-
rane anesthesia at 1.5 minimum alveolar con-
centration (MAC), 100% of photic stimuli, 98% 
of somatosensory stimuli and 94% of auditory 
stimuli given during EEG suppression evoked 
burst activity [9]. The effect of light on brain 
activity in nocturnal animals is distinct from its 
effect in humans, but this light-induced burst 
excitatory activity is preserved in nocturnal ani-
mals under anesthesia. In a rat model, burst 
activation of the cerebral cortex can be induced 
by flash stimuli under isoflurane anesthesia 
[13]. Robust gamma oscillations in the visual 
cortex have been observed in rats in response 
to flashes at all useful anesthetic levels with 
various agents [14]. Visual and auditory stimu-
lation were able to evoke burst activity in the 
visual cortex and subiculum under progressive-
ly increasing levels of isoflurane anesthesia in 
mice [40]. However, this hypersensitivity seems 
to occur only in a specific range of anesthesia 
depth. Kroeger and Amzica demonstrated that 
external stimuli fail to induce bursting at isoflu-
rane levels less than 2% or greater than 3.5% 

was increased in group NL compared to group ND at 2.5%, 3.0% and 3.5% sevoflurane (*P < 0.05 compared with 
ND, n = 10 in each group, two-way rANOVA followed by Fisher’s LSD test). (C and D), for normalization, the squared 
magnitude of the fast Fourier transform (FFT) was divided by the number of samples (N) and by the sampling fre-
quency (Fs). Average periodograms from four representative EEG recordings (4 s sweeps, 5-taper FFT, total trace 
length 300 s) obtained as above for ND (C) and NL (D). (E and F); mean EEG power from quantitative spectral analy-
sis for ND (E) and NL (F) in single frequency bands under sevoflurane in each state. Group ND produced a significant 
reduction in EEG power in almost all individual frequency bands, with the exception of the spindle band. However, 
Group NL produced a significant reduction in EEG power only in the delta, theta and gamma bands (*P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001, n = 10 in each group, main effect of sevoflurane concentration by one-way 
rANOVA). Sevo = sevoflurane. ND, nighttime administration of sevoflurane (20:00-24:00) in the dark; NL, nighttime 
administration of sevoflurane (20:00-24:00) with exposure to light.
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Figure 5. Effect of acute continuous nocturnal light exposure (ACNLE) on spontaneous bursts under sevoflurane anesthesia. (A-F), representative EEG traces (up) 
and burst power (down) at increasing concentrations of sevoflurane for groups ND and NL. When the anesthetic concentration is increased, a clear burst-suppres-
sion pattern is induced. In the EEG trace, both the original EEG (gray line) and the filtered EEG (black line) are presented. Black on the filtered EEG trace indicates 
suppression, and red indicates a burst. Blue circles indicate the maximum and minimum amplitude values within each individual burst. (G-K), quantitative burst 
analysis obtained on identified burst episodes during burst suppression to illustrate the effect of acute nighttime light exposure on burst maximum peak-to-peak 
amplitude (G); burst duration (H); burst frequency (I); and burst power in beta (J) and gamma (K) bands. The burst duration and burst frequency decreased with 
increasing sevoflurane concentration in both groups. The peak-to-peak amplitude and burst power in the beta (15-25 Hz) and gamma (25-80 Hz) bands were in-
creased with increasing sevoflurane concentration in both groups. Compared to group ND, the analysis of individual bursts showed that burst duration and burst 
frequency were significantly increased in group NL. The burst maximum peak-to-peak amplitude and burst power in the beta (15-25 Hz) and gamma (25-80 Hz) 
bands were decreased in group NL (##P < 0.01, ###P < 0.001, ####P < 0.0001, main effect of sevoflurane concentration by two-way rANOVA; %%P < 0.01 main effect of 
sevoflurane concentration by one-way rANOVA; *P < 0.05, **P < 0.01, ***P < 0.001 compared with ND, n = 10 in each group, two-way rANOVA followed by Fisher’s 
LSD test). Sevo = sevoflurane. ND, nighttime administration of sevoflurane (20:00-24:00) in the dark; NL, nighttime administration of sevoflurane (20:00-24:00) 
with exposure to light.
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(the latter of which produces an isoelectric EEG 
state) [16]. Previous studies have focused 
mainly on the acute effects of external stimuli 
on anesthesia-induced burst suppression. 
Using an acute light exposure model in mice, 
we have provided the first demonstration of the 
effect of ACNLE on brain reactivity during sevo-
flurane-induced burst suppression. Consistent 
with a previous study, our study demonstrated 
that ACNLE decreased BSR at 2.5%, 3.0% and 
3.5% sevoflurane but not at 2.0% or 4.0% sevo-

Figure 6. Effect of acute continuous nocturnal light exposure (ACNLE) on c-Fos expression in the suprachiasmatic 
nucleus (SCN) under sevoflurane anesthesia. A. c-Fos immunostaining and DAPI nuclear staining in the SCN. 3V, the 
third ventricle. Bar = 200 μm. B. quantitative analysis of the numbers c-Fos-positive cells in groups ND and NL. Com-
pared to group ND, acute light exposure in group NL caused a higher c-Fos expression in the SCN (***P < 0.001 
compared with ND, n = 4 in group ND, n = 6 in NL group, unpaired t-test). ND, nighttime administration of sevoflu-
rane (20:00-24:00) in the dark; NL, nighttime administration of sevoflurane (20:00-24:00) with exposure to light.

Figure 7. Effect of acute continuous nocturnal light exposure (ACNLE) on c-Fos expression in the ventrolateral preop-
tic nucleus (VLPO) under sevoflurane anesthesia. (A), c-Fos immunostaining and DAPI nuclear staining in the VLPO. 
3V, the third ventricle. AC, the anterior commissure. Bar = 500 μm. Bar = 200 μm. The white boxes in (A) are 250 μm 
tall by 400 μm wide and correspond to the location used for counting. (B), quantitative analysis of the merged num-
ber of c-Fos and cells in the ND and NL groups. There was no difference in c-Fos expression depending on whether 
sevoflurane was administered in light (NL) or darkness (ND). (n = 7 in group ND, n = 8 in group NL, unpaired t-test). 
ND, nighttime administration of sevoflurane (20:00-24:00) in the dark; NL, nighttime administration of sevoflurane 
(20:00-24:00) with exposure to light. 

Figure 8. Effect of acute continuous nocturnal light 
exposure (ACNLE) on serum corticosterone levels un-
der sevoflurane anesthesia. Compared to group ND, 
acute light exposure in group NL caused a higher se-

rum corticosterone level (*P < 0.05 compared with 
ND, n = 6 in group ND, n = 6 in NL group, unpaired 
t-test). ND, nighttime administration of sevoflurane 
(20:00-24:00) in the dark; NL, nighttime administra-
tion of sevoflurane (20:00-24:00) with exposure to 
light.
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flurane. We also noticed that along with de- 
creased BSR, the mean EEG power over the 
whole frequency band increased in group NL. In 
addition, group NL showed smaller changes of 
EEG power in single frequency bands than 
group ND at 2.5% to 3.5% sevoflurane. These 
data implied an increase in brain activity and a 
decrease in anesthesia depth following ACNLE 
in group NL. In line with the decrease in BSR at 
2.5% to 3.5% sevoflurane in group NL, the burst 
duration and burst frequency increased in 
group NL compared to group ND. Consistent 
with a previous report [10], the burst amplitude 
and burst power in the beta and gamma fre-
quency bands increased as the sevoflurane 
concentration increased from 2.5% to 3.5%. In 
contrast to previous studies [14, 17], ACNLE 
decreased the burst amplitude and burst power 
in the beta and gamma frequency bands in our 
study. These differences imply that brain activ-
ity induced by ACNLE and bursts introduced by 
pulsed flashes may have completely different 
mechanisms.

In humans, light promotes activity during the 
day by entraining the master circadian clock 
located in the hypothalamic SCN [41, 42]. In 
contrast, acute light exposure in nocturnal 
rodents has been shown to result in rapid sleep 
induction through intrinsically photosensitive 
retinal ganglion cells (ipRGCs) [22]. A recent 
study demonstrated that mouse ipRGCs pro-
jecting to the SCN and VLPO are related to 
arousal-promoting and sleep-promoting res- 

ponses to light, respectively [23]. The spatial 
aspects of visual response properties in the lat-
eral geniculate nucleus, lateral posterior nucle-
us and primary visual cortex have been found 
to remain unchanged between anesthetized 
and awake mice [11]. The normal metabolic 
oscillation of the SCN is also reported to be 
resistant to general anesthesia [43]. We dem-
onstrated that the reactivity of the SCN to light 
was preserved during sevoflurane-induced 
burst suppression, which may be responsible 
for the arousal-promoting responses of acute 
light exposure at night [23]. Acute light expo-
sure can activate VLPO neurons responsible for 
the sleep-promoting responses to light in mice 
[23]. Our data demonstrated no significant dif-
ference in c-Fos-positive neuron counts in the 
VLPO between groups ND and NL. General 
anesthetics can activate VLPO neurons respon-
sible for natural sleep promoting [25]. Because 
the VLPO neurons have already been activated 
by exposure to sevoflurane, the acute light 
pulse would not be able to further increase the 
activity of these cells. This may explain why only 
the wakefulness-promoting effect (decreased 
depth of anesthesia) and not the sleep-promot-
ing effect (increased depth of anesthesia) of 
acute light exposure could be observed in our 
mice during sevoflurane anesthesia-induced 
burst suppression.

It has been reported that the response of brain 
activity to light varies over the course of the day 
[44-47]. The light responsiveness of light-acti-

Figure 9. Rectal temperature and pulse oxygen saturation (SpO2) in groups ND and NL showed no statistically sig-
nificant differences under sevoflurane anesthesia. A. There was no significant difference in rectal temperature be-
tween groups ND and NL under sevoflurane anesthesia (n = 10 in each group, two-way repeated-measures ANOVA). 
B. SpO2 did not vary between groups ND and NL under sevoflurane anesthesia. (n = 10 in each group, two-way 
repeated-measures ANOVA). ND, nighttime administration of sevoflurane (20:00-24:00) in the dark; NL, nighttime 
administration of sevoflurane (20:00-24:00) with exposure to light.
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vated SCN neurons showed a significant circa-
dian rhythm, with high responsiveness at night 
and low responsiveness during the day [47]. 
Light presented during the subjective night 
increased corticosterone levels in Sprague 
Dawley rats, while light presented during the 
subjective day did not [48]. The SCN-sym- 
pathetic nervous system pathway has been 
reported to be involved in this time-dependent 
increase in plasma and brain corticosterone 
levels following acute light exposure in 
C57BL/6J mice [49]. A preserved sympathetic 
reflex can be observed during spontaneous 
bursts under anesthesia [50, 51] and bursts 
evoked by visual stimulation [12]. The increase 
in corticosterone release in group NL provides 
further evidence of the preserved reactivity of 
the SCN-sympathetic pathway to acute night-
time light exposure during sevoflurane-induced 
burst suppression. Corticosterone in a dose 
that approximates stress-induced plasma con-
centrations increased mesencephalic extracel-
lular concentrations of dopamine, and this 
increase was augmented in the dark phase 
[52]. Acute intramuscular injection of corticos-
terone caused a dose-dependent increase in 
seizure response to a flashing light stimulus in 
Papio papio [53]. Treatment of epileptic ani-
mals with exogenous corticosterone can induce 
a persistent increase in interictal epileptiform 
activity [54]. Based on the above evidence, we 
inferred that acute light-induced corticosterone 
release might partly account for the decrease 
in BSR in group NL by increasing the excitability 
of the brain during sevoflurane-induced burst 
suppression.

Worldwide, general anesthesia is administered 
to an estimated 234 million surgical patients 
per year [55]. General anesthesia is often fol-
lowed by sleep disorders, mood alteration and 
cognitive dysfunction, especially in aged pa- 
tients and critically ill patients [56]. A burst-sup-
pression EEG can be deliberately induced by 
anesthetic agents for therapeutic use [57, 58]. 
Unintentionally induced burst-suppression EEG 
under deeper anesthesia has been reported to 
be correlated with unfavorable outcomes, in- 
cluding postoperative delirium [59-64]. EEG-
based depth-of-anesthesia monitors have been 
recommended as an option in patients likely to 
suffer the adverse effects of excessively deep 
anesthesia [65]. Studies using intraoperatively 
processed quantitative EEG monitoring sug-

gest that postoperative delirium can be decr- 
eased by maintaining the patient at a lighter 
level of anesthesia [66]. However, recent clini-
cal trials were unable to demonstrate the ben-
efit of EEG-based monitoring during surgery in 
high-risk patients [67, 68]. These controversial 
results cast doubt on the reliability of the cur-
rent EEG-based index as a clinical indicator of 
anesthesia depth. A thorough understanding of 
static and stimulus-induced EEG activity will 
help us understand the state of brain function 
under anesthesia and develop new indicators 
of anesthetic depth. This change in burst sup-
pression in response to ACNLE may help to 
explain the confounding effects of clinical EEG-
based depth-of-anesthesia monitoring.

In this study, EEG recording was performed dur-
ing the first half of the night; thus, our findings 
cannot precisely reflect the whole day and 
night. The flickering of our light source may also 
play a role in the phenomenon we have 
observed. We did not consider the effect of the 
flicker frequency or wavelength of light, which 
are crucial factors affecting experiments [21]. 
Furthermore, we focused only on male mice in 
this study, which, to some extent, may make 
our results unrepresentative of the species in 
general. Finally, the nonvisual effects of light 
have several same signs in nocturnal animals 
as in diurnal humans, although this is not 
always the case. The clinical relevance of this 
phenomenon remains unclear because mice 
are nocturnal animals. Hence, further studies 
with surgical patients in the routine periopera-
tive period are warranted.

In conclusion, this study demonstrated that, in 
addition to light-induced changes in brain activ-
ities, local and organism-level biological conse-
quences such as changes in c-Fos expression 
in the SCN and levels of corticosterone in plas-
ma can also happen following ACNLE under 
sevoflurane induced burst suppression pat-
terns. The function of light-sensitive brain path-
ways is differentially preserved under sevoflu-
rane induced burst suppression. These may 
help us understand the nature of general anes-
thesia state and provide further references for 
anesthesia monitoring.
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